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Abstract
An innovated structurd system, namely the Shell-Slab Roofing System

(SSRS) of precast thin reinforced concrete cylindrical shell and flat slab has been
fabricated as a roof segmental unit. The flat slab rests on the cylindrical shell at the
crown and also connected to the shell by stedl rod connections at each side. Steel
plate strips are fixed on the bottom surface of the slab and on the top and the
bottom surfaces of the shell as external tensile and shear sted reinforcement to
prevent punching shear around the steel rod connections. The ratio of the shell
height to the chord length was (0.1). The structural behavior of the roof system had
been investigated under uniformly distributed static load. Experimental work was
carried out by fabrication of six complete segments with scale-down smulation
factor equa to (0.25). The vertical deflections had been observed at selected
positions on the models. A water/cement ratio of (0.5) combined with a cement:
sand ratio of (1:2) had been employed. The influence of certain experimenta
parameters had been studied. The model with only twelve rod connections and
minimum reinforcement volume ratio was adequate to resist the live loads for
buildings with large span roofing. The investigation showed that the combined unit
of thin concrete shell and flat slab with embedded small diameter steel
reinforcement was suitable for construction of such roofing system as large span
structures with lower ratio of shell height to chord length (h/c) equal to (0.1).

Keywords: Cylindrica Shells, Flaa Slab, Roofs, Concrete Shells, Rod
Connections, Sted Plate Strip.
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Introduction

Recently an increasing number of
reinforced concrete shell structures,
such as domes, auditoriums, silos,
reactor containers and aesthetic roofs
have been built. The combination of
three-dimensional geometrica
complexities and the loading
conditions of shell structures, as well
as the three- dimensional nonlinear
behavior of reinforced concrete are
dill  the big challenge for
congtruction of such structures!¥.
The increased use of thin shells has
led to an increased understanding of

their  behavior  through  field
observations, laboratory tests and
mathematical refinement of

analytical procedures. Classical shells
have a thickness-to-radius ratio of
1:50; eggshells can have a thickness-
to-radius ratio of 1:100; modern
concrete shell domes can be built to a
significantly smaller ratio of 1:800.
Constructed with small quantities of
simple, inexpensive, low-tech
concrete and wire mesh, these
structures are safe as well as beautiful
(2 A shell is primarily required as a
roof to cover large areas with
minimum obstructions and in a most
economical way of material saving.
The main difference between a shell
and any other form of roof structures
istheinherent strength of the shell
due to its shape, its complete
reliance for strength on its thin skin
and its low materials to surface ratio.
The applications of shell structures as
compression members  are  till
limited in spite of possessing the
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inherent  compressive  resistance.
Most of the constructed shell roofs
resist the loads which come from
their own weight only far away from
the service load capacity. The studies
which have been focused on using
shells (especidly circular domes) in
the building foundations enhance the
idea of using the shells as bearing
roofs. A thin shell may be described
as a structure in which loads are
transferred  primarily by  direct
(membrane) stresses, with relatively
small or locdized bending stresses'?.
A shel which is formed by
trandating a curved line aong a
straight longitudinal axis and which

spans longitudinally between
supporting diaphragms is termed a
cylindrical shell.

A new innovated structura
system, namely the Shdl-Slab

Roofing System (SSRS) of precast
thin reinforced concrete with steel
plate strips and short stee rod
connections has been fabricated as a
roof segmental unit. The (SSRS)
segment is formed by connecting the
top flat dab to the shallow cylindrical
shell by short steel screwed rods with
longitudina and transverse thin steel
plate strips which serve as the
external tensile and shear steel
reinforcement. The steel  rod
connections transfer the loads from
the dab to the shell and contribute
with  supports to confine the
transverse displacements in the
cylindrical shell. The cylindrical shell
is supported by two monalithicaly
cast straight edge beams of
rectangular section on the sides. The
design of the molds considers that the
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concrete units have forty holes on
each shell and dab after removing the
units from the molds. Steel rods
penetrate the shell and the dab
through holes and are fixed by
washers and nuts at top and bottom
of each the shdl and the dab.
Longitudina and transverse sed
strips are added at the bottom of the
slab and on the top and on the bottom
of the shell. Figure (1) illustrates the
proposed model of the shell-slab roof
system (SSRS). The main objective
of this research is to investigate the
behavior of the shell-slab roof system
(SSRS) under uniformly distributed
static load. Experimenta work will
be caried out to assess the
capabilities of both the thin concrete
shell and the thin concrete slab in
carrying the loads and the probable
modes (or types) of failure. Six
complete segments will be erected
with scale-down simulation to study
the influence of the experimental

parameters  which include the
following:
1. Steel reinforcement content in

the shell and the dlab.

2. Numbers of steel rod connections
and spacing between them.

3. Adding external steel plate strips
on the top surface of the shell and
on the bottom surface of the dlab
in the y-direction.

4. Adding externa steel plate strips
on the top and the bottom
surfaces of the shell in the x-
direction.

Advantages and applications
The main advantages of the

(SSRS) are summarized asfollows:

1. Covering large areas of column-
free space  with  materid
minimization.

853

2. The utility in using the system as
a traditiona floor by converting
the cylindricd roof to aflat floor.

3. The usefulness of adding another
floor area to the building and

widening the possibility of
constructing multi-story
buildings by this type of roof
system.

4. Mass factory production of the
SSRS units of standard sizes and
curvatures.

5. Heat and sound insulation and
providing a proper space for
electro-mechanical services
between the shell and the dab.
The SSRS can be used in the

applications of the long span roofs,

tunnels, arch bridges and
architectural entrances.
Background

Teng et al. (2004) “ presented a
steel-concrete composite shell roof
(Comshell roof), for enclosing large
spaces. A Comshell roof was formed
by pouring concrete on a thin
stiffened steel base shell which
serves as  both the permanent
formwork and the tensile steel
reinforcement. The thin sted shell,
constructed by bolting together
modular units consisting of a base
plate with surrounding edge plates, is
a steel shell with thin stiffeners in
both  directions. A  two-stage
construction  process aimed at
minimizing the sheeting thickness
and the number of temporary
supports during construction had also
been presented. In stagel, concrete
was cast over selected rows to form
steel-concrete  composite arches to
diffen the base shel for the casting
of the rest of the concrete. During
stage 1, the buckling behavior of
individual bolted steel arches under
wet concrete loading was of critical
importance. During stage 2 casting of
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concrete, buckling of the bolted sted
shell segment between two composite
arches and buckling of the composite
arches control the strength of the
structure. After construction, the
overall buckling of the roof under
gravity loading was believed to be
the most important failure mode. For
a Comshell roof in service, unilatera
buckling of the base plate was
another likely failure mode and had
been observed in the model Comshell
roof tests. An experimental program
involving the tests of 3 laboratory
model base shells was planned and
completed to study this buckling
problem. In the test of the first and
second specimen, it was found that
local buckling of the stiffeners and
base plates that occurred first,
followed by stable post-buckling
deformations. Fina failure of the
shell occurred by overal buckling.
On the other hand, in the test of the
third specimen, it was found that
overall buckling occurred suddenly
without an accumulation of the local
buckling. Steel base arch with long
connection bolts and failure mode of
a composite arch are shown in
Figures (2) and (3) respectively.
Zeman and Co Gesdlschaft
mbH ' proposed an arch deck
system as a composite flooring
system for building and industria
condruction. It links the concept of
the Slim Floor Ceiling (composite
floors with an integrated embedded
steel girder paired with lower overall
floor thickness and integrated fire
protection) to the concept of the self-
supporting trapezoidal arched sheet.
The trapezoida arched composite
flooring system condsts of sed
girders placed with a spacing of
approximately (4000) to (6000) mm
and trapezoidal arched sheet elements
resting on their bottom flanges in the
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fields in between. They serve as
bearing shuttering for the concrete on
the ceiling. The final result is a
concrete arched ceiling. Thereby a
continuous reinforced concrete dlab
of tapered cross-section, beside the
steel girders, simultaneously serves
as top flange of the composite beams.
Figures (4) and (5) show the top and
the bottom representation of the
congtruction principle of the arch
deck system regpectively. The
extremely tapered shape of the floor
dlab results in a minimized bending
moment of the span. Thus an overall
sheet thickness of (60) to (80 mm) on
top of the trapezoida arched steel
plate and the required minimum
reinforcement for compensating the
span moments are sufficient. On the
other hand an adequately large
concrete cross section is available for
the moment a the support.
Compressive forces of the concrete
are compensated by direct attachment
of the steel girder web, tensile forces
originating at the upper part of the
sheets ae compensated by a
corresponding reinforcement. Due to
the relatively large lever arm,
minimum reinforcement is sufficient
in this case as well. Compared to
conventional  floor systems the
advantages of the arch deck system
had proven to prevail, particularly

with  increasing load capacity
(P>5 kN/n¥).
Extension to the above

mentioned work, an extensive
investigation is carried out on an
innovated roofing system consisting
of thin shalow cylindrical reinforced
concrete shell and flat reinforced
concrete slab connected by short steel
rod connections and fixed at edges by
beams. The load-deflection curves up
to the ultimate load are plotted from
which serveral conclusions are
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obtained. This roofing system is
found suitable for practical purposes
(using lower rise to chord length ratio
of 0.1).
Experimental program

The experimental work
consdered in this study is based on
preparing six complete precast units
of shell-dab roofing system (SSRS)
by scale down to a factor equal to
0.25. The geometry of the fina shape
of the model is drawn in Figure (6).
The experimental variables are
detailed in the Table (1). The shell
model used in the present work was a
segment of a short cylindrical roof.

The width of the segment was
(400mm), the chord length was
(1500mm), the shell height was

(150mm) and the shell thickness was
(30mm). The shell is supported on a
rectangular edge beam on each side.
The dimensions of the beam were
(400mm) in length, (100mm) in
width and (60mm) in height. The
total span length of the shell with
edge beams becomes (1700mm). The
dimensions of the slab model should
depend on the dimensions of the shell
modd as the shell and the dab
represent an integral roof unit.
Hence, the width of the slab modd
was (400mm), the span length was
(1700mm) and the slab thickness was
also (30mm). Twenty small circular
holes with diameter of (12mm) were
provided in each sde of both the
shell and the dlab. The spacing
between any two holes dong (x) or
(y) direction was (120mm). The
reinforcement of the models had been
carried out by using layers of welded
meshes of plain round steel bars with
diameter of (4mm) and (50mm)
spacing in each direction. These
layers are easy to be cut, handled and
curved or bent. A water/cement ratio
of (0.5) combined with a cement/sand
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ratio of (1:2) had been employed.
Ordinary Portland cement and natural
yellow sand passing ASTM No. 4
(476 mm) sieve and ordinary tap
water were used throughout the
investigation. Cement mortar
reinforced with small diameter plain
round bars had been used in the
present work. Small diameter plain
round bars are used for reinforcement
because of their identical stress-strain
characteristics to the prototype bars
¥ For accurate representation of a
prototype structure, the stress-strain
relationship of the model and the
prototype must be similar and the
modulus of elagticity should be
sufficiently low, so that the strains
and displacements could be measured
accurately. From the above
conditions, the reinforced cement
mortar attains the requirements which
must be fulfilled by the model
materials.

The molds were oiled at corners
and short plastic pipes were used to
facilitate the separating and removing
the casting units and taking out the
models. The connection between the
shell and the slab was accomplished
mechanically. Additional steel strips
were fixed on the top of the shell and
on the bottom of the dab in y-
direction. Also ather strips were fixed
on the top and bottom of the shell in
x-direction over the strips which
were fixed in y-direction. The width
of each strip was (40mm) and the
thickness was (2mm). Each strip in
any direction was drilled by the same
diameter of the holes in the concrete
shell and slab. Screwed circular steel
rods with diameter of (11.8mm) were
used to pass through the circular
holes in the shdl, dab and stedl
strips. The screwed rods penetrate the
precast concrete components and the
steel strips and they were tied by
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washers and nuts at the top and the
bottom of both the shell and the slab
in order to fix the steel strips with the
precast concrete components on one
hand, and to connect the shdl with
the dlab as one roof unit on the other
hand. To provide fixed supports a
the edge beams of the shdl, a
supporting steel frame consisting of
two main sted beams of (H) section
with dimensions (120*120*8mm)
were placed in paalel and were
welded with one transverse tie drip
of (6Bmm) thickness at each beam
end. Three additional transverse tie
strips  were welded at certain
distances to contribute with the end
strips for preventing the movement in
the longitudinal direction of the sted
beams and for fixing the dial gauges
during the loading test. The
measurement of displacements in the
models was carried out by dia
gauges with sengtivity of (1E-3 mm)
and with (25 mm) as a full range.
Selected dots were marked on the
bottom surface of the shell and then
demec points were fixed by epoxy
resins. Figure (9) illustrates the
positions of the demec points on the
model. Most of the model analyses of
shell or dladb roofs are done by
consgdering uniformly  distributed
loads by placing small weights on the
surface or by applying a series of
point loads or by using a pressure
loading . The first technique was
tried on the first model and then
retested with the other five modds
which were tested by using the
loading apparatus in the Building and
Construction Laboratory of the
University of Technology (Baghdad,
Irag). The applied load by the contact
bearing plate of the loading apparatus
was converted to a uniformly
distributed load on the whole
horizontal top surface of the modd
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by using steel sections arranged
aong the length and width of the
model with packs of sand bags to
ensure good distribution as shown in
Figure (10). Each (1kN) of apparatus
reading as a concentrated load was
equal to (L47E-3 N/mm?) as a
distributed surface pressure. The
specimen results of the measured
displacements and strains for model
(U1) are in Table (2). The sets of
figures from (11) to (16) show the
connecting of the models, manner of
loading, and the models after failure.
L oad-Deflection Results

The experimental results
compared at three selected positions
up to failure according to the angle of
curvature. The (-) sign indicates the
downward displacements  and
compressive stresses or strains and
the (+) means the upward
displacements and tensile stresses or
strains. The load values on the
Figures represent the reading values
of the loading test apparatus (tota
load) at the instant of deflection
reading. Figure (17) shows that the
vertical displacements were aways
downwards at @c=0° for all models
while they were downwards at
©c=10° for all models except U5 and
U6 as in the Figure (18). In the
Figure (19), at @c=19° near the edge
beam, the displacements decrease
and varies from upwards to
downwards for the models Ul, U2,
and U3. When the number of stedl
rods increases and the spacing
between them in the y-direction
decreases as in the models U4, the
reversing points a the curve
disappear and the deflections were
aways downwards. By adding the
external sted strips on the bottom
surface of the flat slab and on the top
and bottom surfaces of the cylindrical
shell asin the models U5 and UG, the
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deflections decrease with increasing
diffness of the structure. The
disappearance of the reversing points
on the load-deflection curves means
decreasing in the negative moments
by decreasing the spacing between
rod connections. The failure mode
was crushing of the concrete around
the steel rod connections for the
models without the externa d<ed
strips. The mode of failure changes to
become a yield line at the connection
between the cylindrical shell and the
edge beam for the models with
external sted drips. This means that
the external steel strips confine the
section of thin shell and transfer part
of membrane stresses to the edge
beam with increase of the ultimate
load capacity.

The effect of the studied
parameters on the results and the
behavior can be summarized as
follows:

1. The increase of the volume ratio
of steel reinforcement causes an
increase in the ultimate load
capacity and decrease in the
maximum vertical deflection (at
the same load step vaue).

2. With the same volume ratio of
steel reinforcement, the increase
of the steel rod connections also
increases the ultimate load
capacity and reduces the
maximum vertical deflection.

3. With the same volume ratio of
steel reinforcement and the
number of the rod connections,
the ultimate load capacity
increeses and the maximum
vertical deflection decreases with
adding external steel strips on the
bottom surface of the slab and on
the top and bottom surfaces of
the shell.

4. The volume ratio of
reinforcement has the greatest
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effect on the increase of the
ultimate load capecity, as
observed in model (U3), while
adding externa steel stripsin two
directions has the greatest
influence on restraining the
maximum vertical deflection as
found in model (U6).

Conclusions
From the experimental results,

the following conclusions may be

drawn:

1. The investigation shows that the
combined unit of thin concrete
cylindrical shell and fla dab
with embedded small diameter
steel reinforcement is found
suitable for construction of such
roofing system for large span
structures.

2. The used shell-dlab connection
technique provides stability and

consigency for the roofing
system under load application up
tofalure.

3. The use of lower ratio of crown
height to chord length (0.1) for
the cylindrical shell was found
suitable for traditional roofing
and it is out of buckling load
limit.

4. The failure modes were either by
crushing of the concrete in the
stress concentrated zones around
the circular holes for the models
without external sted strips or by

yield lines  between  the
cylindrical shell and the edge
beams for the models with

external stedl strips.

5. The feasibility of converting the
arch (vault) floor to a traditiona
plane roof gives the ahility to
construct multi-story  buildings
by using this roofing system.

6. Modd (U1) with only twelve rod
connections  and minimum
reinforcement volume ratio was
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found adequate to resist the live
loads for building with large span
roofing
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Table (1) Experimental considered parameters

Steel
Reinfor cement Steel rod connections Steel Strips
(r)
M odels shell Slab
Shell Slab | No. | SPacing | Spacing | ajong [ Along | Along
X (mm) | Y (mm)
X Y Y
Ul | 0.01801 | 0.01801 | 12* 360 240 _ _ _
U2 | 0.02701 | 0.02701 | 12* 360 240 _ _ _
U3 | 0.03602 | 0.03602 | 12* 360 240 _ _ _
U4 | 0.02701 | 0.02701 | 20** | 120,360 240 _ _ _
U5 | 0.02701 | 0.02701 | 20** | 120,360 240 _ o) o)
U6 | 0.02701 | 0.02701 | 20** | 120,360 240 o) o) o)

*The Distribution of rod connectionsis shown in Figure (7).
** The Distribution of rod connectionsisshownin Figure (8).
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Table(2) Experimental resultsfor model (U1)

Angle of curvature
Load Oc=0° Bc=10° Oc=19°
(kN)
Uz Strains Uz Strains Uz Strains
(mm) | x y | (mm)| x y | (mm)| X y
0 0 0 0 0 0 0 0 0 0
5 -0082 | 1E-05 | 1E-05 | -0.036 | -1E-05 | -1E-05 | -0.001 | -2E-05 | -3E-05
10 | -0152 | 3E-05 | 3E-05 | -0.078 | -3E-05 | -2E-05 | -0.004 | -3E-05 | -5E-05
15 | -0253 | 5E-05 | 6E-05 | -0.102 | -4E-05 | -3E-05 | -0.012 | -5E-05 | -7E-05
20* | -0.364 | 7E-05 | 8E-05 | -0.168 | -5E-05 | -5E-05 | -0.019 | -6E-05 | -8E-05
25 | 0513 | 9E05 | TZ25 | 0268 | 7E-05 | -7E-05 | 0022 | 6E-05 | o
30 | -0.786 1'35’ 1'35’ -0.298 | -1E-04 | -8E-05 | -0.026 | -7E-05 _16?15
35 | -0941 1'35’ 1gf' -0.354 _16?15 _16245 -0.010 | -9E-05 _16%15
40 | -1132 1'55’ 2.3:15- -0.384 _16%15 _16545 0.002 _16245 -2E-04
45 | -1.354 1'55’ 4'35’ -0.422 '%‘LE' _16745 0.015 _16345 _26245
50 | -1ag7 | 15| 935 | osar | 285 | LI gopg | TSR 25E
55 | -1522 | 2604 | OO | 0685 | 3204 | 2604 | 0oas | LE | 2EE

-

=

Reinforced concrete slabh —
Reinforced concrete shell

External steel strips
Steel rod connection

Washer and nut
Z
X

Brick wall
Figure (1) Proposed shell-slab roof model

Steel girder
Steel Column
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Figure (3) Failure mode of a compositearch
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Figure (4) Thetop representation of the construction principle!

Figure (5) The bottom representation of the construction principle!
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h=150mn o
Rod 11.8 mm Dia. J  —H-THaImm

Steel strip (40x2) mrfmm
Cherd length =1300 mm ]
Total span = 1700

—I_I = L] H [ ] - 1Y - H -
120mrm
J—'l H l i - . o - & -
Al y
] . hl T -'-\.. X bl o " ~ bl
H.
- Dl& 1 2rmm
¥ i ¥ : N ] o ] i ]
dl.'llr*u |1f-'l.'l|r|r|||
1r0tmnrn

Figure (7) Solid circles representing the positions of rod connections
(U1, U2 and U3)
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Figure (8) Solid circlesrepresenting the positions of rod connections
(U4, U5 and U6)
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Figure (9) Positions of the demec points on the model
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Figure (10) Conversion load
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Figures set (11) Model (U1)
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Figures set (12) Model (U2)
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Figures set (13) Model (U3)

Figures set (14) Model (U4)
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Figures set (15) Model (U5)
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Figures set (16) Model (U6)
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Figure (17)
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Figure (19)
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