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a b s t r a c t

This paper reports on a study on prefabricated composite and modular floor deck panels composed of rel-
atively thin fiber reinforced concrete slabs connected to steel substructures. The study focuses on the
design, manufacturing, structural improvements and behavior of the floor systems during loading at
the serviceability and ultimate limit states. The composite construction concept offers flexibility in the
assembly process, the ability to adapt to various load and boundary requirements, and efficient utiliza-
tion of material properties that result in a light weight prefabricated structural element.

The activities described in this paper are an extension of previous work where composite floor panels
composed of light gauge steel joists were integrally cast with a thin-walled Engineered Cementitious
Composite (ECC) slab. The main focus of the present study was to revise and improve the design detailing
of these integrally cast deck panels and to modify them by providing individually cast anchor points in
the precast ECC slab, which are subsequently used to attach a steel truss substructure.

Full-scale experiments were carried out to verify the structural behavior of the integrally cast panels
and the modular panels with various substructure configurations along with comparison to analytical
and numerical results.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Background

The motivation behind the project presented in this paper was to
research and develop an alternative to current prefabricated floor
systems with the goal of increasing production efficiency while
reducing weight by using new and innovative building materials.

An increasing number of innovative structural floor systems
both prefabricated and cast-in place have been previously imple-
mented in the construction industry. The most commonly used pre-
fabricated structural floor systems are hollow core decks (Fig. 1a)
and double-T decks (Fig. 1b). Other semi prefabricated systems in-
clude filigrees (Fig. 1c), steel pan decks (Fig. 1d) and more recently
biaxial hollow core decks (Fig. 2a), all of which are requiring casting
of a concrete overlay at the construction site (in situ).

Design requirements and targets for prefabricated building
products frequently include light weight, durability, implementa-
tion versatility, reduced construction time and cost. All of these
requirements interact and affect each other and need to be ad-
dressed during the design process.
ll rights reserved.
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In this context, by utilizing the properties of new and innovative
materials such as Fiber Reinforced Concretes (FRCs) in structural
elements such as prefabricated floor panels allows for a more effi-
cient construction process.

High Performance Fiber Reinforced Cementitious Composites
(HPFRCCs) [1] such as Engineered Cementitious Composites (ECCs)
have the ability to exhibit tensile strain hardening due to a specif-
ically designed interaction between the cementitious matrix, the
fibers and their interfacial bond. The strain hardening behavior of
ECC is realized through an engineered interaction between a par-
ticular tensile stress–crack opening relationship and the formation
of multiple cracking [2]. As a result of the ductile tensile load–
deformation behavior of ECC, structural members can be designed
with reduced sectional dimensions compared to those of normal
steel reinforced concrete. This is possible due to the tensile strain
hardening property of ECC, which has the same effect as steel rein-
forcement has in regular concrete and can reduce the amount of
required reinforcement in a structural member, particularly in
thin-walled structural elements.

In extension of previous work on Integrally Cast Panels (ICPs)
(Fig. 3a), which examined thin-walled steel joists integrally cast
into a thin ECC slab [3], the focus of this study was to further exam-
ine structural details of the ICP along with developing and testing a
modular structure consisting of an ECC slab and a subsequently
mounted steel truss substructure. The unique feature of the pro-
posed modular segmented design are individual anchor points
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Fig. 1. Commercially available floor systems: (a) hollow core decks [19], (b) double T-deck elements [20], (c) filigree slabs with embedded lattice stirrup ridges [21], and (d)
concrete on a pan deck supported by a steel joist [22].

Fig. 2. Commercially available floor systems: (a) Bubble deck in Principe [7], (b) Hambro deck system in principle [11]. (c) Timber–concrete composite slab system [12].
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integrally cast with the ECC slab, which are subsequently used to
attach a steel truss substructure (Fig. 3b). By casting individual an-
chor points into the deck, the slab is allowed to shrink and deform
independent of the substructure prior to assembly of the compos-
ite floor panel without causing shrinkage induced stresses and
cracking and undesirable deflections of the deck panel during
curing.

1.2. Overview of traditional prefabricated and semi-prefabricated floor
deck systems

Prestressed hollow core decks (HCDs) [4,5] are widely used pre-
fabricated elements suitable for most building types (Fig. 1a). The
HCD have tubular voids running along the entire length of the ele-
ment to reduce weight and consequently optimizing the tension
and compression zones of the cross-section by removing ineffec-
tive concrete. The cross-section is utilized in compression by pre-
stressing the element with high strength steel tendons to induce
a clamping load that increases the active area and in effect the mo-
ment of inertia of the cross-section. As a result of reducing the
weight and increasing the stiffness (moment of inertia), the deflec-
tions of the prefabricated element are decreased and allow a re-
duced structural height of the deck panels. The structural height
of HCD elements typically ranges between 150 and 450 mm with
a width of 1.2 m and a span ranging from 4 to 16 m depending
on the expected loading and configuration.

 



Fig. 3. (a) The integrally cast panel and (b) the modular concept.
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Prestressed T- and double T-deck or slab elements (TD), also
known as T- and double T-beams [5,6], are also widely used pre-
fabricated elements (Fig. 1b). These elements are usually suitable
for all building types but are more commonly used where loads
are higher and spans are longer than normal (10–25 m spans).
The structural heights of these elements are typically larger than
other deck types as the structural concept of the TD is to utilize
the distance between the compression zone and the tendons which
are typically either prestressed or post-tensioned.

The casting procedure for factory produced elements such as
HCD and TD allows for a relatively fast and accurate construction
process where high product quality can be ensured. In this context,
various techniques have been developed and are being imple-
mented in the building sectors that combine the advantages of
in situ casting and factory-made elements to optimize the design
and further improve the implementation process.

Filigree plates (Fig. 1c) are one type of semi-prefabricated deck
elements [7]. They combine regular Reinforced Concrete (R/C) slabs
with prefabricated elements by utilizing the filigree as formwork
during construction and as a structural component at the service
load stage. A filigree slab is essentially the lower reinforcement
grid of a regular R/C slab cast into a thin layer of concrete. In addi-
tion, lattice stirrup ridges on the filigree ensure a composite con-
nection of the upper reinforcement and cast in place concrete
with the lower prefabricated element. A number of different vari-
ations of the filigree concept have been developed with the pur-
pose of eliminating the need for regular formwork and reducing
installation and build time.

Biaxial hollow core deck systems, known as Bubbledeck�

(Fig. 2a) or Cobiax�, are recently developed methods of construct-
ing floor decks [8,9]. In principle, the concept is similar to that of
traditional HCD. By utilizing the compression strength of concrete
Table 1
Comparison of different deck types, approximated range of spans and dead loads. For com

Deck types Height (mm) Wid

Composite ECCa, MP, ICP 325 1.2
Hambro D500TM 350 1.25
Hollow core 1 265 1.2
Hollow core 2 320 1.2
Steel pan, Ribdeck AL 200 0.6–
Bubbledeck 285 1–3
T-section 500 1.4
R/C and reg. filigree 300 6–8

a The composite ECC deck panels that are the focus of this study.
and tensile strength of the reinforcement and tendons, ineffective
concrete can be removed and replaced with hollow plastic spheres
(bubbles). Unlike traditional HCD, Bubbledeck is a biaxially span-
ning slab system, which carries load along both axes of its plane,
similar to two way reinforced concrete slabs. It consists of a prefab-
ricated filigree element with plastic spheres firmly locked in a rein-
forcement lattice while the lower parts of the spheres are cast in
concrete to complete the Bubbledeck.

Reinforced concrete on a corrugated steel deck, also known as
pan deck (Fig. 1d), performs in the same way as filigrees by inte-
grating the steel pan as part of the reinforcement and formwork
during construction [10]. It allows for thinner- and lighter decks
compared to regular reinforced concrete slabs. Steel pan decking
is widely used in high rise buildings with steel frames and is gen-
erally considered a short span system with max spans in the range
of 4–6 m. Once these filigree or corrugated panel elements have
been put into place, the upper reinforcement lattice and anchoring
is finalized before the concrete slab is cast in place, allowing for a
continuous floor.

Hambro composite concrete-steel floor system is yet another
innovative concept (Fig. 2b) [11]. Structural components include
a relatively thin reinforced concrete slab and a steel truss integrally
cast into the slab. This system is currently being produced and
marketed as an alternative to heavier floor systems.

Timber–concrete composite slab systems (Fig. 2c) are also used
in practice [12]. They utilize the tension properties of timber com-
bined with the compression strength of concrete to create rela-
tively light and slim floor decks. The main benefits of such
systems are the reduced dead load, allowing for longer spans and
a rapid construction time.

Table 1 compares relevant characteristics of various structural
floor systems to give a general schematic overview of the different
parison reasons most of the structural heights compared are in the same range.

th (m) Spans (m) Self weight (kN/m2)

6–12 1.3
6–9 2.6
4–10 3.6
4–12 4.0

0.8 4–6 4.3
8–12 4.6
10–25 5.5

/1–3 6–8 7.5
 



L.H. Lárusson et al. / Engineering Structures 46 (2013) 104–115 107 
systems including the composite ECC deck panels presented in this
paper.

1.3. Material properties

Engineered Cementitious Composites (ECCs) is a fiber reinforced
cementitious composite material, which exhibits strain hardening
and multiple cracking up to relatively large inelastic deformations
(see Table 2). The micromechanical design of ECC results in the abil-
ity to increase its tensile loading capacity after first crack formation,
which is realized through particular interaction between fibers,
cementitious matrix, and their interfacial bond. This results in mul-
tiple cracking during tensile loading with an intrinsically controlled
crack width on the order of 200–300 lm at reaching the tensile
strength [1,13] The strain hardening and multiple cracking proper-
ties of ECC distinguishes it from regular brittle concrete and con-
ventional tension softening Fiber Reinforced Concrete (FRC) as
illustrated in Fig. 4. The elastic and post crack inelastic behavior
of ECC can be described as being analogous to that of metals with
a similar elastic/plastic load deformation behavior.

ECC is composed of ingredients commonly used in concrete
including cement, fly ash, sand, water, admixtures and fibers at a
volume fraction of 2%. The lack of coarse aggregate in ECC results
from the requirements imposed by the micromechanical design
concept, which limits the allowable fracture toughness of the
cementitious matrix and therefore limiting the maximum size of
the aggregates. The Polyvinyl Alcohol (PVA) fibers used in this
study are 8 mm long with a diameter of 40 lm and were developed
for optimal performance in ECC and to meet the specific microme-
chanical requirements.

Due to the composition of ECC, shrinkage is more extensive
compared to conventional concrete. Drying shrinkage of ECC has
been found in related studies to reach 0.10–0.15% strain at 40–
70% Relative Humidity (RH), which is approximately 80% higher
than drying shrinkage deformations of normal concrete [14].

Due to the ductile nature of ECC, the composite interaction of ECC
and steel reinforcement (R/ECC) is significantly different from the
interaction of regular concrete and steel reinforcement (R/C) with
a distinctly different post cracking stress distribution in the R/ECC
as a result of the formation of multiple cracking instead of localized
cracking [15]. This evenly distributed load transfer between the re-
bar-matrix interfaces makes the composite interaction of ECC and
steel substantially more compatible than that in R/C [16].

2. Concept and design

The objective of the panel systems presented in this paper was
to develop a lightweight, easy to install alternative to traditional
Fig. 4. Schematic tensile stress–strain behavior of cementitious matrices [1].
and heavier prefabricated floor systems by implementing High Per-
formance Fiber Reinforced Cementitious Composites (HPFRCCs)
such as ECC.

In previous studies [3], thin-walled steel profiles integrally cast
with a thin ECC deck slab were fabricated and their structural
behavior was investigated. These Integrally Cast Panels (ICPs) have
been developed to meet some of the necessary criteria for floor
decks according to codes of practice, such as loading capacity,
deflection limits and dynamic response.

In continuation of this initial investigation on integrally cast
panels, structural details of the segments support footings and
cross bracing of the joists were addressed and a modular assembly
of the ECC slab and the steel sub-structure was investigated. In
these previous ICP studies, the casting forms and the thin-wall
steel profiles were laid out in a shallow parabolic shape to compen-
sate for shrinkage induced deformations of the deck element. The
deformations previously observed in the integrally cast panels
resulted from shrinkage of the ECC, due to which undesirable
deflections and cracking had formed in the ICP decks.

The aim of the modular concept applied in this study is to sepa-
rate the casting of the ECC deck slab and the attachment of the sub-
structure by embedding anchors into the ECC slab, thus avoiding
unfavorable deformations and cracking due to shrinkage typically
encountered in the integrally cast floor panels [3]. By embedding
individual attachment devices that later can be connected to a steel
truss substructure, the modular system offers increased flexibility
in assembly and transportation of the deck system. Moreover, the
concept allows for high versatility in the substructure design and
the ability to adapt to different required loading capacities and
deflection limits as well as architectural requirements. Further-
more, the modular panel assembly allows for a precamber in the
ECC slab of the modular floor panel to compensate for deformations
due to self weight and creep during the initial use phase of the
panel.

The flexibility of such a system lies in the design of the panel
sub-structure where height, weight and architectural needs can
be met without compromising structural integrity. The possibility
of having wiring, ventilation and piping located within the struc-
tural height of the deck element allows the overall height of the
floor construction to be reduced.

In the design of the modular panels, numerical models were
implemented to aid in the dimensioning of the steel trusses. Two
types of elements constitute the structural elements of the numer-
ical models of the modular floor panel. The steel truss components
were modeled as frame elements, while the ECC deck slab on top of
the two trusses was modeled with shell elements (Fig. 5). The
models were used to obtain static forces and natural frequencies
for at the serviceability limit state and to predict the capacity at
the ultimate limit state as well as to estimate the applied forces
at failure observed during testing.

 

3. Analytical calculations of structural properties

To estimate the bending stress distribution in the panels, the
following assumptions were made: a linear elastic strain distribu-
tion through the depth of the sections and plane sections remain
plane after deformations (Fig. 6). Furthermore, assuming the deck
panels are subjected to a uniformly distributed load, the bending
stresses in the cross-section can be determined by employing the
equivalent stiffness of the integrally cast- and the modular cross-
sections. This equivalent stiffness (E � IEq) is determined from the
geometry and the material properties where E is the elastic modu-
lus and IEq is the equivalent moment of inertia of the cross-section.

Assuming a linear elastic behavior of the materials, the resisting
bending moment of the deck sections is estimated based on two

 



Fig. 5. Numerical model of modular panel, example of ultimate limit loading applied as line load over quarter points.

Fig. 6. Section view and assumed stress and force distribution of: (a) the Integrally
Cast Panel (ICP), b) the modular deck panel (MP). Dimensions are given in mm.

Fig. 7. Cut-outs in the steel profiles and cross bracing between steel profile pairs
before ECC was cast.
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failure criteria: the compression capacity of ECC is reached and
yielding of the steel substructure. The contribution of the diagonals
in the modular panel substructures is not taken into account in the
analytical assessment of the bending stresses.

The deflections (v) of the panels are determined using equations
for a simply supported beam with uniformly distributed load (q).
For maximum deflection:

v ¼ �q=ð24 � E � IEqÞ � ðL3=2� 9L4=16Þ

where q is the uniformly distributed line load and L is the span
length of the deck element.

From the equation of motion, the natural frequency (f) of the
system with a constant stiffness (E � IEq) and mass (m) is deter-
mined as:

f ¼ ðn2 � pÞ=ð2 � L2Þ � ððE � IEqÞ=mÞ1=2 n ¼ 1;2;3; . . .

To evaluate the damping ratio (f) of the structure, low damping
is assumed, i.e. ð1 ¼ f2Þ1=2 � 1, and the damping ratio can be writ-
ten as:

f � lnðuðtÞ=uÞðt þ TÞÞ=ð2 � pÞ

where u(t) is the peak amplitude at time t and T is the time of one
period [17].

4. Experimental program

In this study, the structural response of two integrally cast ECC-
Steel joist deck panels (ICP1–ICP2) and four ECC modular deck pan-
els (MP1–MP4) were experimentally evaluated. The overall dimen-
sions of the deck panels are 1.2 m in width, an ECC slab thickness of
50 mm and an overall built height of 325 mm. The lengths of the
panels are 8.2 m for the ICP and modular panels.

4.1. Test configuration and sequence

The deck elements were simply supported at both ends with a
clear span of 8.0 m. At each end, the specimens were supported
at two points in the transverse direction at a spacing of 0.6 m coin-
ciding with the spacing of the trusses (Fig. 6).

Testing was carried out at two levels, at the serviceability limit
state (SLS) and at the ultimate limit state (ULS). Loading at SLS was
applied to the panels by a uniformly distributed line load over the
8.0 m span resulting in an equivalent area load of 4.08 kN/m2. The
distributed loading was applied in four steps at increments of
1.02 kN/m2 at each step. The loads were applied in a line-load con-
figuration directly above the trusses as the objective of these tests
was to examine the behavior of the deck element in its longitudinal
direction. During SLS loading, the dynamic response of the panels
was measured by inducing a vibration in the deck elements and
measuring its decay. From the obtained data the natural frequency
and damping ratio were determined for each load increment (0–
4.08 kN/m2).

To evaluate the behavior of the floor panels at ULS, a four point
bending configuration was used consisting of two point load cou-
ples (or transverse line loads) positioned on the deck at 2.0 m
(1/4 L) and 6.0 m (3/4 L) relative to the 8 m span (Fig. 5) to induce
a bending moment. Loading at ULS was increased gradually until
failure occurred.
4.2. Specimen configuration

In constructing the ICP decks, four thin walled steel joists (cold-
formed sigma profiles) (Fig. 6a), which constitute the substructure
of each panel, were positioned in the bottom of the ECC deck slab
(Fig. 3a). The steel joists are 300 mm high, 70 mm wide and have a
thickness of 2.66 mm and a yield strength of 350 MPa. The thin
walled profiles are embedded 25 mm into the 50 mm thick ECC
deck slab resulting in an overall structural height of 325 mm. To
ensure sufficient shear strength in the connection between the
steel joists and the ECC slab, cut-outs in the steel profiles were
made in the top part along the length of the profiles that connects
to the slab (Fig. 7). Furthermore the ICP were cast with a slight



Fig. 8. A visual comparison of (a) Integrally Cast Panel 1 (ICP1) and (b) Integrally Cast Panel 2 (ICP2).

Fig. 9. (a) Cast-in anchor. (b) Resultant forces expected in cast-in anchor, forces shown in vertical and longitudinal direction.

Fig. 10. (a) Plan over-view of the modular deck, (b) longitudinal cross-section of
truss structure connected to ECC deck panel.

L.H. Lárusson et al. / Engineering Structures 46 (2013) 104–115 109 

 

curvature to account for shrinkage in the ECC and to create a neg-
ative deflection over the length of the panel. Structural improve-
ments to the ICP design from the previous study [3] included
cross bracing between the two pairs of steel joists (Fig. 7) and
strengthening of the support footings. Difference in the structural
detailing of the support footings separate the two ICP panels:
ICP1 has the integrally cast steel joists confined in a block of ECC
while the design of ICP2 features a steel strengthening element lo-
cated between the steel profiles at the support (Fig. 8).

The modular floor slabs were manufactured with cast-in an-
chors (Fig. 9) positioned at the bottom of the ECC slabs, which
are subsequently used to connect a steel truss assembly to the
underside of the floor slab resulting in a complete composite deck
element.

Due to the small thickness of the ECC slab (t = 50 mm), no suit-
able commercially produced cast-in place attachments were avail-
able and had to be custom fabricated to fit within the shallow
depth of the ECC slab. To make the cast-in anchors, a system of
interlocking steel channels and matching bolts was used to secure
the channel segment firmly in the ECC slab with transverse anchor
bars welded to the bottom of the channel (Fig. 9). To further in-
crease the connection of the support footings to the ECC slab at
the end of the floor segment, two channels were used for each an-
chor (Fig. 10). The geometry of the cast-in anchors was based on
expected forces at the critical anchor points according to a numer-
ical model of the composite panel.

The dimensions of the modular deck panel substructure (steel
girders) were determined to have a height of 275 mm, resulting
in a total structural height of 325 mm of the composite panel.

Four different steel truss configurations for the Modular Panels
(MPs) were tested; specimens MP1, MP2, MP3 and MP4. In MP1,
MP2 and MP3, the same ECC slab was used and re-used, while a
second ECC slab (identical to the first slab) was used in MP4. Fur-
thermore, the steel grade of the trusses in MP1, MP2 and MP3 was
S235 while the steel grade in MP4 was S350.
The first steel truss configuration in specimen MP1, was com-
posed of 60 � 60 � 7 mm steel T-profiles as the tension member
and 40 � 20 � 4 mm L-profiles as the diagonals. After testing of
specimen MP1, the steel truss substructure was modified by
replacing the diagonals of both trusses (9 on each end) with
stronger 50 � 50 � 6 mm L-profile diagonals (specimen MP2).
After testing of specimen MP2, the tension member of the trusses
were replaced with a larger 80 � 80 � 9 mm T-profile resulting in
specimen MP3. The steel trusses for specimens MP1, MP2 and

 



Fig. 11. (a) Steel truss assembly. (b) Bolted connection to ECC slab.

Fig. 12. Drying shrinkage of ECC over a period of 72 days.

Fig. 14. The measured natural frequency as a function of applied service load.

Fig. 13. Comparison of mid-span deflection of specimen MP1, MP2, MP3, MP4, ICP
and HCD as a function of the applied load.

Fig. 15. Measured damping ratios for specimens MP4 and ICP as a function of
additional live load.
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MP3 were bolted together using M12 steel bolts, thus allowing for
changing and replacing individual truss elements (Fig. 11). The
truss-joint connections which connect the truss to the cast-ins in
the slab were fabricated using the 60 � 60 � 7 mm T-profiles
(Fig. 9 b and Fig. 11).

Based on the experience from testing of specimens MP1, MP2
and MP3 at the service- and at ultimate state, the substructure
connections of specimen MP4 were welded together using a
80 � 20 mm plate profile as the tension member, 40 � 8 mm plate
profiles as tension diagonals, and 40 � 40 � 4 mm RHS profiles as
compression diagonals. The 40 � 8 mm plate-profile was also used
to fabricate the truss-joint connections. As a conclusion to testing
and revising of preceding designs (specimens MP1, MP2 and
MP3), specimen MP4 was designed and built to have a moment
resistance of 260 kNm, equivalent to that of a hollow core deck with
the same span and similar structural height.

To ensure that the shear forces in the truss structures at the
end-supports did not transfer directly into the thin ECC slab, the
supports-footings were designed as rigid blocks made from
200 mm long HE160B steel profiles (two for each truss). These

 



Fig. 16. Deflection at mid-span as a function of the total load of specimens MP1,
MP2, MP4, ICP and the hollow core deck panel (HCD). Loading starts at 20 kN due to
test configuration.
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support footings were secured to the embedded cast-in anchors lo-
cated at the ends of the deck element (Figs. 10 and 11b).

4.3. Material properties

Material tests were carried out to evaluate the mechanical
properties of the ECC, including compressive strength, modulus
of elasticity and drying shrinkage deformations. To insure analog
development of the material properties of the test specimens to
those of the actual panel specimen, all material specimens were
cured in the same way as the panel specimens, i.e. at the same
temperature and humidity. The compressive strength fck of the
ECC on the day of testing was found to be 60 MPa with an elastic
modulus of Ecm = 18 GPa. In addition, the drying shrinkage of the
ECC was measured over a 68 day period using 270 mm long, test
specimens with a cross-section of 25 � 25 mm2. The results show
that the drying shrinkage strain is approximately 0.12% after
30 days (Fig. 12) which is in good agreement with previously re-
ported data [14], which showed drying shrinkage deformations
of ECC to be 0.12% at 50–60% RH.
Fig. 17. Failure of specimen ICP1, (a) crack in the steel sub
4.4. Experimental observations

4.4.1. Testing at serviceability limit state (SLS)
The specimens were subjected to a number of loading schemes

to evaluate their structural behavior at the serviceability state, i.e.
deflection, internal force distribution and dynamic response. For
SLS loading, the deflection measurements were determined during
the un-loading phase, i.e. the specimen was loaded with the full
4.0 kN/m2 before being unloaded at increments of 1.0 kN/m2 while
measurements were taken. By doing so, any slip that occurs at this
load level does not influence the measurements during unloading.

Due to virtually identical test results for ICP1 and ICP2 during
SLS testing, results are shown for both specimens collectively as
ICP.

A load deflection diagram for all specimens during SLS loading
is shown in Fig. 13 and for comparison, a load deflection response
of a hollow core deck with similar structural height is also shown.

The ICP specimens deflected 2.9 mm at mid-span for each
1.0 kN/m2 applied, MP1 deflected 4.9 mm, MP2 deflected 4.3 mm,
MP3 deflected 2.9 mm and MP4 deflected 2.5 mm at each load
increment. All specimens except MP3 showed a linear load–deflec-
tion response during SLS loading while all specimens deflected less
than the L/400 limit of 20 mm (Fig. 13).

Strain gauges placed on selected truss members of the modular
substructure monitored the strain and consequently the stresses in
elements of the steel substructure could be assessed during testing.
The obtained stress and equivalent force distribution in truss
structures MP1, MP2 and MP3 during SLS loading was in good
agreement with the expected distribution found analytically and
numerically.

Accelerometers positioned at the mid span of the deck panel
were used to assess the dynamic response of the structure. The
natural frequencies and damping ratios of the deck panels were
measured by inducing a vibration in the decks and measuring its
decay (Figs. 14 and 15). The natural frequency of specimens MP3
and MP4 was approximately 10 Hz at 0 kN/m2 and 5 Hz at 4 kN/
m2 applied loading, which is 30% higher than that for specimens
MP1 and MP2 at 0 kN/m2 and 25% higher at 4 kN/m2 (Fig. 14).
The difference is a result of the changes made to the tension mem-
ber and consequently increased effective stiffness of specimens

 

structure and (b) a subsequent failure of the ECC deck.
 



Fig. 18. Compression failure at mid-span of ICP2.

Fig. 19. Buckling of compression diagonals in specimen MP1.
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MP3 and MP4. The increase in the natural frequency between the
different specimens is directly related to the increase in stiffness
of the composite panels and inversely related to its mass and ap-
plied load.

Due to the unknown effect of slip in the bolted connections of
MP1, MP2 and MP3 on the damping measurements, the results
from these tests were disregarded. Results from testing of ICP
and MP4 are shown in Fig. 15. The damping ratio for the ICP spec-
imens was found to be in the range of 0.6–1.8% and 0.6–1.0% for
MP4 depending on the load arrangement. The damping ratio ap-
pears to be dependent on the change in mass and increasing as
more loading is applied, indicating at increasing loads more damp-
ing mechanisms are activated in the specimens.
Fig. 20. Deformed shape of specimen MP2
4.4.2. Testing at ultimate limit state (ULS)
During the ULS testing procedure, the deflections and load val-

ues were monitored along with strains of the tension member and
selected diagonals of the steel trusses. The total load applied versus
mid-span deflection for all specimens is shown in Fig. 16.

Specimen ICP1 reached a total load of 276 kN before one pair of
the thin walled steel profiles fractured and the testing was termi-
nated. The crack initiated and propagated from a small pre-existing
hole close to the tension flange at mid-span resulting in a failure of
the deck panel (Fig. 17).

Testing of specimen ICP2 was terminated after a compression
failure occurred in the ECC slab, observed as a compression – slid-
ing crack across the deck element at mid-span (Fig. 18). Prior to
ultimate failure, a crack had formed over the length of the ECC deck
slab at the interface of one of the embedded steel profiles, starting
at mid-span and propagating to both ends. The total load ulti-
mately reached 292 kN with a mid-span deflection in excess of
500 mm before failure occurred.

At a total load of 90 kN, testing of specimen MP1 was termi-
nated when buckling of the compression diagonals occurred close
to the end supports of the deck element due to shear (Fig. 19).
Buckling of the diagonals was accompanied by twisting of the ten-
sion member of the truss structure due to eccentric positioning of
the diagonal members relative to the longitudinal centerline of
each truss; this detail was revised in subsequent specimens MP2,
MP3 and MP4.

Testing of specimen MP2 was terminated when mid-span
deflections exceeded 500 mm in a parabolic shape (Fig. 20). The
tension member yielded between the quarter-points (points of
loading) and ultimately reached 140 kN total applied load before
testing was discontinued (Figs. 16 and 20). After testing, the ECC
slab showed limited cracking, mainly propagating from the cast-
in anchors directly below the point of loading, while multiple flex-
ural cracking was observed at mid span (Fig. 21).

After testing of specimen MP2, the yielded tension members
were replaced with profile members with a larger cross-section be-
fore the panel was reinstalled and tested as specimen MP3.

Testing of specimen MP3 resulted in an abrupt failure of the
deck element due to shearing in the bolts connecting the diagonals
of the steel truss. The total load reached 126 kN before shear failure
occurred while slip in the bolted connections was apparent in the
load–deflection graph (Fig. 16) as small drops in the load during
ULS loading of specimen MP3. Slipping is observed up to about
70 mm deflection, above which no slip is observed and the load-
deformation response becomes linear up until failure.

Specimen MP4 reached a total load of 291 kN before the test
was terminated when the specimen ruptured and the substructure
yielded directly below the points of loading (quarter points)
(Fig. 22). At ultimate load, the specimen reached a mid-span
deflection of 282 mm before structural failure occurred, resulting

 

during (a) and after (b) ULS loading.
 



Fig. 21. Example of resulting cracks after ULS loading, figure shows multiple
flexural cracks on bottom of ECC deck at mid-span.

Fig. 22. A combination of compression and flexural failure during ULS testing of
specimen MP4.
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in a reduced load carrying capacity. It was observed that the inter-
locking connections between the truss substructure and the anchor
points next to the support footings had slipped, causing a crack to
form directly above the support footings as well as bending of the
connecting tension diagonal (Fig. 23).
Fig. 23. Excessive deformations at support due to slip in interlocking connection
between truss and anchor point.
5. Discussion

The design criteria for the composite ECC deck panels included
the loading capacity, a ductile failure mode by yielding of the steel
substructure during ULS loading, a deflection limit, and a limited
natural frequency (eigenfrequency) during SLS loading.

To evaluate these criteria, an experimental program was em-
ployed for the Integrally Cast Panel (ICP) and the Modular Panel
(MP).

The concept of the Integrally Cast Panels (ICPs) and the Modular
Panels (MPs) has numerous advantages over currently used prefab-
ricated elements, most importantly the superimposed load to
weight ratio (Table 1).

The ICP offers a simple construction concept, where light-
weight steel profiles are joined directly with ECC slab to form a
deck element, while the modular construction concept with the
embedded anchors resolved some of the technical issues encoun-
tered in the ICṔs specifically the shrinkage induced deformation
of the panels. The Modular Panels (MPs) offer the possibility to
assemble the panels after drying shrinkage deformations in the
ECC slab occur, which results in a significant reduction of the re-
quired precamber of the panels prior to installation and testing.

The purpose of the experimental program described in this pa-
per is to analyze the structural behavior of the panel concept and to
revise and improve the design through a trial and error methodol-
ogy. The revised design obtained from these tests will serve as a
foundation for a more detailed study in order to potentially com-
mercialize the thin ECC floor panel concept (see Table 2).

5.1. Serviceability limit state

The measured deflections of the deck panels during SLS loading
were all found to be below the required limit of L/400 (20 mm),
furthermore all but deck panels MP1 and MP2 were below L/500
(16 mm) (Fig. 13). Furthermore the linear load–deflection re-
sponses in Fig. 13 indicate a full composite interaction of the deck
slab with the substructure. While the analytical results for the
modular panels (MP1–MP4) were consistently higher than the pre-
dicted results obtained from the numerical models, all of them are
in good agreement with the experimental results (Table 3).

The natural frequencies of the panels (without additional load-
ing) were measured to be in the range of 7.1 Hz (for MP1)–8.2 Hz
(for ICP) and 3.8 Hz (for MP1)–5.0 Hz (for MP4) for the decks
loaded with 4.0 kN/m2 (see Fig. 14 for detailed results).

The decrease in deflection and increase in dynamic response be-
tween specimens MP1–MP4 and the ICP specimens relates directly
to the increase in equivalent stiffness of the specimens. Due to the
low weight of the composite panels, any superimposed loading is
significant considering the low self weight of the specimens. There-
fore, any additional weight will decrease the natural frequency of
lighter deck systems proportionally more than for heavier, conven-
tional deck systems. By alternating the position and the cross-
sectional area of the tension member, a desired reduced deflection
and natural frequency can be achieved to meet a wide range of
design requirements on the static and dynamic performance of
the composite ECC floor panels. Moreover, by optimizing the
cross-section of each part in the steel substructure, the self weight

 

Table 2
Properties of ECC.

Flexural strength 16 MPa
Tensile strength 4–6 MPa
Tensile strain capacity 3–4%
Compressive strength 60 MPa
Modulus of elasticity 18 GPa
Density 2000 kg/m3 



Table 3
Comparison of: mid-span deflections, natural frequencies and mid-span stresses from analytical results (Ana.), numerical results (Num.) and actual measurements (Meas.) during
SLS testing. Stresses are shown for a 4.0 kN/m2 loading.

Specimen MP1 Specimen MP2 Specimen MP3 Specimen MP4 Specimen ICP

Ana. Num. Meas Ana. Num. Meas Ana Num. Meas Ana. Num. Meas Ana. Num. Meas

Deflection (mm)
At 4.0 kN/m2 17.9 15.7 19.4 17.9 15.2 17.2 14.2 9.9 11.7 12.8 9.6 10.2 10.8 – 12.8
Span/defl. 447 510 412 447 526 465 563 808 684 625 833 784 741 – 625

Frequency (Hz)
At self weight 7.23 8.12 8.20 7.10 8.22 8.40 7.74 9.85 10.20 7.97 9.99 9.85 9.5 – 8.1
At 4.0 kN/m2 3.39 – 3.80 3.37 – 4.00 3.76 – 4.80 3.93 – 5.00 4.7 – 4.5

Stresses (MPa) at 4.0 kN/m2 loading
rECC 4.7 3.8 – 4.7 3.8 – 5.2 3.2 – 5.6 3.2 – 1.6 – –
rS 149.5 114.2 143.7 150.8 114.0 132.8 108.4 64.1 70.9 105.8 48.7 – 121.0 – –
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of the panels can be further reduced without compromising
performance.

The measured decay of the free vibrations of the deck panels or
damping ratios were found to be 0.6–1.0% for MP4 and 0.6–1.8% for
ICP depending on the applied load (Fig. 15). As an example, accord-
ing to CEB bulletin on vibrations in structures [18], the damping ra-
tios found in the testing program correspond to those expected in
composite sport and dance floors where the damping ratios have a
minimum value of 0.8% and a maximum value of 2.5%.

Strain development in selected members of the truss structures
of modular deck panels MP1, MP2 and MP3 were monitored during
testing to verify the analytical and numerical predictions. In Table
3, a comparison of the equivalent stresses in the tension member
(rS) and in the deck slab at mid-span (rECC) is shown for all deck
panels. The predicted diagonal forces obtained from the numerical
models of MP1, MP2 and MP3 at SLS loading were all similar,
whereas the values for MP4 were about 10–15% lower. The mea-
sured values in the diagonal members were consistently higher
than the numerical predictions and rather scattered. The inconsis-
tency of the measured force-distribution is most likely due to
several factors including: inaccuracy in the fabrication of the indi-
vidual truss elements, bolted connections, placement of strain
gauges and precamber procedure, i.e. how the whole structure
was assembled to create a negative deflection of the panels. As a
result, the critical compression diagonals in the truss structure of
MP1 (which ultimately failed due to bucking) were measured to
have reached 85% of their theoretical buckling load at SLS loading
of 4.0 kN/m2.

At a 4.0 kN/m2 loading of the composite panel, the load in the
tension member of specimens MP1 and MP2 reached 55% of the
yielding capacity of the steel while only utilizing 5% of the com-
pression strength of the ECC slab. Equivalently, specimens MP3
and MP4 reached 20% of the yielding capacity of the tension mem-
ber while utilizing about 10% of ECC compression capacity. To en-
sure a ductile failure mode at the ultimate limit state, the yielding
capacity of the tension member of the truss structure must be low-
er than the compression capacity of the ECC slab as has been
shown for MP2, MP4, ICP1 and ICP2 (Fig. 16).

5.2. Ultimate loading

Besides the structural detailing of the support footings, speci-
mens ICP1 and ICP2 are identical and test results were are very
similar, accordingly. The thin-walled steel profiles for both ICP1
and ICP2 started to yield at a total load of about 200 kN (equivalent
to an area load of 21 kN/m2) and continued to yield up to relatively
large deflections of the specimens.

Specimen ICP1 failed unexpectedly when one pair of the thin-
walled steel joists failed in tension (Fig. 17a). The failure caused a
crack to form in the ECC deck slab immediately above the
un-cracked profiles (Fig. 17b). This abrupt failure of the steel pro-
files resulted in a shift in the force distribution of the deck specimen
causing the crack to form between the transversely protruding edge
of the steel profile and the rest of the deck slab (Fig. 17b).

ICP2 reached a total load of 292 kN, equivalent to an area load of
30 kN/m2, before its load carrying capacity was reached. Due to the
large deflections in the deck panel, the tension and compression
components of the cross-section associated with the moment of
the deck panel also have vertical components. This vertical force
resulted in a crack forming at the interface of the steel joist and
the ECC slab, which consequently became the weak part of the
cross-section due to the embedded steel joists (see Fig. 6a).

Beside the premature buckling and twisting of the steel sub-
structure of specimen MP1, it was observed after testing had been
terminated that cracks had begun to propagate from the corners of
the embedded cast-ins directly below the quarter-points.

Testing of specimen MP2 resulted in a ductile failure mode,
where the tension members began to yield at a total load of
110 kN (equivalent to an area load of 11 kN/m2) and ultimately
reaching 140 kN (equivalent to 15 kN/m2) before testing was termi-
nated. The tension member yielded over a 4.0 m mid-span section
between the quarter points where the moment and consequently
the tensile force in the cross-section of the truss was highest. The
4.0 m yield zone is furthermore restrained due to the additional
stiffness of the replaced diagonals on each side of the yield zone.

At reaching the ultimate loading capacity, the cracking in the
vicinity of the cast-in anchors had increased slightly and some flex-
ural cracks had formed on the bottom side of the ECC slab at mid-
span of the deck panel (Fig. 21).

As a result of the slip observed during testing of specimen MP3,
a bolt in the bolted truss substructure sheared, causing the failure
of the specimen. From about 60 kN (70 mm deflection) up to fail-
ure, the load–deflection response of MP3 is linear (Fig. 16), indicat-
ing that no slip occurred during that load interval. Furthermore,
this linear response implies that the composite stiffness of MP3
is slightly less than that of MP4.

Testing of specimen MP4 was stopped once the element had
exhibited a combination of a flexural and compression failure di-
rectly at the point of loading (quarter points) (Fig. 22). Prior to
this failure, the interlocking connection between the steel truss
and single-channel cast-in anchors had reached its ultimate load
capacity and slipped, resulting in cracking of the ECC slab directly
above the supports and bending of the end diagonal (Fig. 23).
This slip in MP4 can be seen in Fig. 16 as relatively small drops
in the load from 80 mm to about 230 mm deflection of the deck
panel.

Both the slip in the bolted truss structure of MP3 and the slip in
the interlocking connection between truss and embedded anchors
of MP4 (as seen in Fig. 16) were clearly audible as acoustic events
during testing.
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6. Conclusions

An investigation of the structural behavior of prefabricated,
light-weight composite deck elements, composed of high perfor-
mance fiber reinforced cementitious composite and a steel
substructure was presented in this paper. Two types of deck ele-
ments, the Integrally Cast Panels (ICPs) and the Modular Panels
(MPs), were studied and compared.

The integrally cast panel design utilizes the simplicity of thin
walled steel joists integrally joined with an ECC slab to form a deck
panel. The modular panel concept expands on the benefits of the
ICP by embedding anchors into the ECC deck slab, which are sub-
sequently used to attach a steel truss substructure.

During the experimental program, the load–deflection behavior
of both types of panels was shown to be consistent with predicted
results and the failure modes were found to be ductile. Further-
more, it was demonstrated that by altering the steel truss
substructure desired changes in the structural response can be
achieved.

The deflections and natural frequencies of both types of panels
were found to be within acceptable limits. The dynamic properties
of the tested specimens were shown to meet typical structural per-
formance requirements, however, additional research is needed to
further improve the dynamic behavior towards higher natural fre-
quencies and improved damping.

Both the ICP and MP concept offer the flexibility of adapting to a
multitude of different performance requirements by selection of a
specific combination of ECC deck and steel substructure, thereby
controlling the strength and stiffness properties of the panel. Fur-
thermore, the integrally cast and the modular concept with the
embedded anchors allow the ECC slab and the attached substruc-
ture to behave as one composite element during loading.

The benefits of using a strain hardening concrete such as ECC
are most evident in the tensile loading capacity and ductility of
ECC which can eliminate transverse steel reinforcement and en-
ables a ductile failure mode of the panel. However some transverse
steel reinforcement could be provided for redundancy and safety.
Furthermore, the significantly reduced amount of cementitious
material and the high amount of recycled materials such as fly-
ash (about 45% by weight) in ECC leads to reduced natural resource
demands.

The design concept of both the ICP and the MP system offer a
70% weight reduction in comparison to hollow core decks while
meeting structural performance requirements. Due to the layout
of individual anchor points in the modular panels, shrinkage defor-
mations of ECC do not cause initial deflections in the modular floor
panel concept.

To meet fire resistance requirements for the presented design
concepts, a few methods have been proposed for a similar struc-
tural floor concept [11]. For example, by placing gypsum boards un-
der the steel substructure and thus isolating both the steel structure
and the ECC slab from fire, or by spray-applying a fire-resistance
material directly onto the substructure and ECC slab. Both ap-
proaches have been tested and rated for 1–3 h fire-resistance,
depending on the thickness of gypsum boards or applied spray-on
layer. Such fire resistance measures would also improve the
acoustic resonance of the design.

A detailed study of the long-term behavior of the composite pan-
els influenced by creep of the ECC slab, cyclic loading under service
conditions and shear capacity is currently under way. In this con-
text, due to the lack of conventional reinforcements and thin ECC
slab design, punching shear needs to be examined particularly to
further develop the concept and pursue commercialization.
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