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Abstract    An explosion yielding a blast wave can 
cause catastrophic damage to people and property. 

To mitigate damage from such an event, a number of 

investigators have proposed the use of water in 

various configurations. In this investigation, an 

unconfined free-flowing water-sheet, with an 

approximate thickness of 0.3 cm, is experimentally 

examined using an explosively driven shock tube at 

three different standoff distances. The results show 

that the water-sheet mitigates the initial peak 

overpressure and impulse of the blast. Further 

insights into the underlying physics are revealed by a 
numerical simulation using Sandia’s CTH 

hydrocode. In simulations and experiments, the air 

behind the water sheet experiences two distinct 

pressure peaks.  An initial pressure rise results from 

the passage of a low pressure shock wave (M ≈ 1) 

through the intact sheet and into the air downstream 

of the water sheet.  Following this, the water sheet 

breaks apart due to an increase in pressure on the 

forward surface caused by the buildup of the 

subsonic detonation products. Passage of the 

detonation products after breakup results in a second 

rise in pressure behind the water-sheet. In 
simulations, an initial perturbation of the water sheet 

is shown to affect the breakup time significantly. 

Additional simulations show that increasing the 

sheet thickness tends to increase the shock wave 

mitigation. These results indicate that it may be 

possible to optimize the thickness and surface 

morphology of a water-sheet to effectively mitigate 

damage due to explosive blast waves. 
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1 Introduction 

 

Since 1968, bombings have accounted for nearly half 

of international terrorist attacks [1]. To counter these 

threats, defensive mechanisms, such as blast 

mitigants, are needed to protect structures and 

individuals from blast waves. Because it is often 

readily available, water is an attractive material for 

use as a blast mitigant [2]. Previous investigations 

have focused on blast mitigation by water sprays or 

confined masses of water [2, 3] with mixed success 

as quantified by the peak overpressure and impulse 
mitigation. An alternative geometry is that of a free-

flowing water-sheet forming a shield around the 

object to be protected. A few numerical models have 

considered this geometry [4, 5], and their results 

indicate that water-sheets may effectively limit the 

peak overpressure of the blast. However, there are 

limited experimental data to validate these findings. 

Meekunnasombat et al. [6] considered liquid layers 

in a confined vertical shock tube, and their 

experiments highlighted the advantageous behavior 

of multiple layers of water. However, it is unclear if 

their results can be extended to the case of the 
unconfined water-sheet, which is the likely geometry 

for practical blast mitigation. In addition, Bremond 

and Villermaux [7] considered the breakup of a thin 

soap film under normally incident shock loading. 

However, it is unclear if the physical breakup 

mechanisms revealed in their investigation can be 

extended to the thicker water-sheets considered here. 

 

The aim of this work is to study the blast mitigating 

potential associated with a sheet of water. To 

elucidate the fundamental physics, an experimental 
investigation is coupled with a numerical model. 

Sections 2 and 3 focus on the experimental 

configuration and results, respectively. Numerical 

results are presented in Section 4. The results 

presented here form an initial starting point to 

determine the feasibility of water-sheets as a possible 

blast mitigant.  
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2 Experimental configuration 

2.1 Explosively driven shock tube  

 

Experiments are conducted in an open field, with an 

explosively driven shock tube, and a custom 

fabricated water-sheet generator. A schematic of the 
experimental configuration is shown in Fig. 1. The 

explosively driven shock tube is used to produce a 

relevant laboratory size blast wave. Previous work 

has shown that this configuration yields a blast 

profile similar to open field explosive tests, and the 

shock tube directs the energy from the blast in one 

direction allowing for the use of less explosive as 

compared to a conventional open field explosive test 

[8, 9].  

 

In an experiment, the explosively driven shock tube 

is loaded with 3 grams of Primasheet 1000. 
Primasheet 1000 is a pentaerythritol tetranitrate 

(PETN) based plastic explosive consisting of 

approximately 63% PETN powder [9]. Initiation of 

the PETN plastic sheet explosive is achieved by a 

combination of detonation cord (PETN powder) and 

an explosive bridge wire (EBW) detonator (RP-502 

EBW) charged by a firing set. 

 

The shock tube consists of a detonation chamber and 

a high explosive chamber.  The two chambers are 

bolted together to protect the cables, test apparatus, 
and other equipment from the fragments produced by 

the aluminum detonator cap.  A small hole links the 

two chambers and allows for passage of detonation 

cord. By changing the distance of the shock tube 

from the water-sheet (defined as the standoff 

distance), the characteristics of the incident shock 

wave are altered. Decreasing the standoff distance 

increases the overpressure at the water-sheet.  

 

Standoff 

Distance

Explosively Driven 

Shock Tube
Water Sheet 

Thickness ~ 0.3 cm
g

5 cm

15.2 cm

91.4 cm

Primasheet 1000
EBW attached 

to detonation 

cord

 
Fig. 1 Experimental configuration for investigation of blast 
loading of an unconfined water-sheet. The out of plane 
water-sheet dimension is roughly 70 cm, while the in plane 
height is 30 cm.  The “X’s” indicate the location of the 
static pressure gauges which are positioned along the 

centerline of the shock tube. 
 

 

 

2.2 Water-sheet generator and pressure gauges 

 

A water-sheet is generated with a custom fabricated 

water-sheet generator, operating at a constant flow 

rate of approximately 56 L/min, producing a sheet 

approximately 0.3 cm thick. In the absence of blast 
loading, the water-sheet is continuous and displays 

surface perturbations, which likely arise from 

turbulent or capillary instabilities. In an experiment, 

the incoming blast wave is approximately normal to 

the water-sheet. 
 

Due to space constraints near the water-sheet, typical 

pencil gauges cannot be placed at the locations 

marked in Fig. 1 without disrupting the water flow. 

Instead, PCB 113A22/113B22 piezoelectric dynamic 

pressure sensors are threaded into custom fabricated 

plates orientated to measure the static pressure of the 

blast. The experimental configuration includes two 

pressure gauges placed in front and two behind the 
water-sheet, as shown in Fig 1. As the water-sheet 

standoff distance is varied from one experiment to 

the next, the pressure gauges are repositioned to 

maintain the distances with respect to the water-sheet 

shown in Fig. 1. 

 

2.3 Shadowgraphy visualization  

 

In select experiments, the shock wave is visualized 

using the high-speed shadowgraphy technique 

described in [10]. Videos are recorded at 11,494 fps 
and an exposure of 26 μs using a Vision Research 

Phantom v7.3 digital high-speed camera and an Oriel 

1000 W xenon arc lamp.  The field of view is 

approximately 53 by 53 cm and is recorded on a 171 

by 171 pixel region of the CCD. 

 

3 Experimental results 

 

Experiments were performed at three different 

standoff distances: 20 cm, 31 cm, and 41 cm 

(distance from exit of shock tube to water sheet). To 

verify repeatability, all experiments were performed 
three times. 

 

3.1 Pressure measurements  

 

Figure 2 shows the free field pressure traces taken 

without the water sheet. Additionally, tabulated 

values for all free field distances measured are shown 

in Table 1. Figure 3 displays the pressure traces from 

an experiment with a water-sheet at a 31 cm standoff 

distance. Note the significantly lower peak pressures 

at distances behind the water sheet (36 and 41 cm). 
Other standoff distances produce similar results. 

Table 2 summarizes the pressure measurements after 



the water sheets, for all three standoff distances 

considered. In this table, the peak overpressure is 

taken as the highest recorded static pressure during 

the transient experiment. The standard error is 

calculated between the three experiments performed 

at each condition.  
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Fig. 2 Free field experimental pressure traces.   Numbers 
indicate the distances in cm between the exit of the shock 
tube and the pressure gauge. 
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Fig. 3 Pressure trace of a blast test with a water-sheet  
at a 31 cm standoff distance.  Numbers indicate the 
distances in cm between the exit of the shock tube and the 

pressure gauge. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 Free field experimental shock wave parameters.  
Uncertainties indicate the standard error. 

 

Pressure 

Gauge 

Standoff 

Distance 

(cm) 

Peak 

Overpressure 

(kPa) 

Impulse 

(kPa-ms) 

Positive 

Pulse (ms) 

10 586 ± 29 60 ± 9 0.2 ± 0.1 

15 436 ±18 35 ± 8 0.2 ± 0.1 

20 389 ±15 32 ± 5 0.3 ± 0.1 

25 253 ± 21 32 ± 3 0.3 ± 0.1 

31 203 ± 19 19 ± 5 0.2 ± 0.1 

36 169 ± 3 19 ± 4 0.3 ± 0.1 

41 130 ± 1 18 ± 2 0.3 ± 0.1 

46 117 ± 4 18 ± 1 0.4 ± 0.1 

51 88 ± 6 12 ± 1 0.3 ± 0.1 

 

 
Table 2 Initial experimental shock wave parameters 5 and 

10 cm after the water sheets.  Uncertainties indicate the 
standard error. 

 

Water 

Sheet 

Standoff 

Distance 

(cm) 

5 cm after Water Sheet 

Peak 

Overpressure 

(kPa) 

Impulse 

(kPa-ms) 

Positive Pulse 

(ms) 

20 60 ± 8 18 ± 3 0.3 ± 0.1 

31 31 ± 4 5 ± 2 0.3 ± 0.1 

41 26 ± 5 6 ± 2 0.4 ± 0.1 

Water 

Sheet 

Standoff 

Distance 

(cm) 

10 cm after Water Sheet 

Peak 

Overpressure 

(kPa) 

Impulse 

(kPa-ms) 

Positive Pulse 

(ms) 

20 53 ± 6 12 ± 3 0.3 ± 0.1 

31 27 ± 8 4 ± 0.3 0.3 ± 0.1 

41 23 ± 3 6 ± 0.4 0.4 ± 0.1 

 

 

3.2 Pressure trace after water sheet 

 

The experimental results show that the unconstrained 
free flowing water-sheet significantly reduces the 

initial overpressure and impulse of the blast. This is 

best illustrated in Fig. 3. At the 31 cm water-sheet 

standoff distance the peak overpressure is reduced by 

82% and the impulse is reduced by nearly 75% as 

measured by the pressure gage placed 5 cm behind 

the water sheet.  These results show qualitative 

agreement with previous work with water shields [4, 

5].  
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The pressures measured downstream of the water-

sheet also show a somewhat unexpected increase in 

the pressure at a finite time following the passage of 

the initial shock wave. Some pressure traces showed 

this rise in the pressure more distinctly. Figure 4 

highlights the pressures measured downstream of the 
water-sheet at 31 cm. Based on the distances between 

the measurement points and the delay time between 

the initial pressure rise, it is found that the initial 

transmitted wave propagates at approximately sonic 

conditions. The second pressure increase, which 

occurs sometime after the passage of the sonic wave, 

is a subsonic pressure wave and is likely result of the 

detonation products which reach the downstream 

pressure gauges after the water-sheet breaks apart.  

 

The breakup time of the water-sheet is estimated from 

the pressure recordings and is defined as the elapsed 
time between the instant when the shock wave 

reaches the water-sheet and the second rise in 

pressure, which is assumed to be due to passage of 

the detonation products. The experimental breakup 

times are shown in Fig. 5, which indicates that the 

water-sheet breakup time decreases with increasing 

incident shock pressure.  
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Fig. 4 Pressure trace of gauges 5 and 10 cm behind the 
water-sheet at a 31 cm standoff distance. 
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Fig. 5 Experimental breakup times of the water-sheet. The 
error bars represent the standard error between the three 

tests conducted.  The solid line highlights the general trend 
of the data. 

 

3.3 Role of the standoff distance 

 

Three different standoff distances are considered, 
such that as the standoff distance increases the water-

sheet is loaded by a comparatively weaker blast wave. 

Regardless, the velocity of the transmitted wave is 

approximately sonic in all cases, and it is found that 

the initial peak overpressure is approximately the 

same. Based on this observation alone, one could 

conclude that the standoff distance has a minimal 

effect on the transmitted wave.  However, as 

discussed in the previous section for the conditions 

considered here, the transmitted sonic wave is 

followed by a large second rise in pressure caused by 
passage of the reaction products. To determine if this 

second rise in pressure can be minimized, the 

physical mechanisms are analyzed in more detail. 

 

3.4 Shadowgraphy visualization  

 

The shock wave interaction with the water-sheet is 

visualized using shadowgraphy. Select images from a 

high-speed shadowgraphy video are shown in Fig. 6, 

where the flow is right to left. The video is taken 

without pressure gauges which tend to obstruct the 
observation of the incident, reflected, and transmitted 

shock waves. The reflected wave seen in the third 

image is due to the impedance differences between 

the air and water [11]. In the fourth image a weak 

transmitted shock wave is observed.  
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Fig. 6 High speed shadowgraphy of a blast loaded water-
sheet at a 31 cm standoff distance. 

 

The shadowgraphy images were compared to the 

pressure traces and were found to be in agreement. 

The last image in Fig. 6 shows the initial transition of 

a shock wave and change in water-sheet geometry. In 

agreement with the pressure readings, velocity 

estimates from the high speed videos indicate that the 

large cloud of detonation products travels at speeds 
below sonic conditions. 

 

 

4 Numerical simulation using CTH 

 

Numerical simulations were completed utilizing 

Sandia’s hydrocode, CTH. CTH is a multi-material, 

large deformation, strong shock wave, solid 

mechanics code developed at Sandia National 

Laboratories [12]. In what follows, the CTH model is 

first validated using the free field conditions and is 

then used to qualitatively study the interaction of the 
shock wave and water-sheet. 

 

4.1 Model geometry and boundary conditions 

 

An axisymetric model of a shock tube with a 3 gram 

charge of Primasheet 1000, similar to the 

experimental configuration, was first attempted. 

Results demonstrated a direct dependence between 

the shape and placement of the explosive charge and 

the simulated pressure at the exit of the shock tube. In 

addition, CTH did not demonstrate the pulse width 
increasing effect observed in previous shock tube 

experiments [8, 9]. This led to the development and 

use of an open field charge model.  

 

The model developed and compared to the 

experimental results is shown in Fig. 7. The model is 

axisymetric with a spherical open field charge of 

PETN. The bottom boundary condition is set to allow 

the pressure to be zero in the ghost cells and to later 

remove all material from that ghost cell. This 

boundary condition ensures that mass does not enter 

the mesh but is allowed to leave. The remaining three 

boundary conditions use a sound speed based 

absorbing/transmitting condition to approximate an 
infinite or semi-infinite medium. Here mass can flow 

into and out of the mesh. 
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                   Transmitting/absorbing boundary condition 
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Fig. 7 CTH simulation geometry and boundary conditions.  

 

4.2 Material equations-of-state 

 

The explosive charge is assumed to follow the Jones–

Wilkins–Lee (JWL) equation-of-state (EOS) for 

PETN. Since the experimental explosive is comprised 

of 63% PETN, the model mass is scaled to allow the 

use of the JWL EOS. The explosive charge is 

detonated using a history variable reactive burn 

(HVRB) model. The HVRB is a pressure–based 

model used to treat shock induced initiation that 
grows to a detonation for heterogeneous explosive 

material [13]. When the HVRB is used, the equations 

of state for the un-reacted and reacted phases are 

usually the Mie-Grüneisen and JWL equations of 

state [13]. Atmospheric air was modeled at an initial 

absolute pressure of 100 kPa using a tabulated 

SESAME EOS. The SESAME EOS Library is a 

standardized, computer-based library of 

thermodynamic properties developed by Los Alamos 

[14]. 

 
4.3 Comparison to free field experiments (without 

water-sheet) 

 

Fixed nodes are included in the CTH model to match 

the experimental free field pressure gauge locations. 

The mass of PETN used in the model (48.4 grams) 

was determined by comparing the predicted pressure 



to the experimental pressures and adjusting the mass 

until reasonable agreement was obtained. It should be 

noted that the mass of the PETN used in the model is 

an order of magnitude larger than the experiment 

value. This difference can be attributed to the fact that 

a shock tubes is used in the experiment to focus the 
blast in one direction. Figure 8 compares the free field 

pressure traces between the final CTH model and the 

experimental results. The average percent difference 

between the peak overpressure is 7.8% and the 

average percent difference between the impulses is 

around 20%. 
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Fig. 8 Comparison of CTH pressure traces vs. experimental 

pressure traces.  Numbers indicate the distances in cm 
between the exit of the shock tube and the pressure gauge. 

 

4.4 Modeling the water-sheet in CTH 

 

Modeling the 0.3 cm thick water-sheet requires a fine 
mesh. The meshing style is a fixed Eulerian mesh, 

where the materials flow through the fixed mesh. The 

mesh consisted of 24,000 and 17,000 nodes in the x- 

and y-direction, respectively. This resulted in a 

structured mesh, with meshing cells being ½ mm by 

½ mm. A convergence study was performed to show 

that the solution was not dependent on mesh 

refinement.  

 

Liquid water is modeled with the Mie-Grüneisen 

EOS. In simulations where the surface of the water-
sheet is assumed to be initially smooth, sheet breakup 

and the transmission of a second pressure rise is not 

observed. However, as mentioned in the experimental 

section, the actual water-sheet displays visible surface 

roughness. Therefore, it is desired to determine what 

effect this roughness has on the fragmentation 

process. To do so, several test cases are considered in 

which the surface of the water sheet is modeled using 

a sine wave with different spatial frequencies. 

Comparisons of the water-sheet geometries are shown 

in Fig. 9. In all cases, the thickness of the water sheet 

varies between 0.3 cm and 0.1 cm, and all geometries 

contain the same total mass (cross-sectional area). 

The water-sheets are also assumed to be infinite 

(stretching across CTH domain) to eliminate effects 

caused by diffraction of the shock wave around the 

water-sheet, and to better isolate the interaction of the 
shock wave and water-sheet. In addition, it should be 

noted that the CTH models do not include surface 

tension effects which may play a significant role in 

the physical breakup process. Because of these 

simplifications, the simulation results are considered 

for qualitative insight into the physical phenomena, 

rather than quantitative predictions. 

 

As expected, varying these perturbations affects the 

breakup time and the magnitude of the transmitted 

shock wave. Results presented in the remainder of 

this work are calculated assuming an initial 
perturbation given by case (D) in Fig. 9, as this case 

shows the best qualitative agreement with the 

experimental results. 

 

 
 
Fig. 9 (A) Straight 2 mm thick water-sheet, (B) water sheet 

with a wavelength of 50 mm, (C) water sheet with a 
wavelength of 8.3 mm, and (D) water sheet with a 
wavelength of 4.2 mm. NOTE: All the water sheets with 
perturbations are between 0.3 cm and 0.1 cm thick.  

 

 

4.5 Water sheet simulation results and comparisons  

 

Figure 10 shows a comparison of the CTH model and 

experimental results at 5 and 10 cm after the water-

sheet at a 20 cm standoff distance. Both the 
experimental and numerical results show an initially 

transmitted pressure wave and a later second pressure 

rise. To highlight the physical processes, Fig. 11 

shows predicted contours of pressure at select time 

intervals. Due to the impendence mismatch at the air-

water interface, a significant portion of the initial 

shock reflects off the water-sheet and only a weak 

shock wave is initially transmitted. However, as 

observed in experiments, the water-sheet eventually 

fragments, and consequently the high pressure 

detonation products are released, causing the 
observed second rise in pressure.  
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Fig. 10 Comparison between CTH and experimental 
pressure traces 5 cm after the water-sheet at a 20 cm 
standoff distance.  

 

 

(A)

(C)

(B)

(D)

 
 
Fig. 11 Simulation results showing absolute pressure for 

shock wave interaction with the water-sheet at the 20 cm 
standoff distance. (A) initial shock wave reaches the water-
sheet, (B) reflection of a shock wave off the surface of the 
water-sheet, (C) development of weak transmitted shock 
wave behind the intact water-sheet, and (D) water-sheet 
breakup and transition of pressure wave.  

 

 

 

5 Discussion 

 
Figure 12 highlights the general form of the transient 

overpressure observed in experiments and 

simulations. As discussed by Henderson et al. [11], 

when a blast wave first contacts a water-sheet, a large 

portion of the incident energy is reflected back 

towards the source due to the impedance mismatch at 

the air-water interface. The remaining energy, which 

is transmitted through the water-sheet, forms the 

observed weak shock wave and the resulting initial 

pressure rise. For the experimental conditions 

considered here, the initial blast peak overpressure is 
mitigated by as much as 80%. However, a second rise 

in pressure is observed, resulting in a much greater 

overpressure behind the water-sheet. If a mechanism 

is available to prevent this second pressure rise, a 

water-sheet may be an effective emergency blast 

mitigant. 

 

High speed shadowgraphy (Fig. 6) and simulations 

(Fig. 11) confirm that the second rise in pressure is 

due to the breakup of the water-sheet and the passage 

of the detonation products. When the blast wave 
initially reflects off the water-sheet, a large pressure 

differential exists between forward and back surfaces 

of the water-sheet (see Fig. 11). It is well known that 

pressure differentials of this nature give rise to 

surface instabilities which grow and eventually lead 

to fragmentation. This process takes a finite time, 

referred to as the breakup time (Fig. 5). It should also 

be noted that the pressure differential across the 

water-sheet decreases with time due to the 

propagation of the reflected shock wave away from 

the water-sheet. Therefore, water-sheet fragmentation 

may be prevented if the characteristic breakup-time is 
sufficiently longer than the time required for 

dissipation of the pressure differential across the 

water-sheet. 
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Fig. 12 Typical pressure trace of water-sheet breakup under 
shock loading. 
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A few methods are available to increase the effective 

breakup time of a water-sheet. (1) To the extent 

possible, the surface of the water-sheet should be free 

from initial perturbations; (2) the thickness of the 

water-sheet can be increased; and/or (3) multiple 

water-sheets can be utilized. The effectiveness of 
method (1) is confirmed by the simulation results 

presented in the previous section. However, this 

method may be difficult to implement due to the 

capillary instability and water-sheet turbulence. 

Methods (2) and (3) have been shown to increase 

blast mitigation in previous investigations [4-6] and 

were also qualitatively investigated using the CTH 

model discussed in the previous section.  The details 

of those simulations are omitted for conciseness.  

However, the conclusions are consistent with the 

previously published work. Further quantitative 

experiments and simulations are needed to confirm 
these results. 

 

5 Conclusions 

 

An experimental investigation of blast mitigation 

using a 0.3 cm thick water-sheet is presented. Results 

show an initially decreased peak overpressure and 

impulse regardless of water-sheet standoff distance. 

This initial mitigating potential agrees qualitatively 

with previous literature.  

 
A numerical model using CTH is developed and 

validated with the free-field experimental data. In 

simulations with a water-sheet, an initial pressure rise 

results from the passage of a low pressure shock wave 

(M ≈ 1) through the intact sheet and into the air 

behind it. Following this, the water-sheet breaks apart 

due to an increase in pressure on the forward surface 

caused by the buildup of the subsonic detonation 

products. Passage of the detonation products after 

breakup results in a large second rise in pressure 

behind the water-sheet.  Additionally, the numerical 

model along with experimental shadowgraphy reveal 
that water sheet breakup follows a multi-step process.  

The water sheet breakup time was found to be a 

function of the perturbation in the water sheet. In 

addition, from experimental and numerical results the 

water-sheet breakup time decreases with increasing 

strength of the incident shock wave.  

 

The water-sheet is shown to be advantageous for 

mitigating an incident blast wave if sheet breakup can 

be prevented or delayed. A few possible methods are 

proposed and further experimental and numerical 
investigations are needed to confirm their validity. 
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