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ABSTRACT

Composite slabs lead to slim and economic structural solutions with a low self-
weight. The determination of their moment resistance follows the regulations presented
in EN 1994-1-1 (2004) which are based on plastic design methods. The current version
of Eurocode 4 does not consider explicitly additional reinforcement in the ribs for
sagging moment resistance. However, the construction industry requires this possibility
in order to provide economical and flexible design. Regarding this situation, further
investigations are necessary to prove the applicability of plastic design methods. In the
case of high bottom reinforcement ratio, a deep position of the plastic neutral axis
occurs, and concrete compression failure may happen before most parts of the profiled
steel sheeting and reinforcement yield. This leads to an overestimation of the bending
resistance according to the plastic design method. A parametric study, based on
approximately 290.000 different combinations of various cross-section geometries and
materials, is provided to compare the plastic moment resistance with the resistance
determined by strain-limited design. The results show that limitations are necessary to
be enabled for the general application of plastic design methods.

1. INTRODUCTION

Composite slabs which consist of a cold-formed profiled steel sheeting with in-situ
cast concrete with or without bottom bending reinforcement and mesh reinforcement
above the metal sheeting (Fig. 1) are widely used in modern commercial buildings and
car-parks. This floor system has many advantages such as reduced structural height,
light weight, quick and easy installation and no formwork required. It provides an
economical solution with an adequate performance in resistance and stiffness. The cold
formed profiled steel sheeting usually has a thickness between 0.75 mm to 1.25 mm,
which makes it light-weighted thus can be laid by hand. It serves as working platform as
well as formwork during construction stage. In principle, profiled steel sheeting types
can be differentiated in open trough profiles and re-entrant trough profiles. Normally,
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mesh-reinforcement is installed above the profiled steel sheeting before the slab is
completed by in-situ concrete. EN 1994-1-1 states that the overall slab height is more
than 80 mm when it solely acts as a slab and the slab should have at least a height of
90 mm to act as part of composite beam. The concrete above the sheet should be
more than 40 mm or 50 mm respectively. The codes limit the application of narrowly
spaced webs with the ratio of b,/ bs <0.6. Furthermore, mesh-reinforcement with
as > 0.8 cm?/m has to be provided in both directions for the load distribution. Concrete
grades from C20/25 to C60/75 may be used. In the final stage, composite behavior can
be reached by mechanical or frictional interlock or/and clamping effects (re-entrant
shape) between profiled steel sheeting and concrete. Additional end-anchorage is
required for open trough profiles, while for re-entrant trough profile it may become
necessary as well. When partial connection method according to EN 1994-1-1, clause
9.7.3 is applied, additional bottom reinforcement (Fig. 1) can be considered for the
design in ultimate limit state (ULS). In case of fire, the additional reinforcement partially
substitutes the profiled steel sheeting, which is directly exposed to the fire. As a result,
a high fire resistance can be achieved without any additional protective measures.

TTT——

Cast in-situ
concrete

Bottom reinforcement

Fig. 1 Composite slab system with bottom reinforcement

With an increasing bottom reinforcement ratio, the bearing behavior becomes
comparable to Reinforced Concrete (RC) slab systems. EN 1992-1-1 dictates that a
strain-limited design is applied for RC slabs while the plastic design method according
to EN1994 is not allowed. Therefore, the question arises, if there are any limits for the
application of plastic design methods of composite slabs with additional bottom
reinforcement. The current Eurocode 4 does not provide any guidance or limitation for
the bottom reinforcement ratio. In Zilch (2009) for RC bending members, a boundary of
1.5% for tensile reinforcement ratio was suggested, beyond the point, premature
crushing of the concrete occurs before the reinforcement starts to yield. On the other
hand, Stark (1990) pointed out that composite slabs generally have higher rotation
capacities than RC slabs. Thus, to apply the plastic design, a different limitation of steel
ratio for composite slabs than RC slabs maybe expected. The former German national
design code DIN 18800-5 (2007) only allowed to consider the additional bottom
reinforcement for the plastic moment resistance in case the position of the plastic
neutral axis is in the concrete above the profiled steel sheeting. In addition, the relation
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of the plastic resistance of normal force in the reinforcement to that of the profiled steel
sheeting is required to be Ns/ Ny, o < 0.7 is required (see also Hanswille 2018).

Besides limitations for plastic design method, reductions on plastic bending resistance
were also suggested. Bode (1998) pointed out that the simplified design method based
on stress-blocks can overestimate the moment resistance compared to strain-limited
design. It underlined that the plastic load-bearing capacity of slabs is lower than that of
composite beams. At least, this impact was considered in the German NAD (1994) to
ENV 1994-1-1 (1994) by reduction of the concrete compression strength
(fca = 0.8 - 0,85 - fex/ vc= 0,70 - fe/ vc). However, it is questionable whether the effect
can be totally covered by this reduction factor. In EN1994-1-1 for composite beams with
steel grades S420 and S460, in the case of deep neutral axis position, reduction factor
B of plastic bending resistance is given. One of the background documents to this
reduction factor is Hanswille (1996), in which the reduction factor is defined by the ratio
of strain-limited design resistance to plastic bending resistance. For clarification,
analyses that are more detailed are presented in the following sections.

2. PLASTIC DESIGN METHOD OF COMPOSITE SLABS FOR SAGGING MOMENTS

If full shear connection is realized (n = 1.0) for sagging moments (metal sheet in
tensile zone), the full plastic design moment resistance (myrq) Of the composite
section composed by metal sheet, reinforcement and concrete can be reached with
sufficient rotation-capacity of the system so that each cross-sectional fiber can plastify.
The design moment resistance is computed by using stress-blocks and the equilibrium
of the internal forces similar as for composite beams. Generally, for an economic
design, the location of the plastic neutral axis (xp) lies in the concrete above the metal
sheeting (Fig. 2 a).
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Fig. 2 Plastic design of composite slab (also see: Hanswille 2018)
The location of xp can also lie in the metal sheeting (Fig. 2 b). This may occur with high
profiled sheeting ribs, small concrete thickness above the sheeting or a considerable
amount of bottom reinforcement. Then, the position of the plastic neutral axis must be
determined iteratively. The right position is found when the sum of the internal forces
equals to zero. The plastic moment resistance can then be determined with the internal
normal forces and the corresponding lever arms. If the sheet is partially or fully under
compression, buckling needs to be considered by application of effective areas of the
sheet or alternatively the parts of the sheet in compression can be neglected.

3. STRAIN-LIMITED DESIGN METHOD OF COMPOSITE SLABS

Schéafer (2019) pointed out the limitations of the plastic design for composite
beam sections by analyzing of plastic and strain limited design. In the strain limited
method, the nonlinear material behavior is considered. Usually the cross-section can be
vertically divided into many fibers. The resistance is strain-controlled and reached when
the strain in any fiber reaches its strain limitation. Since steel is a much more ductile
material than concrete, the limiting strain of concrete in compression g, is usually the
governing factor. According to EN 1992-1-1 (2004), for the concrete up to class C50/60
the ultimate strain €.» =-3.5%0 is applied and for C60/75 €. =-2.9%0. Same strain
limits are also used in Stark (1990) for the analysis of composite slab without bottom

reinforcement.
strain-stress relationship

steel-strain hardening

Fig. 3 Strain-limited design of composite slab with bottom reinforcement

For the determination of strain-limited bending resistance (mgrqg) full interaction is
assumed, implying that no slip at the profile-concrete interface occurs (Fig. 3). With full
interaction and sagging moment, the strain limits can either be the concrete
compression strain-limit (ecy2) at the top fiber (concrete in tension is neglected), the
profiled steel tensile strain-limit (epp) at the bottom fiber or the strain limit of the
reinforcement (gs). For concrete the material model of the parabola-rectangular stress-
strain relationship according to EN 1992-1-1 can be used. For the profiled steel
sheeting, the stress-strain relationship in EN 1993-1-5 (2006), Annex C6, with a strain
hardening of tan™}(E/100) is applied. Alternatively, a tri-linear model with a yielding
plateau and hardening part may be used. Reinforcement steel follows the rules of EN
1992-1-1 with hardening beyond the elastic strains. Other suitable material models, for
example the models suggested in fib Model Code (2010) may also be used.
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For the situation where no bottom reinforcement is considered, normally the value of
Xp/h is small. This often results in a high rotation capacity and the profiled steel
sheeting, can reach yielding strength, therefore plastic design resistance gives a good
prediction. When strain hardening is considered for metal decking and reinforcement,
the strain-limited design can reach even higher resistances. However, significant
amount of bottom reinforcement can result in a deep position of the neutral axis. Thus,
it is possible that important parts of the sheeting and the reinforcement cannot reach
the yielding strength when compression failure in concrete is the governing factor. In
this case, the plastic method can overestimate the design resistance (Stark 1990, Bode
1994).

Strain-limited design Plastic design
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A) Example of composite slab without bottom reinforcement
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(dimension unit: mm)

B) Example of composite slab with bottom reinforcement
Fig. 4 Comparison of strain-limited design and plastic design of composite slab

For the same reason EN 1994-1-1, clause 6.2.1.2 (2) provides a reduction factor 3 for
the plastic bending design of composite beams if steel grades S420 or S460 is used.
For xp/h < 0.15 no reduction is needed, for xp/h = 0.45 reduction factor B equals to 0.85,
in between simplified linear interpolation can be used. The value of B is strongly related
to the percentage of structural steel section reaching yielding at failure and to their
strain values. Considering the concrete failure governing, with deep neutral axis
location (Xg|), the resulting tensile strain in the steel section is reduced, thus resulting in
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a reduction of moment resistance. Moreover, this problem does not occur only for
composite beams - it is more a question of the cross-section shape and the position of
the plastic neutral axis. Therefore, a reduction of plastic bending resistance for
composite slab may be necessary for certain conditions as well. When the neutral axis
is near or inside the profiled steel sheeting of a composite slab, parts of it will not reach
yielding, same goes for the bottom reinforcement. In this case, the bending resistance
calculated by strain-limited design with non-linear material models is smaller than that
by the plastic design method with rectangle stress blocks. The difference between them
is expressed by a B value smaller than one, analogue to the approach for composite
beams.

Fig. 4 represents an example for the comparison of plastic and strain-limited bending
resistance for a composite slab with profiled steel sheeting Cofraplus 77 (t = 1.25 mm)
and with/without ®s16mm bottom reinforcement per rib. The cross-section is simplified
by neglecting the stiffeners and embossment of the sheeting. Without the reinforcement
the plastic bending moment myrq Of the slab is 52.5 kNm/m, while the strain-limited
design bending resistance is 50.2 kNm/m. With the additional reinforcement the plastic
design resistance is increased by 33% to 70.31kNm/m. However, the strain-limited
design shows bending resistance mgrg Of only 63.15 kNm/m, which is 10% smaller.
This is due to the deep position of neutral axis (Xp/h=0.49) - reinforcement and part of
profiled steel sheeting are still in elastic stage when ultimate strain of concrete €, is
reached. These pictures clearly highlight the difference between plastic and strain-
limited design.

4. PARAMETRIC STUDY AND INFLUENCE OF PARAMETERS

In order to explore the possible differences of plastic and strain limited design
resistance, parametric studies have been carried out. In these studies, different
parameters related to the geometry and the material of composite slabs were
considered (Table 1). The parameters related to profiled steel sheeting shape (hy, bs, by,
bp) are based on the standard profiles used in Europe listed in Table 2. All possible
combinations of the listed parameters have been calculated. To reach a sufficient
amount of data distributed across the whole abscissa (Fig. 5 A) additional artificial
sections have been added which resulted in an extensive data-set of around 290,000
variations. For each cross-section, the plastic bending resistance mprq, Strain-limited
bending resistance mgrg, the relative compression zone height xp/h and
B = mgrda/Mpra have been calculated. The parametric study results are plotted in
relation of xy/h and B in Fig. 5 A). The impacts of different parameters have been
analyzed and some of the important results are shown in the subsections below.

Table 1: Parameter sets for composite slab analysis

h h 1) concrete sheeting

€ P b./h, | b./bs | bp/bs | t (mm S leg(mm ieldin
(mm) (mm) s/ p r/ s b/ s ( ) (mm) s( ) class Sytlrenlgti Nominations
50 50 2 0.2 0.1 0.85 0 20 C20/25 | 280 N/mm2

100 75 3 0.4 0.3 1 8 40 C30/37 | 350 N/mm2
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4.1 Distribution of all parametric study results

The histograms of B and xp/h are plotted in Fig. 5 C) and D). In them, the
probability density and the cumulative distribution are illustrated. Fig. 5 B) presents a 3-
D histogram of both B and xp/h, with the bar height representing the probability of data
falling into the grids divided by the two variables. Due to strain-hardening of steel, it is
possible that the strain-limited design gives higher resistance values than plastic design
(B>1), which indicates the plastic design is on the safe side. Statistics shows that 84.6%
of all analyzed cross-sections have > 1, and for 15.4% of the cross-sections, plastic
design may lead to unsafe results (B < 1). When xp/h < 0.2, no reduction of the plastic
moment resistance is necessary for concrete class up to C50/60, thus xp/h = 0.2 can
be used as a limiting point. While in Fig. 5 (D), 71.4% of the data represent
compression zone height x, < 0.2h, indicating that most of the analyzed cross-sections
have a shallow compression zone.
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Fig. 5 Distribution of parametric study results

4.2 Influence of profiled steel sheeting height (hy)

The calculation results are grouped by different profiled steel sheeting heights.
The probability densities of B values from different groups are plotted in Fig. 6 A). The
mean values (), standard derivations (o) as well as the percentages of data with g > 1
are also given in the attached table. In Fig. 6 B) calculation results are first grouped and
scatter-plotted in relationship of xp/h and B to create cloud-maps of results points
similar as Fig. 5 A). Because it was found to be difficult to distinguish the groups as
extensive data is presented, only the outside boundary line of each group is plotted to
provide a clearer visualization. A similar method is used for the analyses of other
parameters in the article.

With an increasing profiled steel sheeting height, Fig. 6 A) shows greater possibility to
have safe results according to plastic design (B > 1). Whereby, for the group h, = 50mm
only 70% of the results show plastic design is on the safe side; for the group h, =
200mm the ratio increased to 98.8%. The relationship is also clearly shown in Fig. 6 B),
with smaller sheeting height, the relative compression zone height x,/h can become
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more often important, which usually indicates a smaller 8 value as explained in section
3.

A) Data distribution grouped by profile height (hp) (mm) B) Results boundry grouped by profile height (hp) (mm)
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Fig. 6 Influence of profiled steel sheeting height

In Fig.8 B) the impact of profiled sheeting height h, is shown, with h, increasing from
50mm to 200mm while the other parameters are kept constant. The neutral axis
locations and bending resistances according to the two methods are calculated and
plotted. In the beginning the plastic neutral axis and strain-limited design neutral axis
are roughly at similar location. With increasing hy the difference increases, especially
when the plastic neutral axis passes point P, which states compression zone height
equal to the concrete thickness above the steel profiled sheeting (x, = hc); beyond P»
the profile sheeting top flange is partially in compression. The assumption of
rectangular stress blocks for plastic design leads to the effect that at point P2 the
influenced steel top flange will change from tensile stresses to compression stresses.
That results in a big change of total inner normal forces in steel section. Thus, the
plastic neutral axis is “trapped” in the top flange of profile and increases slowly until it
reaches the steel rib. However, Xxq by strain-limited design constantly increases as
nonlinear stress curve is applied. For the moment resistance, plastic design shows
higher results than strain-limited design with the difference being nearly constant.
However, it has to be noted, that the same relationship is not expected for all cross-
section types.
4.3 Influence of concrete thickness above profiled steel sheeting (hc)

The results related to concrete thickness above the main flat surface of the ribs h
are shown in Fig. 7. The h; usually has a positive correlation with 8 value. Comparing
the boundary lines shown in Fig.7 B, for h = 200mm the maximum relative
compression zone height (xy/h) can reach values around 0.8 and minimum B value
reaches around 0.85. For h, = 50mm, the data become more scattered in the vertical
direction (B), while the maximum xp/h value decreases to 0.68, the minimum 8 value is
further decreased to less than 0.8. Fig. 8 A) shows an example with h increasing from
50mm to 200mm. With smaller h¢, the plastic neutral axis X stays inside the top flange
of the profiled sheeting (x,> h¢) and the value of x, minus he changes slowly; beyond
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P, the plastic neutral axis is located above the profile sheeting and keeps constant. The
neutral axis by strain limited design xg, smoothly increases until P; where the rebar
starts to yield. As for bending resistance, the plastic bending resistance My rq iS higher
than that of strain-limited design Mg rq at smaller concrete height. After yielding of the
rebar (P,), their relationship overturns due to strain-hardening of steel leading to a
bigger I\/IsI,Rd-

A) Data distribution grouped by hc (mm) B) Results boundry grouped by hc (mm)
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Fig. 7 Influence of concrete thickness above profiled steel sheeting
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Fig. 8 Impact of he and h, on plastic design and strain-limited design
4.4 Influence of profiled steel sheeting shape (bs/ hy, b/ bs, by / bs)

The impact of the distance between centers of adjacent ribs of profiled steel
sheeting (bs), width of rib of profiled steel sheeting (b;), width of the bottom of the
concrete rib (by) are analyzed by their ratio to hy, or bs, instead of their absolute values
in meters (Table 1). In this way, the impact of profile shapes rather than their sizes is
better to understand. The statistical results in Fig. 9 shows bs/ hy, b,/ bs and by, / bs
have overall limited impact on B values. However, some patterns can be noticed: the
ratio bs/ h, presents the aspect ratio (i.e. width / height) of each repeated slab cross
section partition. Because inside each rib only one bottom rebar is installed, with the
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total height being constant, increased partition width will increase the concrete cross-
section area and decrease the reinforcement ratio. As analyzed in section 3, this leads
to the decreased compression zone height, further resulting in an increased  value
and possibility of > 1. The values of b,/ bs and b,/ bs represent the relative size of
crown and valley of profiled steel sheeting. Increasing either b,/ bs or by / bswill lead to
an increase in steel ratio of profile sheeting thus bringing down the location of the
neutral axis, and reducing .

A) Data distribution grouped by bs/hc B) Data distribution grouped by br/bs C) Data distribution grouped by bb/bs

bb/bs N 1} B>1
0.1 |1.067| 0.077 |87.35%
0.3 1.067 | 0.075 |87.47%
0.5 1.063 | 0.072 |86.98%

[bs/hp | o | Bl br/bs N o | p>1
| bsthp | w | o | 21 | | brbs | u | o | B21 | ,
|

|

| 07 1056 0.068 |85.74%
|

|

|

Ya |2 10410068 79.76% | 02 1071 0076 |88.86%
I 3 |1.063| 0070 87.63% gl|.. ... 04 04 | 1.060] 0.071[86.45%
111 4 [1077] 0072 [91.27% 06 06 | 1.049] 0.066 83.43%

0.9 |1.048] 0.063 |83.68%

w e N ® ©
@
=
probability density
P ® N o ©
o
o

probability density
w &
—_———
- -
probability density
w &
N
=

X
-

n
o
P ]

N
°
@

Ml‘

w
60 4 wm
co = n w

Fig. 9 Influence of total slab height

4.5 Influence of materials

In Fig. 10, results are grouped based on different concrete classes. For concrete
compression strength up to C50/60, the results show the following pattern: With lower
concrete class in order to balance the tensile internal force from steel and
reinforcement, position of plastic neutral axis goes deeper, and a reduction of the
plastic moment resistance becomes more probable. In general, there is higher
possibility that with increased concrete class strain-limited design indicating greater
resistance values compared to plastic design. Fig. 13 A) shows this effect through an
example of a concrete slab with different concrete classes. For concrete class C60/75
the ultimate compression strain reduces from 3.5%. (for concrete classes C20/25 to
C50/60) to 2.9%.. The reduced concrete strain-limit means that concrete failure
happens earlier, which leads to a reduced rotation capacity resulting in a smaller tensile
strain in steel and reinforcement. With more steel parts not yielding at concrete failure,
the strain limited design resistance reduces and smaller (3 is thus expected.

The common profiled steel sheeting in Europe has yielding strength up to 350 N/mm?.
In most cases only one steel grade is provided for a certain profile type - changing the
choice of steel grades without changing the profile type in the design is often difficult.
To check the impact of steel yield strength, theoretical comparison group of fy, = 280
N/mm?is analyzed in this work (Fig. 11). With higher steel grades, the required steel
yield strain increases and the increased ratio of steel parts that remained elastic results
in a smaller B value. However, since the yielding strength of profiled steel sheeting is
usually smaller than that of reinforcement, with greater amount of bottom reinforcement,
the impact of yielding strength of profiled sheeting is less significant.
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A) Data distribution grouped by concrete B) Results boundry grouped by concrete
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Fig. 10 Influence of concrete classes
A) Data distribution grouped by profiled sheeting steel B) Results boundry grouped by profiled sheeting steel
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Fig. 11 Influence of steel grades of profiled sheeting

4.6 Influence of bottom reinforcement ratio (ps) and total steel ratio (ps+p)

The bottom reinforcement ratio ps (calculated as the bottom reinforcement area
divided by the total cross-section area) has a big influence on B. If no bottom
reinforcement is used, the maximum reduction of the plastic moment resistance is 5%
when the value xp/h does not exceed 0.4. Only 4.1% of the analyzed cross-section
without bottom reinforcement give B values smaller than 1,0. With increasing ps, the
statistical mean values (u) of B decrease, as well as the percentages of data with § > 1.
The boundary lines in Fig. 12 show a shift of data towards smaller 3 and bigger
compression zone height x,/h. With ps between 0.8% to 1.0%, the maximum reduction
already reaches about 15% and around 40% of the data shows [3<1.0.
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A) Data distribution grouped by bottom rebar ratio B) Results boundry grouped by bottom rebar ratio
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Fig. 12 Influence of reinforcement ratio

Fig.13 B) shows an example where the bottom reinforcement diameter &Js changes
from Omm to 20mm. With bigger Js, it can be observed that the difference between
Mpra @and Mg ra increases, indicating more important overestimation of bending
resistance according to the plastic design method and a smaller (3.

A) Impact of concrete on plastic and strain-limited design B) Impact of @s on plastic and strain-limited design
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Fig. 13 Impact of concrete and Js on plastic design and strain-limited design

In composite slabs with reliable longitudinal shear connection provided, the profiled
steel sheeting can be considered as reinforcement. Thus, it is also important to analyze

the total steel ratio ps., = (4s + 4, ’;y—pd)/AC including the cross-section area of both
sd

reinforcement and profile sheeting with a weight factor considering its yielding strength.
In general, the reduction of the plastic moment resistance becomes more necessary
with increasing steel ratio ps+p. In regard to the rotation capacities, a limitation of
reinforcement ratio should be provided. Such limitation is not given in EN1994-1-1. For
reinforced concrete bending members, Zilch (2009) mentioned that bending
reinforcement ratio greater than 1.5% can cause brittle failure. However, Stark (1990)
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points out that generally composite slabs have a higher rotation capacity than RC slabs
due to a variety of reasons. The first reason being that the steel sheeting itself can
provide a certain bending moment resistance. The second reason is that the steel
sheeting takes the self-weight of the slab during an un-propped construction which
leads to stresses being “stored” in the steel sheeting before composite action is
achieved. The third reason is that the yielding stress of the steel sheeting is usually
smaller than the yielding stress of the rebar which means that the steel sheeting yields
before the rebar.

The results related to ps:p are illustrated in Fig. 14 - with increasing ps.p, the reduction
of the plastic moment resistance becomes important. With ps.p no larger than 1.0%, the
minimum {3 value is about 0.98 and only less than 1% of the data shows B<1, thus a
reduction of the plastic bending moment resistance becomes unnecessary. With ps.p
reaching values above 1.5%, the chance that the that plastic design will lead to unsafe
design results is increased by 20%.

A) Data distribution grouped by steel ratio B) Results boundry grouped by steel ratio
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Fig. 14 Influence of total steel ratio

5. PROPOSAL OF REDUCTION FUNCTIONS FOR COMPOSITE SLABS

5.1 New parameter set based on real profiles

As concluded above, there is a risk that the plastic moment resistance cannot be
reached with a large amount of bottom reinforcement in the ribs and a deep position of
the plastic neutral axis. In case where a more advanced design method is not applied a
reduction of the plastic bending resistance is required. For simplification purposes, a
similar procedure used for the design of composite beams (applying a reduction factor
B on plastic bending moment) can avoid the complex numerical calculations. The
reduction function can be deducted from statistical analysis based on a comprehensive
data-set. To obtain a data-set, which is more relevant to the real engineering
application, another parametric study based on real cross-sections has been conducted.
Therefore, 16 different profiles (Cofrastra, Holorib, Comflor and Multideck profiles)
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mostly used in Europe and of different heights and shapes were selected. In general,
the profile heights (hp) vary from 40mm to 100mm; Multideck 146, ComFlor 210 and
ComFlor 225 with h, > 100mm are also included. The profile thickness (t), total slab
heights (h) and steel grades are taken from the product design manuals provided by
the producers. The modern slab profiles usually have complex geometries. In the study,
they are simplified by neglecting the stiffeners and embossment. Different concrete
classes from C20/30 to C60/75 have been included. The diameter of rebars vary from
8 mm to 20 mm for h,<100mm, with other groups including greater diameters of 25 mm
and 32 mm as well. The parameter sets are summarized in Table 2. In total more than
30,000 combinations were considered. It should be noted that not all the combinations
in this parameter set are economic for practical use, but even so they are included in
the study to find the theoretical limitations.

Table 2: Parameter sets used for the development of the reduction function

Group | Profile Name | Group Profile Name max s‘?;:\ilght " g?:‘:;ztre*?;v:,; Dlame(t:‘rr:)f rebar
Cofrastra 40 Cofraplus 77 180-250 ** 20 (all) No rebar “***
ComFlor 46 X ComFlor 80 300° 30 (if h,>=50) 8-20 134
Multideck 50 Multideck 80 500 ** 40 (if h,>=60) 25,32
1 ComFlor 51+ ComFlor 100 60 (if h,>=80)
holorib 3 Multideck 146

ComFlor 60 ComFlor 210

Multideck 60 4 ComFlor 225

Cofraplus 60 1234 The numbers in superscript indicate parameters used in the different groups.
) Cofraplus 70 :Eoncrete. cover of rebar is distance 'Fo lower syrface of profi!ed steel sheetir}g.
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Fig. 15 Influence of profiled steel sheeting types
The results are grouped by different profile types as shown in Fig. 15. It shows that for
high profiled steel sheeting as ComFlor 210 and Comflor 225 the probability of B > 1
becomes greater than 92%. Generally greater profile height h, and slab rib distance bs
indicate higher chances of reaching B > 1. However, the reduction is not only
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depending on the profile shapes - ComFlor 46 with profile yielding strength of
280N/mm? also gives high probability of B>1. In general, the results presented in Fig.
15 do not allow the validation of the plastic moment resistance based on the profiled
steel sheeting type.

5.2 Development of reduction function

The reduction function can be defined based on the relative compression zone
height xp/h. The value also has an impact on the rotation capacity. If a large concrete
compression zone is required, a deep position of the plastic neutral (high value for xp/h)
will be the consequence and a brittle failure may be expected due to the reduced
rotation capacity. Due to safety and economic reasons, the compression zone height
for composite slabs should be limited. Thus, the former British design code BS5950
(1981) part 4 required: “Unless the slab has compression reinforcement, the depth of
the stress block for the concrete should not exceed 0.5ds”. Furthermore, high strength
concrete class over C50/60 should be separated from others due to the fact that
smaller ultimate strain is expected. Thus, based on the former analysis to develop the
reduction function for a general economical range, few limitations are set as follows:

e Concrete class should be limited up to C50/60.

e The relative compression zone height x,/h should be not be higher than 0.5, if
Xpi/h = 0.2 reduction of plastic bending moment is not necessary.

e Total steel ratio ps+p should not exceed a value of 1.5%, if ps+p < 1.0% reduction
of plastic bending moment is not necessary.

e The geometric and material properties should be within the similar ranges of
parameters in this study.

After removing the results outside of the limitations, reduction functions based on
statistics can be obtained. As shown in Fig.16 B), when 0.1< xy/h <0.5, a nearly linear
relationship between xp/h and B can be observed. The linear regression function is
obtained with Eq.1 shown in Fig. 16 B). The linear regression function represents the
mean value of the function. For the design purpose, the characteristic values and
design values according to EN1990 (2002) reliability verification are required. For the
direct assessment of the resistance model, the characteristic value has a fractile of 0.05
and the design value corresponds to 0.001. The target reduction factor “p,”, which
represents the ratio between f calculated by non-linear software and the mean values
Bm calculated from Eq.1 can be obtained by Eqg.2.

B,=1.12 0.%2,h (1)
P =815, ()
The statistic in Fig. 16 A shows the results of “p,” approximately follow normal
distribution with py=0.999 and 0=0.0169. With the normal distribution function obtained,

the target reduction parameter for characteristic values and design values can be
obtained for which the resulting characteristic functions and design functions are shown
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in Eq. 3 and Eq. 4. The safety factor between characteristic values and design values
YB:l.OZ.
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Fig. 16 Statistics of the reduction factor function

X

ﬂk=0.97(1.12—o.32.Tp') & B <1 (3)
X

B, =0.95(1.12-0.32-Tp') & B, <1 (4)

The characteristic function and design function are also plotted in Fig. 16 B). In
EN1994-1-1 the reduction function for composite beams with steel S420 and S460 is
defined by two points; if x,/h<0.15 no reduction is needed, for x,/h=0.45 reduction
factor B equals to 0.85, in between linear interpolation can be used. As the design
function line in Fig. 16 B) closely passes two points (Xp/h = 0.2, B¢ = 1.0) and (xp/h = 0.5,
Bq = 0.9), the reduction function can also be defined similarly as in EN1994-1-1 i.e. if
Xp/h<0.2 no reduction is needed, for x,/h=0.5 reduction factor B equals to 0.9 and in
between linear interpolation can be used (Fig.16 B and Eq.5). By using this function,
only 8 out of in total 17860 results are below the prediction - the corresponding fractile is
about 0.0004.

Xoi
1.0 TpSO.Z
ﬁdz = (5)
1 Xy Xoi
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3 h h

5. CONCLUSIONS

Composite slabs have many advantages such as easy installation, reduction of slab
formwork etc. Thus, they are widely used in the building designs. Great variety of
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profiled steel sheeting of composite slabs can be found on the market, with the height
varying from 50mm to 100mm for classical profiled steel sheeting and above 200mm
for slim-floor systems. Bottom reinforcement is usually used to improve the fire
resistance and can be included in the bending resistance for ULS. For the design
bending resistance, plastic design method can be applied. However, with high bottom
reinforcement ratio, the plastic neutral axis is located relatively deep in the section.
Plastic design therefore shows unsafe results compared to more advanced strain-
limited method; thus, a reduction of plastic bending resistance should be applied.
Based on an extensive amount of parametric studies and statistical analyses
comparing plastic bending moment resistance and strain limited resistance, different
reduction functions of B have been proposed in this work. However, this function is
based on theoretical analysis and in the further research benchmark with slab tests
benchmark is necessary. Beyond the simplified method proposed in the article,
application of more advance design methods such as strain-limited method are always
possible.
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