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Abstract

This article provides insights into the dynamic response and protection capacity of sacrificial structures
mounted on a structural member and subjected to close standoff blast loading. The three main objectives
of this study are: (a) exploration of key parameters governing the failure modes of a structural member
protected by a sacrificial structure; (b) quantification of blast resistance and protection capacity of the
sacrificial structure and underlying structure; and (c) conducting comparative single-degree-of-freedom
system analysis and high-resolution explicit finite element analysis aiming at improving current single-degree-
of-freedom analysis approaches. Energy absorption and momentum resistance are identified and quantified
as the main contributing mechanisms controlling the dynamic response of structural members subjected
to high-speed dynamic loading. The displacement of the structural member in the blast direction, the mass
per length of the structural member, and the maximum impulse are found to be parameters governing the
nonlinear response. The article also presents a response surface approach which might have value for time-
efficient optimized structural member design and prediction of nonlinear structural member response to
blast loading. This study includes validation of the numerical data through free-air blast test data from the
literature.
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Introduction

The authors Xue and Hutchinson (2003), Hutchinson and Xue (2005), Vaziri et al. (2007), and
Vaziri et al. (2006) investigated the blast performance of all-metal sandwich plates in compari-
son with a solid metal plate of the same mass. Several sandwich core types were studied,
including rectangular honeycomb cells (Hutchinson and Xue, 2005), the folded sandwich plate
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Figure 1. (a) Metal sandwich plate configurations with square honeycomb cells and (b) folded cell
structure; (c) sacrificial structure mounted on an underlying structure, that is, the structure to be
protected.

cell structure (Vaziri et al., 2007), the tetragonal truss core structure (Xue and Hutchinson,
2003), as well as the rectangular honeycomb structure filled with polymer foam (Vaziri et al.,
2006). The square honeycomb sandwich plate and the folded sandwich plate are shown in
Figures 1(a) and (b).

Rectangular honeycomb cells provide high crushing strength and energy absorption (Hutchinson
and Xue, 2005). The identified failure modes of an all-metal sandwich plate are shearing off the
front face plate and bending of the total plate which, at larger loads, transforms into catenary action
(Hutchinson and Xue, 2005) with hinges at the bearings as well as along the plate center. Superior
performance was attributed to all-metal sandwich plates in comparison with solid plates of same
mass subjected to air-blast pressure. An approximate analytical approach (Fleck and Deshpande,
2004), which characterizes the dynamic plate response and distinguishes three stages: the fluid—
structure interaction (stage 1); the core crushing (stage 2); and the overall bending and stretching
(stage 3), is adopted by Hutchinson and Xue (2005). The blast load is idealized as a short duration
pulse loading the front face of the sandwich plate with uniform pressure (Hutchinson and Xue,
2005; Vaziri et al., 2007; Xue and Hutchinson, 2003).

In Hutchinson and Xue (2005), the authors introduced p as a measure of relative mass of the
sandwich element core, pu=m,_/ mg, where m, and m,are the mass of the all-metal sandwich core
and the front plate, respectively. It is emphasized that the analysis approach introduced in
Hutchinson and Xue (2005) only considers a relatively low impulsive blast loading that does not
cause full densification of the sandwich plate.

The all-metal rectangular honeycomb cell structure as investigated in Xue and Hutchinson
(2003), Hutchinson and Xue (2005), and Vaziri et al. (2007) is adopted herein as a sacrificial cell
structure mounted on an underlying structure, as illustrated in Figure 1(c), which defines a new
system with new boundary conditions. The dynamic response of this system is investigated account-
ing for full densification of the honeycomb cells. The densification process is defined in Gibson
and Ashby (1997). The objectives of this study are as follows:

e To define the key design parameters governing the failure mode of the underlying structure
which is shielded by a sacrificial structure subjected to blast loading. One interesting ques-
tion which arises is whether the relative mass g, as introduced in Hutchinson and Xue (2005),
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also plays an important role in protecting an underlying structure, that is, structural members,
shielded by sacrificial metal honeycombs. In this study, analytical methods, that is, single-
and two-degree-of-freedom (SDOF/2DOF) systems, and high-fidelity explicit finite element
(FE) analysis (Vaughan, 1983) are used. Validation of the numerical analysis is also included.

e To understand and quantify the protection capacity of a lightweight honeycomb sacrificial
cell structure mounted on an underlying structure when subjected to blast loading. Various
protection measures are investigated and ranked by effectiveness.

e To critically prove whether high-resolution FE analysis results can be used to improve
equivalent SDOF/2DOF system analysis.

These objectives add to findings made by Starr and Krauthammer (2005), which reveal that
the impact force dissipation through sacrificial cladding is about 25-50% depending on loading
conditions, without specifying whether the force dissipation happened through energy absorption
or momentum resistance.

The authors Fujikura et al. (2008) pointed out the research need for high-resolution FE models
to better understand the behavior of complex structural systems and to conduct parametric studies;
they investigated reinforced columns and also evinced interest in studies of steel-jacketed columns
exposed to blasts. Our article will focus on air- and concrete-filled steel columns subjected to close-
in blast loading.

A summary of SDOF modeling of structural members subjected to lateral blast loading is
given in Cormie et al. (2009). Various analytical methods are described in Winget et al. (2005)
comparing their strengths and weaknesses. The maximum displacement of such members is
given in equation (1)

X —l L+X 1
M9 K, mr, £ 1

where X, and X are maximum and elastic deflection, and /, K, ,,, m, and r, are reflected impulse,
load—mass factor, mass, and ultimate resistance of the column per unit length, respectively. The
load—mass factor K, is the ratio of mass factor K, and load factor K;. The equations for K, and
K, are shown in equations (2) and (3)
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While mass m and resistance r, can be determined explicitly, since they depend only on density,
cross-sectional design, and boundary conditions, respectively, the load—mass factor depending on
load distribution and deflection along the beam is unknown (Biggs, 1964). The load—mass factor
for the plastic response of a simple girder is 0.33 for a centric single load, but becomes 0.66 for a
uniform load (Cormie et al., 2009; Fujikura and Bruneau, 2012). This article will provide further
insights as to reasonable values of K, for small-standoff explosive threat.
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The maximum displacement is defined in terms of maximum rotation angles or maximum duc-
tility (Cormie et al., 2009). Using the results of FE analysis, the adequacy of these deformation
limits is discussed in this article.

Sacrificial structure and underlying structure

The underlying structure is a column consisting of an AISC W14 x 233 section with 2.72-cm-thick
steel side plates, constituting a typical design for a perimeter ground floor column of a 20-story
building. The column height is 5.48 m. The column is installed in a moment frame structure using
AISC W24 x 55 beams, as shown in Figure 2(a). The horizontal moment frame is rigidly fixed in
the symmetry plane opposite the column. The column member is rigidly fixed at ground level and
symmetry boundary conditions are applied along the edges of the reinforced concrete slab. The
column top is loaded vertically by the gravity load of 12.45MN which corresponds to the axial
loading of a ground floor column in a 20-story building. Three different blast charge sizes, meas-
ured in terms of maximum reflected impulse sensed on the column target surface in the symmetry
plane and at charge level, are investigated, that is, 0.049, 0.091, and 0.133 MPas. The blast load
level causing a maximum reflected impulse of 0.091 MPas deforms but not fully densifies the
metal sacrificial cells; the third blast level (0.133 MPas) causes full densification of the sacrificial
cell structure. The structure as idealized in the FE model and the charge location is shown in Figure
2(b). The center of the charge is located about 1.22m above ground level. The blast loading is
generated through computational fluid dynamics modeling (Wardlaw et al., 2003) and further com-
pared using Hyde (1992) and Kingery and Bulmash (1984). The column and the horizontal frame
structure supporting the column top are loaded by the blast pressure.

The material constitutive models representing the nonlinear behavior of the materials used in
this study, that is, normal concrete, foam concrete, structural steel, and reinforcement steel, are
available in the literature and extensively validated by experimental testing. For normal concrete,
the rate-dependent three invariant softening model (Mould and Levine, 1994) is applied. The con-
stitutive law for foam concrete is based on the nonlinear response of foam concrete as reported in
Ehrgott (1973). The dynamic behavior of foam concrete is described by a cap model accounting for
density which is primarily governing the high-speed dynamic loading response. The structural
steel and reinforcement steel constitutive models are empirical material laws taking strain rate
dependency, strain hardening, and softening of metals into consideration. All above constitutive
laws are embedded in the material library of the explicit FE code applied in this study (Vaughan,
1983). Basic properties of the materials applied in this study are given in Table 1.

Structural hardening measures have been undertaken to ensure that the structural system con-
necting to the column top does not fail prior to column failure. Specifically, the beam supporting
the column top in the blast direction is an AISC W24 x 55 beam encased in 27.58 MPa concrete.

Within an extensive computational study, in summary 30 cases of the structure-varying column
design and load intensity have been investigated. The 30 cases are listed in Table 2. Column 1 of
Table 2 gives the case number; columns 5 and 6 give information about the infill material of the
sacrificial structure and the column core, respectively; columns 4 and 3 provide information about
the total mass per length of the column and the maximum reflected impulse, respectively; and
column 2 lists the permanent lateral displacement of the column in blast direction measured at
charge level. Whenever displacement is mentioned in the following, it is referred to as the post-
blast permanent lateral displacement measured at charge level.

The dynamic behavior of the sandwich plate mounted on the underlying structure is explored
for three impulse levels, as specified above:
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Figure 2. (a) Finite element model of the column, that is, the underlying structure shielded by all-metal
honeycomb sacrificial cells, and (b) all-metal honeycomb sacrificial cells and foam concrete sacrificial layer
mounted on underlying structure, that is, the air-filled column core section.

Table |. Material properties.

Material Young’s Poisson’s Yield strength Density (kg/m3) Plateau
modulus (MPa) ratio (MPa) stress (MPa)

Structural steel 200,000 0.3 345 7795 -

Normal concrete 28,000 0.2 27.58 2322 -

Foam concrete 20,000 0.2 25.00 1161.34 5.52
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Table 2. A total of 30 different cases of varying column design and load intensity.

Case  Displacement

Max. refl. impulse

Total mass (kg/m)

Sacrificial structure

Column core

(cm) (MPas)
| 1.7 0.049 945.92 Air-filled/Design 3 Concrete-filled
2 2.69 0.049 938.28 Foam concrete Concrete-filled
3 1.22 0.049 1251.56 Solid steel Concrete-filled
4 33 0.049 74981 Air-filled/Design 3 Air-filled
5 5.33 0.049 742.17 Foam concrete Air-filled
6 2.03 0.049 1055.45 Solid steel Air-filled
7 12.95 0.091 707.70 Air-filled/Design | Air-filled
8 12.44 0.091 72751 Air-filled/Design 2 Air-filled
9 12.44 0.091 74981 Air-filled/Design 3 Air-filled
10 5.99 0.091 945.92 Air-filled/Design 3 Concrete-filled
Il 8.76 0.091 938.28 Foam concrete Concrete-filled
12 3.86 0.091 1251.56 Solid steel Concrete-filled
13 11.94 0.091 749.81 Air-filled/Design 3 Air-filled
14 15.75 0.091 742.17 Foam concrete Air-filled
15 7.62 0.091 1055.45 Solid steel Air-filled
16 18.16 0.091 616.20 - Air-filled
17 1351 0.091 756.28 - Foam concrete
18 7.65 0.091 812.31 - Concrete-filled
19 12.4 0.091 74981 Air-filled/Design 3 Air-filled
20 9.53 0.091 889.89 Air-filled/Design 3 Foam concrete
21 5.99 0.091 945.92 Air-filled/Design 3 Concrete-filled
22 254 0.133 707.70 Air-filled/Design | Air-filled
23 26.2 0.133 72751 Air-filled/Design 2 Air-filled
24 26.2 0.133 74981 Air-filled/Design 3 Air-filled
25 13.13 0.133 945.92 Air-filled/Design 3 Concrete-filled
26 15.65 0.133 938.28 Foam concrete Concrete-filled
27 792 0.133 1251.56 Solid steel Concrete-filled
28 26.16 0.133 749.81 Air-filled/design 3 Air-filled
29 33.53 0.133 742.17 Foam concrete Air-filled
30 14.73 0.133 1055.45 Solid steel Air-filled

o Elastic response of sacrificial cells and underlying structure (Impulse Level 1);
e Partial densification of the sacrificial cells (Impulse Level 2);

e Full densification (compaction) of the sacrificial cells (Impulse Level 3).

Establishing an energy approach and comparing the change of kinetic energy through Impulse

Levels 1-3 help to find the major parameters governing the impulsive response, and subsequently
to better understand the physics in transient dynamics.

The undeformed system can be represented as a 2DOF system, as shown in Figure 3. The charge
is placed at distance L, away from the boundary, as shown in Figure 3(a). The equivalent 2DOF
system is shown in Figure 3(b). The underlying structure, that is, the column, is represented by
mass M, while the sacrificial structure is represented by mass m. Springs indicate elasto-plastic
resistance functions that connect the masses to each other and to the ground. The nonlinear resist-
ance function 7 represents the stiffness of the sacrificial structure, and R represents the stiffness of
the underlying structure (column), as shown in Figures 3(c) and (d).
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Figure 3. (a) Blast-loaded sacrificial structure mounted on underlying structure, (b) equivalent 2DOF
system, (c) resistance function of sacrificial structure, and (d) resistance function of underlying structure.

The equations describing the dynamic response of the sacrificial structure and the underlying
structure are shown in equations (4) and (5), respectively

mi+r(x)-X =P(r) 4)
MX +R(X)-r(x-X)=0 Q)
5(1)=x(t)-X () (6)

As suggested by Fujikura et al. (2008), we studied our high-resolution FE results in order to
improve our understanding of simplified models, particularly by considering the ductility and
absorbable energy of the two resistance functions. The following study comprises a comparative
investigation of a structural member shielded with a sacrificial structure using (a) FE analysis, and
(b) the 2DOF/SDOF analytical approach.

Blast performance of all-metal rectangular honeycomb sandwich
elements
The all-metal sacrificial sandwich structure has rectangular honeycomb cells with dimensions

9.1cmx10.16cmx 12.7cm, as shown in Figure 2(b). The sandwich front plate and the core
plates have different thicknesses, 7, and f., respectively, as also annotated in Figure 2(b).
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Table 3. Thickness of front and core plates.

Honeycomb design  Front flange thickness t; (cm) Core plate thickness t. (cm) Relative mass y=m/m;

Design | 1.27 0.87 .14
Design 2 2.29 0.62 0.46
Design 3 33 0.38 0.19

Three honeycomb designs of 7/#,ratio, that is, Designs 1-3, are explored covering a wide range of
potential sacrificial honeycomb cell designs. Design 3 has a thick front face and thin core plates,
while Design 1 consists of a thin front face and thick core plates, as shown in Table 3.

Elastic response of sacrificial cells and underlying structure (Impulse Level 1)

The impulse levels are determined by studying the kinetic energy (KE), as shown in equation (7)
L
KE = 5 my @)

where m and v are the mass and velocity of the object, respectively. The incremental change of
KFE is caused by change in momentum Ap, which is the impulse 7, as shown in equation (8)

dKE:I:Ap=m(v2—vl) )
where the unit on both sides of equation (8) is (Nm=1J). The kinetic energy is then

KE :%(vf —vlz) )

If the initial velocity is set to be zero (since the column did not move before applying the blast
load), equation (9) becomes equation (7).

Equation (7) is accurate for a rigid body, while for a deformable body, elastic and plastic strain
energy (as well as heat transfer) also affect the system energetics, leading to equation (1).
Particularly for large blast events, mass becomes the dominant parameter in the response of the
blast-loaded component, while energy absorption, through elastic or plastic deformations, is rela-
tively small (Su et al., 1995). The change in momentum results in incremental change of kinetic
energy, as shown in equation (7). If the impulsively loaded structure survives and stays stable, it
vibrates elastically within a relatively short time while the KE decreases toward zero. In the follow-
ing, we will discuss the change in KE as a result of applying Impulse Levels 1, 2, and 3.

Equation (1) can be interpreted further by multiplying both the nominator and denominator of
the right-hand side by mass m and then replacing the product mv by the impulse /

[2

KE =— (10)
2m

As introduced above, Impulse Level 1 is characterized by elastic structural response. The
reflected pressure and impulse acting on the target surface of the column move the front face of
the sacrificial structure, the sandwich core, as well as the column (i.e. the underlying structure).
The kinetic energy/area (KE) caused by the blast loading sees immediate momentum resistance,
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that is, balances the momentum/area / (impulse). Using momentum conservation, the total kinetic
energy/area corresponding to Impulse Level 1 (KE)) is expressed by equation (11). Front face,
core plate, and underlying structure (column) are allowed to move with different velocities

)& Vi 1>
S/ +—< 4 col (11)

KE, =
Y 2m, 2m, 2M

c col

where / is the impulse, m and M are the masses, and the subscripts f, ¢, and co/ stand for front face,
core, and column (underlying structure), respectively.

Partial densification of the sacrificial cells (Impulse Level 2)

Impulse Level 2 is characterized by partial densification of the sandwich core. The rectangular
honeycomb structure deforms up to full densification of the honeycomb cells. Once energy has
been absorbed by crushing of the honeycomb core, the front face and core plates experience
the same impulse. The velocity of the underlying structure is smaller. By momentum conser-
vation, the KE/area corresponding to Impulse Level 2 up to full densification is expressed by
equation (12)

% 72
KE2 :ﬂ L_{.L +c_ol (12)
2 me m 2M .,

c

The energy absorbed by densification is obtained by subtracting equation (11) from equation (12),
KE,—KE,.

In our FE model, the front face plate and web plates are discretized using elements of 2.5 cm
side length. The web plate width is modeled by six elements which allow accurate representation
of plate buckling. The front face plate has 20 elements over the width, as shown in Figure 2(a).

Front face and front flange time-dependent displacement due to impulsive loading is tracked
and documented in the following paragraphs.

The dynamic response of sacrificial cells and underlying structure (column) are monitored as
the front face plate of the all-metal sacrificial cells is loaded by a peak impulse of 0.091 MPas
measured at charge level 121.91 cm above the top ground surface (TGS). The peak lateral displace-
ment of the front face plate is measured as 15.37, 15.75, and 20.32cm for sacrificial Design 1,
Design 2, and Design 3, respectively (Figure 4, left). The permanent displacement is 14.73, 15.37,
and 19.55 cm, respectively. The measuring point is marked in the inserted sketch in Figure 4. The
total displacement of the front face comprises densification of the all-metal sacrificial honeycomb
cells as well as deformation and rigid body motion of the underlying structure.

The maximum permanent displacement of Design 3 varies significantly from Design 1 and
Design 2. The different response is due to plate buckling of the thin honeycomb core plates in
Design 3 under the corresponding blast load level, while the honeycomb core plates of Design 1
and Design 2 do not yet show this instability. The front face displacement of Design 2 is only
slightly larger than in Design 1.

Honeycomb Design 3 shows the largest displacement of the front face plate among Designs 1-3
(Figure 4, left). Larger reflected pressure and impulse would cause full densification of Design 3
prior to Designs 1 and 2. Full densification of the sacrificial cells lets the pressure load to be
directly transferred into the underlying structure (i.e. the gravity load—carrying column section). It
is concluded that the sacrificial cell design which just precludes full densification when subjected
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Figure 4. Comparison of sacrificial cell Designs |1-3 when subjected to reflected impulse /=0.091 MPas—
Left: front face displacement of all-metal rectangular honeycomb cells; right: front flange (underlying
structure) displacement shielded by all-metal rectangular honeycomb cells.

to a certain charge size constitutes the optimum design for just this charge size. Accordingly, the
optimized sacrificial cell design (for a specific charge size) has a corresponding relative mass , as
shown in Figure 5 (right). A smaller 4 would result in thinner core plates and hence in less strain
energy absorption through buckling of the core webs. A larger ¢ would result in thicker core plates
and thinner front face plate which causes the front face plate to bend into the hollow space of the
honeycomb cells, as shown in Figure 5 (left).

A thinner front face plate than in sacrificial cell Design 1 (see Table 3) makes the honeycomb
design ineffective since tearing of the front face would cause blast pressure to enter the hollow
honeycomb cells and load the sacrificial core locally. The thick continuous curve in Figure 5 (right)
represents the optimum design for one specific load case (i.e. reflected pressure and impulse). The
x-axis is the relative mass, and the y-axis represents the absorbed energy. The optimized protection,
that is, maximum protection capacity due to the sacrificial structure, exists when full densification
(compaction) of the sacrificial all-metal honeycomb cell structure is just prevented. Compaction of
the honeycomb cells is triggered by out-of-plane buckling of the core plates. The broken lines in
Figure 5 (right) represent the shift of optimized design of the sandwich element depending on the
charge level. The optimized design ranges between small x-design characterized by core plate
buckling and large x-design characterized by front face bending, which is less energy absorbent, as
indicated by the decrease in achievable maximum energy absorption in Figure 5 (right).

However, the front flange, that is, the underlying structure, displacement provides insights into
the level of protection of the underlying structure through sacrificial cell Designs 1-3. The lateral
displacement varies only slightly among Designs 1-3, as shown in Figure 4 (right). From this
result, we understand that the relative mass x, being an important parameter for the blast design of
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maximum reflected impulse [=0.091 MPas.

sacrificial cell panels (Hutchinson and Xue, 2005), does not significantly affect the protection
capacity of sacrificial cell structures mounted on an underlying structure.

Strain contour plots provide information about the force flow and potential damage in the sac-
rificial cell and the underlying structure. The honeycomb sacrificial cell section and the axial load—
carrying column core section are annotated in Figure 6. Figure 6 shows the column with the three
different sacrificial cell structure Designs 1-3 subjected to identical blast loading, that is, a maxi-
mum reflected impulse of 0.091 MPas. Figure 6 shows the column from the ground surface up to
a height of about 0.4 L (L being the length of the column) in isometric view and a cut through the
vertical symmetry plane. Design 3 honeycomb cells densify more than the honeycomb Designs 1
and 2 under the identical impulsive loading. The strain contours reveal the level of protection of the
underlying structure through the sacrificial structure. The Design 3 sacrificial honeycombs absorb
more energy than Designs 1 and 2. It is recognized that a potential failure mode of base shear-off
is not being attenuated by variation of sacrificial cell Designs 1-3. The plastic strain levels at the
column bottom consistently amount to about 8% equivalent plastic strain.
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Full densification of sacrificial cells (Impulse Level 3)

The kinetic energy KE, of equation (12), which remains after full densification of the honeycomb
cells, loads the underlying structure, that is, the gravity load—carrying column section, directly.
Hence, two effects are identified as main mechanisms contributing to the dynamic column response
and to the level of blast resistance:

e The energy absorption through densification of sacrificial cells structure, as discussed in the
section “Partial densification of the sacrificial cells (Impulse Level 2)”;

e The momentum resistance provided by the mass of sacrificial structure and underlying
structure.

Figure 7 shows the front flange displacement, that is, the displacement of the underlying struc-
ture, when subjected to two different blast load levels, that is, maximum reflected impulse 0.091 or
0.133 MPas. The front flange displaces by a consistent value among Designs 1-3.

The plastic strain contour plots of the three sacrificial cell designs, Designs 1-3, mounted on the
air-filled column (i.e. underlying structure), show only small variation of strain contours in the web
(section A-A) among the three designs when subjected to a peak reflected impulse of /=0.133 MPas.
The ratio of absorbable energy through densification and released blast energy decreases as the
charge size increases. The contour plots demonstrate that the base shear is the governing failure
mode (Figure 8).

The sacrificial structure types investigated so far, that is, Designs 1-3, enable blast protec-
tion through energy absorption. However, following equation (9), increasing the mass reduces
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Figure 8. Equivalent plastic strain contour plots of the air-filled column (underlying structure) shielded by
the sacrificial cell Designs |-3 subjected to peak reflected impulse /=0.133 MPas.

the kinetic energy by providing increased momentum resistance. In the following, the dynamic
response of several sacrificial structures of the same outer dimensions but with different mass
is investigated when subjected to three different blast load levels represented by the peak
reflected impulses 0.049, 0.091, and 0.133 MPas. The sacrificial structure designs are listed in
Table 4.

At Impulse Level 3, characterized by full densification, the mass of the sacrificial structure,
my,., moves with the same velocity as the mass of the underlying structure (column), M,,,. The
kinetic energy KF; is given by equation (13).

From equation (9) it becomes obvious that adding mass and thus increasing the momentum
resistance constitute an effective measure to reduce the kinetic energy of the underlying structure

ol*

12
KE,=——— 13
. z(msuc +Mcal) ( )

Equation (13) shows the mass of the sacrificial and the underlying structure, m,,. and M,
respectively, in the denominator. In the following, we will investigate and quantify the effect of
mass embedded in sacrificial structure and underlying structure on the dynamic response behavior
of the underlying structure. As long as the added mass causing momentum resistance balances the
kinetic energy, the underlying structure is stable. Hence, momentum resistance might even resist
large reflected blast pressure and impulse, at transient load levels where energy absorption of light-
weight cells is no longer effective.

Comparison of absorbable energy of sacrificial and underlying structure

Upon full densification of the sacrificial cell structure, the initial 2DOF system, as shown in Figure
3, becomes a SDOF system. The energy to be absorbed by elastic and plastic strain energy capacity
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Table 4. Mass of the sacrificial structure and mass of total column section (in parentheses).

Sacrificial structure design Mass (kg/m)
Structural steel infill 439.24 (1055.45)
Foam concrete infill 125.96 (742.16)
Honeycomb Design 3 133.6 (749.81)
Honeycomb Design 2 111.31 (727.51)
Honeycomb Design | 91.49 (707.70)

of sacrificial and underlying structure is shown by equation (13). From equation (1), the ductility
D of the underlying structure is

2
D:X_Mzi[f_ﬂj (1)
X, 2\ K, ,MRX,

Hence, the impulse limit based on ductility is shown in equation (15)

I, =\(2D-1)K,\ MR X, (15)

Similarly, for the sacrificial structure with ductility d=4,,/0, the impulse limit for the sacrificial
cladding is

iy =\(2d 1) kyymr, 5, (16)

where £, ,, is the load—mass factor for the sacrificial structure. Finally, the ratio of impulse limits is

1, (2D-1)K MR, X (17)
iy (2d—1)kLMmru5E

The ratio of impulse limits plotted versus the mass of sacrificial cells is shown in Figure 9.
While the ratio of impulse limits is in the order of 67 for the lightweight honeycomb sacrificial
design, it drops significantly to below 2 for very massive sacrificial structure design, that is, the
solid steel plate.

When the sacrificial structure is an air-filled metal honeycomb structure, the ratio of impulse
limits is large, indicating the very superior strain energy capacity of the underlying structure
compared with the sacrificial structure, marking lightweight honeycomb cells an unpractical
protection measure for high impulsive loading. However, if the sacrificial structure is massive,
for example, a solid steel plate, the ratio of impulse limits decreases, making a more massive
sacrificial structure a better design choice. One data point in Figure 9 is the air-filled metal hon-
eycomb sacrificial structure shielding the air-filled column (Case 4 in Table 2). For this case, the
resistance, mass, and elastic displacement ratios are as follows: R, /r,=55.92, M/m=4.61, and
X/0;=0.146. Accordingly, the ratio of impulse limits /,/i,=6.13, meaning that the column, that
is, the underlying structure, can absorb 6.13 times more elastic—plastic strain energy than the
sacrificial cladding when subjected to impulsive loading. Table 5 shows 17 different column
designs (selected from the original 30 cases analyzed by FE modeling as listed in Table 2)
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Figure 9. Mass of sacrificial structure plotted against impulse limit ratio.

investigated using the equivalent SDOF system. The second to last column in Table 5 lists the
ratio of impulse limits.

Figure 10 plots the total mass per length, that is, mass of the sacrificial structure (m,,.) and mass
of the underlying structure (M,,)), over the front flange displacement. Structural steel infill pro-
vides approximately 3.5 times more mass than the all-metal honeycomb Design 3 and correspond-
ingly results in smaller displacement. For all three impulsive load levels investigated, that is,
maximum impulse=0.049, 0.091, and 0.133 MPas, the front flange (i.e. the underlying structure)
shows the smallest displacement when the sacrificial structure is made of solid steel (see Figure 10),
while the column shielded by foam concrete displaces more than the same column shielded by
honeycomb cell Design 3.

The momentum resistance generated by the massive sacrificial steel structure drives down the
residual kinetic energy of the front flange, hence protecting the underlying structure. The honey-
comb Design 3 provides a higher level of protection to the underlying structure than the sacrificial
structure filled with foam concrete infill material.

The mass-displacement slopes are sketched in Figure 10 by broken lines to visualize the sacri-
ficial mass effect on the underlying structure displacement for the three load levels investigated.
The gradient of the broken line averaging the data of the same load level becomes less steep with
increasing transient load level.

Figure 11 reveals the effect of sacrificial structure mass on the strain contours in the column,
that is, the underlying structure. Left, middle, and right plots compare the equivalent plastic strain
distribution induced by two different reflected impulse levels. Reflected impulse of 0.049 MPas
causes densification of the all-metal honeycomb cell Design 3 (Figure 11, left). The energy absorp-
tion of the honeycomb cells causes the gravity load—carrying column cross section (i.e. the
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Figure 11. Effect of mass of sacrificial cells on the strain contours in the underlying structure (i.e. air-
filled column)—Left: air-filled rectangular honeycomb cells (Design 3); middle: foam concrete infill material;
right: sacrificial solid steel plate mounted on the underlying structure.

underlying structure) to stay completely elastic. An increased charge load generating a reflected
impulse of 0.091 MPas causes densification of the sacrificial cells, the column cross section at
charge level still being elastic. However, there is plastic strain in the order of 5% at the column
bottom.
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When the underlying structure, that is, the column core section, is shielded by a sacrificial
foam concrete infill covered by a 2.54-cm-thick steel plate at the front face (as sketched out in
Figure 2, right), the column core section shows slight plastic strain at the column bottom when
loaded by a maximum reflected impulse of 0.049 MPas (Figure 11, middle). When the blast load
is increased generating a reflected impulse of 0.091 MPas, the column core section shows plastic
strain distributed over the whole column height. This demonstrates that using foam concrete as
sacrificial cell design is not as protective as the honeycomb cell Design 3. In both load cases, the
rebound effect causes the 2.54-cm-thick steel plate to fly off after full densification of the porous
foam concrete structure.

When the sacrificial structure is solid steel, that is, the column core section is now shielded by
a 12.7-cm-thick steel plate, the strain in the column core section is entirely elastic when loaded by
an impulse of 0.049 MPas. Under increased reflected impulse of 0.091 MPas, the column bottom
shows minor strain of up to 3% (Figure 11, right).

It is concluded that mass added to the sacrificial structure helps to decrease displacement and
plastic strain in the underlying structure, as demonstrated in Figures 10 and 11. Mass is identified
as one of the governing parameters in protective design of structural members subjected to blast
loading.

In the extreme case of very large charges (reflected pressure and impulse), mass should play the
dominant role in the protection strategy of structures subjected to blast. So far, the effect of mass
embedded in sacrificial cells which are mounted on the underlying structure has been discussed
above. In the following, we will investigate the effect of mass of the underlying structure, M, on
the dynamic response. The column core cross section, as shown in Figure 2, is filled in one case
with normal concrete and in another case with foam concrete, and in a third case, the column section
remains air-filled. Additionally, each of the three cases is investigated with and without sacrificial
cells. The sacrificial cell design selected is the honeycomb Design 3, as specified in Table 3.

All column designs investigated in the following are subjected to the same impulsive loading,
that is, the maximum reflected impulse 0.091 MPas acting on the column target surface at charge
level. The relationship between the mass of the column and permanent lateral displacement is
evaluated for all cases investigated. The displacement is measured at the front flange and anno-
tated in the inserted sketch.

The symbols used for normal concrete infill, foam concrete infill, and air-filled column design
are triangle, square, and diamond, respectively. The solid symbols mark the designs with sacrificial
cells, while the hollow symbols mark the designs without sacrificial cells. The contribution of the
mass of the underlying structure (momentum resistance) on the permanent displacement (at charge
level) as well as the effect of sacrificial cells on reducing the displacement is quantified separately.
Clearly, the mass of the underlying structure affects the permanent lateral displacement. It is obvi-
ous that if the contribution of lightweight sacrificial cells (in this case, honeycomb cell Design 3)
on the total response (displacement) becomes larger, the less massive the underlying structure is.
The displacement reduction gained by the sacrificial cells is annotated in Figure 12. However, for
massive underlying structures, the contributing effect of lightweight sacrificial cells becomes
nearly negligible, as shown in Figure 12.

Figure 13 shows the strain contours of the column core section in the vertical cut along the sym-
metry plane of the column cross section. Left, middle, and right plots compare the equivalent
plastic strain contours in the underlying structure of different mass levels (see Table 6) with and
without lightweight honeycomb cells of Design 3 (as specified in Table 3). The column is loaded
with a maximum reflected impulse of 0.091 MPas at charge level. Figure 13 (left) compares the
air-filled column core with and without honeycomb cells of Design 3. There is a reduction in the
equivalent plastic strain adjacent to the bottom of the column from about 14% strain to 9% strain
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sacrificial cells (Design 3); maximum reflected impulse on the front face at charge level is 0.09| MPas.

due to the energy absorption of the sacrificial cells, as shown in the section cut along the symmetry
plane. The strain in the web of the gravity load—carrying core cross section is significantly reduced
from 14% plastic strain to elastic strain.
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Table 6. Mass per length of the underlying structure without sacrificial structure and total mass per length
in parentheses.

Column core infill material Mass of underlying structure, M_,, and total mass per length (kg/m)
Normal concrete 812.31 (945.92)
Foam concrete 756.28 (889.88)
Air-filled 616.20 (749.81)

Figure 13 (middle) shows the column filled with foam concrete with and without honeycomb
sacrificial cell Design 3 when subjected to a maximum reflected impulse of 0.091 MPas. The strain
at load level can be reduced by the sacrificial cells from 12% plastic strain to elastic strain level.
The strain in the column web at the base is only marginally reduced from 9% to about 8%. Hence,
the shear-off failure mode is expected to be the governing failure mode when the charge load is
increased. Figure 13 (right) shows the column filled with normal concrete with and without honey-
comb sacrificial cells of Design 3. The strain at charge level is elastic even at the column without
sacrificial cells. There is plastic strain in the column web at the base of the order of about 6%,
which is reduced by applying honeycomb sacrificial cells (Design 3) to about 4%. Comparison of
the strain contours of the underlying structure without sacrificial cells in Figure 13 allows quanti-
fication of the effect of infill material mass on the underlying structure with regard to plastic strain
distribution. The 14% maximum strain in the air-filled column is reduced to elastic strain levels
due to filling the column with normal concrete, which emphasizes the importance of mass and
momentum resistance in blast-resistant design.

Discussion of results obtained through FE analysis and equivalent SDOF analysis

Table 2 lists the 30 column design cases investigated by FE modeling, while 17 cases out of these
30 cases have been modeled using equivalent SDOF systems, as listed in Table 5. Figure 14 lists
the resulting permanent lateral displacement gained through FE and SDOF analyses and the respec-
tive total mass. The three diagrams in Figure 14 summarize the data for the three reflected impulse
levels investigated, that is, /=0.049, 0.091, and 0.13 MPas, respectively. For each design case, the
FE and the SDOF analyses results are shown by a star and a triangle, respectively. The SDOF
analysis provides results which differ from the high-resolution FE results of the order of a few
centimeters. Reasons for this inaccuracy and potential prevention are discussed in the following.
In the equivalent SDOF approach, the permanent displacement depends on load—mass factor
K,,;, mass M, and resistance function R, as shown in equation (14). While mass and resistance
function can be explicitly determined using basic structural analysis, that is, well-defined boundary
conditions, the determination of the load—mass factor K, is not straight forward. In our compara-
tive FE/SDOF analysis, the permanent displacement of the FE analysis is considered the reference
value. The K,, value applied in the SDOF system is changed to match the FE result. Figure 15
plots the K ,, values against the mass of the underlying structure. Underlying structures of lower
mass require a K, ,, value between 0.2 and 0.3, while a more massive underlying structure of the
same outer dimensions requires a K;,, in the order of about 0.34-0.45. The X,,, factor for the
clamped girder loaded by a centric single load is 0.33, while the same system loaded by a uniform
load results in a K, 0f 0.66 (Cormie et al., 2009). The following provide some thoughts about this:
Stiffening up the column, which is achieved through concrete infill of the core column, for
example, Cases 1 and 10 of Table 5, causes a significant increase in the K, value. We could argue
that, consistent with equations (2) and (3), the mass is significantly increased, hence leading to a
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Figure 15. The mass of the underlying structure (column) versus the load—mass factor K,

larger K,, and hence a larger K|, Furthermore, a stiffer girder results in a more parabolically-
shaped deformation than a triangular-shaped one, increasing ¢(x), which is square powered in
equation (2). On the other hand, adding mass into the sacrificial structure does not increase the X ,,
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value, as shown with Cases 6 or 15. Accordingly, we conclude that the K ,, value depends on the
mobilized mass and stiffness resistance of the underlying structure. Building a test matrix to
explore the connections and interdependencies further would be valuable. The dependence of K,
on the core mass is shown in Figure 15. We notice that the correlation is (nearly) independent of
the reflected impulse level.

Duality of energy absorption and inertial effects

The optimized design of lightweight sacrificial cells is achieved when the blast load densifies the
sacrificial cells, however does not reach full densification, hence providing the maximum energy
absorption since at full densification of the cellular material any further loading is being transferred
undiminished into the underlying structure. For larger explosive charges at close standoff, where
the quantity of absorbable kinetic energy constitutes only a small fraction of the released blast
energy, lightweight sacrificial cells are not a suitable structural hardening concept, as shown by the
ratio of impulse limits /,/i, in the section “Blast Performance of All-Metal Rectangular Honeycomb
Sandwich Elements”. Lightweight sacrificial cells would require a crash zone of large dimensions
to effectively accommodate the large pressure and protect the underlying structure. Significant
inertial forces are not activated in lightweight sacrificial cell construction. The findings in this
article indicate significant inertial resistance to the shock pressure wave. Mass located in the sacri-
ficial section as well as column core section (underlying structure) provides protection primarily
through activated inertial forces rather than through energy absorption and outperforms lightweight
infill materials from a certain load level on. Comparing Cases 3 and 4 from Table 5 show that the
choice of a massive solid steel sacrificial structure provides a ratio of impulse limits /,,/i; of 1.74,
emphasizing that the sacrificial structure contributes much more to the blast resistance of the col-
umn section, compared with the air-filled honeycomb sacrificial structure design of Case 4, where
the core column dominates the blast-resistant capacity (/,,/i, of 6.13). On the other hand, filling
the core column with concrete, as shown in Case 1, increases the mass, hence increasing /,,/i; and
the effective K, value.

The duality of energy absorption and inertial effects lead to two different modes of protection
as suggested by the two regions in Figure 16. With increasing transient load parameters, that is,
reflected pressure and impulse, there is a transition from energy absorption to inertial effects gov-
erning the response and protection capacity of sacrificial cells. In order to achieve sufficient pro-
tection of the underlying structure, the infill material of sacrificial cells should be carefully selected.
At low reflected pressure and impulse, lightweight air-filled material is an appropriate infill mate-
rial since the kinetic energy induced in the target surface can be sufficiently/fully absorbed through
sacrificial cell deformation. The crash zone should be designed large enough so that the sacrificial
cells infill material does not fully densify before most of the energy is absorbed. Massive materials
are appropriate to protect the underlying structure against larger impulsive load, as shown in the
three-dimensional (3D) diagram of Figure 16. The mass in the sacrificial structure provides imme-
diate momentum resistance. Fluid-filled foam, which combines energy absorption effects as well
as inertial effects, constitutes a potential sacrificial cell infill material against mid-range pressure
and impulse (Dawson et al., 2009).

An interrelation of the three parameters, mass, impulse, and displacement, which govern the
blast response in the high impulse range when mass becomes the dominant parameter, is derived
in the following. In order to investigate how the parameters impulse, displacement/deformation,
and mass correlate with each other and in what range, all data obtained in the FE analyses in this
study are plotted in a 3D diagram. The x-, y-, and z-axes of the diagram are permanent displace-
ment in the blast direction, maximum impulse, and mass per length, respectively, as shown in



40 International Journal of Protective Structures 7(1)

Legend:

J w $ w $ qi Pressure p; Impulse /

Density p I
Material Density p of sacrificial cells - Deformation A

Sacrificial Cell Infill Material tieriie g

) Inertial effects

>

TransientLoad Parameter
~(Magnitude of Reflected Pressure p and Impulse i)

Deformation A of the Sacrificial Cells
{Crash-Zone)

Figure 16. Duality of energy absorption and inertial effects.

1500
1000

500
0.14

Mass per length [kg/m]

Max. impulse [MPa-s
sl ] 004 g Displacement in blast direction [cm]

Figure 17. Governing parameters, that is, maximum reflected impulse, permanent displacement, and
mass, representing structural member response.

Figure 17. Hence, the axes also represent the governing parameters of equation (1). The data
obtained with low impulse level (reflected impulse =0.049 MPas) are shown as red stars, and the
data due to medium and high impulse (reflected impulse=0.091 and 0.133 MPas, respectively)
are plotted as blue pentagons and green squares. It is recognized that the data set per impulse
level can be represented as a curve drawn into the diagram. Please note that the low impulse-
generated data are stretched in the vertical direction relative to the high impulse-generated data,
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Figure 18. Governing parameters, that is, maximum impulse, displacement, and mass, representing
structural member response.

which are stretched horizontally. This seems to be a generally valid observation. The scatter of
the curves is very limited although significant changes in the cross section have been made, as
discussed in previous sections, which is understood as a further confirmation that the governing
parameters (which represent the axes of the 3D diagram) have been found. Obviously, the non-
linear response of a column subjected to blast can be predicted using a response surface which
combines the curves shown in Figure 17. This response surface approach might open up a new
perspective for the preliminary design of structural members of the same failure mode and opti-
mization of blast-resistant design. A response surface defined in mathematical terms by the gov-
erning parameters would enable on-site vulnerability assessment of structural/mechanical
members subjected to impulsive loading with high accuracy and in a very time-efficient manner.
Further investigations are underway to determine whether this analytical methodology can
be made to be quantitative criterion for use in protective design. Also, the authors are currently
looking into incorporating boundary condition(s) as a fourth governing parameter, besides mass,
impulse, and displacement (Rutner et al., 2008).

Validation of FE analysis

The response data achieved through FE modeling shown in Figure 17 are plotted in a two-
dimensional diagram in Figure 18. Abscissa and ordinate show the mass of the column and the
permanent displacement, while the reflected impulse level is annotated in the legend. The three
data clouds with star, triangular, and square symbols correspond to the impulse levels applied,
that is, 0.049, 0.091, and 0.133 MPas, respectively. A best-fit polynomial approach is used to
average each data cloud, represented by the continuous curves.

The AISC Full-Scale Column Blast Test (Magallanes et al., 2006) is added as a single data
point, that is, the cross, in Figure 18. Figure 19 depicts the column and load characteristics as well
as a top view of the test setup. The blast load is a 40001b TNT (Trinitrotoluene)-equivalent of
Ammonium Nitrate/Fuel Oil charge at a standoff of 4.572 m. The charge level is 137.16 cm above
ground. The charge shape is a 1.52-m-diameter cylinder of 1.473 m height. The column sees a
reflected impulse of 0.0448 MPas. The column flange is exposed to the charge direction at a
skewed angle. The test column is a 14WF228 column which is set at both ends into reinforced
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Figure 19. AISC Large-Scale Blast Test (Magallanes et al., 2006).

foundations which are held in place by a reaction wall. The final permanent displacement in
charge direction at charge level is 8.89 cm.

Furthermore, our comparative analysis comprising FE and SDOF analyses confirms the validity
of the deformation limits as reported by Cormie et al. (2009).

Conclusion

The study presented herein had three main objectives, namely: (a) exploring the key parameters
governing failure of a sacrificial honeycomb structure shielding a structural member using
analytical SDOF/2DOF analysis and high-fidelity explicit FE analysis; (b) understanding and
quantifying the protection capacity of a sacrificial honeycomb cell structure mounted on an
underlying structure accounting for full densification of the sacrificial cells; and (c) investigating
to what extent high-resolution FE analysis can be used to improve current SDOF system analysis
approaches.

A honeycomb structure consisting of rectangular air-filled cells has been studied with respect
to its protection capacity to shield an underlying structure. Three different designs of honeycomb
cells have been investigated by varying the relative mass of core plates and front face plate.

An energy approach was used to describe the transition of kinetic energy activated during three
stages, that is, elastic range, densification, and full densification of the sacrificial structure sub-
jected to impulsive loading, demonstrating the transition from equivalent 2DOF to SDOF systems
representing the nonlinear structural member response.

The relative mass u was shown to be a relatively unimportant parameter in blast-resistant design
of sacrificial structures once the sacrificial cells fully densify. However, the masses of the sacrifi-
cial structure and underlying structure were found to be the governing design parameters. The higher
the impulsive loading, the lesser the effect of energy absorption and the larger the effect of mass on
the dynamic response of the underlying structure through activation of momentum resistance. The
findings indicated a duality of energy absorption and inertial effects in transient dynamics. A 3D
design diagram has been developed where the clouds of response data establish a response surface
representing the complex nonlinear response of structural members subjected to blast loading. This
response surface approach might open up a new perspective for the preliminary design of structural
members of the same failure mode. Further investigations are underway to: (a) prove whether this
analytical methodology can be made a quantitative criterion for use in protective design; and (b) to
find a mathematical approach to describe the response surface. Free-air blast test results were used
for validation of the numerical results.
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Comparative analysis using FE analysis and SDOF methods showed the need for a more
accurate definition of the load—mass factor K ,,. Further studies are required to make the load—
mass factor easier and more accurately predictable which would be very valuable for design.

The FE analysis confirmed the deformation limits established for SDOF system blast analysis.
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