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Abstract: Voided cylindrical shell is a sustainable reinforced concrete roof system. Two directions of the
voids system with two types of the voids shape in each direction had been used in this experimental work.
Circular and squared void shapes used as continuous voids in the uniaxial direction while spherical and cubic
void shapes used as separate voids in the biaxial direction. The diameter of the circular or spherical void is
(70mm) and an equivalent side length of about (62.5mm) was used for the squared or cubic voids. The
experimental variables were included the type of the shell, direction of the voids, shape of the voids and a
number of the steel reinforcing layers (bottom or top and bottom) . The cylindrical shells tested as simply
supported under one-point load at the crown of the shell. By (37%) maximum reduction in the concrete
volume, the ultimate load capacity decreased by (35%). As well as, use of the voids in the biaxial direction
improved the structural behavior in comparison with the use of voids in the uniaxial direction as a hollow core
section. The use of square section or cubic void shape gave a better structural performance than the use of
circular section or spherical void shape in both directions.
Keywords: Voided; Cylindrical; Shell; Reactive Powder Concrete.

السلوك االنشائي لشرائح القشرة االسطوانية الفجوية من خرسانة المسحوق الفاعل
ً اسخخذً فٌ هزا اىؼَو ّظاٍَِ ٍِ اىفجواث أحاد. اىقششة االسطواَّت راث اىفجواث هٌ ّظاً حسقَف ٍسخذاً ٍِ اىخشساّت اىَسيحت: الخالصة
 حٌ اسخخذً شنو اىَقطغ اىَشبغ واىذائشً ىيفجواث اىَسخَشة فٌ اىْظاً أحادً اىَحوس.ٓوثْائٌ األحجآ ٍغ ّوػَِ ٍِ شنو اىفجواث فٌ مو إحجا
ٍيٌ) ىيفجواث اىذائشٍت واىنشوٍت اٍا اىفجواث اىَنؼبت واىَشبؼت فقذ70) وقذ حٌ اسخخذاً قطش.واىشنو اىَنؼب واىنشوً فٌ اىْظاً ثْائٌ اىَحوس
 شنو,احجآ اىفجواث,  ّوع االسقف اىقششٍت:ٌ اىَخغَشاث اىشئَسَت اىَذسوست فٌ هزٓ اىبحث ه.)ٌ ٍي5..6( حٌ اسخخذاً طوه ضيغ ٍنافئ
 حٌ فحص َّارج األسقف األسطواَّت مأسْاد بسَظ ححج قوة ٍشمزة فٌ أػيي.)ًاىفجواث وػذد شبناث اىخسيَح (حسيَح سفيٌ فقظ أً سفيٌ وػيو
ً أدى اسخخذا, فضال ػِ رىل.)٪76(  ّقصج قابيَت اىخحَو األقصي بَقذاس, ) محذ أػيي٪73(  بخقيَو حجٌ اىخشساّت اىَسخخذٍت بَقذاس.اىقوس
ُاىفجواث فٌ اىْظاً ثْائٌ اإلحجآ إىي ححسَِ اىسيوك اإلّشائٌ باىَقاسّت ٍغ اسخخذاً اىفجواث فٌ اىْظاً أحادً االحجآ ومزىل بَْج اىْخائج أ
.اىَقطغ اىَشبغ أو اىشنو اىَنؼب ىيفجواث أػطي أداءا إّْشائَا أفضو فٌ مال اإلحجاهَِ ٍِ اسخخذاً اىَقطغ اىذائشً أو اىشنو اىنشوً ىيفجواث
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1. Introduction
The word shell refers to a spatial, curved structural member.
The enormous structural and architectural potential of shell structures is used in various
fields of civil, architectural, mechanical, aeronautical and marine engineering.
The strength of the curved structure is efficient and economically used, for example to
cover large areas without supporting columns [1]. A shell is a three-dimensional spatial
structure made up of one or more curved slab or folded plates whose thickness are small
compared to their other dimensions [2]. A shell may be called shallow when its rise is small
compared with its plan dimensions.
The shallow shells have a ratio of the rise to the shorter side less than 0.2. Thin shells are
determined as shells with a radius to thickness ratio (R/t) between 20 and 1000. By
comparison the ratio of an egg is approximately 60, newfangled structures can achieve
ratios exceeding 1000, which demonstrates the great load carrying ability of shells [3].
Shell structures are useful for reinforcing concrete components requiring high strength. The
inherent curvature of shells allows for the decomposition of stress resultants in several
directions, enabling a combination of membrane and bending action to obtain an increase in
load carrying ability [4].
In addition to the special properties of the shell structures due to its geometry which
make the shell withstands the external forces in spite of the small thickness, the attempts of
minimizing the materials used in the concrete shell roofs for large spans are still important.
This point is more effective when using expensive materials such as reactive powder
concrete. On the other hand, the utilization of the voided concrete shell is important for
achieving sustainability requirements by improving the insulation properties as well
material minimization. Reactive powder concrete is characterized by extraordinary
mechanical properties such as (high compressive and tensile strength, large modulus of
elasticity) and it has excellent durability properties regarding corrosion of concrete and
reinforcement (low permeability against liquids and gases, thus high resistance against the
penetration of ions [5].

2. Background
Various attempts have been developed in the past to reduce the weight of concrete slabs,
with maintaining the flexural strength of the slab. For this purpose, a part of the internal
concrete near the neutral axis can be removed with necessity to connect the top and bottom
faces of the slab to work as one unit and ensure the transfer of the stresses between the
outer layers as the sandwich panels for example. The concrete in the top zone of the slab is
requisite to form the compression block for flexural strength, and the concrete in the
tension zone of the slab needs to bond with reinforcement to make the reinforcement
effective for flexural strength. Biaxial voided and uniaxial voided (bubble and hollow core
systems) were and are still used to reduce the self-weight of slab structures with long spans
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[6,7]. The bubbled reinforced concrete slab system (biaxial voided), also known as a voided
slab system, has been recently presented in Europe. This system consists of hollow plastic
balls cast into the concrete to create a grid of voids inside the slab [8]. Several researchers
[9-15] presented experimental and theoretical studies to investigate the punching shear and
flexural strength capacities of voided slab. A considerable literature is available in the
concrete shells, but the studies in voided concrete shells are nonexistent yet.

3. Experimental Work
The experimental program involves casting and test seven specimens of cylindrical shell
of (1000 mm chord length, 1060mm length of the arch, 420 mm width and 100 mm
thickness). Each cylindrical shell has two edges beams on both sides with dimensions of
(200mm length, 420 mm width and 100 mm thickness). The geometry of the final shape of
the cylindrical shell model is drawn in Fig. 1.

Figure 1. Geometry of the cylindrical shell model

The main experimental parameters in this study are; type of shell (solid and voided),
type of voided shell; biaxial (bubbled) or uniaxial (hollow), type of void shape (circular or
squared) and number of layers of reinforcement. High density Polypropylene spherical balls
and pipes were used to make spherical voids in the biaxial direction and circular continuous
voids in the uniaxial direction respectively, while cork cubes and blocks were used to make
cubic voids in the biaxial direction and squared continuous voids in the uniaxial direction
respectively. Details of these parameters are shown in the Table 1. The mixture of reactive
powder concrete (RPC) is designed with a high ratio of silica fume, low percentages of the
water to cement ratio (W/C) made low ratios of super plasticizer, and the presence of micro
steel fibers.
A compressive strength in the mortar is affected by sand to cement ratio (S/C). The
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present study adopted the (S/C) equal to 1.0 as it was found to be very effective for the
optimization of the mortar mixture with super plasticizer of (6%) from a weight of
cementations materials [16-20]. The mixture used in this investigation with percentages of
micro steel fibers (1%) of the total volume as shown in the “Table 2”.

Specimen
1
2
3
4
5
6
7

Table 1. Experimental parameters details
Shell Coding*
Type of Voided Shell Void Shape
S-B
Solid
V-Uni-Cir-B
Voided (Uniaxial)
Circular
V-Uni-Cir-TB
Voided (Uniaxial)
Circular
V-Uni-Squ-B
Voided (Uniaxial)
Squared
V-Uni-Squ-TB
Voided (Uniaxial)
Squared
V-Bia-Sph-B
Voided (Biaxial)
Spherical
V-Bia-Cub-B
Voided (Biaxial)
Cubic

Reinforcement Layers
Single (bottom)
Single (bottom)
Double (top & bottom)
Single (bottom)
Double(top & bottom)
Single (bottom)
Single (bottom)

S: solid, V: voided, B: bottom, T: top, Uni.: Uniaxial, Bia.: Biaxial, Cir.: Circular, Squ.: Squared, Sph.: Spherical, Cub.:
Cubic*

Table 2. Reactive powder concrete mix
Cement
kg/m3

Sand
kg/m3

1000

1000

Silica Fume
% of cement
weight
8

W/C

0.25

Super plasticizer
% of Cementitious
Materials (Cement+Silica)
6

Steel Fibers
% of Total
Volume
1

Two dial gages of (0.01mm) sensitivity are used. One dial gauge is placed in the center
of the bottom face of each specimen to measure the central deflection at the midpoint of
shell, and the other is placed on the side face of the edge beam to measure the slip
deflection, as shown in the Fig. 2.
The concrete strain has been measured using electrical micro strain. Each specimen has
two strain gauges, the position of the first gauge is on the compression face (top surface) at
the one third of the distance of the half shell measured from the shell end and the position
of the second is on the tension face (bottom surface) at the center of the shell as shown in
the Fig. 3.
The test of the shell specimens carried out in the construction laboratory in the faculty
of engineering of the Mustansiriyah university.
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Figure 2. Deflection measurement

Figure 3. Strain measurement.

4. Results and Discussions
Table 3 shows the load and deflection values in the first and ultimate loading stages. In
general, the relationship between the load and deflection is an extrusive relation and also
whatever the voids are found, the deflection increases and the carrying load capacity
decreases. The results are summarized in the following points:
Table 3. First and ultimate cracking loads and deflection
Shell Coding

S-B
V-Uni-Cir-B
V-Uni-Cir-TB
V-Uni-Squ-B
V-Uni-Squ-TB
V-Bia-Sph-B
V-Bia-Cub-B

First Cracking
Load (Pcr) kN
27.5
12.5
17.5
15
20
12.5
20

Deflection at
Cracking Load
(∆cr) mm
6.4
2.41
1.98
3.03
4.44
1.8
3.1

34

Ultimate Load
(Pcr) kN
57.5
37.5
42.5
40
45
47.5
52.5

Deflection at
Ultimate Load
(∆u) mm
13.7
17.8
15.2
14.67
14
13.96
13.5

Journal of Engineering and Sustainable Development Vol. 22, No.02 (Part-5), March 2018
The Fourth Scientific Engineering and First Sustainable Engineering Conference

www.jeasd.org (ISSN 2520-0917)

1. The voided cylindrical shell (V-Uni-Cir-B) has the least value of ultimate load (37.5 kN)
and the solid cylindrical shell (V-Bia-Cub-B) has the least value of deflection in
comparison with the other cylindrical shell (Uniaxial and Biaxial). The absence of the
voids in the cylindrical shell would increase the stiffness and the first crack and ultimate
loading. Fig. 4 shows the load deflection curves of the seven specimens.
70

S-B
V-Uni-Cir-B
V-Uni-Cir-TB
V-Uni-Squ-B
V-Uni-Squ-TB
V-Bia-Sph-B

60

Load (kN)

50
40
30
20
10
0
0

5

10
Deflection mm

15

20

Figure 4. Load - mid span deflection curves of all specimens

2. The results show that the square void in the uniaxial direction as a continuous void (VUni-Squ-B) improve the structural behavior by increasing the carrying load capacity and
decreasing the deflection more than the circular continuous void (V-Uni-Cir-B) as
shown in the Fig. 5.
50

Load (kN)

40
30
20
V-Uni-Cir-B

10

V-Uni-Squ-B
0
0

5

10

15

20

Deflection (mm)

Figure 5. Load - mid span deflection curves of specimens with uniaxial voids.

3. The carrying load capacity of the cylindrical shell with cubic voids in the biaxial
direction (V-Bia-Cub-B) increases by (9.5%) and the deflection decreases by (3.3%)
compared with (V-Bia-Sph-B) as shown in the Fig. 6. It seems that the cubic or square
void shape with straight edges exhibits a better stress distribution than the circular or
spherical shape with curve lines.
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60

Load (kN)

50
40
30
20

V-Bia-Sph-B

10

V-Bia-Cub-B

0
0

5
10
Deflection (mm)

15

Figure 6. Load - mid span deflection curves of specimens with biaxial voids.

4. The load capacity for the shell (V-Bia-Sph-B) increases by (21.1%) and the deflection
decreases by (21.6%) compared to the shell (V-Uni-Cir-B) at the same stage of loading.
As well as, the load capacity increases and the deflection decreases by (23.8%) and (8%)
respectively, for the shell (V-Bia-Cub-B) compared to the shell (V-Uni-Squ-B) as shown
in the Fig. 7. The interpretation of the increasing the load capacity and decreasing the
deflection is due to the increasing of the volume of concrete by (25%) in the cylindrical
shells with voids in the biaxial direction with separated cubic or spherical voids in
comparison with uniaxial direction with continuous circular or square voids.
60
50
Load (kN)

40
30
V-Uni-Cir-B
V-Bia-Sph-B
V-Uni-Squ-B
V-Bia-Cub-B

20
10
0
0

5

10
Deflection (mm)

15

20

Figure 7. Load - mid span deflection curves of specimens with biaxial and uniaxial voids

5. The effect of additional top steel reinforcement mesh for the shell (V-Uni-Cir-TB) leads
to increase the load capacity by (11.8%) and to decrease the deflection by (14.6%)
compared to the shell (V-Uni-Cir-B) at the same stage of loading. As well as, the load
capacity of the shell (V-Uni-Squ-TB) increases by (11.1%) and the deflection decreases
by (4.6%) compared to the shell (V-Uni-Squ-B). The reduction in the deflection values
for shells (V-Uni-Cir-TB and V-Uni-Squ-TB) attributed to that the top reinforcement
increases the flexural strength and load capacity of the section, this lead to a significant
effect on the first and ultimate loading cracks with increasing loading stages.
6. The compressive and tensile strains increase with the reduction of the total concrete
volume of the specimen. The strains of the uniaxial (hollow) specimens are more than
the strains of the biaxial (bubbled) specimens which are in turn more than the strains of
the solid cylindrical shell specimens. The increasing of strains is attributed to that the
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continuous void (circular pipes or square cork blocks) occupying space from the total
volume larger than the biaxial and solid cylindrical shell. Also, the voids are positioned
in the middle of the cross section, where concrete has limited effect, and this leads to a
significant increase in the concrete strains. The lesser amount of concrete used in
uniaxial cylindrical shell leads to decrease the stiffness and increase the compression
and tension strains.
7. For the biaxial cylindrical shell, the compression and tension strain values mediates
between solid and uniaxial cylindrical shell. This attributed to a large amount of
concrete in biaxial cylindrical shell than the uniaxial cylindrical shell roof and less than
the solid cylindrical shell. The solid cylindrical shell has the least value of compressive
and tensile strains and this because the absence of voids which means that the stiffness
of solid cylindrical shell would be high that leads to decrease the strain. Fig. 8 and Fig. 9
show the stress strain relationships of all cylindrical shells in the tension and
compression faces respectively.

Stress (N/mm²)

8

6
V-Uni-Cir-TB-ten.
V-Uni-Cir-B-ten.
S-B-ten.
V-Uni-Squ-TB-ten.
V-Bia-Sph-B-ten.
V-Bia-Cub-B-ten.
V-Uni-Squ-B-ten.

4

2

0
0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

Strain

Figure 8. Stress-strain relationships (tension)
14

Stress (N/mm²)

12
10
8
V-Uni-Squ-B-comp.
V-Uni-Cir-TB-comp.
V-Uni-Cir-B-comp.
S-B-cmp.
V-Uni-Squ-TB-comp.
V-Bia-Sph-B-comp.
V-Bia-Cub-B-comp.

6
4
2
0
0

-0.001

-0.002
Strain

-0.003

-0.004

Figure 9. Stress-strain relationships (compression).
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8. The compressive and tensile strains are increased by using bottom reinforcement only as
in the voided cylindrical shell (V-Uni-Cir-B) and (V-Uni-Squ-B) in comparison with the
voided cylindrical shell (V-Uni-Cir-TB) and (V-Uni-Squ-TB). The flexural strength of
the voided section increases by using double reinforcement layers which leads to
decreasing the flexural strain values.
9. The cracks seem at the bottom surface of the concrete cylindrical shell in the mid span
and increased upwards through the loading stages. Through increasing applied load, the
displacement of cylindrical shell begins to increase at a higher degree as more loads are
applied and the ultimate crack occurs in the bottom face along the width of shell. The
ultimate failure crack and flexural failure modes in the cylindrical shell are shown in
Fig. 10 and Fig. 11.

Figure 10. Crack Patterns of (V-Uni-Cir-TB)

Figure 11. Crack Patterns of (V-Uni-Squ-B)

5. Conclusions
The following conclusions depending on the experimental results have been reached.

1. The use of the continuous uniaxial and biaxial voids in the cylindrical shells saves the
concrete consumption by 32% and 15% respectively compared to solid cylindrical shell.
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2. The total volume of the shells with biaxial voids is more than the total volume of the
shells with uniaxial voids by (25%). Thus, the load capacity increases and the deflection
decreases for the cylindrical shells with biaxial voids (V-Bia-Cub-B) and (V-Bia-Sph-B)
in comparison cylindrical shells with uniaxial voids (V-Uni-Squ-B) and (V-Uni-Cir-B).
3. The carrying load capacity of the solid cylindrical shell (S-B) increase by (26.1%,
30.4%, 17.4%, 9%), while the deflection decrease by (23%, 7%, 2%, 1.5%) in
comparison with (V-Uni-Cir-B, V-Uni-Squ-B, V-Bia-Sph-B, V-Bia-Cub-B)
respectively.
4. The load capacity of the voided shell with uniaxial squared voids (V-Uni-Squ-B) and
(V-Uni-Squ-TB) increases by (6.25% and 17.6%) and the deflection decreases by (5.6%
and 7.9%) respectively in comparison with voided shell with uniaxial circular voids (VUni-Cir-B) and (V-Uni-Cir-TB).
5. The carrying load capacity increases and the deflection decreases for the shell with
biaxial cubic voids (V-Bia-Cub-B) by (9.5% and 3.3%) respectively in comparison with
biaxial spherical voids (V-Bia-Sph-B).
6. Beside the voided cylindrical shells satisfy the green buildings and sustainability
requirements, these structures are more aesthetic and have the enough strength to resist
the external loads in spite of strength reduction due to the internal voids. The results
showed that the voided cylindrical shell segments are stable and have enough strength
under service loads.
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