' Aalto University

Abd El-Latif, Mohamed Y.; Yossef, Mostafa; Chen, An; Elsayad, Mohamed
Behavior of stressed skin corrugated sheet under hydrostatic loads

Published in:
Case Studies in Construction Materials

DOI:
10.1016/j.cscm.2024.e03343

Published: 01/07/2024

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:

Abd El-Latif, M. Y., Yossef, M., Chen, A., & Elsayad, M. (2024). Behavior of stressed skin corrugated sheet
under hydrostatic loads. Case Studies in Construction Materials, 20, Article e03343.
https://doi.org/10.1016/j.cscm.2024.e03343

This material is protected by colpyright and other intellectual property rights, and duplication or sale of all or
part of any of the repository collections is not permitted, except that material may be duplicated by ?/ou for
your research use or educational purposes in electronic or print form. You must obtain permission for any
other tuhse: Elgctronic or print copies may not be offered, whether for sale or otherwise to anyone who is not
an authorised user.


https://doi.org/10.1016/j.cscm.2024.e03343
https://doi.org/10.1016/j.cscm.2024.e03343

Case Studies in Construction Materials 20 (2024) e03343

Contents lists available at ScienceDirect

CASE STUDIES IN
CONSTRUCTION
MATERIALS

Case Studies in Construction Materials

= : S
ELSEVIER journal homepage: www.elsevier.com/locate/cscm

Behavior of stressed skin corrugated sheet under hydrostatic loads

Mohamed Y. Abd El-Latif ", Mostafa Yossef>®"", An Chen®, Mohamed Elsayad ‘

@ Dept. of Structural Engineering, Ain Shams University, Cairo, Egypt

Y Dept. of Civil Engineering, Adlto University, Espoo, Finland

€ School of Civil Engineering, Beijing Jiaotong University, Beijing, China

9 Dept. of Construction and Building Engineering, Arab Academy for Science, Technology and Maritime Transport, Cairo, Egypt

ARTICLE INFO ABSTRACT
Keywords: Water storage in buildings is an integral part of water supply, which can be used for firefighting
Thin-walled steel and drinking. It can be divided into three categories: elevated, rooftop, and underground water

Water tanks
Corrugated plates
Diaphragm action
Stressed skin sheet

tanks. This paper presents a novel water storage system consisting of thin-walled corrugated steel
sheets, which can be installed in a multi-story building on any floor. Compared with a reinforced
concrete tank, the integrated steel water tank can be fabricated and installed much faster and
store freshwater more easily. To develop the system, a finite element model is developed, which is
validated using the on-site measurements. Next, the model is used to conduct a parametric study
to evaluate the effects of boundary conditions, panel depth, sheet thickness, trough-to-crest width
ratio, and corrugation angle on the behavior of integrated steel water tanks. The model is further
used to evaluate the water tank subjected to lateral diaphragm loads and report the tank stiffness
under combined loads. Finally, an implementation guide for the steel tank is presented, showing
the supporting system, vacuum and magnetic handling of steel panels, robotic welding tech-
niques, and delivery. It can be concluded that the paneled steel tank can be an efficient solution
for water storage inside buildings.

1. Introduction

Corrugation can increase the stiffness of steel sheets. As a result, corrugated sheets have been used as building applications,
including shadings, beam webs, floor diaphragms, and recently in shear walls [1-3]; and non-building applications, including
load-bearing element in silos, sheet-pile walls, and transport containers [4]. They can also be used as water storage system in buildings.
Typically, buildings are subjected to horizontal and vertical loads, such as dead, live, wind, and seismic loads. However, special
considerations are required when the building contains a water storage system within one of its floors. These considerations can vary
depending on the location of the building, the water tank level floor, and the overall stiffness of the building. For example, if the
building exists in an active seismic area, the water tank located on the roof can act as a liquid damper [5].
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1.1. Water tanks

Climate change has increased drought in large parts of the earth, where water storage become an essential need. This need can be
addressed by repurposing some of the building floors for water storage. The stored water can be used for multiple purposes, including
drinking, utilities, and firefighting [6-8]. Different storage systems can be used to supply water for residential areas, including elevated
rooftops and underground water tanks [9]. Elevated tanks, built as separate structures, are often constructed using rounded or squared
shapes [10,11]. Rooftop water tanks are built as a secondary option to provide water demand for the residents of some buildings and
act as solar water collectors [12,13]. Another advantage of storing the water on the top of the building is that it can provide adequate
water pressure heads for residents. Underground water tanks provide a more accessible way in terms of design and practice. However,
it consumes additional energy for water pumps to lift water to the residents, depending on the elevation of the floor. It also needs to be
protected against soil severity [14].

Several materials can be used for tanks, including steel, concrete, and fiberglass. Steel tanks are considered more advantageous than
concrete water tanks in buildings for several reasons:

1) Increasing the construction speed of the buildings, as concrete tank, which requires concrete formwork, steel reinforcement,
casting, setting and curing of concrete, and dismantling of formwork, will delay the construction of upper floors.

2) Saving building weight, hence decreasing the seismic effect, as the self-weight of the steel tank is considerably less than that of the
concrete tank. Consequently, it will save in the required design dimensions of supporting elements such as columns, walls, and
foundations.

Steel storage tanks are also widely used in transportation and temporary storage in remote areas, including Frac tanks, mud tanks,
and solid waste tanks, which consist of outer steel corrugated sheets and inner multiple perforated steel sheets to limit the liquid
sloshing during transportation. Such tanks mainly transport liquids and are rarely used in buildings [15,16].

The standardization process of steel tank design started in the early 1930s for riveted tanks, which progressed into the welded
design. The latest standards for welded steel tanks are API 650 — Welded Steel Tanks for Oil Storage in the US and EN14015 in Europe.
Other standards for welded steel tanks to store water include ANSI/AWWA D100, published by the American Water Works Association
(AWWA), which also provides loads for seismic design [17,18].

Standards characterize the tanks according to their pressure. For example, EN14015 divides the design pressure into four cate-
gories: up to 10, 25, 60, and 500 mbar, respectively. Water tanks belong to the first category of non-pressure (up to 10 mbar). Most of
the aforementioned codes focus on regular shapes of steel tanks, such as circular shell tanks. Circular shell tanks are commonly used in
petrochemical plants for liquid storage and elevated water tanks. They are suitable for large tanks with a diameter of up to 100 m, as
their height is divided into multiple plates, each with a different steel thickness. Since this design avoids using the same thickness for
the steel tank wall, it can reduce the weight and cost of the overall system [19,20]. While circular tanks are convenient for self-standing
tanks, they cannot be used for water storage in buildings due to their irregular shape [21]. Therefore, single-skin corrugated sheets act
as an excellent option to provide water storage for buildings, since they can be adapted to the floor layout while providing lateral
support through diaphragm action.

Steel corrugated panel’s structural behavior was studied under various loading conditions, emphasizing its advantages in seismic
resilience [22-26], buckling capacity, and shear strength [23,27,28]. Innovations in design and analysis methods included double
corrugated shear walls, multi-stiffened configurations, optimization in diverse applications such as deep-sea structures, tunnel sup-
ports [29], and sandwich panels for lateral loads [30]. These contributions are pivotal in advancing the application of corrugated steel
in engineering, highlighting its benefits in improving structural performance and safety in both conventional and novel engineering
solutions.

Fig. 1. Deformed shape for panel with 0.5 mm sheet thick, two fasteners, and C200 purlin cross-section, (a) experimental testing, (b) FE model [32].
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1.2. Diaphragm action of stressed skin sheets

Stressed skin corrugated sheets have been widely used as non-bearing elements, such as roof and wall panels for steel portal frames.
The diaphragm action of single-skin sheets was first introduced by Bryan [31], with the goal of multiusing the sheets in bearing el-
ements and reducing the use of the bracings. Since then, the diaphragm action of single-skin sheets has progressed to include riveted
and welded designs, and linear and nonlinear behaviors. Yossef conducted experimental tests to study the effect of purlin cross-section,
panel thickness, number of fasteners, and panel aspect ratio [32]. Nagy et al. [4] studied the rafter-purlin connection’s flexibility and
its influence on the corrugated sheet. Recently, Davies published a comprehensive review of the stressed skin sheets theory, high-
lighting the safety concerns for big sheds [33].

1.3. Objective

This paper presents a novel building-integrated thin-walled irregular structural steel tank, which is built on the floor and follows
the architectural layout shape of the floor. Unlike traditional circular tanks, the relatively limited height of the floor requires further
study for the proposed system. The steel tank is formed from single-skin corrugated sheets that aim to provide diaphragm action to
resist existing hydrostatic pressure. To this end, a Finite Element (FE) model is constructed based on prior research on the diaphragm
action of corrugated sheets shown in Fig. 1 [32,34]. A parametric study is conducted using the FE model, based on which a tank with
optimized dimensions is proposed. Finally, a full-scale steel tank is constructed based on the FE results, and on-site deflection mea-
surements are recorded, confirming the accuracy of the FE model.

2. Tank system

To develop a tank that can resist hydrostatic pressure and diaphragm action, typical failure modes of corrugated sheets subjected to
diaphragm action need to be studied to avoid water leakage or catastrophic failures. To avoid these failures, the following assumptions
are taken into consideration:

1. Welding will be used in all connections that are subjected to water to avoid water leakage through the fasteners.

. Thicker bendable sheets will be used to avoid sheet deformation and failure due to combined compression and bending.

3. Removing support elements such as purlins and replacing them with stiffened angles and end plates to avoid all end failures,
including sheet warping and purlin failures.

N

The proposed tank system consists of corrugated wall panels that have the same thickness along the height. The wall panel consists
of several corrugations, has specific width for transportation purposes, and is welded to the neighboring panel. The main loads on tank
walls are lateral water pressure and transverse displacement due to water sloshing or wind loads. The vertical load is typically
neglected through the proposed configuration. Fig. 2 shows the inside and outside of the tank panel wall.

3. Numerical study

An FE model is constructed using commercial software ABAQUS. The previous FE model shown in Fig. 1 is improved to mitigate
risks from failures that occur due to hydrostatic pressure and diaphragm action. The improved FE model consists of a corrugated sheet,
cap plate, side plates, anchor bolts, and angles with stiffeners. The corrugated sheet consists of 3 pitches (i.e., four crests and five
troughs) with a pitch dimension of 470 mm, as shown in Fig. 3. The pitch dimension can be measured from the middle of the crest to
the following crest. The assembly of the corrugated sheet, angles, and plates is defined as a panel in this paper for easier referencing.

The FE model is first studied at two stages. The first stage is applying the panel’s weight and hydrostatic pressure. The deflection
results from the FE model are validated using on-site measurement, as will be discussed in the next section. Parameters, including

Fig. 2. Site photos for the steel tank wall panels (a) two aligned panels (b) multi-aligned panels (c) panels from inside tank after painting.
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boundary conditions, corrugated depth, sheet thickness, trough-to-crest width ratio, and corrugation angle, are varied to evaluate the
best combination for hydrostatic pressure. The second stage is applying a transverse displacement at various water levels, evaluating
their effects on the maximum stress (Fig. 4).

3.1. Material properties

High-strength steel grade (S355) is adopted, with Young’s modulus of 210,000 MPa, yield strength of 355 MPa, poison’s ratio of
0.3, and density of 7750 kg/cm®. The stress-strain curve is shown in Fig. 5 [35]. To be used in the FE model, the engineering stress and
strain are converted into true stress and strain, as shown in Fig. 5 [36].

3.2. Geometry

The panel is divided into several parts with different dimensions. All parts are defined as shell elements with an element type of
S3R, which is a three-nodal element with reduced integration that can be used for different shapes, providing the ability to model
irregular geometry and exhibit nonlinear element behavior.

A convergence study is conducted to determine the mesh size. The panel’s mesh size varies from 5 mm to 100 mm, while the load is
kept constant according to the next section. The loading system is performed with ten sub-steps to simulate the gradual change. Fig. 6
shows the convergence performance of the deflection profile along the panel height at different mesh sizes. The deflection varies with
different mesh sizes until 20 mm, where the deflection difference is negligible compared to the 5 mm while the computational time
decreases by more than 300 %. Therefore, a mesh size of 20 mm is selected.

3.3. Loads

The loads consist of the panel’s own weight, hydrostatic pressure, and transverse displacement. The first stage contains both the
panel’s own weight and hydrostatic pressure. The hydrostatic pressure (P) is calculated as follows:

P=p.gh= 1000%-9.807?-5m: 0.049MPa )

where p is water density, g is the gravitational acceleration, and h is the maximum water height in the static loading case at about 90 %
of the total floor height, i.e., 5 m. The hydrostatic pressure (P) is created by defining zero-pressure and hydrostatic pressure locations.
The second stage contains the transverse displacement acting in the x-axis direction to study the diaphragm action of the panel. The
upper plate is divided into several face partitions to model the exact behavior of the panel. Partitions are divided according to the
location of the connection between the upper side plate and the upper angle to contain one pitch (from the middle of the trough width
to the middle of the following trough width). Each partition is connected to a reference point in its center using a kinematic coupling
constraint. All reference points are then grouped into a set with which the transverse displacement is applied in the x-direction.

3.4. Boundary conditions

To avoid over-constraining, the lower angle’s bottom and upper angle’s top surfaces are fixed, while the upper end, lower end plate,
and lower side plates are attached to the corrugated sheet as one assembly. Lower plate and angle are fixed to the ground as shown in
Fig. 4, and tied to each other at 200 mm height to represent the existing welding between the lower plate and angle, allowing flexible
rotation of the panel around the x-axis while restraining its movement in the x-axis to provide diaphragm action. Furthermore, the
upper side plate and the upper angle are attached at fastener locations. The fasteners are assumed to have a 1 mm movement tolerance
in the z-direction to reduce the axial stresses in the sheet due to the transverse movement. This is achieved by adopting a connector
type “stop,” which allows the 1 mm tolerance, after which the model is restrained in the assigned direction. The corrugated sheet sides
are restrained against rotation around y and z directions to simulate adjacent panels.

yield stress=355
MPa

Engineering Stress-Strain

100 True Stress-Strain

0% 5% 10% 15% 20%
Strain (%)

Fig. 5. Stress-Strain Curve for Steel grade S355.
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3.5. Validation

Thin-walled corrugated steel tank is constructed, with details shown in Section 4. Validation of the FE model on corrugated sheet
was carried out in a previous study, as shown in Fig. 1. In this paper, validation of the FE model on the tank subjected to hydrostatic
pressure is performed using a non-destructive test. Five dial gages are placed on the steel tank wall from the outside, as shown in Fig. 7.
On-site readings are taken at three different water levels, i.e., 2.86 m, 3.6 m, and 5 m. Fig. 8 shows a good agreement between the FE
results and the on-site displacement measurements, which validates the FE model.

3.6. Hydrostatic loading

The previous model geometry is used as a benchmark, with 275 mm corrugated panel depth, 5 mm thickness, 86 pitch angle, and
280 mm trough width. The water level is set to be the maximum possible height, which is 5000 mm, and the corresponding load is
0.049 MPa, as calculated using Eq. (1).

3.6.1. Boundary conditions

Boundary conditions (BCs) are varied by removing all the end plates for the sake of the study. BCs have a significant influence on
the displacement of the panel, as shown in Fig. 9. Each case is referred to as Bottom BC — Top BC. The fixed-hinged BC has the lowest
displacement (3.58 mm), followed by hinged-hinged (5.19 mm) and hinged-roller (7.85 mm) BCs. It is worth noting that the boundary

conditions provided in Section 3.3 match the hinged-roller case, validating the concept of free rotation while providing support in the
x-direction.

3.6.2. Corrugated depth

The effect of corrugated depth is studied from 50 mm to 300 mm with 50 mm increment, and compared with the reference model.
Fig. 10 shows that the stress decreases in a nonlinear behavior as the depth increases. All tensile and compressive stresses exceed the
yield strength of the material (355 MPa) for corrugated depths less than 275 mm. The variation in deflection is relatively low for
100 mm panel depth and above, while a sudden increase in deflection is observed at 50 mm depth. Similar behavior occurs in the

(b)

Fig. 7. Displacement measurements for the steel tank (a) whole view and (b) close view of the dial gage.
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Fig. 10. Maximum stresses and deflection versus corrugated panel depth.
compressive stress at 50 mm depth, which indicates that the panel undergoes warping when the depth is below 100 mm for the current
configuration.

3.6.3. Thickness

The effect of the thickness of the corrugated panel is studied from 2 mm to 7 mm thick with increment of 1 mm. Fig. 11 shows that
both maximum tensile and compressive stress decrease with the increase of the panel thickness. The 5 mm thickness reports stresses

below the yield stress (355 MPa), while lower thicknesses have higher stresses. A similar relationship is noticed for deflection variation
with thickness.
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Fig. 11. Maximum stress and deflection versus corrugated panel thickness.

3.6.4. Trough to crest width ratio

The effect of the trough (water side) to crest (air side) width ratio is studied by increasing the trough width from 140 mm to
280 mm while fixing the crest width, which corresponds to the trough-to-crest width ratio varying from 1 to 2. Fig. 12 reports that the
maximum stress on the crest side increases slightly with the increase of the trough/crest width ratio, with a maximum increase of 12 %.
However, both compressive and tensile stresses are below the yield stress limit. It can be noted that the variation in the trough width
for constant crest width has a limited effect on the overall stress and deflection.

3.6.5. Corrugation angle

The effect of corrugation angle is studied through variation of depth at a fixed angle. The angle is varied at 4 degrees increment
from 78 degrees to 90 degrees. Fig. 13 reports the compressive stress at different angles and depths. It can be noted that the variation in
angle has limited effect on the compressive stress, while the depth has a similar effect as previously reported in Section 3.6.2. The
results show that angles over 86 degrees are required for this model with a depth of not less than 275 mm.

3.7. Diaphragm action of water tank

The diaphragm action of the panel is studied by applying a transverse displacement on the top of the panel in the x-direction. Fig. 14
shows stress concentration at the corners of the panel’s crest. The stress concentration is because the first crest at the unrestrained
corner carries most of the transverse load until it reaches the plastic stage. It can be noticed that the lower part, which is restrained by
the angles and plates, has lower stress; while above the plates, the panel shows the highest stress concentration. This figure also shows
that the stiffness of the panel is significantly influenced by the stiffness of the first pitch.

Fig. 15 and Table 1 show the hydrostatic pressure’s effect on the stiffness of the restrained panel. The panel follows a linear
behavior until warping due to compression stress occurs at the lower unrestrained part of the panel. It shows that hydrostatic pressure
can decrease the panel stiffness towards the diaphragm action by around 7 % for the 5 mm thick panel. The drop in load capacity at
failure load is only around 1 %. Therefore, the contribution of hydrostatic pressure is small due to the large thickness and stiffer end
restraints by placing stiffened angles and plates at the end of the panel.

Water level is varied along the height of the panel with values 0, 2500, 3600, and 5000 mm, while transverse displacement is varied
with values 0, 5, 10, 15, and 30 mm at the top of the panel. Fig. 16 shows the combined effect of hydrostatic pressure and transverse
displacement. There is a clear threshold for transverse displacement at 15 mm, after which the increase in the maximum stress be-
comes small; however, for hydrostatic pressure, there is a gradual increase of loading for additional water level until the maximum
allowable water level is achieved. This can be explained through the redistribution of forces along other parts of the panel after
reaching the yield stress.

The effect of the thickness, end restraints on the diaphragm action without hydrostatic pressure is presented in Table 2. Thickness is
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Fig. 12. Maximum stress and deflection versus trough/crest width ratio.
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Table 1
Combined load effect on the stiffness of the panel.
Stiffness (kN/mm)
Panel Thickness Applied hydrostatic pressure (WL= 5 m) No hydrostatic pressure applied Difference %
3 5.13 5.84 12%
5 9.09 9.80 7 %
8 12.90 14.31 10 %
10 16.16 17.62 8 %

No hydrostatic Pressure
—#— Water-Level=2500 mm
50 -3 Water-Level=3600 mm
- © - Water-Level=5000 mm

Von Mises Stre
—
(=3
(=]
~

0 5 10 15 20 25 30
Transverse deformation at the top (mm)

Fig. 16. Maximum Von-Mises Stress for combined hydrostatic pressure and diaphragm action for restraint panel.

Table 2
Effect of end restraints on the stiffness of the panel (No hydrostatic pressure applied).
Stiffness (kN/mm) Stiffness Drop %
Panel Depth (mm) 275
Thickness (mm) Unrestrained Panel Restrained Panel
0.5 0.0087 1.165 99 %
1 0.05 2.08 98 %
5 2.42 9.32 74 %
10 8.03 17.62 54 %

varied with values of 0.5, 1, 5, and 10 mm. Stiffness of the panel is calculated with these parameters in the case of restrained and
unrestrained panels. The drop in stiffness increases with smaller thicknesses, which shows that larger thickness can ultimately replace
the end restraints, while the applicability of such large thickness might need further investigation.

The unrestraint panel is further studied by studying the effect of applied hydrostatic pressure at the water level (WL) of 5 m at two
different thicknesses (5 and 10 mm), as shown in Fig. 17. While 10 mm thickness experiences higher load capacity than 5 mm, both
thicknesses have similar effects in terms of combined loading. A drop in load capacity is observed at point A, where the panel un-
dergoes a warping due to mixed loading; however, in the case of transverse load only, warping occurs much later at point B. The
deformed shape at point A of the two panels with and without hydrostatic pressure verify this finding, as shown in Fig. 18. The drop in
load capacity at the ultimate load is around 40 % and 5 % for 5 mm and 10 mm thick panels, respectively. Therefore, larger thicknesses
can undergo similar behavior with and without hydrostatic pressure due to the limited effect of warping, while hydrostatic pressure

é 300
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~
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% 100 Point B
& . e
= 50 BRI XK 00X
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0
0 50 100 150 200 250
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Fig. 17. Effect of combined hydrostatic pressure and transverse displacement for unrestrained panel.
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S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
545.774
500.399
455,023
409.648
364.273
318.897
273.522
228.146
182.771
137.396
92.020
46.645
1.270

warping at
point A

S, Mises
SNEG, (fraction =
(Avg: 75%)

(b)

Fig. 18. Deformed shape of unrestraint panel subjected to (a) combined loading, (b) transverse load only.

has a significant effect on smaller thickness in unrestrained cases.

4. Full-scale implementation

The building selected for implementation is a hotel in Mecca, Saudi Arabia. It was initially designed to accommodate a concrete
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Fig. 19. Building layout - steel tank location is shown in the red cloud.
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water tank. However, the scope has been changed to a structural steel tank due to time constraints.

The tank structure is composed of two water tanks on the fifth floor of each building lying between two concrete slabs at the levels
of +19.20 m and +25.20 m, as shown in Fig. 19. Each building consists of 30 floors. The tank is installed on a concrete slab of 60 cm
thick. The concrete strength of 40 MPa is at a level of (+-19.20), and the roof of the tank is the upper concrete slab at level (+25.20).
The upper concrete slab is a prestressed slab of the uncracked section with a thickness of 35 cm and concrete strength of 35 MPa. The
lower slab is designed to support the required storage quantity, but using reinforced concrete tank. Due to tight project schedule, a
solution was provided to use irregular steel tanks rather than reinforced concrete (RC) tanks. Using steel tanks will save about 90 % of
the RC’s dead load. The lower concrete slab is painted with cementitious waterproofing paint to prevent water from reaching steel
reinforcement in case of any leakage. The upper slab is painted with epoxy paint to resist evaporated water from harming the upper
prestressed slab.

The tank shape follows the existing floor layout, including many obstacles in the floor, such as columns, core walls, shear walls,
stairs, elevators, duct openings, and pump room, as shown in Fig. 20. The steel tanks consist of corrugated wall panels, flat floor plates,
top and bottom steel stiffened angles, anchors to fix the angles to floor and roof concrete slabs, anchor bolts for connecting the wall
panels to angles during assembly, and steel plates for casing internal concrete columns existing inside tank.

4.1. Materials

Corrugated panel, plates, angles, and stiffeners are manufactured using steel grade 50, where the stress-strain curve is shown in
Fig. 5. Anchor bolts’ types and sizes are shown in Table 3. The anchor bolts used in the upper slab are 16 mm diameter with an effective
anchorage depth of 85 mm, and the lower anchor bolts are 20 mm diameter with an effective anchorage depth of 101 mm. For
welding, Esab welding rod is used of type: E71T-1 C as per SFA/AWS A5.20 with a thickness of 1.2 mm and C1 shielding gas.

4.2. Fabrication

Plates are cut to length according to cutting lists using a plasma cutting machine for 10 mm thick plates and the hydraulic shearing
machine for thinner plates. Steel plates are bent to reach the required corrugated profile for one pitch (i.e., one crest and two troughs).
Every four pitches are welded together to form one panel. Special care is taken to ensure the exact dimensions, which starts by
adjusting the single unit dimensions in the start, middle, and end, then adjusting the spacing between single units, and finally
assembling several units together by tack welding, as shown in Fig. 21.

After the fitting, the panels are welded using CO; electric welding machines. Automatic robotic welding carriages are adapted and
programmed to apply full welding for longitudinal lines in panels while minimizing defects and increasing productivity, as shown in
Fig. 22. The adapted machines weld two longitudinal lines at the same time. Other parts, such as stiffeners, angles, and plates, are
welded manually. The panels are handled using a vacuum lifting machine, as shown in Fig. 23, to ensure proper and safe handling of
the panel without damage. This vacuum machine is manufactured specifically for the panel weight and dimension, which includes
different directions of motion and 180 degrees of rotation to facilitate panel handling and erection.

The steel surface is subjected to Sa 2! blast-cleaning according to ISO 8501-1:2007, then painted to both air and water sides, as
shown in Fig. 24, following the paint specifications mentioned in Table 4. Special care is given when choosing water-side paints
suitable for potable water.

4.3. Material handling and erection

Panels are delivered to site and stored properly until erection. The installation process starts with fixing the anchors and supporting
angles, as shown in Fig. 25.

4.3.1. Panels handling, assembly and welding

Panels are transported and lifted to tank floor level using mobile and tower cranes, as shown in Fig. 26. After lifting panel to the
tank level, it is handled by a forklift with attached custom-built magnetic lift, which is designed and fabricated according to the panels
size shown in Fig. 27. Panels are fixed in their positions and connected to thetop and bottom angles using bolts, washers and nuts, as
shown in Fig. 28. Panels are assembled with the adjacent ones using temporary welds first, and then vertical continuous welding lines
are preformed using automatic magnetic welding trucks, as shown in Fig. 29. Welding performed from inside and outside using three
welding passes: root pass, top pass from inside, and top pass from outside. Other welds for base and top head plates of panels are
welded using manual welding by welders.

Inner concrete columns inside tank are cladded with steel plates and welded together to prevent any leakage from columns. The
columns are painted with cementitious waterproof paint, and then plates are directly cladded on it without corrugation. The tanks’
supply inlets, outlets, overflow, cleaning drain and stainless-steel stair are welded and tested in their locations according to mechanical
drawings.

4.3.2. Floor sheets assembly

After vertical panel installation, steel backing plates with a width of 15 cm are placed on the ground along each plate welding line,
as shown in Fig. 30(a). Floor plates are laid on the backing plates and fitted together using tack welds. The floor plates are also welded
with the lower end plate of vertical panels, as shown in Fig. 30(b) and (c).
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Fig. 20. Floor tank layout showing two adjacent tanks.

Table 3
Anchor bolt specifications.
item Description Lower Anchor bolt Upper Anchor bolt
1 Anchor type and size Hilti HST3 M20 hef2 Hilti HST3 M16 hef2
2 Gap filling Hilti Seismic Set M20 Hilti Seismic Set M16
3 Effective Anchorage depth 101 mm 85 mm

constraints

(b) (©

Fig. 21. Fitting and assembly of panels (a) adjusting the single unit dimensions in the start, middle, and end, (b) adjusting the single unit at a unit
spacing, (c) Assembly of several panels together.

Fig. 22. Corrugated panel during and after welding.
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Fig. 23. Specially manufactured vacuum lift machine for panels handling.

Fig. 24. Panel after painting in factory.

Table 4
Paint specifications applied on workshop and site.
Factory Site
Air side Water side Air Side Water side
Penguard Express, Grey, Fig. (13) Penguard Express, Red, Fig. (14) Hardtop Xp, Grey Tankguard 412, White
100 microns 100 microns 100 microns 200 microns

4.3.3. Testing of welded joints

Along welding process, testing is performed on vertical and horizontal welds. Liquid penetration and magnetic particle tests are
done on all joints from inside and outside to ensure welding quality, as shown in Fig. 31(a). Vacuum test is done on floor and column
joints to ensure that there is no leakage, as shown in Fig. 31(b). Then all tank panels are closed, welded with floor plates, and tested
where the only access to tank inner space is through the tank opening in the tank roof slab.

4.3.4. Painting

Tank is carefully cleaned, and joints are grinded. Then the unpainted areas along welded joints are painted using epoxy primer up to
the thickness delivered from factory from inside and outside. The whole tank is painted with final coating to the full required thickness
as shown in Fig. 32. Painting thicknesses are measured continuously during painting.

4.3.5. Water leakage testing

Finally, after painting passes its curing duration, the tank is filled to the maximum level to perform a full water leakage test, as
shown in Fig. 33. Leakage check is done through two steps: (1) Placing sign at water level and checking the water level at every defined
period. (2) Moving around tank and observing if any leakage occurs from wall panels or on the floor. The presence of air space around
the tanks enhances the water temperature inside the tank. Water temperature in the tank is moderate (around 20 °C) in very high
temperature days (48-50 °C), which saves much the thermal insulation costs required for similar tanks on roof in this arid high
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(b)

Fig. 26. Outer view for the building showing the tank position and handling of the panel.

temperature zones.
5. Discussions

Previous results show that boundary conditions and corrugated depth have a significant effect on the panel, while thickness,
trough-to-crest width ratio, and pitch angle have a slight effect on the panel. Therefore, attention should be paid to corrugation depth
and panel thickness. Further analysis is carried out on the combined effect of the hydrostatic pressure and transverse displacement. The
proposed end restraints can help reduce the distortion of the panel and increase its stiffness by almost three times, achieving 9.32 kN/
mm compared to 2.42 kN/mm for the unrestrained panel in case of the 5 mm thick panel. At the same time, the 5 mm thick panel has a
three order of magnitude of stiffness compared to the 0.5 mm thick panel.
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@ | ()

Fig. 28. Fixation and assembly of panels on-site.

Combined loading shows that the panel with 275 mm depth and 5 mm thickness acts in the elastic range for full hydrostatic
pressure and transverse displacement up to 15 mm. Transverse displacement of more than 15 mm forces the panel to redistribute its
stress along other pitches until warping failure. Results show that the effect of the hydrostatic pressure reduces when the panel has
stiffer end restraints or high panel thickness.

The stress state of the corrugated panel differs with the loading conditions, as shown in Fig. 34. Based on the analysis, stresses are
mainly in z-direction, where o4 and 7,, can be neglected. The hydrostatic pressure is mainly resisted by the corrugation depth, yielding
tensile stress at the crests and compressive stress at the troughs. It should be noted that the stress is the maximum at 1/3 water height.
The transverse loading acting in the right direction leads to compressive stress at the lower part of the right pitch (i.e. trough and crest)
and tensile stress at the lower part of left pitch. For combined loading, the right trough is subjected to combined compressive stress due
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(@) (b) ©

Fig. 30. Floor sheet assembly (a) handling of floor plates, (b) welding of floor plates (c) welded plates profile.
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!

Fig. 31. Testing of welded joints using (a)DPT and (b) Vacuum box.

Fig. 32. Final on-site painting.

to hydrostatic pressure and transverse loading. Designers are encouraged to check if the combined stress is still lower than those from
the sheet warping failure.

Based on the FE results, panels are manufactured and deployed on-site, where real-time measurements confirm the FE model
results. Cold bending of a relatively larger thickness (i.e., 5 mm) into corrugated panel than conventional corrugated sheets (i.e.,
0.5-2 mm) achieve higher stiffness against the diaphragm and hydrostatic loads.

Limitations and potential challenges in implementing the proposed system include: (1) buckling analysis is required in case the
vertical movement of the tank is restrained; (2) structural resilience for seismic activity should be considered when it is used in high
seismic region; and (3) sloshing effect due to seismic load should be considered when it is used in low seismic region.

6. Conclusions

In this study, a proposed corrugated sheet tank is evaluated against combined hydrostatic pressure and diaphragm action. An FE
model is created, validated using the full-scale fabricated model, and used to carry out a parametric study to study the effects of
boundary conditions, corrugated depth, sheet thickness, trough-to-crest width ratio, and inclination angle of the corrugation. Based on
the parametric study, reference dimensions are recommended, and further analysis is carried out to study the diaphragm action of the
panel. Finally, the implementation of the full-scale steel tank is presented. It can be concluded that:

1. Using of paneled steel tanks can be an efficient solution for water storage inside buildings. Compared with reinforced concrete
tanks, it can save time and cost and decrease structural loads.
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Fig. 33. Water leakage testing.

Transverse Load

Hydrostatic loading effect
at 1/3 water height &
trough

Oz-hyd

Hydrostatic loading effect
at 1/3 water height & crest

Oz Combined loading effect
at right trough

o-z-tram.+ Gz-hyd

f

O hyd Gz-hyd

Transverse loading effect

at left trough ?
Oz Optran.t Oz-hyd
water Transverse loading effect
at right trough
G-tran.

Gz-tran.

Gz-tran.

Fig. 34. Stress state at hydrostatic pressure, transverse and combined loadings.

2. Corrugated steel wall panels can be used to install irregular panel shapes according to the building architecture, increasing the

water storage quantity.
3. Both boundary conditions and corrugated depth have a significant effect on the displacement of the panel. The corrugated depth

that meets the yield stress is more than 275 mm.
4. Thickness varies inversely proportional to tensile and compressive stress and deflection. A 5 mm thickness reports 326 MPa

stress, which is lower than yield stress (355 MPa).
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5. Trough-to-crest ratio and angle of corrugation have limited effect on the panel stresses.
6. In case of restrained panel, the stiffness of the first pitch determines the stiffness of the whole panel, as stress is mainly carried by

the first pitch during the elastic analysis.

7. Recommended configuration allows the panel to undergo elastic stresses for the full height of hydrostatic pressure, in addition

to transverse loads up to 15 mm. Transverse loads of more than 15 mm will cause plastic stress, where the panel redistributes
the stress until failure.

8. Failure of the restrained panel, which is warping in the sheets, occurs at the lower area above the location of the lower angles.

Therefore, it is recommended to increase the sheet thickness to avoid such failure.

9. Failure occurs due to combined compressive stresses from hydrostatic pressure and transverse loading. Designers are advised to

check that the induced combined stresses are less than those from the sheet warping failure.

10. The hydrostatic pressure has a higher contribution towards decreasing the transverse stiffness and load capacity of the panel at

smaller thickness and unrestrained conditions.

Future work includes sloshing effects, lifetime of the paint and durability of steel, the effect of steel grade, intermediate bulk weight

on building seismic stability, and analysis of water chemistry.
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