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ABSTRACT 

 The focus of this study was to investigate the dynamic response and the 

fluid-structure interaction (FSI) in a fluid-filled composite structure with multiple 

compartments subjected to a low-velocity impact. The compartments were used to 

simulate multiple structures separated by a fluid medium. The design apparatus was 

fabricated from Polymethly Methacrylate (PMMA) plastic components and carbon fiber 

sheets with varying thicknesses. The structure was struck with a low-velocity impact 

from a spherical object attached to a pendulum and the oscillatory motion of the fluid 

within the container was analyzed. The design structure was filled at multiple water 

levels to study the impact of the added mass and fluid coupling effects that are attributed 

to the amount of water in the structure and the distance between the plates. 

 The measurable quantities are the impact force, the strain gauges attached to the 

carbon fiber sheets and the natural frequency of the fluid within the structure. The results 

showed that the FSI and the dynamic response was significantly increased due to the rise 

in water fill level and that the resonance frequency of the structure decreased with an 

increase in water level. The distance between structures was also significant but not as 

predictable as the fill level and must be monitored closely in future designs using 

experimental testing during the design process. 
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I. INTRODUCTION 

A. BACKGROUND 

Fluid Structure Interaction (FSI) is a phenomenon that occurs naturally in many 

engineering problems due to the large number of structures that are in contact with fluids. 

Disciplines such as hydrodynamics, mechanics, civil and biomedical deal with problems 

that must examine an FSI solution. Structures designed to hold a fluid, such as ballast tanks, 

water pipes and blood vessels, must take into account the change in system inertia due to 

the added mass of the fluid. These systems, coupled with impacts that can cause sloshing 

effects, can have a great impact on the internal stability of the structure. Composite 

materials are becoming more common and replacing metals in these systems due to their 

low weight, high strength and performance characteristics. Composite materials are lighter 

than their predecessors and in turn have a greater FSI. Due to composites having similar 

densities to water, the FSI between the two; plays a very significant role in design [1]. The 

dynamic response of the material is an essential parameter to consider in order to avoid 

system failure. 

1. FSI Single Compartment Structure 

The added mass of the fluid within a structure adds stress to the structure when the 

fluid is excited by an external force. Experimental results show that the stress propagation 

from the front side to the back side of a solid structure when the front side is struck with 

an object at a low-velocity, is significant, depending on the amount of water inside the 

structure [2]. Defense applications for composites remain minimal due to the material’s 

reduced hardness and ductility. Aslan et al. [3] states that “If a composite laminate is 

subjected to a low-velocity impact of sufficient energy, it may create damage consisting of 

internal delamination of the composite.” Delamination would cause the structure to begin 

to leak and ultimately fail. The composites used in prior FSI research are composed of 

carbon fiber reinforced polymer (CFRP) composites and E-glass woven with resin 

composites [2]–[6], all of which found that FSI had a substantial effect on the dynamic 

response of the structure [2]. Previous research also focused on the stress profiles within a 
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solid structure [2]–[6]. This research measured the stress of two independent structures, 

coupled together by a fluid medium.  

Similar studies focus on high-velocity impacts and the hydrodynamic ram (HRAM) 

effect at multiple fill levels. HRAM is the study of a high-velocity projectile influencing a 

structure filled with a fluid and the damage that occurs due to the added mass of the fluid. 

Varas et al. used rectangular structures and measured the pressure, strain and the associated 

deformation that occurred within the structure due to the HRAM and FSI phenomena. Their 

studies found that the fluid has a significant effect on the structure’s deformation and 

eventual failure [7]–[9].         

2. FSI Coupled Structure 

The flexibility of composite material is of great interest when using structures 

coupled by a fluid medium. The energy from the impact face of one structure will be 

transferred to another structure due to the coupling effects of the structures and the fluid 

medium between them [10]. Composites used for defense applications are required to be 

robust in order to withstand uncertainties found in a dynamic environment. This research 

used engineered carbon fiber composite sheets that are comprised of orthotropic laminates 

using a twill weave at 0/90-degree orientation [11]. This research also discussed the 

experimental results of the FSI effects on a structure that is filled with a fluid medium at 

multiple fill levels and the dynamic response of multiple structures when coupled with the 

fluid. Many numerical studies conducted on fluid filled structures, metals and composites, 

study the sloshing effect to determine the modal mass and stiffness matrices of the fluid 

filled tanks, as well as the critical structural frequencies. However, these studies do not 

discuss the failure criteria due to low-velocity impacts on coupled structures [12]–[14]. 

Numerical studies have been conducted to measure the frequency of the tank motion and 

determine if it is close to the natural frequency of the fluid medium [15]. The structural 

coupling through a fluid medium has been examined numerically but has not been 

completed experimentally for comparison. 
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B. OBJECTIVE 

The objective of this research was to analyze the FSI effect on a composite structure 

with multiple compartments, filled with a fluid and subjected to a low-velocity impact. The 

experiment is used to simulate the structural coupling between two structures separated by 

a fluid medium. The independent variables that are altered during the tests were the water 

fill levels and the distance between the two structures. The coupling effect between the two 

structures is the primary focus of this research and used to determine if the maximum stress 

on the second structure can be attributed to the distance between the structures and the 

height of the water between them. Two separate structures were used for data analysis. The 

first structure was the basis for a previous Naval Postgraduate School (NPS) thesis topic [2] 

and was tested to validate the bifurcation effect that the student noticed in the data analysis. 

This experiment is labeled as Design I and the testing is labeled Phase 1 and Phase II for 

simplicity.   

The second apparatus analyzed was the basis for this research and labeled as 

Design II. Design II has multiple compartments used to simulate two structures separated 

by a fluid medium. The tests consisted of monitoring the dynamic response on the 

structures as the force of an impact device is transferred between the structures. 

Understanding how the structure responds to the dynamic behavior of the coupled 

compartments will assist engineers in future composite designs. The coupling effect 

between the two structures caused the second structure to vibrate when the impact force 

struck the first structure. The maximum amount of stress, strain and deformation is of 

particular interest for future designs where the medium between the compartments, fill 

level and distance between structures may vary due to design. 
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II. EXPERIMENTAL PROCEDURE 

A. DESIGN STRUCTURE FABRICATION 

Prior research conducted at NPS pertaining to FSI involved low-velocity impacts 

on carbon fiber rigid boxes [10], [3]. The stress on the designs was increased due to the 

added mass effect of water. Higher fill levels inside the structure allowed a larger force to 

penetrate the structure and caused greater amounts of stress as the water propagated 

through the structure. The previous research involved one structure with a single 

compartment. This study focused on a structure with multiple compartments that can be 

altered to give the structure different compartment sizes. The compartments are designed 

to simulate independent structures that are separated by a fluid medium. When struck with 

a low-velocity impact device, the fluid caused a coupling effect between the structures that 

was studied along with the added mass of the fluid. The multiple compartments allowed 

the volume of fluid to change and the proximity between the structures to vary so the 

coupling effects could be further analyzed.     

1. Design Criteria 

The test structure met a variety of design characteristics. The design had multiple 

compartments in order to study the effects of fluid coupling. Fluid coupling was magnified 

by the distance between structures so the structure had compartments that were altered 

without creating multiple apparatuses. The structure was water tight to account for the 

change in water level between experiments, as to study the added mass effect due of the 

FSI. Previous design structures were fabricated under vacuum using E-glass fiber sheets 

and resin [1], [3] and [10]. A structure with multiple compartments would be difficult to 

fabricate using the vacuum seal method, so it was simulated using multiple types of 

material. In order to meet the multiple compartment design criteria, the apparatus was 

constructed out of Polymethly Methacrylate (PMMA), aluminum and carbon fiber sheets. 

The carbon fiber sheets was used to simulate the composite structures that are coupled by 

the fluid as well as the impact and test surfaces. The PMMA material was used as the walls 

and top of the structure and provided rigidity to constrict movement of the composite 
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sheets. The PMMA sheets also allowed the motion of the fluid to be observed during the 

experiment. The bottom plate of the structure is a solid aluminum base, which is 

lightweight and used to restrict the movement of the system. The entire setup was secured 

to a vibration isolation table to limit the external vibrations felt during testing.    

The criteria that was met in the design process included restricting the movement 

of the carbon fiber sheets to zero degrees of freedom. The sections were also water tight to 

avoid liquid leaking between the compartments. The watertight compartments could also 

be used to separate multiple liquids at different densities for future tests. The final attribute 

to the design allowed the structure to house carbon fiber sheets of varying thicknesses. 

Allowing sheets of different thickness levels will give the design engineer options to 

change many independent variables in the design. The thickness of the structure can be 

changed, the number of compartments can vary, multiple fluids can be tested 

simultaneously and the impact force can be increased and successfully replicated. 

2. Material Selection and Properties 

Dragon Plate Inc. manufactured the composite plates used in this experiment. The 

company specializes in orthotropic and quasi-isotropic laminates using a carbon reinforced 

epoxy matrix without core material [11]. The quasi-isotropic material is more robust due 

to the lay-up manufacturing process of 90-degree and 45-degree fabric sheets. The impact 

forces used in this experiment will be minimal, therefore, the orthotropic, economy plate, 

was chosen for this design.   

The material properties of the orthotropic sheets are of significant importance. The 

density of the material was measured to be 1380 kg/𝑚𝑚3. The modulus of elasticity was 

measured using an Instron 4507 tensile testing machine. Tensile test samples were taken 

from multiple sheets and cut at 0, 45 and 90-degree orientations. The cuts, labeled A for 0 

degrees, B for 90 degrees and C for 45 degrees, can be seen in Figure 1. 
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Figure 1. Tensile Test Samples of Carbon Fiber Sheets 

The strength of the material gave an estimate for the amount of impact force that 

can be applied to the structure once it is filled to 100%. If the integrity of the structure is 

compromised, the fluid will leak and damage the measurement equipment. The material 

being tested is shown in Figure 2 and the results of failure can be seen in Figure 3.   

 

Figure 2. Instron 4507 Tensile Testing Machine 
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Figure 3. Location of Failure for all Three Tensile Test Samples 

The failure point for all three samples was directly above the strain gauge within 

the test area. The material maintained a very consistent modulus for the 0-degree and 90-

degree samples and the modulus for sample C was very small due to the layup of the 

composite sheets as shown in Table 1.   

Table 1.  Material Properties of Dragon Plate Composite Economy Sheets 

 
 

3. Fabrication 

The model was designed to secure the carbon fiber sheets to restrict their freedom 

of movement. Creo Parametric 3.0 was the modeling software used in the design. The 

PMMA side panels are the white panels in Figure 4 and the machined parts are shown in 

Figure 5. The side panels fit snuggly inside 12.7mm thick notches in the aluminum base as 

shown in Figure 6. The PMMA sheets were secured to the aluminum base using silicone 

and RTV sealant. Both the side panels and the aluminum base have notches cut out at every 

3.175mm so the carbon fiber sheets can slide inside of them. The Computer-Aided Design 

(CAD) drawings of the structural components are in the Appendix. 
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Figure 4. Creo Parametric 3.0 Model of Structure 

 

Figure 5. Isometric View of Side Panel 

The model has five notches cut out to house four fluid filled sections. The sections 

correspond to the grooves cut into the material with Section I being the smallest section 

and Section IV having the greatest fluid volume. The base plate also has four holes threaded 

at 6.35mm-28 to secure the top plate with four 356mm bolts as shown in the model in 

Figure 6. The final attribute of the base plate is the 12.7mm groove cut around the edge of 

the plate. The groove houses a 152.5mm external barrier that will catch leaking water in 

the instance the carbon fiber sheets fail, either due to impact or due to loading. 
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Figure 6. Bottom Plate with Slots and Securing Holes 

The top plate is also constructed out of PMMA and has the same notches as the 

sides and base plate as seen in Figure 7. The three test sections are labeled in Figure 7 with 

the distance measurements between each plate listed. The four holes in the top plate line 

up with the holes in the base plate so four bolts can slide through the top plate and restrict 

movement of the structure. The square notch cut in the top plate is used to allow the 

swinging impact pendulum room to strike the front face of the carbon fiber sheets without 

damaging the top plate. The complete setup at fill Section IV can be seen in Figure 8 with 

the top plate removed.  

 

Figure 7. Top Plate with Slots 
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Figure 8. Design Structure at Section IV Setup 

The slots in the material are cut to 3.175mm to allow analysis of composite sheets at various 

thickness. The sheets used for the initial tests are 1.60mm. The gap between the sheet and 

the PMMA sides and aluminum base was filled with a composite strip of equal thickness 

measured at 305mm x 12.7mm. Three of these strips held the composite sheet into place 

while the top edge had a Plexiglas sheet of equal thickness adhered as shown in Figure 9. 

 

Figure 9. Adhesion of Plexiglas Strip to Composite Sheet 
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Clear silicone was placed on all of the gaps of the structure prior to assembly to 

create a watertight barrier. Once the sheets were in place, the silicone was applied around 

the inner and outer edges of the sheets. The silicone was allowed to dry for 24 hours prior 

to conducting experiments. A leak test was also conducted prior to experimental testing to 

demonstrate the structural integrity of the system. 

B. TEST EQUIPMENT INSTALLATION  

1. Experiment Setup 

The experimental setup consisted of the structure at the designed section fill level, 

eighteen strain gauges, a swinging pendulum used as the impact device and a load cell 

connecting the pendulum to the LabView data acquisition software. The impact device’s 

setup was not altered from Design I to Design II. The construction and operation of the 

impact device created a repeatable low-velocity impact [2]. The pendulum was released 

from a 45-degree angle for each test. The angle was measured using a fixed protractor so 

that the tests would be repeatable. 

2. Strain Gauge Placement 

Nine strain gauges were installed on the carbon fiber sheets to measure the strain 

in the y-direction only. Previous studies proved that the strain remained consistent between 

the x-direction and y-direction, so only one direction was used for this research [1], [10]. 

The gauges were manufactured by MicroMeasurements and had a grid resistance of 350 

ohms and nominal gauge factor of 2.15. The part number for the gauges is CEA-13–

125WT-350. The strain gauges were installed evenly spaced apart from one another in the 

center of each carbon fiber sheet.  

a. Surface Preparation 

The surface was prepared using fine-grit sand paper to smooth the surface. It was 

then cleaned using a gauze soaked with ethanol and finally cleaned with a gauze soaked 

with methanol. The gauges were placed on the measured marks using cellophane tape to 

keep the gauges in place during curing. 
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b. Gauge Adhesion 

The gauges were placed on the sheet and a piece of cellophane tape was used to 

keep the gauge in place during the 24-hour curing phase. A MicroMeasurements M-Bond 

AE-10 Adhesive kit containing a two-part epoxy was used to bond the strain gauges to the 

sheet. The kit contained resin and was mixed with 10mL of hardener for 15 minutes prior 

to being applied to the gauges. Figure 10 shows the gauge placement for Phase I and Phase 

II testing of Design I.   

 

Figure 10. Design I Gauge Placement 

Figure 11 shows the gauge placement for the front face and back face of Design II. The 

center gauge for the front face was offset as not to impede the impact device. The center 

gauge on the front face was offset to allow the impact device to strike the center of the 

plate. 
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Figure 11. Design II Gauge Placement 

c. Wire Placement and Testing 

The lead wires were soldered to the pads on the strain gauges in accordance with 

Figure 12. The wire leads were tested with a micrometer to ensure they were not damaged 

during installation and read 350 ohms.   

 

Figure 12. Wire Lead Placement 
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3. Data Acquisition Setup 

The measurable data for this experiment was the impact force and the strain 

readings from the gauges. The data was collected using the NI LabVIEW Signal Express 

2012 software suite. The full list of components and LabVIEW settings are described in 

detail in the Appendix. The data was extracted from LabVIEW as .txt files and analyzed 

using MATLAB.   

C. METHODOLOGY 

The experimental set-up was designed to study the coupling between the two 

carbon fiber sheets. The sheets acted independently due to the manner in which they were 

fixed in the apparatus to simulate two structures. The low-velocity impact device initiated 

the fluid coupling due to the FSI between the structure and the fluid. To properly study the 

effects of fluid coupling and the FSI, the structure was tested under multiple conditions to 

attain an appropriate sample size. The focus of this research was to continue studying the 

FSI effects on a structure filled with water and the impact of the force over multiple 

compartments. Design I underwent two phases of testing to test the stress on the front and 

back face of the structure. Both phases were studied to validate the bifurcation experienced 

in previous research. Design II was then constructed and tested to study the fluid coupling 

effects caused by the FSI on multiple structures.   

1. Design I Testing 

Design I testing was conducted in two phases and consisted of re-creating tests that 

were previously completed by South and Pentaleri [2], [16]. South noted that a bifurcation 

existed in the maximum strain on the back face of the structure. Only the back face of 

Design I was analyzed during this testing since it is the location of the bifurcation observed 

in previous tests. The gauges on the front and sides were studied in previous research and 

their locations are shown in Figure 13.  
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Figure 13. Strain Gauge Locations on (a) the Front Side and (b) the Left, Right 
and Back. Source: [2]. 

South [2] showed that a bifurcation existed in the strain frequencies on the center 

gauge on the structure’s back face. Exactly half of the tests showed max strain in 

compression while the other half of the tests were in tension, as shown in Figure 14. This 

data led South to conclude that a bifurcation existed on the back face of the structure and 

recommended that future studies work to further investigate this phenomenon.   

 

Figure 14. Strain Bifurcation at 50% Fill Level. Source: [2]. 
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The research completed by Pentaleri was used to validate South’s research by 

placing eight extra gauges on the box to get a full strain field as shown in Figure 15. The 

tests were conducted when the box was filled to 50% to recreate the bifurcation. Multiple 

tests were run on the box and showed some gauges in tension while others were in 

compression but failed to reproduce the bifurcation at any specific location [16]. 

 

Figure 15. Strain Tests: Nine Biaxial Gauges 

Phase I of this research was to repeat the tests completed by Pentaleri and compare 

them to his results. Phase II of testing was to remove the additional eight gauges added by 

Pentaleri and replicate the original tests conducted by South as shown in Figure 16. Both 

phases of testing were compared with South and Pentaleri’s data to verify whether or not a 

bifurcation could be replicated on the back face of the solid structure. 

Ten tests were conducted on the box during Phase I with all nine gauges attached 

and ten tests were conducted for Phase II with only the center gauge left intact to measure 

the effects of the FSI. The tests were conducted at the 0%, 25%, 50%, 75% and 100% fill 

levels. The only change made to the structure between all three researchers was the addition 

of eight gauges to the back face and then removing the additional eight gauges at the end. 

In theory, altering the gauge placement on the box should not alter the results measured by 

the center gauge. The results from Phase II matched the results of Phase I. The bifurcation 
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phenomena was not replicated but was further examined while conducting tests on 

Design II.    

 

Figure 16. Strain Tests: Center Strain Gauge Only 

2. Design II Testing 

Design II testing used the structure fabricated to study the coupling effect caused 

by the FSI. Only Sections I, II and IV were tested. Section III was not tested because it was 

deemed redundant to determine the behavior of the FSI between the water and the plates. 

The first set of testing was conducted at fill Section II on the 1.60mm sheets. Nine strain 

gauges were placed on both the front and back sheets to determine the full strain field. The 

experimental set-up for fill Section II is shown in Figure 17 at the 75% fill level. Initially, 

the tests were conducted on the same fill levels as Design I, at the 0%, 25%, 50%, 75% and 

100% fill levels. The fill level was then varied further from 0% to 100% based on the initial 

plotted results.   
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Figure 17. Experimental Set-up at Section II 

 The tests conducted on Section II were repeated for Sections I and IV. The objective 

of the research was to observe the behavior of the back plate and determine what effect the 

added water would have on the stress profile of the structure. The coupling effect between 

the two structures was analyzed at multiple sections and multiple fill levels to help 

determine critical design parameters. The impact force was also measured at all fill levels. 

The force was analyzed to determine the maximum magnitude of force, time to max 

magnitude and the contact duration on the plate and the impact device. A Fast Fourier 

Transform (FFT) was applied to the strain history data and the first excited frequency was 

recorded to determine the natural vibrational frequency of the plate. The strain during the 

Section II test was measured at all eighteen strain gauges. The strain for Sections I and IV 

were only measured on six gauges because the behavior was symmetric for the left and 

right sides of the plate. The strain gauges used for Sections I and IV testing can be seen in 

Figure 18. Once the strain behavior was analyzed at the individual fill sections, the data 

was compiled and plotted together to determine if there was any consistent behavior in the 

fluid coupling as the fill level increased, the distance between the structures increased or 

both. 
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Figure 18. Gauges Used for Sections I and IV Testing 

3. Fill Levels 

The fill levels used for both Phase I and Phase II testing of Design I are shown in 

Table 2. The fill levels were chosen because they were the same as the previous research 

in order to replicate the tests conducted by South and Pentaleri [2], [16].   

Table 2.  Design I Fill Levels 
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Design II fill levels were calculated using three test sections as shown in Table 3. The 

design used 16 fill levels to better understand the behavior of the strain and maximum plate 

displacement. 

Table 3.  Design II Fill Levels 
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III. ANALYSIS AND RESULTS 

A. DESIGN I ANALYSIS 

1. Force Analysis 

The impact force data was collected for all runs and analyzed to compare the 

maximum amount of force being applied to the structure and the increase in force as the 

fill level increased. Ten tests at every fill level were compared to see if there were any 

inconsistencies in the magnitude of force for that particular level. As shown in Figure 19, 

the force was very consistent for the 75% fill level and the same results were achieved for 

all of the other fill levels. The force was similar for both Phase I and Phase II tests. The 

remaining figures used to determine consistency in test data were omitted from this report 

for simplicity.   

 

Figure 19. Impact Force at 75% Fill Level 
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The plot shows that after impact, the force oscillates until returning to zero. 

South [2] determined “the period of time that the force oscillated after reaching a maximum 

occurred because the cell was moving within its housing.” This phenomenon is common 

among force measuring devices due to the simple attachment point which hold the housing 

together. The oscillating behavior was also attributed to the recoil force the box exerts on 

the impact device. The added mass effect caused by increasing the volume is shown in 

Figure 20. The force was doubled as a result of the added mass effect due to the change in 

volume from the 25% fill to 50% fill level.       

 

Figure 20. Impact Force for at all Fill Levels 

The recoil, or force acted upon the impact device by the structure is plotted in 

Figure 21. The impact device made contact with the box and remained in contact for 

approximately 10msec prior to breaking contact. The force acted on the impactor is shown 

as the second increase in force on the plot. The period of time the impactor was in contact 

with the box depended directly on the fill level. The impactor remained in contact with the 

box for an additional 5msec for each increased fill level. The deformation and possible 

delamination of the front face of the box was studied extensively by South [2]. 
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Figure 21. Total Impact Device Contact with Structure 

2. Strain Analysis Phase I 

Phase I strain testing focused on the strain magnitude measured with nine gauges. 

The data was recorded for a time-period of 50–70 msec depending on the fill level of the 

box. Ten tests were completed on all five of the fill levels. The magnitude of greatest strain 

did not always happen at the instant of impact but occurred as the force propagated through 

the water. An example of the accuracy of the data is shown in Figure 22. Four tests on the 

center strain gauge were compared at the 25% fill level. All nine gauges experienced the 

same repeatable results as shown in Figure 23. All tests maintained this precision and 

consistency, so all remaining figures show only one graph for simplicity. 
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Figure 22. Test Case: 25% Fill Level, Center Gauge 

 

Figure 23. Test Case: 25% Fill Level, All Gauges 
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a. Strain Results: 0% and 25% Fill Cases 

The maximum amount of strain for the 0% and 25% fill cases was much less than 

the strain on structures with larger volumes. As for the 0% fill case, the only strain 

measured was due to the vibration of the structure as shown in Figure 24. The 0% fill case 

was used as a normalization baseline to study the FSI effect due to the added mass of water. 

The numbers registered on Figures 24–28 are colored black for strain in tension and red 

for strain registered in compression. A bifurcation would show black and red numbers on 

the same line, but was not present in this study. 

 

Figure 24. Strain for 0% Fill Case 

The FSI effect began to influence the amount of strain on the structure as seen in 

the remaining cases. For the 25% fill case, the largest magnitude of strain on all gauges 

was in tension with the exception of Gauge 7. Gauge 7 is listed in red numbers and 

measured in compression for all five tests. All of the gauges oscillated while the added 

mass moved throughout the structure as shown in Figure 25. Of note, the average strain 

was calculated and listed on each of the fill case figures to show the increase in the 

magnitude with an increase in the water fill level. 
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Figure 25. Strain for 25% Fill Case 

b. Strain Results: 50% Fill Case 

The 50% fill case in previous studies was the cause of the bifurcation and the main 

objective for Design I testing. Ten tests were conducted at this fill level attempting to 

replicate the bifurcation. The results of this case were similar to that of the 25% fill level, 

in that all of the gauges were in tension with the exception of Gauge 6, as shown in Figure 

26. The maximum values of tension and compression are almost identical for face positions 

1–3 and therefore did not produce a bifurcation. The gauges were below the water line and 

produced a minimal amount of strain. These tests were consistent with the tests conducted 

by Pentaleri, as the bifurcation was not prominent. 

 

Figure 26. Strain for 50% Fill Case 



 29 

c. Strain Results: 75% and 100% Fill Cases 

The increase in strain was much more substantial for the top three gauges in the 

75% and 100% fill cases. The change in strain from 25–50% was on the magnitude of 20 

to 30 microns while the amount of strain on the back face at 100% full was double the 

amount at 50%. The 75% fill case was also the only case that did not register any strain in 

compression. Gauge 4 for the 100% fill case was the only gauge found in compression and 

this gauge remained in compression for all tests as this fill level. The results for both cases 

can be seen in Figures 27 and 28. 

 

Figure 27. Strain for 75% Fill Case 

 

Figure 28. Strain for 100% Fill Case 
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3. Strain Analysis Phase II 

The tests conducted during Phase II was only completed on the center strain gauge. 

The data was recorded for a time of 60 msec and ten tests were completed on all fill levels. 

The strain data comparison for four of the tests at the 50% and 75% fill levels can be seen 

in Figures 29 and 30. The data showed remarkable similarities to the data analyzed when 

using all nine gauges.   

 

Figure 29. Strain Comparison at 75% Fill Level 

 

Figure 30. Strain Comparison at 50% Fill Level 
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Table 4 compares the data for maximum and minimum stress for the center gauge 

during Phase I and Phase II. For all cases, the maximum strain was in tension, and as 

experimentally proven, the bifurcation was not present.    

Table 4.  Strain Comparison between Phase I and Phase II 

 
 

B. DESIGN II ANALYSIS 

1. Force Analysis 

The impact force data was collected for all three fill sections at Design II and 

analyzed to determine the maximum amount of force being applied to the structure. The 

response of the force due to an increase in water fill and an increase in container size was 

also analyzed. The data was collected for ten tests at every section and plotted as a function 

of time at all water levels. The force for each section was then compared at the different 

water levels to see if there were any inconsistencies in the magnitude of force for that 

particular level. As shown in Figure 31, the force was very consistent for the 75% fill level. 

Similar results were achieved for all fill levels at each of the three test sections. The force 

time histories are shown in Figures 32–34 with the plots split between two figures for the 

multiple fill levels so the graphs are not overcrowded.     
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Figure 31. Impact Force at 75% 

 

Figure 32. Impact Force Data at Section I 
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Figure 33. Impact Force Data at Section II 

 

Figure 34. Impact Force Data at Section IV 

There was no clear trend in the data for any of the fill sections, as the maximum 

impact force did not increase with fill level as expected. The peak force was consistently 

at the 0% and 35% fill levels for all sections. Of note, the lower water levels resulted in 

greater impact force than the higher water levels. The maximum peak remained very 

constant at water levels greater than 50% and with water levels above 75%, the maximum 

peaks look identical. The trend in the force verses water level was very similar for all three 

sections tested. As noted by South [2], the oscillations in force after the peak is attributed 

to the cell moving within the impact device housing.     
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The time to peak impact was also analyzed. As the water level increased, the time 

to reach the peak impact force decreased. The time to reach the peak force with no water 

was 0.007 sec. The time to reach peak force from 10% to 60% full was between 0.005 and 

0.006 sec. When the fill level exceeded 75%, the time to reach the peak force was less than 

0.003 sec. From the plots in Figures 32–34, the impact device was in contact with the 

structure for a longer period of time when the structure’s water level was greater than 50%. 

The plate contact duration was much shorter and the force was much larger when no water 

was present and had a shorter impact time period.   

Design I testing results showed that the force increased as a function of the water 

level on a solid structure. Design II proved that the force did not increase as a function of 

the water level for two separate structures. The maximum force was plotted against each 

fill level for all three sections in Figure 35.  

 

Figure 35. Impact Force Sections I, II and IV 
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The deformation in the plate increased with an increase in water level but the force 

did not, as the impact force can decrease while the deformation and water level increased. 

The next paragraph of this paper discusses the strain and deformation responses due to the 

added mass and FSI between the two plates. A numerical analysis was conducted using the 

displacement ratio of a mass-spring system to prove that the vibrational characteristics of 

the system play a key role in the deformation, and the force can decrease even with an 

increase in strain and displacement [10].  

2. Strain Analysis 

The objective of the strain analysis was to determine the fill level that caused the 

front and back plate to experience the maximum amount of strain and subsequent failure. 

The maximum amount of strain was correlated to the maximum amount of displacement 

and failure of the design. The PMMA and aluminum material that separated the two plates 

fully constrained the plates so they acted independently of one another. The strain was 

initially measured at the 0% fill level to verify the plates were fully constrained. The design 

apparatus was secured to the vibration table using L-brackets and screws. Initial testing 

showed strain being registered on the back face when the front plate was struck with the 

impact device. Prior to additional testing, the structure had to be fully constrained so the 

back plate would not register vibrations caused by the impact device.   

To test the structure’s rigidity, the strain was tested using four separate 

configurations to determine the needed level of constraint. The back-plate strain was 

measured with the top securing plate removed, the top placed on the structure without the 

securing rods to tighten it to the PMMA walls, the top secured to the walls with the rods 

and by placing brackets on the back side to add an additional constraint to remove 

vibrations. The strain was measured and compared for each level of improved stiffness. 

The strain was initially measured on Gauges 2, 4, 6 and 8 without the top PMMA plate 

attached and the plot is shown in Figure 36. The maximum values of strain were between 

100 and 200 microns. The next three levels of security were also tested and the results can 

be seen in Figure 37. The strain magnitude was significantly higher when the top plate was 

attached to the structure. The strain when the top plate was secured with rods was identical 
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to the plot of strain with the rods and back braces. The last two constrained tests showed 

that the strain remained constant when the top plate was rigidly secured to the structure. 

For the remaining tests in the report, the top plate was rigidly connected with the rods tight. 

The back brackets were not used as they were deemed to be redundant. The registered 

amount of strain at the 0% fill level was used as a baseline and subtracted from all other 

water levels. The normalization was used to remove the stress that was transferred from 

the front plate to the back plate through the enclosed structure.  

 

Figure 36. Strain without Top Securing Plate 
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Figure 37. Strain with Constraints to Reduce Movement 

Another issue when measuring the strain on the front and back face was sign 

convention. The strain gauges for both the front and back plate were outside the structure 

as seen in Figure 38. Once the impact device made contact with the front plate, it deformed 

and the gauges registered in compression while the back plate registered strain in tension. 

In order to give the strain gauges the same perspective, the sign of the front face gauges 

was changed during data analysis.    
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Figure 38. Plate and Strain Gauge Deformation 

a. Strain Results: Section I 

Fill Section I is the smallest section with the shortest distance between plates. The 

strain was measured on six strain gauges due to the symmetry of the plate and plotted 

against time and water fill percentage. Figure 39 shows the maximum strain on the front 

plate as it is plotted against the water level. The location of the strain gauges on the plate 

coincide with the 25%, 50% and 75% water fill levels. As shown in Figure 40, the 

registered strain was very minor until the water reached the 25% fill level. The gauges that 

did not fall below the water line were not greatly affected by the impact force. The largest 

amounts of strain on the front face registered at the higher water levels and were at the 

center gauges near the edges of the plate at Gauges 2, 4 and 8. Gauge 4 also registered two 

peak values. One peak was at 60% fill level while the other was at the 100% fill level. The 

gauges at the corners of the plate, Gauges 1 and 7, never registered a notable amount of 

strain. The increased water levels did not significantly affect these gauges.   
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Figure 39. Section I Front Face Maximum Strain vs. Fill Level 

The same phenomena can be said about the gauges on the back face as shown in 

Figure 40. The gauges did not register a significant amount of strain until the water level 

reached the height of the strain gauges. The largest amount of registered strain on the lower 

gauges was between the 35% and 60% water level and was lower at the higher water levels. 

Gauges 5 and 6 showed an increase in strain once the water level reached 50% but did not 

show significant peaks in the strain. Gauges 2 and 3 registered the largest amounts of strain 

once the water level was increased above 80%. Interestingly enough, the largest amount of 

strain on the structure was at the 95% fill level. When the structure was completely full, 

the maximum strain was lower. This phenomenon was repeatable for both Gauges 2 and 3. 

When the structure was completely full, the sloshing effect was negated and had an effect 

on the maximum strain levels. The results for both the front plate and back plate clearly 

show that the strain changes as a function of the water level. 
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Figure 40. Section I Back Face Maximum Strain vs. Fill Level 

The plots in Figures 39 and 40 are the normalized strain once the zero percent water 

level has been subtracted from the data. The registered strain without normalization at 

Gauges 2, 5 and 8 are plotted against time in Figure 41 at the 10%, 35% and 95% fill levels. 

Figure 41 gives perspective on the strain behavior as the water level increased. As 

expected, the registered strain for Gauge 2 was minor at the 10% and the 35% water level. 

The increase at Gauge 2 is shown at the 95% fill case once the water level reached the 

strain gauge. When the water level reached the strain gauges, they registered multiple peaks 

after the max peak. The strain gauges above the water surface had short periods of 

oscillation, while the gauges below the water line had multiple large peaks and large 

periods of oscillation. 
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Figure 41. Registered Strain on Gauges 2, 5 and 8 at Three Fill Levels 

b. Strain Results: Section II 

Fill Section II was the first section tested. The data acquisition software used for 

testing had the ability to test 16 devices. During Section II testing, all nine gauges were 

tested on the back face, the impact device was used and five gauges were tested on the 

front face. The back face data was used to determine that the structure was symmetric as 

shown in Figure 42. The figure shows the left and right gauges combined for two separate 

water levels. All of the water levels returned similar results, so the tests for Sections I and 

IV were completed with 6 gauges on the front and back faces vice nine gauges. 
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Figure 42. Back Plate Symmetric Gauge Data  

Figure 43 shows the maximum strain on the front plate plotted as a function of the 

water level. As with Section I, the registered strain was very minor until the water reached 

the 25% fill level. The gauges above the water line registered very little strain in 

comparison to the gauges below the water line. The maximum amount of strain was in the 

middle of the plate at Gauges 2 and 8. Gauges 2 and 8 also showed the largest increase as 

the gauges fell below the water line. Gauge 4 had two peaks that were similar to the peaks 

at Section I. The first peak was at the 60% fill level with the second at the 100% level. 

Again, the results showed that the strain was largely influenced by the water level.   
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Figure 43. Section II Front Face Maximum Strain vs. Fill Level 

The gauges on the back face of Section II showed very similar results to the back 

face of Section I as shown in Figure 44. All of the gauges registered very little strain until 

the gauges were below the water level. The largest amounts of strain were on Gauges 2 and 

3 once the water level was increased above 80%. The largest amounts of strain on the 

structure was at the 95% fill level and when the structure was 100% full, the maximum 

strain level decreased as with Section I.   
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Figure 44. Section II Back Face Maximum Strain vs. Fill Level 

c. Strain Results: Section IV 

The results for Section IV are very similar to the previous sections. The water level 

continued to be the major determining factor in the strain registered on either the front or 

back face. On the front face, there were no new trends for this section as shown in 

Figure 45. Gauge 4 continued to have two major peaks and Gauges 2 and 8 registered the 

largest amounts of strain. The back face looked very similar to the results at Section II as 

shown in Figure 46. The similarities between Sections II and IV with no large increases 

from Section I was the determining factor in skipping Section III testing. 
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Figure 45. Section IV Front Face Maximum Strain vs. Fill Level 

 

Figure 46. Section IV Back Face Maximum Strain vs. Fill Level 
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d. Strain Comparison 

The strains for Sections I, II and IV had very similar profiles and were greatly 

influenced by the water level in the structure. The strain comparison gave the strain profile 

as it changed with the increased distance between sections. The front face strain, as a 

function of fill level, is shown for all three test sections in Figure 47. Gauges 4 and 8 have 

the largest strain at Section II. For Gauge 4, the maximum amount of strain was at the 60% 

fill level at 925 microns, which was 14% larger than the 800 microns for Sections I and IV.   

 

Figure 47. Front Face Comparison of Maximum Strain vs. Fill Level 
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On Gauge 8, each of the sections saw a large increase in strain at water levels 

greater than 25%. Section II had the maximum level of strain, with three peaks greater than 

950 microns at the 50%, 75% and 90% fill levels as shown in Figure 48.   At the 50% fill 

level on Gauge 8, the strain at Section II was 25% larger than the other two sections with 

an average overall strain increase of 15% at fill levels greater than 50%. At Gauge 2, the 

strain at the 95% water level was 17% higher at Section 4 than the other two sections. The 

distance contributed to the maximum levels of strain and Section IV had the largest level 

of strain when the structure was at the 100% fill level while Section II was the critical 

distance at the mid-fill ranges. 

 

Figure 48. Front Face Gauge 8 Maximum Strain vs. Fill Level 

The strain comparison for the back face maintained similar stress profiles to the 

front face as shown in Figure 49. Section I displayed the largest amount of strain at the 

high fill levels on Gauges 2 and 3 as well as the 35–60% fill level on Gauge 8. Similar to 

the front face, Section II had the largest amount of strain at center Gauges 5 and 6. The 

strain variations between sections was attributed to vibrational damping or viscous 

relationships between the fluid and the boundary layer on the side plates.   
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Figure 49. Back Face Comparison of Maximum Strain vs. Fill Level 

The largest variation in back face strain was at Gauge 6 as shown in Figure 50. 

When the water levels exceeded 50%, the strain was significantly at Section II. The largest 

overall levels of strain were recorded at Section I at the mid-range fill levels and the upper 

gauges at the high water fill levels. All three sections proved to be critical in design criteria 

for multiple fill levels.   
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Figure 50. Back Face Gauge 6 Maximum Strain vs. Fill Level 

3. Frequency Analysis 

The vibrational frequency of the back plate was determined by applying a Fast 

Fourier Transform (FFT) to the strain history data of the plate. The first dominant excited 

frequency was recorded for all gauges on the front and back plate at every fill level. The 

change in the system’s frequency was determined by the water fill level and the distance 

between the plates. The frequency was the same from the front plate to back plate during 

each individual test. The plotted log function varied from front to back plate, but the 

dominant excited frequency remained constant at a given fill level as seen in Table 5. As 

the water level increased, the first major frequency decreased. 
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Table 5.  Back Plate Frequency Data (Hz) for Section I 
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Figure 51 shows the comparison between the front face and the back face frequency data 

at the 25% and the 50% fill levels for Section IV. As noted, the frequency profile is 

different, but the major frequency remains consistent for each plate. 

 

Figure 51. Dominant Frequency Comparison Front vs. Back Plate 
for Section IV 

The magnitude of the dominant frequency also remained relatively consistent for all 

sections at a given fill level as shown in Figure 52. The excited frequency for the 50% fill 

level was 28Hz, 30Hz and 30Hz for Sections I, II and IV, respectively.   
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Figure 52. Dominant Frequency Comparison at 50% Fill for 
Sections I, II and IV 

The frequency was normalized and plotted against the water fill levels from 0% to 

100% as shown in Figures 53–55. The frequency decrease was attributed to the added mass 

effect of the water, which was a result of the FSI between the plates and the water level. 

Firouz-Abadi [12] stated that “the resonance frequency of a liquid filled tank will decrease 

with the increase of liquid density as well as the liquid depth in the tank.” The frequency 

showed a linear reduction until the 50% fill level. Once at 50%, the reduction in magnitude 

tapered off and remained relatively constant at fill levels greater than 70%. The slight 

increase in frequency at the 95–100% fill level was attributed to the lack of a free surface 

to account for the sloshing effect of the water. This boundary condition constrains the water 

in all directions and caused a slight increase in the magnitude of the frequency. The change 

in frequency between the 60% fill level and the 100% fill level is very minor and was not 

investigated any further.   
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Figure 53. Normalized Plate Frequency vs. Water Level Section I 

 

Figure 54. Normalized Plate Frequency vs. Water Level Section II 
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Figure 55. Normalized Plate Frequency vs. Water Level Section IV 
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IV. CONCLUSION AND RECOMMENDATIONS 

A. CONCLUSION 

This experiment was designed to study the fluid coupling that is caused by the FSI 

through a fluid medium between two structures, initiated by a low-velocity impact. A 

structure was fabricated with multiple compartments filled with a fluid used to simulate 

separate structures with a fluid medium between them. The dynamic response was 

transferred from the front plate to the back plate through the fluid medium. The FSI and 

water fill levels played a significant role in the stress response on both the front and back 

composite plates of the apparatus.   

The impact force was measured with a load cell, attached to a swinging pendulum 

and released at a 45-degree angle. The impact force did not increase as a function of the 

water level, nor did the impact force present any clear trends in the data for individual fill 

sections. However, the impact force data was consistent and repeatable for all fill sections. 

The peak force was consistently at the 0% and 35% fill levels and the impact force was 

lower for the higher fill levels. When the water level was above 75%, the plots for all 

sections looked identical. The impact device’s contact duration was longer when the 

structure water level was greater than 50%. Maximum strain and deformation occurred for 

larger volumes of water, not at the maximum impact force. 

The strain response varied significantly with the water level. An increase in water 

level was directly proportional to an increase in strain. The strain on the front face was 

significantly larger on the center edges of the plate. The lowest amounts of strain for the 

front face was at the center and at the corners of the plate. The increase in strain was directly 

proportional to the water fill level and the distance between the structures. The maximum 

strain response on the front face was at the 95% fill level on the top center gauge at Section 

IV. The strain response on the back plate was very similar to the front face but the 

maximum strain level was at Section I. The strain on the back plate was also directly 

proportional to the water fill level. The strain was significantly increased when the water 

level was greater than 75%. The maximum strain response on the back plate was at the 
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95% fill level on the top center gauge. An interesting note is the decrease in strain 

associated with the 100% fill level. The added boundary condition caused the strain to be 

slightly less when the structure was completely full. 

The frequency response of the structure was measured and it was found that the 

first major frequency decreased with an increase in water level. The frequency response 

was the same for the front and back plates. The frequency profiles varied slightly for each 

section, but the major frequencies remained consistent for all three fill sections. The 

frequency decrease was attributed to the added mass effect of the water as a result of the 

FSI. The slight rise in the frequency at the 100% fill level corresponded to the decrease in 

strain at that fill level. Both of these phenomena were a characteristic of the lack of free 

surface vibrations at the 100% fill level. 

In conclusion, the fluid coupling effect between two structures is a significant 

design characteristic for engineers to consider. The strain did increase appreciably with an 

increase in water level. The distance between structures was also found to be a significant 

factor in the strain, but did not produce consistent results. The increase in strain resulting 

from the increase in distance was not as predictable as the increase in strain due to the fill 

level. These design characteristics must be taken into consideration when approaching an 

engineering problem that requires these types of loading parameters. Experimental testing 

will be crucial to determine the appropriate distance and water fill levels needed to meet 

the designs requirements. 

B. RECOMMENDATIONS 

Continued research parameters for this topic are based on altering the design 

parameters. The impact pendulum can swing up to a 90-degree arc to allow for an increased 

velocity. The pendulum also has a small weight block attached to it that can be altered to 

increase or decrease the impact velocity. The most critical design parameter is the plate 

thickness. The slots in the design structure allow for different thicknesses to be used in 

research. The plate thickness can be altered to determine a critical thickness for design 

based on the current dimensions. Different fluids can also be studied to analyze the effect 

the fluid density has on the results. 
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APPENDIX.  PROJECT DETAILS 

A. DESIGN CAD DRAWINGS 

The structural parts were designed using PTC’s Creo Parametric 3.0 student edition. 

The dimensions for the composite sheet and attachment rods were given in the report. 

 

Figure 56. Base Plate CAD Drawing 
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Figure 57. Side Plate CAD Drawing 

 

Figure 58. Long Tray CAD Drawing 
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Figure 59.   Short Tray CAD Drawing 

 

Figure 60. Top Plate CAD Drawing 



 60 

B. DATA ACQUISITION DETAILS 

1. Wiring Instructions 

The strain gauge wires were soldered into place and connected to a Quarter-Bridge, 

NI-9945 screw terminal adaptor.   

 

Figure 61. Strain Gauge Wire Placement 

 

Figure 62. Strain Gauge Wire Lead Connection 

The load cell wire leads were connected to a Force-Bridge, NI-9949 screw terminal 

adaptor. The location of the wires and their significance can be seen in Table 6.     
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Figure 63. Impact Force Wire Lead Connection 

Table 6.  Data Acquisition Wire Placement 
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2. LabView Data Acquisition Procedure 

The experimental data was collected via National Instrument’s LabView Signal 

Express software suite, edition 2012. The LabView data acquisition software was 

configured to accept four modules for a total of 16 inputs. As shown in Table 7, the sample 

size was set to continuous to capture the entire strain and force fields. The rate was set to 

30,000 Hz for the structure design analysis and 3,000 Hz for the composite sheet tension 

tests. All other data remained the same for the structure and tension analysis.  

Table 7.  LabView Signal Express Inputs. Source: [2]. 
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