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Abstract. This study proposes an H-section dry support system for water tank foundation as a structural alternative to
conventional concrete wet connections, addressing limitations such as extended curing times and limited height adjustability
while ensuring seismic capacity. Static lateral loading tests on strong and weak axes of H-section confirmed the system’s seismic
performance such as strength and ductility, with deformation concentrated at lower joints rather than the column body.
Differences in axis performance were linked to varying stress distribution patterns. A 3D finite element (FE) analysis using
MIDAS Gen software was conducted on rectangular water tanks under gravity, hydrostatic and design seismic loads, with all
evaluated connection arrangements meeting story drift and stability criteria. The system exceeded seismic lateral force
requirements for non-structural components and low-rise buildings. It further offers improved maintenance efficiency through
easy component replacement and height adjustability, reducing lifecycle costs and enhancing construction efficiency.
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1. Introduction

Water tank is an essential element for most buildings or
regions in modern society, and the structural safety of water
tanks for stable water supply is crucial (Beak ef al. 2019,
Hosseini and Beskhyroun 2023). Structural resistance to
earthquakes is particularly vital for the long-term operation
and maintenance of facilities. Historical seismic events have
documented cases of damage to large liquid storage tanks,
and such damage has been proven to lead to secondary
damage such as fires (Ximei et al., Fischer et al. 2016).

Thus, regulations worldwide present standards to ensure
the safety and functionality of tanks. ASCE 7-16 (ACI
2017) classifies tanks and storage vessels not supported by
buildings as non-building structures and provides a method
for calculating seismic loads that considers the dynamic
behavior of internal fluids (Baek and Choi 2017). The
dynamic characteristics are presented in the design
standards based on Housner’s analytical model, which
separates the impulsive and convective (i.e., sloshing)
components (Housner 1957). These dynamic characteristics
are reflected in various design standards. For concrete water
tanks, ACI 350.3 (ACI 2006) are commonly referenced,
while steel water tanks follow the D100 and D103 (AWWA
2011), providing detailed requirements for tank design. On
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the other hand, when tanks are installed within buildings,
they are considered supported by the structure, and the
dynamic behavior of the fluid is not taken into account. In
Japan, where earthquakes are frequent, the FRP (Fiber
Reinforced Plastic) tank structural design (JAC 2014)
calculation method is used, which more specifically
regulates the response amplification of both the building
and the water tank (Park ez al. 2013).

Numerous studies have been conducted on the seismic
design of liquid storage tanks. However, research focusing
specifically on the foundation of tanks remains insufficient
(Brunesi et al. 2015, Cruz and Valdivia 2011, Sobhan et al.
2017, Stewart et al. 1999, Ulloa-Rojas et al. 2024,
Yazdanian et al. 2020, Zareian et al. 2012). The foundation
supporting the tank plays a critical role in transferring loads
between the tank and the supporting surface, effectively
distributing both static and dynamic loads to prevent
structural damage, making its consideration essential in tank
design. Recent studies have demonstrated that inadequate
detailing of foundation anchors can lead to tank wall
rupture and that if the foundation shear force exceeds the
frictional force, the tank may slide (Praveen et al. 2000).

Traditional tank foundation systems have conventionally
used concrete wet connections, which have limitations such
as the need for a curing period during construction and
difficulties in height adjustment (Robert 1964, Khosravi et
al. 2023). Some base isolation devices made of rubber pads
have also been used, but they lack durability and long-term
performance (Kim ef al. 2016). Among various materials,
H-section steel dry connections have been evaluated to
provide the best performance after installation, as their high
stiffness ensures structural stability (Hou et al. 2021, Kong
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(b) Dry connections supporting water tank

Fig. 1 Isometric view

et al. 2024, Liu et al. 2019). Several researchers have
indicated that the detailing of base plate connections in
certain designs can be highly cost-intensive and challenging
to fabricate, emphasizing the importance of establishing
standardized design guidelines for such connections (Fasace
et al. 2018, Kanvinde et al. 2013, Lim et al. 2017, Torres-
Rodas et al. 2018, Nechache and Bouzide 2007).

This study proposes an innovative height-adjustable
bolted base connection system to overcome the limitations
of conventional H-section steel dry connections. To verify
the structural performance of the proposed system,
unidirectional static lateral loading tests were conducted
along both the strong and weak axes of H-section. The
results confirmed sufficient seismic resistance and practical
applicability. As will be discussed in detail in Section 4, the
system effectively responds to ground settlement issues
through its height-adjustable feature and ease of component
replacement, which is expected to contribute to reducing the
life-cycle costs of the facility (Thakur et al. 2017). In
particular, compared to conventional wet connection
systems, the proposed system demonstrated significant
improvements in on-site applicability and construction
efficiency  while  maintaining  superior  structural
performance. Furthermore, a 3D finite element analysis was
performed on a typical rectangular water tank to determine
the optimal connection arrangement with regard to the
strong and weak axes. This study primarily focused on
static analysis, following the simplified approaches
permitted by design standards, which was deemed sufficient
to validate the foundational study even without considering
sloshing effects. Through this experimental validation, the
study presents an innovative improvement to water tank
foundation systems, aiming to contribute to advancements
in the non-structural component construction sector.

(b) Weak axis direction

Fig. 2 Three-dimensional representation and directional
definition of H-section column

2. Experimental research
2.1 General

The H-section steel dry connections are characterized by
being installed at 1.0 m intervals symmetrically in both
principal directions at the bottom of the water tank, as
shown in Figs. 1(a)-(b). All dry connection details are
identical and feature an H-section steel cross-section with
strong and weak axes, as illustrated in Figs. 2(a)-(b). The H-
section steel columns are of H-100x100x6x8 mm
(4%4x0.2%0.3 in.) specification and are connected at the
flange with splice plates and high-tension bolts, resisting
seismic loads transmitted to the bottom of the water tank.

The splice plates are welded to the base plate together
with gusset plates. The steel material used in these
components is SS275 (KS D 3503), which has a yield
strength of 275 MPa (39,885 psi). The splice plate
dimensions are 150x200x8 mm (6x8%0.3 in.), and a 103
mm (4 in.) long-slotted hole is provided to allow for
flexible height adjustment of the H-section steel column
(see Fig. 3). Additionally, the horizontal end plates welded
on both sides of the H-section web are seated on top of the
nut, with a bolt inserted through the hole in the horizontal
plate and connected to the base plate, enabling temporary
support and positional adjustment during construction.

The high-tension bolts are F8T bolts with a tensile
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(a) Strong axis direction (b) Weak axis direction

Fig. 3 Typical details of adjustable-height steel H-section
and its dry connection to foundation (Unit: mm)

strength of 800 MPa (116,030 psi). The bolts have a
diameter of M12 (12 mm) with a pitch of 1.75 mm (0.07
in.). Among the bolts installed in the section, the 4 lower
bolts are positioned at the bottom part of the slotted hole,
located about 57 mm (2 in.) above the base plate. The 4
upper bolts are placed 50 mm (2 in.) higher, at a vertical
length of 107 mm (4 in.). The bolts are mechanically
tightened using a torque wrench.

In this study, unidirectional static lateral loading tests
were conducted on the strong and weak axes of the H-
section steel dry connections to verify their seismic
performance.

2.2 Material testing

Prior to the structural testing, a material test was
conducted using a total of five coupon tensile specimens to
evaluate the mechanical properties of the steel used and
verify whether it meets the minimum strength requirements
specified in the design standards. The tensile test was
performed using a Universal Testing Machine (UTM),
which enabled the precise measurement of the yield
strength and tensile strength of each specimen.

The tensile test was conducted by gradually applying
tensile loads to the specimens while observing the
material’s yield and fracture behavior. During the test, the
elongation and load variations of each specimen were
recorded, and these data were used to determine the yield
point and maximum tensile strength of the steel. This
process aimed to assess the quality of the steel used and
ensure that it meets the minimum performance criteria
required by the design specifications.

The coupon specimens used in this test were extracted
from the same lot of steel as that used in the fabrication of
the dry pads and the H-beam body, ensuring the reliability
and representativeness of the test results.

Tensile tests were conducted on a total of five coupon
steel specimens, and the results confirmed that all
specimens satisfied the minimum yield strength criteria for

Table 1 Material test results [MPa]
Cl C2 C3 C4 C5

Average

Yleld(lsf)ength 277 280 375 340 376 330
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Fig. 4 Stress-strain curve of steel specimen

SS275 steel (KS D 3503). The minimum yield strength
requirement for SS275 steel is specified as 275 MPa
(39,885 psi), and the steel used in this test demonstrated
performance that sufficiently exceeded this requirement.

Tensile tests were conducted on a total of five coupon
steel specimens, and the results confirmed that all
specimens satisfied the minimum yield strength criteria for
SS275 steel (KS D 3503). The minimum yield strength
requirement for SS275 steel is specified as 275 MPa
(39,885 psi), and the steel used in this test demonstrated
performance that sufficiently exceeded this requirement.

The detailed tensile test results for each coupon
specimen, denoted as C1 through C5, are summarized in
Table 1, with an average yield strength measured at 330
MPa (47,863 psi) and an average tensile strength of 420
MPa (60,916 psi). The individual yield strengths ranged
from 277 MPa (40,176 psi) to 376 MPa (54,534 psi), while
the tensile strengths ranged from 367 MPa (53,229 psi) to
467 MPa (67,733 psi), indicating excellent consistency and
quality of the steel.

Fig. 4 presents the graphical representation of the tensile
test results. This result confirms the superior mechanical
performance of the steel, making it suitable for use in
structural testing.

Furthermore, the elongation of all specimens also met
the minimum requirements, and the reduction in the cross-
sectional area after fracture was confirmed to exceed the
minimum criteria. These findings suggest that the steel
possesses sufficient ductility.

The material test validated that the SS275 steel used
meets the strength and elongation KS requirements
necessary for structural testing, providing reliable baseline
data to support the subsequent structural experiments.

2.3 Structural testing

The tests were performed on six dry column-to-
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Fig. 5 Actuator load plan (mm)

Table 2 Structural testing

Testing type

Uniaxial static lateral load test

Testing equinpment
Loading speed
Specimen height
Loading height
Experimental variables
Number of specimens
LVDT

Strain gauge

15 Ton actuator
0.005 mm/sec (Displacement-controlled)
850 mm
750 mm
Loading Direction (Strong axis, Weak axis)
Strong axis (3), Weak axis (3)
200 mm (2 units), 100 mm (2 units)

Strong axis (8 units), Weak axis (4 units)

foundation connection specimens. A 150 kN (34 kips)
actuator was used, and the tests were displacement-
controlled. The specimen height was adjusted to 850 mm
(33 in.) to secure the loading area. The variables are the
loading directions (x direction and y direction, which are
also referred to as the strong axis and weak axis of H-
section, respectively). The layout of linear variable
displacement transducers (LVDTs) for displacement
measurement and strain gauges (SG) for strain
measurement is shown in Fig. 5, and the directional static
lateral force test overview is summarized in Table 2.

The base plate of the specimens was fixed to achieve
fixed support conditions using bolt anchors commonly
utilized in the testing facility. The actuator load application
height was set at 750 mm (30 in.). Protective steel plates
measuring 200x200x5 mm (8x8x0.2 in.) were installed at
the upper loading points for fixation. For all specimens,
lateral load and displacement were measured using the
actuator’s built-in system and LVDTs, respectively. A total
of four LVDTs were installed at positions of 200 mm (8 in.),
415 mm (16 in.), 630 mm (25 in.), and 750 mm (30 in.)
from the ground to measure the displacement of the bending
specimen. Among them, the two upper LVDTs, where
greater displacement was expected, were devices capable of
measuring up to 200 mm (8 in.), while the lower ones were
devices capable of measuring up to 100 mm (4 in.). The
load-displacement curves were derived to evaluate seismic
performance

Additionally, the strong axis test used regular 4 bolts (ho

high-tension bolts) to connect the splice plate and H-
section; however, after the strong axis test, it was realized
that the moment resistance mechanism was not found only
using 4 bolts at the bottom part so that a total of 8 high-
tension bolts (2 for each long-slotted hole) were used for the
weak axis test.

2.4 Experimental results

2.4.1 Failure patterns and
relationships

The tests were terminated at approximately 10 kN for
the strong axis and 12 kN for the weak axis to prevent
specimen overturning. However, the actual ultimate tensile
strength is expected to exceed the measured values.

The results of the loading tests in the strong and weak
axis directions can be observed in Figs. 6 and 7,
respectively. At this stage, following the sequence of the
experiment, the specimens loaded in the strong axis
direction were designated as S1 through S3, while those
loaded in the weak axis direction were designated as W1
through W3. All six specimens were fabricated using the
same material and dimensions, ensuring homogeneity for
obtaining average experimental values. As shown in Fig.
8(a), which illustrates the load-displacement relationship
obtained from the LVDT measurements, for the strong axis
loading test, S1 and S3 exhibited sequential bolt slippage,
leading to a lower initial strength but higher yield strength
compared to S2, which experienced simultaneous slippage.

load-displacement
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(e) S3 - At maximum displacement

® S - At bottom failure

Fig. 6 Strong axis direction test results

Conversely, as depicted in Fig. 8(b), for the weak axis
loading test, W1 and W3 with sequential bolt slippage
showed both lower initial and yield strength than W2,
indicating contrasting results.

These differences are primarily attributed to variations
in stress distribution based on the loading direction. During
strong axis loading, stress was relatively evenly distributed
among the bolts, and sequential bolt slippage contributed to
overall joint strength improvement through stress
redistribution. On the other hand, weak axis loading
induced local stress concentration at the lower joint,
negating the positive effects of sequential slippage.

Ultimately, all specimens exhibited similar plastic
behavior after yielding of the side splice plates. These
results underscore the need to comprehensively consider
bolt slippage mechanisms, localized stress concentrations,
and stiffness when designing joints subjected to weak axis

loads.

2.4.2 Strength assessment of the specimens

The joint strength of the steel dry connection specimens
was evaluated based on the Korean Design Standard®+3# for
load and resistance factor design of steel structures.

High-tension bolt connections can be categorized into
friction connections, tension connections and bearing
connections. In this study, joint strength for the strong and
weak axes of the H-section steel dry connections was
assessed. Experimental results confirmed that both
directions resisted actuator loads up to a maximum strength
of 10 kN.

The design load for structural review was determined as
10 kN of horizontal shear force, which corresponds to 3.5
kN-m of bending moment. The specifications of the high-
tension bolts and steel materials are summarized in Tables
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‘ (c) S2 - At niaxirﬁum displacement

(f) S3 - At bottom failure

Fig. 7 Weak axis direction test results

3-4, respectively.

The tensile strength of the high-tension bolts in the
strong axis direction was first evaluated. Using Eq. (1), the
maximum shear force (V,,ma) was divided by the number of
bolts (2 per splice plate were used) to calculate the
maximum tensile force (P,). The tensile resistance of the
two (or four for final design) high-tension bolts on one side
of the flange was calculated using Eq. (2) and found to
exceed the maximum force by far (10 times).

Vumax
R = umex M

PR, = ¢ X Fyy X 4, 2

Where, P, is the maximum tensile force per bolt,
obtained by dividing the total shear force by the number of
bolts, N or Ib; ¥y, mar is the maximum shear force induced by

seismic loads, N or 1b; ¢ is a factor applied to tensile force
(=0.75); R, is the design strength of the slip-critical
connection, N or lb; F); is the nominal tensile strength of
high-tension bolts, such as F8T bolts, MPa or psi; and 4, is
the nominal cross-sectional area of the unthreaded portion
of a bolt or threaded rod, mm? or in?.

Next, the out-of-plane bending strength of a splice plate
was reviewed. The splice plate bending moment at the
interface between the splice plate and base plate was
determined using Eq. (3), and the plastic moment capacity
of the splice plate (with no contribution of the gusset plate)
was calculated using Eq. (4). The key point here is that
unlike the weak axis behavior, in the strong axis behavior,
the high-tension bolts do not resist shear force or bending
moment. Instead, the seismic load is entirely resisted by one
of the two splice plate (like a cantilever). The splice plate’s
out-of-plane  bending performance (M,) and the
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Fig. 8 Load-displacement curve

Table 3 Specifications of high-tension bolts

F8T tensile strength (Fy) 800 MPa

F8T nominal tensile strength (Fr) 600 MPa

F8T nominal shear strength (Fav) 400 MPa
Bolt diameter (D) 12 mm

Bolt pitch (P) 1.75 mm

Nominal cross-sectional area (4») 113 mm?

Effective cross-sectional area (D) 84.3 mm?

Table 4 Specifications of steel

SS275 yield strength (£)) 275 MPa

SS275 tensile strength (F.) 410 MPa
Connection plate thickness () 8 mm

Section modulus of connection plate (Z) 10,667 mm?

comprehensive mechanism are shown in Fig. 9(a).

= Vimax X 1 3

Mu,max

M, = ¢ X Z X F, 4)

Where, M, mqc is the maximum bending moment at the
bottom of the splice plate, N-mm or 1b-in; / is the cantilever
height of the splice plate (conservatively assuming the
lateral load is transferred to the tip of the splice plate), mm
or in; ¢ is a factor applied to bending strength (=0.9); M, is
the nominal plastic moment at the bottom of the splice
plate, N-mm or Ib-in; Z is the plastic modulus of the splice
plate, mm?® or in3; and F, is the yield strength of steel, MPa
or psi.

The shear strength of high-tension bolts in the weak axis
direction was also evaluated. The shear force on each bolt
was determined using Eq. (5) (See Fig. 9(b)). The resistance
of one of four high-tension bolts was calculated using Eq.
(6) and deemed sufficient to resist the maximum frictional
force.

Ru — My,max (5)

a

PR, =P X Fyy X A, (6)
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Fig. 9 Load-resistance mechanism

Where, R, is the shear force acting on a single bolt, also
representing the maximum frictional force, N or 1b; a is the
spacing between bolts, mm or in; F, is the nominal shear
strength of high-tension bolts, such as F8T bolts, MPa or
psi; ¢=0.75; and 4. is the effective cross-sectional area of
the unthreaded portion of a bolt or threaded rod, mm? or in.
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(a) Case 1: One-directional linear arrangement of H-section

(b) Case 2: Central cross arrangement of H-section

(c) Case 3: Alternating H-section arrangement in each row

| [

Fig. 11 Three types of H-section arrangement for water tank

The bearing strength of the bolt hole was calculated
using Eq. (7), with ¢ =0.75, and the slip resistance of the
friction connection was determined using Eq. (8), with
¢=0.7. Both values were confirmed to resist the maximum
shear force (R,). The comprehensive mechanism for each
case is illustrated in Fig. 9(b).

PR, = X12XL. Xt XEFE, @)

PR, = X uX he X Ty X Ny (8)

Where, L. is the edge distance of a bolt, mm or in.; ¢ is
the thickness of the splice plate, mm or in.; F, is the tensile

strength of steel (SS275 grade), MPa or psi; # is the slip
coefficient of the connection; /4y is the bearing factor of the
faying surface; 7 is the design pretension force of high-
tension bolts, N or Ib; and N is the number of shear planes.

All numerical results from this structural verification are
visually presented in Fig. 10. The most prominently
indicated black bars represent the calculated strength of the
specimens, while the solid red line denotes the required
strength considering a 70% safety factor, and the red dashed
line represents the required strength corresponding to the
actual load applied to the water tank. In the strong axis
direction, the tensile strength of the high-tension bolts and
the out-of-plane bending strength of the splice plates
satisfied the design load conditions. Similarly, in the weak
axis direction, confirmed to be safe. All joints exhibited
stable behavior under the maximum intended load
(horizontal shear force of 7 kN and bending moment of 3.5
kN-m).

3. Application to water tank foundation
3.1 Objective

To derive the optimal arrangement/orientation of the
developed connections for efficient application in the water
tank design, a 3D finite element analysis was conducted. As
shown in Fig. 11, three different arrangements of dry
connections were evaluated. Case 1 involved H-section
connections installed only in one direction. Case 2 involved
opposite H-section arrangements at the central region only.
Case 3 featured alternating rows of strong and weak axis
arrangements of H-section.

The structural analysis model, a 3x3 m (10x10 ft) span
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Category Type Load values
Dead load Floor hydrostatic pressure 9.81 kN/m?x3.4 m=33.4 kN/m?
Gravity load Self weight SS275 Wall 30 mm, Slab/Roof 10 mm (76.98 kN/m?)
Live load Roof load 1.00 kN/m?

Seismic load
Lateral load .
Fluid pressure

Centroid action

Wall hydrostatic pressure

Per KDS 41 17 00:2022
9.81 kKN/m?x3.4 m=33.4 kN/m?

4

(a) Floor hydrostatic load (DL) (b) Live load (LL)

a5

(c) Seismic load (d) Wall hydrostatic load (FP)

Fig. 12 Types of design loads for water tank

tank structure and was implemented using MIDAS Gen to
identify member forces acting on the dry pads under
seismic loads. The x direction of the seismic load was
expressed as Ex and the y direction as E,. These directions
correspond to the previously mentioned strong axis and
weak axis directions, respectively.

3.2 Design loads

Seismic loads acting on the water tank were calculated
according to KDS 41 17 00: 2022. These loads were
classified into horizontal design seismic force and vertical
design seismic force, both of which were assumed to act at
the center of mass of the tank. Additionally, the hydrostatic
pressure due to the water inside the tank was considered as
a fixed load acting simultaneously with the seismic load.
The structural safety of the connections was evaluated
under the most unfavorable load combinations.

3.3 Design seismic load calculation

The total design load of the tank is presented in Table 5,
with the application of the design load depicted in Fig. 12.
Using the tank weight, which includes dead load and stored
water load, the horizontal design seismic force was
calculated using Eq. (9)-(11). Vertical design seismic force
was determined using Eq. (12). Seismic load coefficients
applied in the calculations are provided in Table 6.

_ 0.4XapxSpsxWy z
Ip
Eymax = 1.6 X Spg X I, X W, (10)

Table 6 Specifications of high-tension bolts

Seismic zone I
Seismic zone coefficient (2) 0.11g
Return period 2,400
Risk coefficient (/) 2.0
Effective horizontal ground acceleration (S) 0.176
Soil type S4
Short-period site amplification factor (Fs) 1.448
1 sec-period site amplification factor (£)) 2.048
Short-period design spectrum acceleration (Sps) 0.425
1 sec-period design spectrum acceleration (Spi) 0.240
Response modification coefficient (R;) 2.5
Importance factor (1) 1.5
Fymin = 0.3 X Spg X I, X W, (11)
E, =02 XSps X W, (12)

Where, F), is the horizontal design seismic force acting
at the center of mass of a non-structural element, N or 1b; a,
is the amplification factor for the non-structural element;
Sps is the design spectral acceleration for short periods; W),
is the weight of the water tank, N or 1b; R, is the response
modification factor for the non-structural element; 7, is the
importance factor for the non-structural element; z is the
height of the attachment point of the non-structural element
above the base of the structure, mm or in.; /4 is the mean
roof height of the structure above the base, mm or in.; Fy max
is the maximum horizontal design seismic force, N or 1b;
and Fy,min is the minimum horizontal design seismic force,
N or Ib.
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Table 7 Specifications of high-tension bolts

Case Mode X Y z
Mass (%) Sum (%) Mass (%) Sum (%) Mass (%) Sum (%)
1 0 0 99.99 99.99 0 0
1 2 0 0 99.99 99.99 99.99
3 99.99 99.99 99.99 0 99.99
1 0.00 0.00 99.76 99.76 0.23 0.23
2 2 43.80 43.80 0.14 99.90 56.06 56.29
3 56.19 99.99 0.091 99.99 43.71 99.99
1 78.89 78.86 0 0 21.11 21.11
3 2 0 78.86 99.99 99.99 0 21.11
3 21.11 99.99 0 99.99 78.89 99.99
Table 8 Story forces
Load case Story “([Eigj;lt Ele(\;igion Seisr(l;(i{\:l )force Stog(/ I\sIl)lear Overtu(rlr(lli\rll_gm r;loment
Roof 56.396 3.9 58.345 0 0
X 2F 359.280 0.5 47.653 58.345 198.372
1F 0 0 - 105.997 251.370
Roof 56.396 3.9 58.345 0 0
v 2F 359.280 0.5 47.653 58.345 198.372
1F 0 0 - 105.997 251.370

3.4 Analysis results

3.4.1 Modal analysis results

Modal analysis for each case was conducted to
investigate the dynamic behavior of the structure and
establish foundational data for equivalent static analysis.
The first mode natural frequency, representing the primary
dynamic behavior of the structure, was used in the analysis.
Table 7 demonstrates significant variations in modal
directions and mass participation ratios across different
cases. In Case 1, the mass is primarily concentrated in the y
direction for Mode 1 (99.99%), while Mode 3 exhibits a
complete shift of mass to the y direction (99.99%).
Conversely, in Case 2, mass participation is more
distributed across all three directions, with Mode 1
dominated by the y direction (99.76%), while Modes 2 and
3 show increasing mass participation in the x direction
(43.80% and 56.19%, respectively). Case 3 further
emphasizes these directional differences, where Mode 1
shows a dominant contribution in the x direction (78.89%),
while Mode 2 shifts almost entirely to the y direction
(99.99%) and Mode 3 is primarily governed by the z
direction (78.89%). These variations highlight the
significant influence of modal shapes on the dynamic
behavior of the structure, emphasizing the importance of
considering mode- specific mass participation ratios for
accurate structural analysis and seismic design.

3.4.2 Seismic analysis results

The strength of a single column was evaluated against
the maximum base shear force obtained from the equivalent
static analysis (ESA). The ESA is a seismic analysis method

primarily used for low-rise buildings, as prescribed in the
KDS 41 17 00. This method calculates design seismic loads
by substituting them with equivalent static loads
proportional to the structure’s weight.

Story forces were calculated based on the building
weight, as shown in Table 8. The ground surface where the
connection is in contact was referred to as the first floor, the
area where the water tank is placed was referred to as the
second floor, and the topmost part of the water tank was
referred to as the roof. The horizontal design seismic force
was determined to be 106 kN (24 kips), which is less than
the total strength of the 16 columns calculated as 192 kN
(43 kips). This indicates that the columns satisfy the seismic
strength requirements for typical low-rise buildings.
Consequently, they also meet the more stringent seismic
strength requirements for non-structural elements.

Using these values, the drift and drift ratio for the x and
y directions were calculated and are illustrated in Fig. 13. A
comparison of the two figures shows that in the x direction,
all cases exhibit relatively uniform and small drift values
and drift ratios. This indicates that the structure responds
evenly in the x direction due to the strong axis arrangement,
with member stiffness and design elements effectively
resisting x axis loads. In contrast, in the y direction, Case 1
shows a significant increase in first-story drift compared to
the other cases. This suggests that the structural design in
Case 1 might not provide sufficient stiffness or damping in
the first story for y direction loads. Additionally, the second
story exhibits minimal drift in the y direction, indicating
that y axis loads are primarily concentrated on the first
story.

In conclusion, alternating arrangement of the strong and
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weak axes allows for effective resistance to lateral loads
along both the x and y axes. However, as all drift ratios are
below the safety limit of 0.015, Case 1 can still be
considered a viable arrangement when considering
constructability. Nevertheless, it is advisable to further
review reinforcement measures for the first floor,
considering the displacement in the y direction. Future
studies should incorporate nonlinear analysis to examine
structural behavior more precisely and include additional
evaluations reflecting various ground conditions and
loading scenarios.

4. Conclusions

This study experimentally evaluated the structural
performance of H-section steel dry connections for tank
foundations and conducted analyses to derive the optimal
arrangement. The main findings of the study are as follows:

1) The static lateral force tests for the strong and weak
axes of H-section revealed that deformations in all
specimens were concentrated at the lower joint rather
than the column body. In the strong axis direction,
specimens with sequential bolt slippage exhibited higher
yield strength, whereas the opposite trend was observed
in the weak axis direction. This was attributed to
differences in stress distribution depending on the
loading direction.

2) The strength evaluation of the joints confirmed that
the proposed height-adjustable connections satisfy the
intended load conditions (horizontal shear force of 10
kN, bending moment of 3.5 kN-m). Specifically, the
tensile strength of high-tension bolts and the out-of-
plane bending strength of splice plates in the strong axis
direction, as well as the shear strength of high-tension
bolts and the bearing strength of bolt holes in the weak
axis direction, met the requirements.
3) Structural tests on individual dry columns
demonstrated a minimum strength of 10 kN (2.2 kips)
both for the strong and weak axes. This indicates that
the total strength of the 16 dry connections is sufficient
to resist not only the horizontal design seismic force for
non-structural components but also the more stringent
criteria for low-rise buildings.
4) The 3D finite element analysis using MIDAS showed
that all arrangement cases (Cases 1, 2, and 3) satisfied
the story drift and stability coefficient criteria.
Therefore, considering constructability, Case 1, which
arranges the dry connections in the same direction, is
proposed as the optimal configuration.
5) The proposed height-adjustable dry connection
system overcomes the limitations of conventional
concrete wet connections while ensuring sufficient
structural performance. In particular, the height
adjustment feature significantly enhances
constructability and maintenance efficiency.

The results of this study present an innovative
improvement for water tank foundation systems and are
expected to serve as a practical alternative in the field of
water resource infrastructure construction in the future.
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