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Abstract 
 

Fluid-Structure Interaction (FSI) can cause sloshing effects that affect a building’s structural response, either positively or 
negatively. Accurate FSI modeling is essential, especially for structures with swimming pools or water tanks. This study used 
SAP2000, a Finite Element Method (FEM)-based software, to model FSI through three approaches: Solid Elements, Joint-
Based Method, and Additional Dead Load Method. Laboratory tests on a three-story building prototype with a rooftop water 
tank were used to validate the analysis. Three tank sizes and seven water height variations were evaluated under sinusoidal 
sweep dynamic loading. Results showed that damping values significantly influenced FSI modeling, with optimal values 
ranging from 1.4% to 3.9%, matching experimental shaking table data. The Solid Elements method yielded structural 
displacement results closest to the experimental data, with average differences of 13.62% and 13.81% lower than the Joint-
Based and Additional Dead Load methods, respectively. The latter two methods tended to overestimate the structural 
response. Additionally, sloshing effects were effectively captured only by the Solid Elements approach. These findings 
highlight the importance of selecting appropriate modeling techniques to ensure accurate simulation of FSI in building 
structures. 
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1. Introduction 

In recent years, spill-out incidents resulting from sloshing 

effects in rooftop swimming pools of high-rise buildings have 

occurred in several countries, including Bangkok, Thailand 

during the 2025 Myanmar Earthquake;[1] Taipei, Taiwan 

during the 2024 Hualien Earthquake;[2] and Manila, 

Philippines during the 2019 Philippine Earthquake.[3] These 

events demonstrate that fluid-structure interaction (FSI) can 

induce sloshing effects capable of causing spill-out and 

influencing building responses—both positively and 

negatively. To analyze the impact of FSI, adequate modeling 

is essential to ensure the safety of occupants and the structural 

stability of buildings, especially those containing swimming 

pools, water tanks, or other elements storing large volumes of 

water. 

Several methods have been used to model FSI, including 

Smoothed Particle Hydrodynamics (SPH),[4-9] Arbitrary 

Lagrangian-Eulerian (ALE),[10-12] and Finite Element Method 

(FEM).[4,13-15] The SPH method treats fluids as discrete particles 

that possess mass, velocity, pressure, and other properties. In 

contrast, the ALE approach combines the Lagrangian 

perspective—where the mesh moves with the material—and 

the Eulerian perspective—where the mesh remains fixed while 

the material flows through it. FEM, a mesh-based method, is 

commonly used as the foundation for structural analysis in 

buildings. 

This study used SAP2000, a commercial software based on 

the FEM, which allows for integrated modeling of building 

structures and contained water. Within SAP2000, FSI can be 

simulated using methods such as the Additional Dead Load 

and Joint-Based Methods.[16-23] In the Additional Dead Load 
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method, water is treated as a static load without fluid behavior, 

thus excluding FSI. The Joint-Based Method considers water 

mass as separate impulsive and convective components 

connected to the structure through flexible links, simulating 

limited fluid behavior but unable to capture sloshing effects. 

Despite these limitations, both methods are often used to 

simplify the modeling of significant water volumes, such as in 

swimming pools. 

To address these limitations, this study investigated the 

Solid Elements method in SAP2000, which allows more 

accurate representation of sloshing effects.[24] Before applying 

this method to real buildings, validation is essential. 

Therefore, laboratory tests on a three-story building prototype 

with a rooftop water tank were used to compare the 

performance of the Solid Elements, Joint-Based, and 

Additional Dead Load methods. The tank was modeled in 

three geometries and seven water height variations. A 

sinusoidal frequency sweep (5.0 Hz to 0.5 Hz, amplitude 

0.015g) was applied to assess structural responses and 

potential resonance. 

 

2. Research method 

The structural model employed in this study was adapted from 

a previous experimental investigation that utilized a three-

story steel building prototype, featuring additional loads on 

each floor and a water tank positioned on the top floor.[24] Fig. 

1 shows a photograph of the laboratory testing setup along 

with the specifications of the model used in SAP2000. The 

experiment was conducted in seven stages, beginning with an 

empty tank and progressing through incremental additions of 

water, reaching a total of 186.6 kgf (see Table 1). In addition, 

three variations of tank dimensions were used to examine the 

influence of water height relative to tank length, expressed as 

the height-to-length ratio (d/L). 

 

 
Fig. 1: Experimental structural model (a) and dimensional schematic (b).[9,25] 

 

Table 1: Variations in tank dimensions and corresponding fluid depths.[25] 

Step Wf (kgf) Wf/Ws (%) 

Tank 1 

(B60×L90×H60cm) 

Tank 2 

(B60×L70×H70cm) 

Tank 3 

(B60×L50×H90cm) 

d (cm) d/L d (cm) d/L d (cm) d/L 

1 0 0 0 0 0 0 0 0 

2 31.1 2.12 5.76 0.096 7.40 0.123 10.37 0.173 

3 62.2 4.24 11.52 0.192 14.81 0.247 20.73 0.346 

4 93.3 6.36 17.28 0.288 22.21 0.370 31.10 0.518 

5 124.4 8.48 23.04 0.384 29.62 0.494 41.47 0.691 

6 155.5 10.60 28.80 0.480 37.02 0.617 51.83 0.864 

7 186.6 12.72 34.56 0.576 44.43 0.740 62.20 1.037 

Notes: Wf = Weight of fluid; Ws = Weight of structure; d = fluid depth; L = Length of tank. 
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Fig. 2: Sinusoidal sweep excitation with a frequency range of 5.0Hz to 0.5Hz and an amplitude of 0.015g.[9,25] 

 

The experimental testing was conducted on a shaking table, 

with story dead loads as specified in Table 2, and subjected to 

a sinusoidal sweep excitation (see Fig. 2). Story dead loads 

were added to increase the structural weight during laboratory 

testing. The sinusoidal sweep lasted for 20 seconds, while the 

structural response was recorded for a total duration of 50 

seconds, allowing the structure to undergo free vibration for 

30 seconds following the end of excitation. 

The overall methodology of creating structural model in 

SAP2000 is outlined in Fig. 3 and the detail of FSI modeling 

techniques is shown in Fig. 4. The modeling process began 

with the creation of structural elements for the column and 

beam sections, slabs, and water tank, based on the known 

dimensions. Subsequently, story dead loads ranging from 

297.99 kgf to 562.14 kgf were applied to the slab elements on 

each floor, and the material properties as well as section 

specifications were defined according to Table 3 and Table 4. 

Before proceeding with further analysis, this study 

performed a control process to address significant variables 

that may not align with the experimental setup due to limited 

available information. The first control step involved verifying 

the consistency between the structural weight in the SAP2000 

model (Wsap) and that of the experimental model (Wexp) (see 

flowchart in Fig. 3). If Wsap did not match Wexp, adjustments 

were made to the mass of structural elements in SAP2000. 

This study assumed the acrylic tank to behave as a rigid body, 

and thus, the acrylic tank elements were modeled with 

constraints. 

Once the structural mass was match, the next control step 

focused on matching the natural frequency in SAP2000 (fsap) 

with that observed in the laboratory (fexp). If the frequencies 

differed, adjustments were made to the stiffness of structural 

elements in SAP2000. This involved modifying the stiffness 

of hollow columns, beams, and joists without changing the 

dimension. Following these calibrations, the study proceeded 

to model FSI using the following three approaches. 

 

Fig. 3: Procedures of creating basic structural model in SAP2000. 
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Fig. 4: Procedures of FSI modeling in SAP2000 using the solid elements, joint-based, and additional dead load methods. 
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Table 2: Story dead load.[25] 

Story Weight of story dead load (WSDL) (kgf) 

1 562.14 

2 562.14 

3 297.99 

 

Table 3: Material properties.[24-27] 

No Material 
Mass density 

(kgf/m3) 

Modulus of elasticity 

(MPa) 

1 Acrylic 1190 2800 

2 Steel 7849 200000 

3 Fluid 1000 62.05 

 

Table 4: Section properties.[25] 

No Section Material Dimension (mm) 

1 Hollow column frame Steel 40 × 40 × 1 

2 Hollow beam frame Steel 40 × 20 × 1.4 

3 Hollow joist frame Steel 20 × 20 × 1.2 

4 Plate shell Steel 1.2 

5 Tank shell Acrylic 10 

 

2.1 Solid elements method 

Solid elements are three-dimensional elements consisting of 

eight nodes and six faces, as illustrated in Fig. 5. These nodes 

exhibit only translational degrees of freedom, meaning there 

is no rotational resistance at their connections with other 

elements such as frame or shell elements. Stresses within the 

solid element are distributed across its six faces, each 

subjected to shear stress (τ) and normal stress, either tensile or 

compressive (σ). In this study, solid elements were utilized to 

model the water within the tank. The SAP2000 modeling 

results for the three tank dimension variations are presented in 

Fig. 6. As previously outlined, the structural models were 

developed with varying water heights for each tank dimension.  

As illustrated in the flowchart in Fig. 4, the second step is 

to determine the appropriate mesh density for the solid 

elements. To achieve more accurate results in the solid element 

analysis, regular quadrilateral mesh types should be 

employed.[24] Subsequently, step 3 to 4, each node of the solid 

elements must be connected to other structural elements, such 

as shell or frame elements. In this model, the solid elements 

were connected to the shell elements that represent the tank 

walls. Each node of the solid elements face was linked to the 

shell elements using a special link element known as a gap link. 

This link was only applied in the solid elements faces that were 

connected to the tank walls. Fig. 7 provides a more detailed 

illustration of the solid element and gap link modeling. 

The working principle of the gap link is that it can transfer 

compressive forces but not tensile ones. This behavior aligns 

with the physical characteristics of water, which can exert 

pressure on the tank walls but lacks the capacity to apply 

tension. The gap links are assigned along the X, Y, and Z 

directions to facilitate duplication across all joints. However, 

the characteristics assigned to gap links in each direction are 

identical: they are allowed to behave nonlinearly in the axial 

direction (U1) with sufficient stiffness (see Table 5). The gap 

link in the solid element method is not active in the lateral 

directions (U2 / U3). 

Step 5 applied the sinusoidal sweep excitation to the model. 

In step 6, the initial damping ratio was set according to the 

damping value derived from the experimental reference.[25] In 

SAP2000, proportional damping was applied to the first and 

second mode frequencies along the direction of excitation. 

Step 7 run the model by nonlinear time history analysis. If the 

displacement results in SAP2000 (Usap) did not align with 

those from the experimental testing (Uexp), the damping value 

was further refined through iterative trial-and-error 

adjustments (see Step 8). The final adjusted damping values 

are presented in the following discussion. These adjusted 

damping values obtained from the solid element method 

served as the reference for the damping values used in both the 

joint-based and additional dead load methods. 

 

 
Fig. 5: Definition of solid element nodes and faces (a) as well as stress components acting on the six faces of a parallelepiped (b).[28-

30] 
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Fig. 6: Structural solid element models in SAP2000 for Tank 1 (a), Tank 2 (b), and Tank 3 (c). 

 

 
Fig. 7: Theoritical behaviour of gap link (a) as well as its modeling (b) and axis (c) in SAP2000.[26] 

 

Table 5: Gap link characteristic. 

Type U1 U2 U3 

Gap link in Solid Element Nonlinear* - - 

Gap link in Joint-Based (Impulsive link) Fix Fix - 

Gap link in Joint-Based (Convective link) Nonlinear* Nonlinear* - 

*The effective stiffness in the nonlinear analysis was assumed to be 104 kgf/mm. 

 

2.2 Joint-based method 

The fundamental concept of Joint-Based Method involves 

dividing the fluid mass into two separate components, as 

shown in Fig. 8. The first component is the impulsive water 

mass, which moves synchronously with the structure under 

dynamic loading due to its acceleration being in phase with 

that of the structure. The second component is the convective 

water mass, which does not move in unison with the structure. 

This portion of the fluid can move relatively freely in response 

to dynamic loads, generating wave effects and additional 

lateral forces. Therefore, the application of this method also 

involves the use of gap link.
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Fig. 8: Fluid motion in tank (a), dynamic model (b), and dynamic equilibrium of horizontal forces (c).[21,31] 

 

As outlined in the flowchart, the first step involves 

calculating the impulsive and convective water masses and 

determining their placement within the structural model. 

When the ratio of water height to tank length is classified as 

squat (2HL/L < 1.5), the impulsive and convective water 

masses can be estimated using the following Eqs. (1)-(4): 

Impulsive weight: 

𝑊𝑖 = 𝑊𝑓 [
tanh(√3

𝐿

2𝐻𝐿
)

√3
𝐿

2𝐻𝐿

]                        (1) 

Impulsive level: 

ℎ𝑖 =
3

8
𝐻𝐿                               (2) 

Convective weight: 

𝑊𝑐 = 𝑊𝑓0.527
𝐿

2𝐻𝐿
tanh (1.58

2𝐻𝐿

𝐿
)           (3) 

Convective level: 

ℎ𝑐 = 𝐻𝐿 [1 −
cosh(1.58

2𝐻𝐿
𝐿

)−1

1.58
2𝐻𝐿

𝐿
sinh(1.58

2𝐻𝐿
𝐿

)
]            (4) 

 

However, if the ratio of water height to tank length is 

classified as slender (2HL/L > 1.5), the impulsive and 

convective water masses are calculated using the following 

Eqs. (5)-(15): 

Free depth: 

𝐻̅ = 1.5
𝐿

2
                               (5) 

 

Fixed level: 

𝐻̂ = 𝐻𝐿 − 𝐻̅                              (6) 

Fixed impulsive weight: 

𝑊̂𝑖 = 𝜌𝐻̂𝐿𝐵                               (7) 

Fixed impulsive level: 

ℎ̂𝑖 =
𝐻̂

2
                                    (8) 

Free impulsive weight: 

𝑊̅ = 𝜌𝐻̅𝐿𝐵                                (9) 

Corresponding free impulsive weight: 

𝑊̅𝑖 = 𝑊̅ [
tanh(√3 0.667)

√3 0.667
]                   (10) 

Free impulsive level: 

ℎ̅𝑖 =
3

8
1.5

𝐿

2
+ 𝐻̂                         (11) 

Impulsive weight: 

𝑊𝑖 = 𝑊̂𝑖 + 𝑊̅𝑖                          (12) 

Impulsive level: 

ℎ𝑖 =
𝑊̂𝑖ℎ̂𝑖+𝑊̅𝑖ℎ̅𝑖

𝑊𝑖
                          (13) 

Convective weight: 

𝑊𝑐 = 𝑊𝑓0.527
𝐿

2𝐻𝐿
tanh (1.58

2𝐻𝐿

𝐿
)           (14) 
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Convective level: 

ℎ𝑐 = 𝐻 [1 −
cosh(1.58

2𝐻𝐿
𝐿

)−1

1.58
2𝐻𝐿

𝐿
sinh(1.58

2𝐻𝐿
𝐿

)
]                 (15) 

The calculations of impulsive and convective water masses, 

along with their respective locations, were summarized in 

Table 6. The SAP2000 modeling process began by defining 

the impulsive and convective gap link (Step 2-3). In Step 4, 

the water masses were then applied, and their placement 

follows the calculated heights of the impulsive and convective 

components. The resulting model in SAP2000 was illustrated 

in Fig. 9. 

Once the model was completed, Step 5, sinusoidal sweep 

wave excitation was applied as described previously. The 

damping used in this method follows the adjusted damping 

values obtained from the solid element method (Step 6). 

Finally, in Step 7, a nonlinear time history analysis was 

performed, and the results were plotted. 

 

2.3 Additional dead load 

In this method, the water contained in the tank was considered 

solely as an additional dead load. Table 7 summarizes the total 

dead load from the fluid, as well as the story dead load. The 

combined total load, expressed in terms of weight per square 

meter, was then applied in SAP2000 as a distributed load on 

the top floor, corresponding to the location of the water tank. 

The sinusoidal sweep excitation was applied. Subsequently, 

the damping used in this method also referred to the adjusted 

damping values listed in the next chapter. 

Table 6: Weight and positioning of impulsive and convective parts. 

Wf/Ws 

(%) 

Tank 1 Tank 2 Tank 3 

Wi (kgf) hi (cm) Wc (kgf) hc (cm) Wi (kgf) hi (cm) Wc (kgf) hc (cm) Wi (kgf) hi (cm) Wc (kgf) hc (cm) 

2.12 2.3 2.2 25.6 2.9 3.8 2.8 25.0 3.7 6.2 3.9 23.6 5.3 

4.24 9.2 4.3 49.1 5.8 15.2 5.6 45.2 7.7 24.5 7.8 37.8 11.3 

6.36 20.7 6.5 69.4 8.9 33.9 8.3 59.1 12.0 52.0 11.7 44.0 18.3 

8.48 36.7 8.6 85.7 12.1 58.8 11.1 67.5 16.7 84.3 15.6 46.2 26.3 

10.60 57.0 10.8 98.1 15.5 88.0 13.9 72.2 21.9 116.3 20.1 47.0 35.2 

12.72 81.0 13.0 107.3 19.1 120.0 16.7 74.7 27.5 147.4 25.2 47.3 44.6 

Table 7: Total fluid and story dead loads. 

Wf/Ws (%) 

Wf (kgf/m2) Wf + WSDL (kgf/m2) 

Tank 1 Tank 2 Tank 3 Tank 1 Tank 2 Tank 3 

0 0.000 0.000 0.000 446.963 446.963 446.963 

2.12 57.593 74.048 103.667 504.555 521.010 550.629 

4.24 115.185 148.095 207.333 562.148 595.058 654.296 

6.36 172.778 222.143 311.000 619.740 669.106 757.963 

8.48 230.370 296.190 414.667 677.333 743.153 861.629 

10.60 287.963 370.238 518.333 734.926 817.201 965.296 

12.72 345.556 444.286 622.000 792.518 891.248 1068.963 

 
Fig. 9: Structural joint-based models in SAP2000. 
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3. Results and discussion 

3.1 Convergence study 

A convergence study was conducted to determine the optimal 

mesh density to be used as a reference throughout this research. 

As shown in Fig. 10, the convergence graph illustrates two key 

relationships: the number of solid elements versus the 

maximum structural displacement or sloshing height change 

(represented by the blue line), and the number of solid 

elements versus computational time (represented by the 

orange line). This analysis used Tank 1 with a fluid volume of 

12.72% as the reference model. The maximum structural 

displacement was evaluated at a specific joint, as indicated in 

Fig. 11. While the maximum structural displacement produces 

comparable results, the sloshing water height exhibits greater 

variation. Accordingly, convergence can be more reliably 

evaluated through the maximum sloshing displacement, 

indicating that a mesh size of approximately 150 solid 

elements is sufficient for effective analysis. Increasing the 

mesh count beyond this threshold resulted in significantly 

longer computation times without substantial gains in 

accuracy. The final mesh configuration adopted for each 

model variation in SAP2000 is summarized in Table 8. 

Table 8: Number of elements in mesh. 

Wf/Ws (%) 
Number of Elements in Mesh 

Tank 1 Tank 2 Tank 3 

2.12 192 84 112 

4.24 192 84 168 

6.36 140 90 144 

8.48 162 126 120 

10.60 162 168 150 

12.72 120 210 150 

 
Fig. 10: Convergence study based on maximum structural displacement (a) and sloshing height (b). 

 

 
Fig. 11: Second mode shapes of Tank 1 (a), Tank 2 (b), and Tank 3 (c) with 12.72% fluid using the solid element method.  
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3.2 Damping assessment 

The reference damping values (ξref) were initially based on the 

previous experimental studies conducted by prior 

researcher.[25] Following the iterative process described in 

Steps 6 to 8 of Fig. 4, the resulting damping values are 

summarized in Table 9. Overall, the damping values ranged 

from 1.4% to 3.9% and were subsequently used as reference 

inputs for the other modeling approaches, including the Joint-

Based and Additional Dead Load methods. The results of the 

structural displacement using both the reference and adjusted 

damping values are presented in Fig. 12 and Fig. 13. Overall, 

applying the reference damping values in SAP2000 using the  

Table 9: Proportional damping for each model. 

Wf/Ws (%) 
Tank 1 Tank 2 Tank 3 

ξref (%) ξadj (%) ξref (%) ξadj (%) ξref (%) ξadj (%) 

0 0.96 1.44 0.96 1.44 0.96 1.40 

2.12 1.30 2.60 1.39 2.40 1.53 2.20 

4.24 1.57 3.50 1.69 2.80 1.85 2.50 

6.36 1.77 3.95 1.88 3.20 1.94 2.80 

8.48 1.89 3.00 1.94 3.15 1.79 2.65 

10.60 1.94 3.85 1.89 3.10 1.41 2.20 

12.72 1.92 3.90 1.71 3.00 0.79 1.50 

Notes: ξref = referenced damping, ξadj = adjusted damping in SAP2000 models. 

 
Fig. 12: Comparative study of laboratory test (Lab) and solid elements method with referenced damping for Tank 1 (T1) to Tank 3 

(T3). 

 
Fig. 13: Comparative study of laboratory test (Lab) and solid elements method with adjusted damping for Tank 1 (T1) to Tank 3 

(T3).
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solid element method yielded higher maximum displacement 

compared to the experimental results. This discrepancy is 

closely associated with the damping conditions experienced 

by the structure during physical testing, which were not fully 

known or accurately replicated in the numerical model. 

 

3.3 Comparison of structural displacement between solid 

elements method and laboratory test 

This section presents a comparison of structural displacement 

recorded over a 50-second duration during both the 

experimental test and software-based analysis. This study took 

several model variations of Tanks 1 through 3, each with 

different water capacities ranging from 0% to 12.72%. The 

selected model samples, presented in Fig. 14 to Fig. 16, 

demonstrate that the displacement trends prior to the onset of 

free vibration, as simulated using the solid elements method, 

closely align with those observed in the experimental results. 

However, the structural response behavior following the free 

vibration phase varied across cases. For the empty tank, the 

SAP2000 simulation results were more consistent and 

generally higher than the experimental values. In contrast, for 

tanks containing water, the majority of structural displacement 

results obtained using the solid elements method were lower 

than those observed in the laboratory tests. This behavior is 

closely related to the damping conditions experienced by the 

structure during testing, which were not fully known or 

accurately represented within the software model. 

 

3.4 Comparison of structural displacement across 

modeling methods 

Firstly, the joint-based method produced higher maximum 

displacement values than the solid element method, with an

 

 
Fig. 14: Comparison of structural displacement between solid elements method and experiment for Tank 1 with Wf/Ws = 0% (a) and 

8.48% (b). 

 
Fig. 15: Comparison of structural displacement between solid elements method and experiment for Tank 2 with Wf/Ws = 4.24% (a) 

and 10.60% (b). 
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Fig. 16: Comparison of structural displacement between solid elements method and experiment for Tank 3 with Wf/Ws = 6.36% (a) 

and 12.72% (b). 

 

average difference across the three tank models of 

approximately 13.62% (see Fig. 17 to Fig. 19.). Secondly, the 

additional dead load method resulted in even greater 

displacement values compared to both the solid element and 

joint-based methods. On average, the difference in maximum 

displacement relative to the solid element method was about 

13.81%. These findings indicate that both the additional dead 

load and joint-based methods yield structural responses that 

are more conservative than the solid element method, resulting 

in overestimated values. Therefore, the primary advantage of 

employing the solid element method, which accounts for 

complex hydrodynamic behavior, lies in its ability to clearly 

visualize the sloshing effect. This, in turn, enhances design 

accuracy. 

 
Fig. 17: Comparative displacement of solid elements, joint-based, and additional dead load methods for Tank 1. 

 
Fig. 18: Comparative displacement of solid elements, joint-based, and additional dead load methods for Tank 2. 
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Fig. 19: Comparative displacement of solid elements, joint-based, and additional dead load methods for Tank 3. 

 
Fig. 20: Comparative natural frequency of solid elements, joint-based, and additional dead load methods for Tank 1. 

 
Fig. 21: Comparative natural frequency of solid elements, joint-based, and additional dead load methods for Tank 2. 

 
Fig. 22: Comparative natural frequency of solid elements, joint-based, and additional dead load methods for Tank 3. 
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3.5 Comparison of natural frequency across modeling 

methods 

Fig. 20 to Fig. 22 illustrate the relationship between the water 

depth-to-tank length ratio (d/L) and the natural frequency. 

Consistently, an increase in d/L leads to a decrease in the natural 

frequency, although the reduction tends to plateau. Among the 

methods, the solid element approach consistently yields the 

highest frequency values, whereas the joint-based method 

produces the lowest. The additional dead load method falls 

between the two, generally closer to the joint-based results but 

slightly higher. The differences among the methods are 

pronounced for d/L ≤ 0.4 but gradually diminish as d/L 

approaches 0.7. 

 

3.6 Comparison of base shear across modeling methods 

Overall, Fig. 23 to Fig. 25 show that base shear decreases sharply 

at the initial increase of d/L, then tends to stabilize or rise again 

at larger d/L values. The solid elements, joint-based, and 

additional dead load methods produce similar overall trends, with 

relatively small differences among them and only minor 

variations at certain points. In general, the additional dead load 

method yields slightly higher values than the other two methods 

at larger d/L. For Tank 1, the base shear decreases from 

approximately 210 kgf to about 160 kgf, followed by a slight 

increase at d/L ≈ 0.3–0.4, before stabilizing. In Tank 2, the initial 

decrease is smoother than in Tank 1, with the base shear reducing 

to around 165 kgf and then increasing again for d/L > 0.6. Tank 3 

shows a more gradual initial decrease, reaching a minimum of 

about 170 kgf at d/L ≈ 0.4–0.5, followed by a significant rise to 

over 200 kgf when d/L ≥ 1. 

 

3.7 Comparison of acceleration across modeling methods 

In contrast to the base shear results, the solid elements method 

consistently produces the highest acceleration values, likely due 

to the increasing influence of higher modes. The joint-based 

method yields the lowest values across almost the entire d/L range, 

while the additional dead load method lies in between, generally 

closer to the joint-based results. Nonetheless, the differences 

among the methods are relatively small, and the overall trends 

remain consistent. For Tank 1 as shown in Fig. 26, the maximum 

acceleration decreases from approximately 1.9 m/s² to about 1.2 

m/s². In Tank 2 (see Fig. 27), the initial reduction is more gradual, 

from 1.9 m/s² to around 1.2-1.3 m/s², with an almost flat trend for 

d/L > 0.4. Tank 3 shows a similar pattern to Tank 2 as depicted in 

Fig. 28; however, after reaching its minimum at d/L ≈ 0.5-0.6, the 

acceleration increases again, reaching over 1.6 m/s² at d/L ≈ 1.2. 

 
Fig. 23: Comparative base shear of solid elements, joint-based, and additional dead load methods for Tank 1. 

 

 
Fig. 24: Comparative base shear of solid elements, joint-based, and additional dead load methods for Tank 2. 
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Fig. 25: Comparative base shear of solid elements, joint-based, and additional dead load methods for Tank 3. 

 
Fig. 26: Comparative acceleration of solid elements, joint-based, and additional dead load methods for Tank 1. 

 
Fig. 27: Comparative acceleration of solid elements, joint-based, and additional dead load methods for Tank 2. 

 
Fig. 28: Comparative acceleration of solid elements, joint-based, and additional dead load methods for Tank 3. 
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4. Conclusion 

This study yields several key conclusions derived from each 

main stage, encompassing the physical test model, structural 

modeling, and analytical results: 

a) Structural Model 

The structural model used in this research was based on a 

previous experimental study involving a three-story steel 

frame structure with a water tank positioned on the top floor. 

Three variations of tank dimensions were analyzed, each with 

seven different water depths. 

b) Modeling Approach 

Fluid–Structure Interaction (FSI) was modeled using 

SAP2000. The solid elements method effectively captured the 

explicit behavior of FSI, including sloshing effects through the 

use of gap link that connect water to the tank walls. In the 

joint-based method, gap links were utilized to represent the 

impulsive and convective components of the fluid mass. The 

additional dead load method models the fluid as a static load, 

without capturing dynamic interaction. 

c) Convergence Study 

The optimal number of solid elements meshes was around 

150. Increasing the mesh beyond this number was found to be 

inefficient, as it extended computation time without 

significantly improving accuracy. 

d) Damping Implementation 

Applying reference damping values in the solid element 

model resulted in larger maximum displacements compared to 

experimental results. Adjusted damping values ranging 

between 1.4% and 3.9% were found to be more representative 

and were subsequently used across all modeling approaches. 

e) Structural Displacement 

In solid elements method, the structural displacement 

trends closely matched those observed in the experiment. 

However, during the free vibration phase, SAP2000 results 

tended to underestimate displacements compared to 

experimental data, likely due to unmodeled damping effects. 

By contrast, the joint-based approach yielded higher 

maximum displacements than the solid element method, with 

an average deviation of 13.62%. The additional dead load 

method produced the highest displacement values among the 

three, with an average deviation of 13.81% compared to the 

solid element method 

f) Natural Frequency 

All three methods exhibit a consistent trend in which the 

natural frequency decreases with increasing d/L. The solid 

elements method provides the highest frequency estimates, 

whereas the joint-based method yields the lowest. The 

differences among the methods become less pronounced at 

larger d/L values, particularly for Tank 3. 

g) Base Shear 

The minimum base shear occurs at d/L ≈ 0.3–0.5, followed 

by an increasing trend at higher water depths. Tank 3 exhibits 

the most significant rise at larger d/L values, whereas Tanks 1 

and 2 remain relatively more stable. Overall, the solid 

elements method produces the lowest base shear compared to 

the other methods. 

h) Acceleration 

The solid elements method gives the highest acceleration 

values, likely because higher modes have more influence. The 

joint-based method gives the lowest values across most of the 

d/L range, while the additional dead load method falls in 

between, closer to the Joint-Based results. Overall, the 

differences are small, and the trends are consistent. 
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