Experimental investigation of sloshing in the rectangular tank under the hydrophobic effect
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Abstract. Liquid sloshing causes ship tank’s surface to be damaged. In this study, this phenomenon was analyzed experimentally in rectangular tank model. Partially filled tank has been experienced and it was excited at single frequency range by direction of sway. Experiments were carried out with uncoated and hydrophobic coated tank. Only one water level was chosen for demonstrate sloshing effects on the different tank surface parameters. Wave path, wave breaking and shape of wave during flip-through were cough by high speed camera images. Strain gages have also been implemented to lateral side of tank to show local reaction of structure by measuring liquid induce deformation. Besides that, all experiments have been repeated by changed surface parameters at two contrast lateral sides on tanks. The surface parameter has been modified by applying hydrophobic coat. The coated surfaces propose to increase degrees of the contact angle between water drop and structure surface. The comparisons have been conducted within considering the images and measured results in coated, non-coated surface at tank sloshing experiments. The results show that the hydrophobic surface decreased the sloshing force on lateral sides, wave propagated more splay and water couldn’t reach the level of wave as non-coated surface.
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Introduction
Sloshing forces is the main concern at partially filled tanks. The external force causes free surface deformations, these exited fluid impacts the wall of tanks and causes the instability. These fluid motions have three types of shapes during interaction lateral surface: standing waves, broken waves and waves in process. The characterizations of wave are variable by excitation frequency, rate of height of fluid and length of tank. A. Colagrossi et al. studied the sloshing by considering one rate of height of fluid and length of tank experimentally. The free surface deformation was tracked and also applied the pressure sensor on lateral side of the tank then presented the measured pressure values. A. Souto-Iglesias et al. investigated sloshing problem by using the rectangular tank. Two fluid types were applied for various Reynolds number levels. Also three dimensionality were investigated by using four width size rectangular tanks.  During sloshing experiment, wave takes standing wave shapes when natural frequency and forced frequency closes each other. This interaction occurs by lateral side together with more air pocket and this case is discussed in detail. In addition, Wood et al. studied air cushion’s effect on wave impact through the wall by pressure impulse theory. Sloshing is also important for ship stability. Fabrizio Pistani and Krish Thiagarajan investigated the sloshing pressure by analyzing fluid behavior in model LNG tanks. Several pressure sensor was mounted on the tank surface and wave images were recorded. Then measured values were obtained from experiments at various impacts and capture images during sloshing were highlighted. Recording sloshing experiments support to understand this phenomenon by the free surface deformation and interaction wave through side walls images. Ufuk Tosun et al. tracked the wave motions using camera and developed a method that is determined the lateral force by using images. C. Lugni et al. investigated the sloshing with focusing on flip-through event. The analyzation was carried out images and was discussed the air cushion effect. Fluid properties characterize the flow motion on sloshing. A. Souto-iglesias et al. used the water and oil as a fluid at rectangular tank during excites the tank at direction of sway for simulates sloshing experiments. Also tank width effect was also analyzed by presenting impact pressure values.  Sang- Yeob Kim et al. presented the two scaled model test and they compared these models by peak pressure value. Celis et al. is validated the computational code for dam breaking and sloshing by experimental data.
The wettability ratio is an important parameter in fluid structure interaction problems such as sloshing. This ratio can be changed with hydrophobic coating, which increases the contact angle between fluid and solid so that the surface becomes more water repellent. Daniello et al. stated that a hydrophobic surface reduces the drag in microscale flows for both laminar and turbulent flow regimes. Korkmaz and Guzel carried out slamming experiments with cylinders and spheres, and observed huge differences during the impacts of these objects with hydrophobic surfaces. They found that the pressure distribution on the wetted length change drastically under hydrophobic effects.
This study focuses on is to measure the strain on the lateral side of tank and record the process of wave phases at sloshing experiment and then show the effect of hydrophobic surface.
Experimental Setup
The way of investigation the sloshing phenomena was conducted by transferring water from one side to the other side. The tank was mounted on slidable plate. Other materials such as 220V AC induction motor with integrated frequency inverter, data logger, high speed camera and computer were connected together as shown in Figure 1. The periodic motion for rectangular tank, which is demonstrated in figure 2, model frequency can be calculated as

                                                                                             (1)  
by linear potential theory. Here h is water height, n is model number, g is gravity and L is length of tank. In this experiment, the tank water level is 10.8 cm and the ratio of h/L is 0.3. The tests were also visualized using phantom miro eX4 series high speed camera with applying 1000 fps. The camera was placed in front of the tank and led light was located in front of the camera. Thus, the wave, breaking wave and its process, the wave run-up and down were captured. The image process was performed in order to analysis the video record. All tests triggered the same initial position and three minutes were waited to obtain the rest situation before starting new experiment. The effect of hydrophobicity was performed by applying the hydrophobic coat to the lateral sides. Thus tank lateral wall gained water repelling specification.
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Figure 1. The experimental setup of sloshing mechanism
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Figure 2. The ship tank dimensions and the locations of strain gages

A hydrophobic coating by Wetproof Inc. was applied onto the test bodies to create hydrophobic surfaces. This coating does not change the dimensions of the side walls because of the micrometer level thickness of the coating application.
Three Strain gages are applied the lateral side of the tank to measure strain on side structure during sloshing experiment. First, the excited tank tests on sway motion were carried with untreated surfaces. Then the tests were repeated under the same hydrodynamic conditions with hydrophobic coated surfaces.
The Experimental Results and Discussion
Even though, some studies are available hydrophobicity about fluid structure interaction, the effect of surface parameters on sloshing has not been reported in detail. The water is selected as liquid in the experiments to demonstrate the hydrophobicity effects. The properties of liquid are given in Table 1. [7].

Table 1. The properties of liquid used in the experiments
	Liquid
	ρ (kg/m3)
	μ (kg/ m/s)
	ν (m2/s)
	σ (kg/s2)
	CS(m/s)

	water

	998
	8.94e-4
	8.96e-7
	0.0728
	1480


The Reynolds number can also defines using with propagation speed by applying transitional water Airy formula as 

                                                                                                         (2)
Here T is period, g is gravity, by considering the water depth H as a prediction of the order of wave amplitude and k wave number can also be estimated by twice tank length. The wave characterizes as transitional water when the 0.04<H/L<0.5 ratio occurs.  Here in this study, the H/L ratio is 0.3 and T is 4.54 sec. Reynolds number is determined in lateral impact as
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Here  is kinematic viscosity.

Figure 3. Time history of wave evaluation under the uncoated (UC) and hydrophobic coated (HC) lateral surfaces. (a) is dimensionless values, (b) is wave height with a function of time
        Figure 3 shows time history of wave evaluation under the uncoated and hydrophobic coated lateral surfaces at sloshing experiments. One point is selected on tank surface and then wave height is tracked at that point for one cycle. This free surface deformation shows quite differences especially on main wave mass. Both experiments were excited the same frequency, but the different shape occurred because of the side wall property differences. For this excited frequency, the gap reached by 4.5 cm. 
        The Reynolds Number was calculated around 14000 for the uncoated case. However, it decreased to 7000 at hydrophobic coated case because of the changing amplitude. Both Reynold numbers are demonstrated the flow regime as turbulent clearly. Even, properties of the tank are same except the surface parameter; it is shown that Reynolds number can change by hydrophobic coat.
         The conservation of energy indicates us that the rate of change of the energy within the ﬂuid plus the energy loss is equal to energy which is given from drive mechanism. Initially, same sway motion and frequency is given to tank under uncoated and coated lateral wall. But, energy dissipation is different at wave evaluation and impact on walls during sloshing experiments. Figure 4 illustrates the instant wave shapes for different time steps with non-dimensional values. The deformation free surface at x and y direction are nondimensionalized by length of tank and height of water respectively. The figure 4(b) demonstrates that the wave couldn’t run up through the wall as much as non-coated because of the water repelling effect of the hydrophobic wall.

Figure 4. Instant wave shapes for uncoated (UC) and hydrophobic coated (HC) tank at different time steps with dimensionless values 
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Figure 5. Free surface behaviors at the same time (304 ms) and position under uncoated and hydrophobic coated cases in the tanks
Figure 5 show that the instant images of free surface behavior which is depicted at figure 4 (a). In this chosen frame shows that the wave is in developing of breaking stage at on uncoated case, but the wave takes gentle slope shape at the same time on hydrophobic case. These shape differences show that the more fluid mass was pushed so more energy transferring was occurred at hydrophobic coated case.  
Beyond these results, sloshing experiments is also applied to measure the strain on lateral wall. The tagged of 1, 2 and 3 strain gages are equipped on the wall starting from deeper to the upper tank sides, respectively. The same excitation frequency was applied to the tank. Then the effects of fluid on lateral structure were measured from strain gages for both uncoated and coated cases. Figure 6 shows the discrepancy of the first strain values that are observed as %12. Furthermore, the maximum strain value rises up more precisely at uncoated one. Contrary, this measured strain shape is more horizontally at coated tank.  Second peak is also observed and this value is more than first peak at hydrophobic coated tank. These behaviors of strain values are caused by changing wave form. Interestingly the behavior alteration of wave is more effective on strain 2. Almost half of impact disappeared. The measured values of third strain values on the vertical wall, it is again decreases almost same percentage as strain 1.  This results show that the surface features can change water wave characterization of evolution and moreover the structure response can change due to water impact.

	
	

	
	


Figure 6. The effects of fluid on lateral structure were measured from strain gages for both uncoated (UC) and hydrophobic coated (HC) cases.
Conclusions
In this study, the preliminary sloshing experiments were carried out for determining the lateral impact at selected frequency exited. The strain values and wave evaluations were analyzed by generated sway motion at rectangular tank. The local water stress on structure was measured by the strain gages and high speed camera was the way of getting through the water motions. All experiments were also performed for hydrophobic coated lateral walls of tank. The effects of coated structure on sloshing were interpreted with strain measurement and captured images. The comparisons have been provided that the impact is decreases by hydrophobic coat. The inspection of image process shows the wave evaluations are alter so wave breaking, standing waves and wave in processes stages are changed. Furthermore, the analysis of strain data put in support arguments to demonstrate the hydrophobic coated effect by decreasing peak value of impact.   
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Strain 1 UC	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	1.9	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	2.6	2.7	2.8	2.9	3	3.1	3.2	3.3	3.4	3.5	3.6	3.7	3.8	3.9	4	4.0999999999999996	4.2	4.3	4.4000000000000004	4.5	4.5999999999999996	4.7	4.8	4.9000000000000004	5	5.0999999999999996	5.2	5.3	5.4	5.5	5.6	5.7	5.8	5.9	6	6.1	6.2	6.3	6.4	6.5	6.6	6.7	6.8	6.9	7	7.1	7.2	7.3	7.4	7.5	7.6	7.7	7.8	7.9	8	8.1	8.1999999999999993	8.3000000000000007	8.4	8.5	8.6	8.6999999999999993	8.8000000000000007	8.9	9	9.1	9.1999999999999993	9.3000000000000007	9.4	9.5	9.6	9.6999999999999993	9.8000000000000007	9.9	10	10.1	10.199999999999999	10.3	10.4	10.5	10.6	10.7	10.8	10.9	11	11.1	11.2	11.3	11.4	11.5	11.6	11.7	11.8	11.9	12	12.1	12.2	12.3	12.4	12.5	12.6	12.7	12.8	12.9	13	13.1	13.2	13.3	13.4	13.5	13.6	13.7	13.8	13.9	14	14.1	14.2	14.3	14.4	14.5	14.6	14.7	14.8	14.9	15	15.1	15.2	15.3	15.4	15.5	15.6	15.7	15.8	15.9	16	16.100000000000001	16.2	16.3	16.399999999999999	16.5	16.600000000000001	16.7	16.8	16.899999999999999	17	17.100000000000001	17.2	17.3	17.399999999999999	17.5	17.600000000000001	17.7	17.8	17.899999999999999	18	18.100000000000001	18.2	18.3	18.399999999999999	18.5	18.600000000000001	18.7	18.8	18.899999999999999	19	19.100000000000001	19.2	19.3	19.399999999999999	19.5	19.600000000000001	19.7	19.8	19.899999999999999	20	20.100000000000001	20.2	20.3	20.399999999999999	20.5	20.6	20.7	20.8	20.9	21	21.1	21.2	21.3	21.4	21.5	21.6	21.7	21.8	21.9	22	22.1	22.2	22.3	22.4	22.5	22.6	22.7	22.8	22.9	23	23.1	23.2	23.3	23.4	23.5	23.6	23.7	23.8	23.9	24	24.1	24.2	24.3	24.4	24.5	24.6	24.7	24.8	24.9	25	25.1	25.2	25.3	25.4	25.5	25.6	25.7	25.8	25.9	26	26.1	26.2	26.3	26.4	26.5	26.6	26.7	26.8	26.9	27	27.1	27.2	27.3	27.4	27.5	27.6	27.7	27.8	27.9	28	28.1	28.2	28.3	28.4	28.5	28.6	28.7	28.8	28.9	29	29.1	29.2	29.3	29.4	29.5	29.6	29.7	29.8	29.9	30	30.1	30.2	30.3	30.4	30.5	30.6	30.7	30.8	30.9	31	31.1	31.2	31.3	31.4	31.5	31.6	31.7	31.8	31.9	32	32.1	32.200000000000003	32.299999999999997	32.4	32.5	32.6	32.700000000000003	32.799999999999997	32.9	33	33.1	33.200000000000003	33.299999999999997	33.4	33.5	33.6	33.700000000000003	33.799999999999997	33.9	34	34.1	34.200000000000003	34.299999999999997	34.4	34.5	34.6	34.700000000000003	34.799999999999997	34.9	35	35.1	35.200000000000003	35.299999999999997	35.4	35.5	35.6	35.700000000000003	35.799999999999997	35.9	36	36.1	36.200000000000003	36.299999999999997	36.4	36.5	36.6	36.700000000000003	36.799999999999997	36.9	37	37.1	37.200000000000003	37.299999999999997	37.4	37.5	37.6	37.700000000000003	37.799999999999997	37.9	38	38.1	38.200000000000003	38.299999999999997	38.4	38.5	38.6	38.700000000000003	38.799999999999997	38.9	39	39.1	39.200000000000003	39.299999999999997	39.4	39.5	39.6	39.700000000000003	39.799999999999997	39.9	40	40.1	40.200000000000003	40.299999999999997	40.4	40.5	40.6	40.700000000000003	40.799999999999997	40.9	41	41.1	41.2	41.3	41.4	41.5	41.6	41.7	41.8	41.9	42	42.1	42.2	42.3	42.4	42.5	42.6	42.7	42.8	42.9	43	43.1	43.2	43.3	43.4	43.5	43.6	43.7	43.8	43.9	44	44.1	44.2	44.3	44.4	44.5	44.6	44.7	44.8	44.9	45	45.1	45.2	45.3	45.4	45.5	45.6	45.7	45.8	45.9	46	46.1	46.2	46.3	46.4	46.5	46.6	46.7	46.8	46.9	47	47.1	47.2	47.3	47.4	47.5	47.6	47.7	47.8	47.9	48	48.1	48.2	48.3	48.4	48.5	48.6	48.7	48.8	48.9	49	49.1	3.1384999999999987	-1.9548000000000003	3.1820999999999997	0.59179999999999833	-4.4913700000000008	-0.57090000000000163	-8.7535300000000014	-2.3938000000000006	-11.473699999999999	-5.7211000000000016	7.1227	-2.9735000000000014	11.3316	11.733699999999997	14.417899999999998	26.032899999999998	21.6294	34.152999999999999	40.601099999999995	34.839999999999996	40.480400000000003	42.162799999999997	48.996499999999997	53.008299999999998	52.870899999999999	64.105699999999999	60.261299999999991	70.7624	76.911799999999999	77.744399999999999	91.567800000000005	80.415900000000008	95.221800000000002	94.785799999999995	93.780799999999999	104.7688	98.392799999999994	108.7418	112.09519999999999	104.4408	108.54379999999999	106.20779999999999	111.8528	109.2278	107.29379999999999	112.89879999999999	105.70779999999999	108.75179999999999	109.10279999999999	101.28279999999999	109.57979999999999	91.370800000000003	101.39679999999998	96.120800000000003	87.800799999999995	94.695800000000006	77.747699999999995	85.836100000000002	66.612899999999996	67.330100000000002	70.544499999999999	59.3429	62.520299999999999	55.944399999999995	48.929499999999997	53.259699999999995	39.635899999999999	42.628699999999995	50.201400000000007	33.254899999999999	41.559599999999996	19.796399999999998	28.113999999999997	19.970599999999994	11.257799999999998	16.951299999999996	3.6142999999999987	10.389899999999999	-9.2498999999999985	-2.6886000000000019	2.2638999999999987	-6.542040000000001	-1.1975000000000016	-5.9623600000000012	-12.429250000000001	-2.9131000000000009	-16.188680000000002	-9.9463800000000013	-6.1453999999999986	-13.85328	-6.6157600000000008	-23.379000000000001	-14.272112000000002	-18.262699999999999	-24.555	-16.007740000000002	-25.479800000000001	-18.393370000000001	-23.4313	-24.447800000000001	-20.762230000000002	-21.248060000000002	-15.863660000000003	-18.373270000000002	-19.723559999999999	-12.375640000000002	-20.531040000000001	-15.314160000000001	-23.269300000000005	-19.271230000000003	-12.717405000000001	-24.025700000000004	-16.604150000000004	-20.42717	-23.288540000000001	-18.048260000000003	-26.283899999999999	-18.654720000000001	-17.756199999999996	-27.503500000000003	-19.763759999999998	-28.475100000000001	-19.425350000000002	-23.998800000000003	-26.123100000000001	-22.192920000000001	-28.123300000000004	-25.2117	-31.938100000000006	-26.809900000000003	-21.01352	-31.574200000000001	-25.375900000000001	-30.244100000000003	-33.7654	-25.272000000000002	-36.308300000000003	-29.041300000000003	-38.412500000000001	-39.856299999999997	-30.776800000000001	-39.440900000000006	-33.175699999999999	-36.231299999999997	-39.002000000000002	-35.876100000000001	-37.692000000000007	-35.420500000000004	-31.0367	-36.707000000000001	-28.2607	-38.710500000000003	-30.559100000000004	-30.740000000000002	-37.454099999999997	-26.106300000000001	-37.551299999999998	-27.017600000000002	-39.819400000000002	-36.633299999999998	-24.122799999999998	-35.450600000000001	-24.008900000000001	-27.423000000000002	-29.118400000000001	-20.453980000000001	-24.632100000000001	-18.581010000000003	-5.7465999999999982	-15.619070000000002	-2.5345000000000009	-17.676350000000003	-5.0408900000000001	-6.5051800000000011	-7.376380000000001	3.2758999999999987	-6.7899900000000013	4.7200999999999977	-10.134400000000001	-1.4388000000000005	10.041399999999999	0.41419999999999851	13.888399999999999	8.8484999999999996	10.044799999999997	17.4573	15.821999999999999	18.965299999999999	29.232300000000002	20.627399999999998	28.794299999999996	18.4894	26.247399999999995	25.650899999999996	22.725299999999997	31.304399999999998	24.474599999999999	29.4847	31.670800000000003	23.764099999999999	32.028300000000002	23.713899999999995	27.758799999999997	25.037599999999998	23.797599999999996	27.855999999999998	23.780899999999995	26.451799999999995	18.715	21.247399999999995	28.392199999999995	17.386899999999994	24.474599999999999	21.254099999999998	17.470699999999994	22.175699999999999	13.660499999999997	18.462599999999995	20.6936	9.0025999999999993	17.132199999999997	8.0877999999999997	12.929999999999998	8.2050999999999981	5.8494000000000002	7.0288999999999984	2.1365999999999974	4.0030000000000001	5.8019000000000007	2.3777999999999979	4.2811999999999975	-0.6145000000000006	0.71249999999999869	0.25669999999999876	-4.2601600000000008	1.5668999999999984	-8.9545700000000021	-1.3014000000000008	-1.8053999999999997	-11.628430000000002	-4.3573300000000019	-12.43595	-5.4832000000000001	-10.070360000000001	-13.106083000000002	-7.1418200000000009	-11.182790000000001	-10.298210000000001	-4.587100000000004	-10.428890000000001	-0.46370000000000033	-14.272112000000002	-5.2084300000000008	-8.6094500000000007	-13.645539300000001	-3.8078000000000012	-12.992160000000002	-6.5990000000000011	-18.613800000000001	-17.076589999999999	-4.9303200000000009	-16.349510000000002	-5.258700000000001	-8.4285100000000011	-12.563270000000001	-5.9489500000000017	-10.877880000000001	-8.552480000000001	2.6180999999999996	-8.6161500000000011	5.0417999999999976	-12.693951000000002	0.61529999999999896	-5.0610000000000008	-10.479150000000001	1.7345000000000002	-10.767310000000002	-2.9466000000000014	-18.664099999999998	-13.618734000000002	-2.5948000000000011	-14.305618000000001	-3.3253000000000017	-5.9020400000000013	-13.786267000000002	-3.1779000000000006	-12.358880000000001	-7.9091400000000016	-2.5261000000000045	-10.201040000000001	-2.7758000000000016	-14.248657	-7.7047500000000007	-9.3767600000000026	-13.977254000000002	-6.8704100000000015	-13.5919288	-9.792250000000001	-13.4712	-17.750060000000001	-10.774010000000001	-18.782039999999999	-9.9095300000000002	-13.769513600000002	-17.03303	-10.57967	-17.100040000000003	-13.806371	-19.7575	-16.450020000000002	-8.2777200000000022	-20.276400000000002	-12.395740000000002	-14.16154	-18.44698	-11.832830000000001	-16.259040000000002	-13.039069	-9.4710000000000001	-18.071719999999999	-13.337279000000001	-20.22279	-12.580030000000001	-17.247470000000003	-19.174060000000001	-10.871180000000001	-18.547500000000003	-14.004059000000002	-17.502300000000002	-14.164891000000001	-5.3190100000000013	-16.82864	-6.977640000000001	-8.8238900000000005	-11.229700000000001	-4.4980700000000011	-12.613530000000001	-4.5818400000000015	-14.419400000000001	-14.83502	-4.9604800000000013	-11.889790000000001	-4.3472800000000023	-6.6961700000000004	-8.575940000000001	-1.8275000000000008	-6.8503100000000012	-3.9619400000000011	0.43639999999999973	-0.3464000000000006	6.4759999999999982	-3.7709500000000014	2.2806999999999982	3.802	-2.2631000000000006	7.5683999999999987	-5.0073900000000018	9.4315999999999978	-5.6382000000000012	-5.0543000000000013	11.120499999999998	-4.6522000000000006	9.7766999999999999	6.2145999999999981	5.1925999999999997	11.050099999999999	6.2547999999999977	7.6018999999999979	18.212300000000003	8.6607999999999983	20.231999999999999	4.3816999999999977	14.960699999999999	15.054599999999999	6.2850000000000001	16.803799999999995	3.101599999999999	17.671799999999994	-0.44849999999999918	-0.40670000000000067	17.487499999999997	1.879999999999887E-2	14.481499999999999	9.0092999999999996	5.4606999999999983	12.614999999999998	7.4209999999999976	9.434899999999999	18.399900000000006	9.2539999999999978	15.992900000000001	4.1872999999999978	9.7532999999999994	8.6440999999999999	4.2744999999999997	8.2486999999999995	-0.47040000000000148	8.5536000000000012	7.5122400000000003	-2.8059000000000012	6.1341999999999981	-5.3089600000000017	3.8990999999999998	-1.5393000000000006	-3.2549000000000015	Strain 1 HC	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	1.9	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	2.6	2.7	2.8	2.9	3	3.1	3.2	3.3	3.4	3.5	3.6	3.7	3.8	3.9	4	4.0999999999999996	4.2	4.3	4.4000000000000004	4.5	4.5999999999999996	4.7	4.8	4.9000000000000004	5	5.0999999999999996	5.2	5.3	5.4	5.5	5.6	5.7	5.8	5.9	6	6.1	6.2	6.3	6.4	6.5	6.6	6.7	6.8	6.9	7	7.1	7.2	7.3	7.4	7.5	7.6	7.7	7.8	7.9	8	8.1	8.1999999999999993	8.3000000000000007	8.4	8.5	8.6	8.6999999999999993	8.8000000000000007	8.9	9	9.1	9.1999999999999993	9.3000000000000007	9.4	9.5	9.6	9.6999999999999993	9.8000000000000007	9.9	10	10.1	10.199999999999999	10.3	10.4	10.5	10.6	10.7	10.8	10.9	11	11.1	11.2	11.3	11.4	11.5	11.6	11.7	11.8	11.9	12	12.1	12.2	12.3	12.4	12.5	12.6	12.7	12.8	12.9	13	13.1	13.2	13.3	13.4	13.5	13.6	13.7	13.8	13.9	14	14.1	14.2	14.3	14.4	14.5	14.6	14.7	14.8	14.9	15	15.1	15.2	15.3	15.4	15.5	15.6	15.7	15.8	15.9	16	16.100000000000001	16.2	16.3	16.399999999999999	16.5	16.600000000000001	16.7	16.8	16.899999999999999	17	17.100000000000001	17.2	17.3	17.399999999999999	17.5	17.600000000000001	17.7	17.8	17.899999999999999	18	18.100000000000001	18.2	18.3	18.399999999999999	18.5	18.600000000000001	18.7	18.8	18.899999999999999	19	19.100000000000001	19.2	19.3	19.399999999999999	19.5	19.600000000000001	19.7	19.8	19.899999999999999	20	20.100000000000001	20.2	20.3	20.399999999999999	20.5	20.6	20.7	20.8	20.9	21	21.1	21.2	21.3	21.4	21.5	21.6	21.7	21.8	21.9	22	22.1	22.2	22.3	22.4	22.5	22.6	22.7	22.8	22.9	23	23.1	23.2	23.3	23.4	23.5	23.6	23.7	23.8	23.9	24	24.1	24.2	24.3	24.4	24.5	24.6	24.7	24.8	24.9	25	25.1	25.2	25.3	25.4	25.5	25.6	25.7	25.8	25.9	26	26.1	26.2	26.3	26.4	26.5	26.6	26.7	26.8	26.9	27	27.1	27.2	27.3	27.4	27.5	27.6	27.7	27.8	27.9	28	28.1	28.2	28.3	28.4	28.5	28.6	28.7	28.8	28.9	29	29.1	29.2	29.3	29.4	29.5	29.6	29.7	29.8	29.9	30	30.1	30.2	30.3	30.4	30.5	30.6	30.7	30.8	30.9	31	31.1	31.2	31.3	31.4	31.5	31.6	31.7	31.8	31.9	32	32.1	32.200000000000003	32.299999999999997	32.4	32.5	32.6	32.700000000000003	32.799999999999997	32.9	33	33.1	33.200000000000003	33.299999999999997	33.4	33.5	33.6	33.700000000000003	33.799999999999997	33.9	34	34.1	34.200000000000003	34.299999999999997	34.4	34.5	34.6	34.700000000000003	34.799999999999997	34.9	35	35.1	35.200000000000003	35.299999999999997	35.4	35.5	35.6	35.700000000000003	35.799999999999997	35.9	36	36.1	36.200000000000003	36.299999999999997	36.4	36.5	36.6	36.700000000000003	36.799999999999997	36.9	37	37.1	37.200000000000003	37.299999999999997	37.4	37.5	37.6	37.700000000000003	37.799999999999997	37.9	38	38.1	38.200000000000003	38.299999999999997	38.4	38.5	38.6	38.700000000000003	38.799999999999997	38.9	39	39.1	39.200000000000003	39.299999999999997	39.4	39.5	39.6	39.700000000000003	39.799999999999997	39.9	40	40.1	40.200000000000003	40.299999999999997	40.4	40.5	40.6	40.700000000000003	40.799999999999997	40.9	41	41.1	41.2	41.3	41.4	41.5	41.6	41.7	41.8	41.9	42	42.1	42.2	42.3	42.4	42.5	42.6	42.7	42.8	42.9	43	43.1	43.2	43.3	43.4	43.5	43.6	43.7	43.8	43.9	44	44.1	44.2	44.3	44.4	44.5	44.6	44.7	44.8	44.9	45	45.1	45.2	45.3	45.4	45.5	45.6	45.7	45.8	45.9	46	46.1	46.2	46.3	46.4	46.5	46.6	46.7	46.8	46.9	47	47.1	47.2	47.3	47.4	47.5	47.6	47.7	47.8	47.9	48	48.1	48.2	48.3	48.4	48.5	48.6	48.7	48.8	48.9	49	49.1	0	2.9755899999999991	-13.070410000000001	-4.5835699999999999	-20.290410000000001	-8.9804100000000009	-14.970509999999999	-17.090410000000002	-7.1970100000000006	-16.070410000000003	-4.6202400000000008	-0.81270999999999971	-3.4301900000000001	12.961160000000001	3.7035960000000001	19.792089999999998	19.742089999999997	14.227979999999999	28.636890000000001	15.72819	27.013190000000002	13.942789999999997	25.169589999999999	31.714090000000002	21.128889999999998	32.75759	25.462989999999998	23.822690000000001	35.848289999999999	22.705789999999997	30.790590000000002	42.866189999999996	24.136089999999999	31.927490000000002	24.84619	35.518190000000004	33.941189999999999	34.654689999999995	46.474090000000004	36.164989999999996	52.95919	35.781889999999997	56.486890000000002	64.662790000000001	53.38599	63.165690000000005	55.336590000000001	51.265389999999996	59.31109	45.703890000000001	49.621589999999998	56.969830000000002	32.554290000000002	36.14499	24.45279	30.920590000000004	27.226590000000002	20.922190000000001	36.164989999999996	16.02159	28.806889999999999	21.805889999999994	23.572689999999998	29.930389999999999	16.238189999999999	23.63599	14.427990000000001	11.651020000000001	20.14209	5.6137500000000005	14.191310000000001	5.4828900000000012	-4.7402499999999996	8.2306600000000003	-6.9637100000000007	4.1236290000000002	-1.5934199999999996	-7.5637100000000004	8.0106400000000004	-15.61041	3.6202559999999999	2.9722899999999988	-5.9570100000000004	1.0267400000000002	-19.560410000000001	-3.2601799999999992	-11.660410000000002	-18.873709999999999	-11.050409999999999	-24.356910000000003	-13.80711	-26.279710000000005	-28.030110000000001	-13.613810000000003	-30.439910000000001	-14.103809999999999	-18.763810000000003	-22.193710000000003	-8.0137100000000014	-24.823610000000002	-8.7070100000000004	-10.088310000000003	-13.64381	3.6902620000000002	-19.143710000000002	-5.6503100000000011	-12.463810000000002	-10.953810000000001	-4.580239999999999	-17.187110000000001	-9.4571099999999984	-4.3186099999999961	-13.703810000000001	-4.4835699999999994	-12.297110000000002	0.34335999999999972	-5.0869299999999997	-6.0236099999999988	6.9738700000000007	-5.1635999999999997	11.677680000000001	-10.718510000000004	7.8772899999999995	16.551589999999997	8.210659999999999	21.718989999999998	19.005289999999999	17.531790000000001	24.752790000000001	18.325190000000003	26.03969	21.719590000000004	18.041789999999999	25.59299	15.928190000000001	24.332789999999999	19.331990000000001	17.07169	23.68929	16.258189999999999	25.579689999999999	24.369389999999996	27.223289999999999	36.931889999999996	21.152290000000001	32.590890000000002	27.78999	29.82039	40.749389999999998	30.560489999999998	42.616489999999999	43.312889999999996	33.004390000000001	47.10089	41.296189999999996	53.032589999999999	47.617789999999999	46.600790000000003	51.928889999999996	46.147389999999994	54.973089999999999	55.745289999999997	54.839790000000001	67.10699000000001	50.721890000000002	61.631790000000009	54.636389999999999	57.253789999999995	64.439390000000003	56.563589999999998	60.568190000000001	55.967120000000001	51.58549	62.215389999999999	48.754690000000004	63.665790000000008	60.141390000000001	59.77129	80.128490000000014	66.310090000000002	80.978890000000007	87.992090000000005	78.714590000000001	98.046290000000013	78.607890000000012	96.045390000000012	89.242289999999997	88.622090000000014	94.891490000000005	82.109290000000001	83.039690000000007	75.054790000000011	69.424490000000006	77.804290000000009	61.07829000000001	75.396690000000007	63.845890000000004	55.696689999999997	72.138790000000014	52.115589999999997	68.804290000000009	74.367090000000005	63.512490000000007	79.948390000000003	52.659089999999999	71.205089999999998	62.365390000000005	57.363790000000002	63.228990000000003	52.172290000000004	59.42109	51.280090000000001	45.607189999999996	51.328790000000005	40.365989999999996	47.984490000000001	45.733889999999995	37.275289999999998	48.297889999999995	36.118290000000002	43.233289999999997	33.96669	38.948990000000002	51.582190000000004	31.077290000000001	44.136890000000001	39.935890000000001	39.555789999999995	44.09019	32.807690000000001	39.288990000000005	37.183180000000007	29.973790000000001	32.664289999999994	25.566289999999999	33.471089999999997	28.066790000000001	25.519589999999997	33.124390000000005	21.318989999999999	30.110489999999999	22.612189999999991	24.162690000000001	37.538690000000003	17.655089999999998	31.200690000000002	24.86619	23.295889999999996	29.99709	20.122089999999996	27.479990000000001	26.099590000000003	19.862089999999998	26.83989	17.638390000000001	27.950089999999999	24.552789999999998	18.56859	28.723489999999998	16.718290000000003	22.792489999999997	10.898289999999996	18.64189	29.813689999999998	8.7473799999999997	23.785989999999998	15.668189999999999	12.10107	15.848190000000001	5.7671000000000001	13.324540000000001	17.414490000000001	2.3668299999999998	11.721019999999999	0.46003000000000022	11.77103	4.7403459999999997	-1.7801	11.020949999999999	-5.1502600000000003	4.7136769999999997	-0.46881000000000456	-2.5834800000000002	13.277870000000002	-15.29711	-0.15001000000000012	-9.7037100000000009	-15.727110000000001	-9.2737099999999995	-23.363610000000001	-14.943810000000001	-20.957910000000005	-29.936610000000002	-18.497109999999999	-33.763010000000001	-17.387110000000003	-25.596910000000001	-30.39331	-14.440410000000002	-31.599910000000001	-16.06381	-9.4773100000000063	-21.043710000000001	-1.5034199999999995	-28.726709999999997	-8.8604100000000017	-16.800409999999999	-21.933710000000001	-11.993810000000002	-27.650110000000002	-19.913709999999998	-23.783109999999994	-28.466710000000003	-19.150410000000001	-27.303510000000003	-14.847109999999999	-19.610410000000002	-21.28041	-11.05711	-20.020409999999998	-10.37041	-24.140310000000003	-9.5171100000000006	6.5871699999999995	-13.830409999999999	3.570252	0.30336000000000007	-3.7035300000000007	7.9372999999999996	-2.3101299999999996	8.9273900000000008	6.4469900000000013	3.686928	9.5507899999999992	3.4969130000000002	11.33765	11.13096	9.1940899999999992	20.61889	10.824260000000001	22.845890000000001	16.186789999999998	20.395490000000002	32.344189999999998	21.65569	33.207690000000007	26.759889999999999	27.836690000000001	34.93479	24.912890000000001	33.52449	18.64959	22.239089999999997	31.970790000000001	25.092890000000001	34.974789999999999	30.547190000000004	28.010090000000002	36.07499	27.569989999999997	33.867890000000003	31.308489999999999	31.65409	46.680790000000002	27.10989	40.959389999999999	34.304590000000005	30.893889999999999	41.142789999999998	26.60979	36.978490000000001	30.57629	25.102889999999999	33.947890000000001	23.565989999999999	32.714289999999998	29.513689999999997	20.898890000000002	37.398589999999999	18.101789999999998	35.814889999999998	37.278089999999999	23.75929	41.332889999999999	20.982189999999999	32.930990000000001	23.692689999999999	19.62199	33.84789	14.794689999999999	25.946389999999997	9.8541900000000044	12.297749999999999	24.11609	8.2339900000000004	24.219390000000001	16.16159	12.047729999999998	22.86919	11.407649999999999	20.952189999999998	27.75759	15.851490000000002	36.841789999999996	8.6473699999999987	26.14969	17.765090000000001	12.414429999999999	26.21979	11.247640000000001	20.19209	15.276990000000001	Time (ms)
Strain (mm/m)
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Strain (mm/m)
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