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Nonlinear Response of Highly Flexible Structures
to Air Blast Loads: Application Shelters

Hitesh Kapoor,* Sangeon Chun, Rakesh K. Kapania,* Michael R. Motley,’ and Raymond H. Plaut!
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

The dynamic response of flexible membrane structures to blast loads is described, with application toward
shelter systems. Shelters such as the Tent Extendable Modular Personnel tents fall into the category of highly
flexible membrane structures due to their large deformation behavior. Material testing was conducted to determine
the material properties of the liner and the canvas material. A finite element model for the shelter structure was
developed, and the dynamic response to blast loading conditions was obtained. Transient analysis was performed
based on an implicit approach in which the time integration was done using the Newmark method, and the Newton—
Raphson method was used for the nonlinear analysis. Dynamic responses consisting of displacement time histories
and dynamic stresses were computed for the membrane model. A parametric study was performed, and design

recommendations are presented.

L

LEXIBLE structures, due to being lightweight and having mul-

tifunctional capabilities and low cost, are widely used in many
engineering fields such as the aerospace, civil, and automotive in-
dustries. Communication antennas, solar thermal propulsion sys-
tems, space solar power units, and solar sails are examples of flexi-
ble aerospace structures. Gossamer spacecraft! are large-apertured,
highly integrated, thin-walled structures with multiple functional ca-
pabilities and are modeled as flexible membrane structures. In civil
engineering, some exhibition pavilions, storage facilities, tents, and
domes are classical examples of flexible membrane structures. Au-
tomotive air bags, hot-air balloons, airships, large sandbags for flood
protection, flexible tanks, and storage vessels are constructed from
high-strength fabrics. In marine conditions, membrane structures
find usage as breakwaters, fluid-filled airbags, and sea balloons.

A shelter basically consists of a fabric skin supported over a frame
structure. Applications for military and civilian purposes include
expeditionary shelters such as Tent Extendable Modular Personnel
(TEMPER) tents and small shelter systems,? U.S. Army chemi-
cal protection medical systems, collective protection systems’ for
protection against chemical and biological agents, U.S. Army’s ex-
pandable light air mobility shelters,* and accordion expandable shel-
ter (AES) rapid deployment shelters. Such structures may be used
as temporary housing for people, maintenance hangers in aviation,
emergency shelters, and mobile field hospitals.

The U.S. Army has been involved in the development of
lightweight shelters consisting of a fabric skin supported by pressur-
ized arches. The arches are made of a thin flexible material and take
a very stiff structural form when inflated, providing the framework
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for the shelter system. Mohan and Kapania® studied the behavior
of these arches under snow and wind loads. Mohan considered a
tent consisting of a membrane skin connected to inflated arches and
analyzed the large-deformation behavior using a three-node, flat,
triangular element, combining the discrete Kirchhoff theory plate
bending element and a membrane element similar to the Allman
element. Mohan and Kapania included the follower effect of the
pressure load and observed that it enhances the convergence of the
solution. Carradine and Plaut® performed an experimental study on
arch-supported membrane structures under snow and wind loads,
using scale models. It was concluded that the failure mode for the
membrane was tearing occurring near connections of the skin to the
frame.

The response of these and similar soft structures to blast and
impact loads has generated much interest with the idea of their uti-
lization in combat zones, where they are subjected to projectiles
and exploding bombs. Shelters such as TEMPER tents (Fig. 1)? are
used for various field applications by the U.S. Air Force. TEMPER
tents consist of a fabric skin supported over a metal frame with a
slightly pressurized collective protection system (CPS) M28 (Ref. 7)
liner attached inside the frame. Presently, these kinds of structural
systems are being tested for the force protection standards against
explosions at some distance from the structure. In field tests carried
out by the U.S. Air Force Research Laboratory,” it was revealed that
the liner was damaged due to the air-blast explosion, with major
damage comprising tearing of the liner on the back side of the tent
(Fig. 2).2 This paper details computational modeling of such struc-
tural systems. The present research analyzes the material behavior
of the liner system through material testing and deals with the com-
plete finite element model development of TEMPER tents and their
structural response under highly dynamic conditions generated by
blast loads.

In general, the response of structures to dynamic loading is very
difficult to predict due to the dependence on multiple factors such as
the duration of the loading, peak load, shape of the pulse, impulse
energy, boundary conditions, and nonlinear material, and geomet-
ric behavior. Turkmen® studied the structural response of isotropic
plates to blast loads. The plate was modeled using shell elements,
and an implicit approach was used for the transient solution. It
was observed that, due to the presence of geometric nonlineari-
ties, significant membrane strain occurred. Gupta et al.” examined
the elastoplastic dynamic response of rectangular plates due to blast
loading. It was observed that the peak displacement for the nonlin-
ear geometric model was reached earlier in time than in the linear
model and that it was smaller.

Koh et al.!? studied the response of shell structures to blast loads
with applications such as blast-resistant doors. The skin was mod-
eled with shell elements, and the edge stiffeners were modeled with
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Fig. 2 Blast damage to TEMPER tent liner on back side.

beam elements. The maximum displacement occurred over the skin
away from the stiffeners. Louca and Pan'' considered the dynamic
response of stiffened and unstiffened plates under blast loads. Ex-
plicitcodes DYNA-3D and ABAQUS/Explicit were used to simulate
the response of the plate, modeled using shell elements.
Lightweight barriers form an effective part of some protection
systems developed to guard against explosions. High ratios of al-
lowable strain to stress and allowable stress to density, and smaller

spans, are the most desired characteristics sought when considering
a light barrier. Scherbatiuk'? studied the effects of such barriers on
the transmission of blast waves. The barrier was modeled with the
membrane and bending effects combined, membrane only, bending
only, and a moving rigid-wall formulation to determine their effects
on the transmission of blast. Crawford and Morrill"® studied such
barrier designs consisting of a screen supported over a frame with
cable anchorage to support the barrier. Zhu'* examined an optical
technique for obtaining the dynamic response experimentally and
compared the results with a numerical solution. He used the varia-
tional finite difference approach for the elastoplastic response of a
clamped rectangular plate under impact and pressure loading. Ex-
perimental tests predicted that the plate initially took the shape of a
flat plateau and with time the plateau contracted toward the center
and formed a pyramidlike permanently deformed shape.

Turkmen'” examined the behavior of composite laminated struc-
tures to blast loads. A finite element solution was obtained using
a shell-based model. It was observed that larger moduli resulted in
smaller peak values but higher-frequency response. Niyogi et al.'¢
analyzed vibration of the laminated folded plate structures. These
structures, due to their high-strength, low weight, and high stiftness,
are used for various engineering applications. Chen et al.!” devel-
oped the finite strip method for the nonlinear transient analysis of
composite plates. The transient analysis for isotropic, orthotropic,
and laminated plate models was performed under blast loads, and
the central plate deflections and stress time histories were plotted.
Membrane behavior is often characterized by large deformations.
Jenkins and Leonard!® reviewed the dynamic response associated
with membrane structures. Smalley et al.' studied the structural
modeling of a 5-m thin-film inflatable structure. Approaches gener-
ally used to obtain converged solutions for such cases involve either
adding an arbitrary stiffness term or using an artificial constraint to
aid convergence.

The present work uses the literature review in understanding the
behavior of similar-type tent structures to other types of loads. The
literature review on response of shell structures to blast loading
condition is also useful. The present research extends previous work
to the blast response of highly flexible tent structures, consisting of a
fabric skin connected to a frame. Literature on such structures is not
readily available. Material testing was conducted to determine the
material properties of the liner and canvas material. Finite element
models for the shelter structure were developed using ANSYS 8.0.
Static analysis was carried out for increasing transverse pressure
loading, and membrane-dominated behavior was observed. Stresses
were obtained for both the outer skin (canvas) and liner material.
Transient analysis was performed based on an implicit approach,
where time integration was done using the Newmark method and
the Newton—Raphson method was used for the nonlinear analysis.
Responses consisting of displacement time histories and stresses
were computed. A parametric study was carried out, and design
considerations are discussed.

II. Material Testing

Because of the special nature of the liner material, tests were
conducted to determine its material properties. Tension tests were
run using an Instron machine on strips measuring 2.54 cm in width.
The liner was measured to be 0.31 mm thick. The orthotropic M28
material consists of a woven layer that is laminated with a thin plas-
tic sheet. The strips were oriented with the edges of the squares
parallel to the edges of the strips (square-oriented strips) and then
with the squares skewed to roughly a 45-deg angle with the edges
(diamond-oriented strips), as shown in Fig. 3. Young’s modulus was
in the range of 625-775 MPa for the first case, whereas the mod-
ulus for the diamond-oriented strips was less than one-half of that.
The failure stresses for the square-oriented strips were in the range
of 35-50 MPa, whereas those for the diamond-oriented strips were
30-40 MPa. To gather a more accurate assessment of the failure
stress of larger sheets of the liner, grab tests were run on 10.2-
cm-wide sheets of the liner. The response was nonlinear, and failure
occurred in the sheets at tension forces around 1000 N. To be conser-
vative, the values for maximum failure stress and Young’s modulus
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Square Oriented Diamond Oriented

Fig. 3 Square-oriented and diamond-oriented 2.54-cm-wide strips.

were taken from the tests on the diamond-oriented strips. Young’s
modulus for the canvas was found to be between 35 and 42 MPa.
Failure stresses for the majority of the specimens were between 15
and 20 MPa. This is much less than the failure stresses exhibited by
the liner. However, the difference in thickness (with the canvas just
over twice the thickness of the liner) leads to the fact that the failure
load is close for the two materials in similar strips.

III. Finite Element Modeling

TEMPER tents consist of a fabric skin supported over an alu-
minum frame fitted with the CPS M28 (Ref. 7) liner and a ventila-
tion system that provides clean air to the closed liner and maintains
a positive pressure inside the liner slightly above the surrounding
atmospheric pressure. This positive pressure ensures that the flow
of air is outward from the liner, thus not allowing contaminated air
to enter. Each transverse frame structure is separated from adjacent
ones by 2.43 m (8 ft) and interconnected by aluminum rods. The
thickness of the fabric skin is 0.65 mm (0.0255 in.). The tent con-
sists of four sides, front wall, front roof, back wall, and back roof,
where the front denotes the blast-facing side. A simplified finite
element model*® consisting of the fabric skin (modeled using shell
elements) connected to the frame structure (modeled using beam ele-
ments) was developed using ANSYS.?! Three finite element models
are considered, using different element types and element formula-
tions. This section details the finite element models. Figure 4 shows
the tent model.

A. Shell Kinematics

The problem involves a structure with thickness smaller by sev-
eral orders compared to the other dimensions. It has been observed
that it is difficult to comprehend shell behavior as the thickness is
reduced, and therefore, it is essential to determine the sensitivity of
the structure to variations in thickness. This discussion is based on
the investigation of Lee and Bathe?? on the asymptotic behavior? of
shell structures. They?? found that the behavior of a shell converges
to a specific limit state (zero-displacement state) as the thickness
approaches zero.

Shell kinematics consists of bending, membrane, and shearing
actions as the basic loading mechanisms. These states correspond
to bending, membrane, and shear strain energy states. Because
the thickness is very small, the shear energy state is negligible.
Shell problems are, therefore, referred to as bending-dominated,
membrane-dominated, or mixed. A bending-dominated state is re-
ferred to when the shell carries load by the bending action, whereas
in a membrane-dominated state, the load is carried by the mem-
brane action. The mixed action is referred to when the bending and
membrane actions act in combination to control the behavior of the
shell. When large deformations are included, a pure bending state
is seldom encountered because membrane stresses are generated.
Because of these large deformations, initially shells carry load in
both membrane and bending action, but with time the characteristic

Back Wall

Front Wall

Fig. 4 Tent model front and back sides.

changes to purely membrane-dominated behavior. An important as-
pect of the structural analysis of membranes, regardless of the mem-
brane thickness, is that significant bending develops near restraints.
The presence of this bending could result in numerical problems if
appropriate care is not taken in the numerical simulation.

B. Drill Degree of Freedom

A separate nodal coordinate system (or nodal triad) is introduced
at the element nodal level to restrain the computational degrees of
freedom. For flat shell elements, this corresponds to the original
nodal triad in the global system. In the flat shell formulation for
curved structures, each element generates the nodal surface normals
at the shared nodes. These surface normals?* are used to define the
averaged surface normal vectors. If coplanarity exists between the
elements, these normals are identical, resulting in rank deficiency
in the assembled matrix. The drill freedom is not resisted here,
thus, resulting in a singularity in the global matrix. This problem is
more pronounced in folded plate models and can be eliminated by
suppressing the drill degree of freedom.

The drill degree of freedom?* is defined as the rotational degree
of freedom normal to the plane of the element and is denoted by
0., assuming that the surface normal is the local z direction. In
most of the formulations, this does not form part of the membrane
kinematics of the shell. The absence of this drill freedom causes
rank deficiency.

Two basic approaches are implemented. First, an artificial drill
stiffness parameter is used to remove the rank deficiency for those
elements without drill freedom. This artificial stiffness parameter
acts as a spring stiffness for the sixth degree of freedom, 6,. An
inappropriate value of this parameter can affect the solution dra-
matically. One technique is to give a large value for this parameter;
this acts as a penalty parameter and causes the computed solution
for the drill degree of freedom to be nearly zero. Therefore, it is
important to determine the nodal points that need to be penalty im-
posed; for example, at a stiffener—skin interaction, the drill freedom
of the stiffener element is the bending rotation and there is no need
to impose the penalty. However, if all of the elements meeting at
a node are coplanar, there is a need to add a penalty to avoid the
singularity. This situation arises for folded plate segments and at
the straight boundaries of developable surfaces (e.g., cylinders or
cones).

Alternatively, a small value may be specified, and thus, its con-
tribution to the strain energy will be nearly zero regardless of the
solution obtained for the drill degree of freedom. This approach
deals with the removal of rank deficiency or singularity without
influencing the finite element approximation for the element and
leads to a perfectly well-behaved set of equations from which all of
the displacements can be obtained. The generalized coordinate 6.
does not affect the stresses and is uncoupled from all of the equilib-
rium equations. Application of this approach brings programming
complexities; therefore, modifications are required so that the rota-
tional parameters arise more naturally and have real physical mean-
ing. This can be accomplished by introducing a rotational degree
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of freedom in the membrane kinematics. Element formulations are
available that inherently possess the drill freedom and, thus, do not
exhibit rank deficiency or a singularity.

C. Model 1

For model 1, the fabric skin is modeled using shell 63 elements
and the frames using beam 4 elements.?! Shell 63 has six degrees
of freedom at each node: translations in the nodal x, y, and z direc-
tions and rotations about the nodal x, y, and z axes. It allows for
both membrane-bending and membrane-only (neglecting bending
stiffness) options. It includes stress stiffening and large-deflection
capabilities and provides a consistent tangent stiffness matrix option
for use in large-deflection (finite rotation) analysis. This consistent
tangent stiffness matrix is derived from the discretized finite element
equilibrium equations without the introduction of various approx-
imations. The use of a consistent tangent stiffness in a nonlinear
analysis increases the rate of convergence greatly. It normally re-
sults in a quadratic rate of convergence. Inclusion of the Allman
rotational stiffness option for in-plane rotational stiffness enhances
the convergence behavior in large-deflection analysis of planar shell
structures (flat shells, or flat regions of shells). Figure 5 shows the
finite element model for the shelter. Triangular elements are used.

D. Model 2

Here, the fabric skin is modeled using shell 181 elements and the
frames with beam 4 elements.?! Shell 181 is suitable for analyzing
thin to moderately thick shell structures. It is a four-node element
with six degrees of freedom at each node. If the membrane-only
option is used, the element has translational degrees of freedom
only. Shell 181 is well suited for nonlinear applications and ac-

Fig. 5 Finite element model/shell 63.

Fig. 6 Finite element model/shell 181.
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Fig. 7 Finite element model/shell 41.

counts for follower (pressure load stiffness) effects of distributed
pressures. This feature helps in accelerating the convergence of the
solution and is essential for large-deformation behavior. Shell 181
uses a penalty method to relate the independent rotational degrees
of freedom about the normal to the shell surface with the in-plane
components of displacements. The ANSYS program chooses an ap-
propriate penalty stiffness by default. User input is allowed through
the real constant input. Figure 6 shows the finite element model for
the shelter using shell 181 elements.

E. Model 3

For model 3, the skin is modeled with shell 41 (membrane-only)
elements and the frames are modeled with beam elements, using
the assumption that stress couples are neglected over the whole re-
gion. Shell 41 is a three-dimensional element*' having membrane
(in-plane) stiffness but no bending (out-of-plane) stiffness, intended
for shell structures where bending of the elements is of secondary
importance. The element has three degrees of freedom at each node:
translations in the nodal x, y, and z directions. It includes stress stiff-
ening and large-deflection options. The out-of-planenature within
the element, or roundoff error in nodal locations, may cause insta-
bility in the displacement solution. To counteract this, the element
has the option of adding a slight normal stiffness with the elastic
foundation stiffness parameter, which has been used to avoid any
convergence problems. Figure 7 shows the finite element model for
the tent using shell 41 elements.

IV. Nonlinear Static Analysis

The static analysis is performed for a clamped plate model under
pressure loads for canvas and liner material models. The analysis
takes into account the large-deformation behavior. A small value of
elastic foundation stiffness (to avoid out-of-planeness) is added to
enhance the convergence. For the nonlinear solution, the Newton—
Raphson method with line search is used to obtain the converged
solution. The stress stiffening effects are included while performing
the analysis, which plays an important role in a thin structure’s
analysis. Stress stiffening (also called geometric stiffening) is the
stiffening of a structure due to its stress state. This stiffening effect
normally needs to be considered for thin structures with very small
bending stiffness compared to transverse stiffness resulting from in-
plane stresses, such as cables, thin beams, and shells (membranes)
and couples the in-plane and transverse displacements. This effect
also augments the regular nonlinear stiffness matrix produced by
large-strain or large-deflection effects.

A. Casel

Static analysis for a square plate under clamped conditions is per-
formed. The 7 /a ratio is 0.00065, where ¢ is the thickness of the plate
and a is the width. The material model is elastic with E =35 MPa
and v =0.3. Shell 63 (elastic shell element) and shell 41 are used
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to simulate the static response. Nonlinear static analysis of a square
plate under uniformly distributed pressure load of magnitude Py is
performed. Figure 8 shows the deformation profiles for Shell 63 for
pressure loads ranging from 5000 to 30,000 Pa. Figure 9 shows the
nonlinear response of the shell structure as the pressure is increased.
The deformation increases, and the structure behaves more and more
like a membrane. Element types shell 63 and shell 41 are compared
and found to behave similarly. Von-Mises stresses are computed and
found to increase with the increasing pressure loads (see Ref. 25).

B. Case2

Here, a static analysis is performed for the liner material. A
clamped square plate is considered. The #/a ratio is 0.00031 and
a =1 m. The elastic properties £ =670 MPa and v =0.3 are used.
Nonlinear static analysis of the square plate under a uniformly dis-
tributed pressure load of magnitude Py is performed. Figure 10
shows the nonlinear response. As the pressure load is increased,
deformation increases and the structure carries load more and more
in membrane action. When the deformation is compared with that
obtained in case 1 for a given pressure load, the maximum displace-
ment is reduced due to transverse stiffening of the plate. The stresses
are increased significantly compared to those in case 1 (Ref. 25).

a R

a) Pressure = 5000 Pa c) Pressure = 20,000 Pa

LG

b) Pressure = 10,000 Pa d) Pressure = 30,000 Pa

Fig. 8 Displacement profile of plate using shell 63 under uniform pres-
sure load.
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Fig. 10 Plate nonlinear response: maximum transverse displacement
under increased pressure loading using shell 63.

V. Nonlinear Transient Analysis

The dynamic response of the tent to external blast loads is ob-
tained using the transient analysis option in ANSYS. As seen from
the static analysis, geometric nonlinearity plays a major role in
determining the response of the structure. Therefore, a nonlinear
transient analysis is conducted. An implicit approach is used, in
which the Newmark method is applied for the time integration along
with the Newton—Raphson method for the nonlinear solution. The
Newmark method provides an unconditionally stable solution. A
sparse direct solver is used for the solution due to its robustness
and speed as desired in the nonlinear analysis and for large mod-
els. The full method is used for performing the nonlinear transient
analysis. It is more expensive than the other two methods because it
uses the full system matrices to calculate the structural response, but
it takes into account geometric nonlinearity and requires no mass
approximation.

A. Modeling the Blast Load

A blast refers to the fluctuation of air pressure caused by an ex-
plosion. Because of this initial finite pressure disturbance, the prop-
erties of air as a compressible gas cause the front of the disturbance
to steepen as it passes through the air until it exhibits a nearly dis-
continuous increase in pressure, density, and temperature, resulting
in a shock front. This shock front moves supersonically. The trans-
mission of the blast wave is a nonlinear process. The air blast creates
a compression wave that moves outward in all directions.?6-28

As this pressure wave hits an obstacle in its path, part of it is
transmitted and part is reflected inasmuch as it is a function of the
rigidity of the reflecting surface and orientation of the surface to the
wave. The reflected pressure is the pressure imposed on the structure
immediately after the reflection of the pressure wave and is greater
than the incident pressure. The pressure profile consists of positive
and negative phases, where the positive phase is characterized by
the initial sudden rise in the pressure and then decays with time
until the reference pressure is reached. The negative phase is char-
acterized by underpressure, that is, pressure below the reference
pressure and then increasing to the reference pressure. The over-
pressure generated by the air blast surrounds the whole tent-liner
system, with a time delay over the further surfaces relative to the
surface facing the blast. During the field tests conducted by the U.S.
Air Force Research Laboratory, pressures outside and inside the tent
were measured with pressure gauges. These pressure data are used
here.

The blast load is modeled as a time-varying element pressure load
over the finite element model for the tent. Uniform pressure load-
ing is assumed over each side of the tent at a given time, varying
with the sides. The high overpressure causes a sudden and fast struc-
tural movement, which generates a transmitted pressure wave inside
the closed structure. This internal pressure opposes the structural
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movement caused by the external loading, changing the overall pres-
sure distribution on each side. This effect is taken into account, and
the resultant reduced pressure loading is applied over the structural
system. Figure 11 shows the reduced pressure distribution over the
sides of the tent. The reduced pressure loading applied over the back
wall mainly consists of a negative pressure profile, that is, the pres-
sure acting from inside is higher than the external loads, and this
plays a significant role in the dynamics of the structure. More than
100 time steps are used to simulate the blast load over the whole
structure, with the smallest time-step size being 0.5 ms.

B. Dynamic Characteristics

Structural response due to time-varying loads generally consists
of displacement, stress, and strain time histories. Displacement re-
sponse over each side of the shelter was computed, and the deflec-
tion at the center of each side was obtained. Figures 12—14 show
displacement time histories for each side of the tent using shell 63,
181, and 41 elements, respectively. A negative displacement denotes
inward movement of the side.

The first movement of the front wall, front roof, and back roof are
into the tent, whereas the back wall initially moves outward. Dis-
placement profiles for the three shell models show similar patterns.
The response is accompanied by oscillations, resembling an impact
response. This kind of behavior is observed for all of the sides. Peak
values for shell 41 and shell 63 are almost the same for all sides,
with small differences being due to the finer mesh for the shell 63
model. Shell 181 with the default drill stiffness shows a slow con-
vergence behavior. The scaling of the drill degree of freedom and
the follower load effects accelerates the convergence. This element
uses the penalty approach to relate the rotational freedom to the in-
plane displacements by choosing an appropriate penalty stiffness.
This value can be changed by the scaling parameter provided to
tune the value of the rotational stiffness. Peak values obtained using
shell 181 are higher for all of the sides in comparison to the response
histories obtained using the two other element types.

Figure 15 shows response snapshots. Figure 15a shows the front
side movement, and Fig. 2¢ snapshot shows the back side movement
during the time when the blast load is acting, whereas Figs. 15b and
15d show the front (Fig. 15b) and back (Fig. 15d) side response in
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Fig. 16 Von-Mises stress vs time at center of each side of tent.

the free-vibration motion. Quantitative data (displacement vs time)
are not available, but qualitative results are seen in the video file
of the field tests. The deformation profiles here are similar to those
seen in the video files showing the response of a tent to blast loads.

The dynamic stresses for all of the sides were computed. Figure 16
shows the Von-Mises stress vs time at the center of each side for the
material model with p = 9215 kg/m? and E =250 MPa. The stress
varies significantly during the time the blast acts on the shelter and
in the initial stages of the free-vibration period. A similar pattern is
observed for all of the sides. The maximum stress value observed
for the back wall occurs between 50 and 70 ms.

VI. Parametric Study and Analysis

Parametric studies play an important role in setting design
guidelines for a given system. This consists of simulating the
behavior for a number of design variations and capturing the
response as a function of the design variables. A parametric
study for different values of Young’s modulus and density is
performed.?

It was observed that the density of material and Young’s mod-
ulus play a significant role in the response. The higher the value
of E, the higher is the resistance against blast. As the value of
Young’s modulus is increased, the peak displacement values re-
duces due to stiffening. This increased stiffness leads to reduced
transmitted impulse and pressure.!> However, a disproportionate
increase in stiffness leads to high stresses, which could result in
failure. (Because of the lack of experimental data, damage ob-
served in the video files could not be matched with the stress plots.)
As the density was increased, the peaks displacement values were
reduced.

VIIL.

Finite element models for TEMPER tents were developed, and
dynamic response of such a highly flexible membrane structure to
blast loads was investigated using the finite element code ANSYS.
Two fundamental approaches were used, one in which stress cou-
pling was ignored (membrane model) and the other in which the
stress coupling near the boundary was considered (shell model).
On the computational side, responses obtained using shell 41 and
shell 63 models were very similar, with shell 63 (membrane model)
better from the perspective of mesh size. Shell 181 can be con-
sidered as a better model because it also includes the follower
load effect. Note that the analysis was accelerated due to the com-
bination of the follower load effect and the drill stiffness factor

Conclusions

as compared to the shell 63 (bending and membrane combined)
model where the analysis had to be abandoned as it got progres-
sively slower. From the displacement and dynamic stress response
vs time plots, it was observed that as the value of Young’s mod-
ulus was increased the deflections were reduced due to stiffening,
but resulted in higher stresses. Therefore, a high-modulus material
should be avoided. As the mass density was increased, the peak
values were reduced, showing that higher mass density results in
reflecting the blast load more than transmitting it. Finally, a smaller
span between the transverse frame sections reduced the peak re-
sponses (stress as well as displacement) and should be a design
consideration.
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