Dual-Hazard Blast and Seismic Behavior of Concrete-Filled
Double-Skin Steel Tubes Bridge Pier
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Abstract: The dual-hazard inelastic behavior of concrete-filled double-skin steel tubes (CFDSTSs) is experimentally investigated as a sub-
stitute to reinforced concrete columns for bridge piers in multihazard applications. Results demonstrate that CFDSTs exhibit substantial
toughness and ductility that can help achieve satisfactory performance when exposed to seismic and blast hazards. Under cyclic loading,
for all specimens designed as part of this testing program, yielding of the section preceded buckling of the outside tube. The onset of local
buckling of the outside tube was not observed until well beyond 4% drift, and failure of all the sections happened generally beyond 7% drift,
even when compactness of the outside tube met only the AISC seismic provisions requirements for moderately ductile behavior. In the cyclic
tests, although pinching of the hysteresis curve happened during the test, the curves remained stable. For the blast tests, all sections behaved in
a ductile manner when subjected to near-contact charges; but for extreme conditions, sections having large voids in their cross section
experienced significant denting. Overall, these tests validated the viability of CFDSTs in compliance with AISC compactness require-
ments for bridge columns in the dual-hazard application considered here. DOI: 10.1061/(ASCE)ST.1943-541X.0001883. © 2017 American
Society of Civil Engineers.
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Introduction

Per FEMA (2004), multihazard design requires that designers
understand the fundamental characteristics of hazards and how they
interact so that design for protection against one hazard becomes
integrated with all the other fundamental design demands from the
others. Although multihazard is not revolutionary per se, a key as-
pect of multihazard design is that it looks at how design methods
used to protect against the hazards reinforce or are in conflict with
one another. When those methods reinforce each other, the esti-
mated demands on the structure will be consistent; and a more uni-
form level of safety is achievable at reasonable cost. Otherwise, the
demands can be in conflict, which may increase costs. In that per-
spective, the development of integrated multihazard bridge systems
is desirable. Earthquakes and explosions are worth considering
from a dual-hazard perspective, as structural survival to both haz-
ards relies on large inelastic response (AASHTO 2012; DoD 2008).

There is a continued concern that bridges may become prime
targets for terrorists (Williamson and Winget 2005). This concern
is justified, as threats have already been received against landmark
bridges across the nation. However, because common highway
bridges are not as closely monitored as landmark bridges, they are
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more accessible targets; and in many instances their destruction can
provoke significant casualties and profoundly affect the economic
circuit built around those transportation infrastructures. Because
many of these bridges are also built in areas prone to earthquakes,
dual-hazard design is required.

Typically, bridge columns are the most vulnerable component of
a bridge system, and their failure generally leads to partial or com-
plete failure of the structure itself. Frequently, columns are readily
accessible, which makes them a likely target in a terrorist attack;
and they are typically relied upon to protect the structure during
earthquakes by working as structural fuses that dissipate the seis-
mic energy. Bridge piers can also be subjected to vehicle collision
or exposed to fires. Columns that are made of concrete-filled,
double-skin steel tubes (CFDSTSs), because of their inherent struc-
tural qualities of higher strength, substantial toughness, and duc-
tility, can help achieve satisfactory performance when exposed to
these hazards. CFDSTs are also attractive because of the cost sav-
ing they can generate by permitting accelerated bridge construc-
tions. Therefore, CFDSTs are investigated here as a substitute to
reinforced concrete columns for bridge piers erected in multiple-
hazard-prone environments. Emphasis here is on the bihazard envi-
ronment constituted by earthquake loading and blast overpressures.
The fire resistance of CFDST columns is already known to be
excellent, as described elsewhere (e.g., Lu et al. 2010; Imani
et al. 2015a, b).

Concrete-Filled Double-Skin Steel Tubes

CFDSTs are a kind of steel-concrete-steel sandwich section formed
by two concentric steel tubes separated by a concrete filler, as
shown in Fig. 1. That configuration seeks to draw upon the benefits
in strength, toughness, and stiffness derived from steel-sandwich
construction by placing the steel at the periphery of a filler material.
Attributable to the cylindrical shape of this sandwich construction,
a void exists in its center. This allows the resulting cross section to
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Fig. 1. CFDST section

concentrate materials where needed for optimal performance: the
outside skin at the periphery of the section provides strength and
stiffness, the inside skin enhances ductility, and the concrete be-
tween provides strength and local and overall stability to the sys-
tem. Also, because of the obvious similarities with concrete-filled
tubes (CFSTs), the concrete core is expected to be confined by the
tubes and will provide, in return, support to the tube skins against
local buckling. That synergy between the tubes and the core in
resisting loads and providing ductile response is expected to result
in a section with good structural and energy dissipation qualities.
Using CFDSTs can also result in slender columns with less surface
to be exposed to blast overpressures than reinforced concrete col-
umns or equivalent flexural strength. The inner tube also provides
desirable blast resistant features and strength for fire resistance
(Imani et al. 2015a, b).

CFDSTs were studied by Montague (1975) as a substitute for
steel shells subjected to external pressure, by Shakir-Khalil (1991)
under monotonic lateral loading, and by Wei et al. (1995) for use in
the petroleum industry to cope with the local and global stability
concerns that often prevent steel tubes from developing their full
yield strength (API 1989). However, studies on CFDSTs remain
scarce, particularly with respect to cyclic inelastic behavior and
blast resistance. Experimental and analytical studies have investi-
gated the behavior of CFDST (and tapered CFDST in some cases)
in compression (Wei et al. 1995; Uenaka et al. 2010; Huang et al.
2010; Yuan and Yang 2013; Pagaoulatou et al. 2014; Li et al. 2012,
2013; Zhao et al. 2010; Zhong et al. 2004), tension (Li et al. 2014a,
b), torsion (Huang et al. 2013), monotonically-applied compression
and flexure (Tao et al. 2004; Tao and Han 2006), and fire (Lu et al.
2010; Imani et al. 2015a, b).

Limited cyclic tests to date (Tao et al. 2004; Lin and Tsai 2001;
Han et al. 2006) on beam-column elements with high slenderness
ratio and variable level of axial load have established that CFDSTs
can provide strength and deformation capacity that emulate those of
CFSTs even with diameter-to-thickness ratios in excess of the limit
currently imposed by AISC 341-10 [(AISC 2010); 87 for grade
50 steel] on concrete-filled circular steel sections (ratio as high as
100-150:1 for the outer tubes and 90:1 for the inner tube were stud-
ied). Han et al. (2006, 2009) showed that CFDSTs exhibit some
drop in ductility with increases in axial load, based on results from
specimens tested at axial load levels of 0.23, 0.43, and 0.63 of the
ultimate axial capacity of the section (which would be significantly
higher than typically found in bridge columns). Recent research on
CFDSTs (and CFSTs) having ultra-high-strength outer steel tubes
[with yield stress in excess of 700 MPa (100 ksi)] allowed the de-
velopment of greater ductility under high axial loads but found that
the use of higher strength decreased this ductile capacity (Hsiao
et al. 2015).

Research on the blast resistance of CFDST is even scarcer.
Zhang et al. (2016), in tests contemporaneous to those reported
here, subjected CFDSTSs having ultra-high-performance concrete
averaging compressive strength of 170 MPa (25 ksi) to applied
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axial forces and blast pressures that produced modest levels of
inelastic demands on the members with “no visible buckling nor
ruptures found on the steel tubes.”

In light of the limited data available on both the seismic and
blast resistance of CFDST, the experimental results presented here
provide valuable data on this topic that can be useful in future stud-
ies to expand knowledge on the inelastic ultimate behavior of
CFDST.

As no closed-form equations were found in the literature for
either the flexural strength of CFDSTs or the combined axial and
flexural loadings, a set of equations was derived for comparison
with experimental results. Equations for flexural strength are pre-
sented in the Appendix. However, because of space constraints
here, the set of multiple equations for combined axial and flexural
loadings is presented in Fouché and Bruneau (2014).

Specimen Design

In light of the limited knowledge available, to investigate a broader
range of cross-section parameters and to validate the seismic and
blast performance of CFDST sections, five quarter-scale CFDST
column specimens, with geometry and section parameters represen-
tative of different arrangements of the tube shells and consistent
with the conditions expected in full-scale applications, were instru-
mented and subjected to cyclic loading. In addition, 12 quarter-
scale column specimens (grouped into three bents of four columns
each) were subjected to blast loading: eight were blast tested at
the University at Buffalo’s outdoor Experimental Campus for Large
Infrastructure Protection, Sustainability and Enhancement (i.e., the
ECLIPSE testing facility), and another four were tested later at the
Big Black Testing Site of the U.S. Army Engineer Research and
Development Center (ERDC) in Vicksburg, Mississippi. Note that
properly-designed scale testing has gained substantial acceptance
in blast engineering over the past decade and has been proven
to provide reliable results and key knowledge in understanding
the behavior of structures subjected to blast (e.g., Woodson and
Baylot 1999; Baylot and Rickman 2007; Williams et al. 2008;
Orton et al. 2014; Bruhl and Varma 2015; Burrell et al. 2015). The
work conducted here was performed in the same mindset.

The objective of the cyclic test series was to evaluate experimen-
tally the behavior of CFDSTs in terms of ductility and behavior
up to failure (which typically occurs caused by low-cycle fatigue)
in the perspective of seismic response. The objective of the blast-
test series was to assess experimentally how blast performance is
affected by various design and geometric parameters (e.g., larger
versus smaller void, tube compactness with respect to specified
limits for highly ductile versus moderately ductile behavior).

Design of the specimens was based on the analytical studies of
multihazard full-scale bridges presented in Fouché and Bruneau
(2014). The specimens selected for this test series were quarter-
scale models of some of the prototype CFDSTs designed as part

J. Struct. Eng.

J. Struct. Eng., 2017, 143(12): 04017155



Table 1. Cyclic Pushover Test Specimens

Ductility designation

D, D,
Designation Specimen H (in.) D; (in.) D, (in.) t; (in.) t, (in.) t; ty X Inside tube Outside tube
17_72_33 S1 67.25 2 6 0.116 0.083 17.24 72.29 0.33 HD MD
16_70_25 S2 67.25 2 8 0.123 0.114 16.26 70.18 0.25 HD MD
22_50_38 S3 71.25 2.5 6.625 0.114 0.133 21.93 49.81 0.38 HD HD
26_48_33 S4 67.25 2 6 0.076 0.117 26.32 48.00 0.33 HD HD
56_70_63 S5 67.25 5 8 0.09 0.114 55.56 70.18 0.63 HD MD

of those studies. Those specimens met the compactness limits set
by the AISC 341-10 Seismic Provisions (AISC 2010) to achieve
ductile behavior for concrete-filled composite sections. The deci-
sion to comply with those limits stemmed from the fact that
CFDSTs are essentially concrete-filled sections quite similar to
CFSTs and, arguably, should be subjected to the same compactness
limits. If this holds true, CFDSTs meeting those requirements
should, accordingly and like their CFST counterparts, develop
the strength and ductility demands expected of them under earth-
quake and blast loading. For the current research, this line of
reasoning resulted in sections that combined inside and outside
tubes with different compactness and corresponding expected
ductility capacities as defined by the AISC Seismic Provisions
(AISC 2010).

The main geometric features of the specimens subjected to
cyclic loading, labeled S1-S5, are presented in Table 1. In Table 1,
the numbers used in the first column to designate the specimens
(e.g., 17_72_33) represent in that order the diameter-to-thickness
ratios for the inside and outside tubes rounded to the nearest integer
(i.e., 17 and 72) and the void ratio in percentage, (i.e., 33%), de-
fined as the ratio of the inside to the outside diameter. The third
column gives information on the cantilever height (H) for each
specimen; all specimens but Specimen S3 have the same height.
The other parameters contained in this table are the diameter of

S3 S4

S2 S5

Fig. 2. Selected cross sections

Table 2. ECLIPSE Tests Specimens

the outside tube (D,), the diameter of the inside tube (D;), the
thicknesses of the inner (#;) and the outer (7,) tubes, the diameter-
to-thickness ratios for the inner (D;/t;) and the outer (D,/t,)
tubes, and the void ratio (x = D;/D,). The acronyms HD and
MD in the last column of this table, respectively, refer to the AISC
341-10 (AISC 2010) designations of highly ductile and moderately
ductile that limit the D/t value of the tubes to 0.076E/f, = 68.9
and 0.15E/f, = 135.9, respectively, for material values of F, =
32 ksi (220 MPa) and E = 29,000 ksi (200,000 MPa). In the
perspective of seismic design, note here that the outside tubes of
Specimens S1, S2, and S5 have compactness deemed sufficient to
develop only moderate levels of ductility, whereas the other two
specimens satisfy the designation for high level of ductility.

Note that Specimens S1 and S4 have the same outside and inside
tube diameters, but the thicknesses of their outside and inside tubes
are interchanged to produce two section configurations with the
same void ratio but different overall expected ductility (the outside
tube of S1 is MD, whereas that of S4 is HD). Note also that
Specimens S2 and S5 were chosen with outside tube diameters that
are identical but with inside tube diameters leading to sections hav-
ing small and large void ratios (0.25 versus 0.63), respectively, yet
having the same ductility designation of MD. Specimen S4 was
chosen to fall near the middle of the spectrum of void ratios con-
sidered for the specimens. For a visual reference, Fig. 2 provides
scaled drawings of the cross sections of the different specimens that
were tested.

Of the eight specimens tested at the ECLIPSE testing facility,
five were CFDSTs similar to those subjected to cyclic testing, and
one was a CFST with a specified outside tube diameter of 152 mm
(6 in.). The other two were selected to extend the spectrum of void
ratios from 25 to 63%. Tables 2 and 3 summarize the main geo-
metric and section features of the specimens. The notation used for
the specimen names is consistent with that used earlier, except that
the prefix B is used instead of S to designate the specimens of this
blast test series. For the ERDC tests, the two sections with the larg-
est void ratios from the ECLIPSE series were modified to have
diameter-to-thickness ratios of their outside tubes such that they
met the AISC 341 (AISC 2010) requirements for highly ductile
members, based on the premise that increasing the compactness

C Ductility

olumn

Specimen designation H (mm) D; (mm) D, (mm) t; (mm) t, (mm) Void ratio Inside tube Outside tube
17_72_33 B1 1,500 50.80 152.4 2.9464 2.1082 0.33 HD MD
16_70_25 B3 1,500 50.80 203.2 3.1242 2.8956 0.25 HD MD
56_70_63 B7 1,500 127 203.2 2.2860 2.8956 0.63 HD MD
26_48_33 B5 1,500 50.80 152.4 1.9304 3.1750 0.33 HD HD
20_73_42 B2 1,500 63.50 152.4 3.1750 2.0828 0.42 HD MD

22 50_38 B4 1,500 63.5 168.3 2.8956 3.3782 0.38 HD HD
33_94_50 B6 1,500 101.6 203.2 3.0480 2.1590 0.50 HD MD

— B8 1,500 — 152.4 — 3.0480 0 — HD
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Table 3. ERDC Tests Specimens

Column Ductility
Specimen designation H (mm) D; (mm) D, (mm) t; (mm) t, (mm) Void ratio Inside tube Outside tube
21.50_42 B9 1,500 63.5 151.5 3.0480 3.0480 0.42 HD HD
21_51_38 B10 1,500 63.5 165.3 3.0226 3.2512 0.38 HD HD
30_41_50 Bl11 1,500 101.0 201.5 3.3528 4.9022 0.50 HD HD
40_42_62 Bl12 1,500 124.6 201.4 3.1496 4.8006 0.62 HD HD
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Fig. 3. Normalized demand/capacity as a function of displacement response

of the outside tube could help minimize denting while keeping
large void ratios. The remaining two specimens tested at ERDC
were similar to B2 and B4 and were intended to gather complemen-
tary data on specimens with moderate void ratio. Fig. 3 was used to
guide the selection of specimens to be tested at ERDC by showing
the maximum lateral deformation of the specimens (that can be
related to plastic rotation using geometry and height of the point
of maximum deformation) as a function of demand/capacity ratios
for the blast-tested specimens. Note that, in this figure, the demand/
capacity ratio was nonconventional but was expressed, nonetheless,
in a manner informative for showing relative trends within the
entire series of tests. The ordinate of that figure was chosen by
performing a relative comparison of a uniformly distributed load
w,, divided by the corresponding value for the plastic mechanism
(equal to 28.8M,/ L? for the position of the charge considered),
and by taking w, = kpD,, where p is the blast pressure, D, is
the column diameter on which pressure is acting, and k is a con-
stant depending on column cross-section shape). Using a crude first
estimate of the pressure as p = 1/Z> (kPa) for simplicity and elim-
inating constants from the ratio, the following demand/capacity
ratio was obtained: w, /(M ,/L?), leading to (D,/Z%)/(M,/L?),
itself leading to D, x Lz/[(X/Wl/g) X M), and to the ordinate
of Fig. 3 when ehmmatlng L (which was the same here for all spec-
imens). Again, note that the sole purpose of Fig. 3 was to illustrate
graphically (and relatively) how the ERDC tests were intended to
fill gaps in the ECLIPSE set of results. For that reason, in Fig. 3,
maximum deformations are those measured for the ECLIPSE tests
and predicted for the ERDC tests.
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Materials

The tubes used to build the test specimens were electric resistance
welded tubes. Those products are available in cold rolled strip (16
gauge and lighter) and hot rolled strip [2.1-mm-(0.083-in.)-thick
wall and heavier). The steel used in their manufacturing complies
with ASTM A513 type 1 or 2 [ASTM A513/A513M-15 (ASTM
2015)]. Those tubes nominally have a yield strength of 4.6 MPa
(32 ksi), a tensile strength of 6.5 MPa (45 ksi), and 15% minimum
elongation at failure. The experimentally measured stress-strain
curves for those specimens are provided in Fig. 4 for coupons ob-
tained from extra lengths that were cut from each tube (both inner
and outer ones) before the tests. Pieces of those extra lengths of
tube were flattened first, and coupons were machined from them.
By this procedure, those coupons might have been cold-worked,
which may explain why not all of them reached the minimum re-
quired elongation at failure. It is also worth noting that no defined
yield plateau was obtained for any of the tested coupons; conse-
quently, the 0.2% offset method was used to determine the nominal
yield strength of the section for all purposes.

Casting of the concrete for the seismic and blast specimens
occurred at the same time. To accelerate construction, prevent seg-
regation of the concrete, and avoid the need for compaction, a self-
placing concrete with an average compressive stress of 0.73 MPa
(5.0 ksi), a maximum aggregate size of 13 mm (1/2 in.), and a
spread during the slump test between 457 and 762 mm (18 and
30 in.) was used for this application. Concrete cylinders cast during
the construction and tested 42 days after the placement gave an
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Fig. 4. Stress strain curve from steel coupons: (a and b) inside tubes; (c and d) outside tubes

average cylinder strength of 0.78 MPa (5.4 ksi) with a standard
deviation of 0.014 MPa (0.1 ksi). Using the ACI Committee 211
(ACI 1992) relationship, compressive strength on the test days was
predicted to be 0.82—0.83 MPa (5.63-5.71 ksi) for the various spec-
imens tested (a 5% difference at most).

Calculated Section Strengths

Because all specimens were made of compact tube elements, it was
expected that they would reach their full nominal plastic strength
(M ). The nominal plastic strength of each of the specimens was
calculated using the equations presented in the Appendix. Those
equations assumed that steel components reach their nominal yield
strength, F,, and that all concrete in compression reaches its

Table 4. Calculated Strengths of S Specimens; f. = 38 MPa (5.4 ksi)

Fy, Fy; M,
Designation  Specimen [ksi (MPa)] [ksi (MPa)] [kip-in (kKN-mm)]
17_72_33 S1 40.00 (279) 61.30 (428) 207.46 (23.443)
16_70_25 S2 49.62 (346) 45.20 (315) 514.98 (58,192)
22_50_38 S3 56.00 (391) 51.04 (356) 446.09 (50,408)
26_48_33 S4 57.40 (401) 46.98 (328) 314.61 (35,551)
56_70_63 S5 49.62 (346) 28.6 (200) 532.50 (60,173)

Table 5. Calculated Strengths of B Specimens

full strength, £/, but it neglects the concrete in the tensile region. Fe' Fyo Fyi Mp
Note that although the plastic stress distribution principles in AISC Designation  Specimen  (MPa) — (MPa)  (MPa)  (kN-m)
341-10 (AISC 2010) recommend using 95% of f., CFDSTs are 17_72_33 Bl 37.23 275.65 307.23 26.51
expected to develop confinement, which justified ignoring this 16_70_25 B3 37.23 330.95 307.23 67.99
reduction. Resulting values are in Tables 4 and 5. 56_70_63 B7 37.23 330.95 220.63 71.72
26_48_33 BS 37.23 379.21 379.21 43.62
20_73_42 B2 37.23 275.65 558.48 33.19
Description of the Experimental Setup 22_50_38 B4 37.23 368.87 325.50 57.91
33_94_50 B6 37.23 321.09 315.99 62.26
The column specimens in the cyclic tests were 2,038-mm 21.50_42 B9 3723 396.17  406.51 46.22
(80.25-in.)-tall cantilevers having a built-up steel component at 21.51.38 B10 37.23 470.50 483.64 7291
their base to provide a means to connect the specimen to the top ig—j;—g(z) g i; g;;g gngg 382 ?11 gggg
flange of a W14 x 211 strong beam that was part of a reaction - - : ’ ’ ’
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frame. Details of the built-up steel component are provided in
Fouché and Bruneau (2014) along with details for connecting the
top of the cantilever specimens to a horizontal actuator having
swivels at both its ends. Note that the built-up base was heavily
instrumented to measure its deformations and accordingly correct
measured column deflections to obtain results for a rigidly fixed
base. Data recorded during the tests showed that this built-up detail
added approximately 5-10% to typical specimen lateral deforma-
tions at maximum strength.

The test setup in the blast test series was similar to the one
found in Fujikura and Bruneau (2011). Concrete encased built-up
steel sections were used as cap and foundation beams of each

multicolumn bent. The built-up steel sections were similar to the
box sections described for the seismic test but spanned the entire
length of the bent. For design purposes, the cap beam was made
stronger than the foundation beam and was the same for all blast
test series. This is because the design of the cap beam was con-
trolled by blast overpressures, whereas the foundation beam was
designed for the capacity of the strongest specimen attached to
it. Each bent contained four equally spaced columns [Figs. 5(a
and b)]. Because the test procedure called for the columns to be
tested in turn, the spacing between the columns was selected such
that, when any column was being tested, the neighboring columns
would remain elastic. It was found that a spacing of approximately
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Fig. 5. Reaction frame elevation and attached bents: (a) typical bent set in place; (b) same bent after footing has been poured; (c) schematic side view

of test setup (units shown in feet and inches, 1 in. = 25.4 mm)
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1,270 mm (50 in.) on center for the columns of each bent would
amply suffice for that purpose. A reaction frame [Fig. 5(c)] con-
nected to the cap beam of each bent served to provide lateral
support and simulate the boundary conditions and rigidity that
the deck of a bridge would have provided at the top of the beams
if it were present. Information on the design of the cap beam, the
foundation, and the construction sequence is provided in Fouché
and Bruneau (2014).

Instrumentation

For the cyclic tests, the instrumentation was designed to capture
primarily the force-displacement response of the specimens, such
as to characterize ductility and hysteretic behavior of such sec-
tions. To get redundancy in the main measurements, three dif-
ferent measurements of specimen deformations were taken: from
the displacement transducer in the actuator (which also recorded
deformations of the reaction frame), from a set of string displace-
ment potentiometers (string pots) connected to an external refer-
ence point, and from a Krypton Dynamic Measurement Machine
(model K600 by Nikon Metrology). Fig. 6 shows a close up
view of a specimen and the locations of some of the instruments.
Drawings with precise locations of instruments are in Fouché and
Bruneau (2014).

For the blast tests, because of issues related to survivability of
instruments in the fireball, instrumentation of the specimen for the
ECLIPSE tests was kept simple and primarily consisted of two
quartz free-field ICP blast pressure pencil probes and a high-speed
camera. The instrumentation scheme for the ERDC test series was
designed with the intent to collect more information than was ob-
tained in the ECLIPSE test series. To obtain information on the
peak velocity of the specimen during its response and to estimate
the impulse seen, a series of shorting pins was used. However, the
use of shorting pins was more successful in tests conducted shortly
thereafter on a different type of column, because more pins were
used in those tests than for the CFDST columns described here [see
Fouché et al. (2016) for a description of the shorting pins concept
and example results]. In addition, overpressures were measured for
all tests using a pencil pressure probe placed at a fixed standoff of
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Fig. 6. Typical cyclic test specimen setup: (a) global view; (b) close up
showing partial instrumentation
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94x, where 1.0x corresponds to a standoff distance (measured in ft
or m) that corresponds to a severe threat having a scaled distance of
0.12 m/kg'? (0.30 ft/Ib'/3). The term scaled distance corre-
sponds to the standoff distance, or just standoff, (measured in ft
or m) divided by the cube root of the charge weight (Ib or kg).
The scaled standoff (measured in ft or m) is simply the standoff
distance multiplied by a factor. In conducting scaled experiments
when the cube root scaled distance is maintained (following
Hopkinson-Cranz scaling) then the peak blast pressures will scale
appropriately (1:1). Properly scaling the pressure-impulse is
achieved by the dimensional scaling of the test item. Attempts were
made to record acceleration histories at the back of the specimens
by using shock accelerometers of 200,000 and 60,000 g capacities,
but this did not yield satisfactory results, because capacities of the
accelerometers were exceeded during the tests.

Experimental Protocol

Cyclic Tests

During the experiments, the specimens were subjected to a con-
ventional cyclic pushover test during which each specimen was
subjected to cyclic displacements of progressively increasing am-
plitudes up to failure. At each specified displacement cyclic ampli-
tude, the specimen was subjected to at least three cycles. Each
specimen underwent a total of at least 30 cycles with the total
number of cycles applied before failure varying, depending on each
specimen’s ductility. All tests were conducted in displacement-
control mode. In the initial stage of loading, the increments in dis-
placement were smaller to capture each specimen’s first yielding
and to use the resulting yield value to define the subsequent cycles
(because the loading protocol is in terms of multiples of the yield
displacement). Once the yield displacement was determined, the
full loading displacement history was followed. Note that because
the CFDSTs were tested to ascertain their potential for use as bridge
columns that sustain a relatively modest axial load (less than 10%
of its axial strength), no axial force was applied to the columns.
Only the lateral-displacement history presented for the test protocol
was applied at the top of the specimens. Note that testing continued
until little residual strength remained to allow quantifying the rate
of strength degradation that would be needed to be able to perform
analytical studies such as those described in FEMA 356 (FEMA
2000) or FEMA 695 (FEMA 2009) (although such analyses are
not part of the current scope of work). To facilitate the visualization
of local deformation in the specimens, the bases of all specimens
(except for S4) were coated with white wash, and a grid was drawn
over the base of the specimen (Fig. 6).

Blast Tests

The charge weight was chosen to be consistent with a design threat
based on a scenario in which a vehicle borne improvised explosive
device (VBIED) is detonated near a column of the corresponding
full-scale bridge. Charges and charge distances were chosen to pro-
vide example results for three limit states: (1) to create plastic de-
formations in the specimens to ascertain how they deform globally
and locally under blast loading; (2) to induce the maximum feasible
deformation without compromising stability of the column speci-
mens under axial load; and (3) to bring the specimen to the point of
incipient collapse to determine the likely failure mechanism. Note
that for all specimens, the center of gravity of the charges was
25.4 cm (10 in.) above ground.
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Fig. 7. Hysteresis loops for the specimens tested

Experimental Results: Cyclic Tests

The force displacement curves obtained for all specimens are
shown in Fig. 7. Descriptions of observed behavior and its effect
on the hysteretic results follows for each tested specimen.

Test 1: Specimen S4

When the specimen was cycled at stroke amplitudes of 50 mm
(2 in.), it was observed that the load displacement curve departed
from a straight line at an actuator stroke of 38 mm (1.5 in.).

© ASCE
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The displacement measured by the linear potentiometer at this time
was 23 mm (0.90 in.), which corresponded to a drift of 1.3%.
When yielding occurred, the applied force was 12.2 kN (2.75 kips).
Based on the deformation measured by the linear potentiometer,
the corresponding stiffness was 0.37 kN/mm (2.12 kip/in.). The
specimen did not reach its maximum lateral strength of 18.3 kN
(4.12 kips) [moment strength of 31,320 kN-mm (277.1 kip-in.)]
until reaching a drift of 6.65%.

At a drift of 4.3%, a buckling wave started to grow at the base of
the specimen. The lateral strength of the specimen at the time was
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Fig. 8. Buckling progression of S4

16.2 kN (3.65 kips). Those buckling waves observed at 4.3% drift
kept growing on the outside tube from cycle to cycle. At a drift of
7.8%, they reached a peak wavelength of approximately 25 mm
(1 in.), with a peak amplitude of 19 mm (3/4 in.) on the most com-
pressed side of the specimen. At this stage, the bulges grew to en-
compass approximately half of the circumference of the outside
tube (Fig. 8).

When the drift reached 7.8%, the actuator ran out of stroke on
one side. It was decided to keep cycling the specimen at unequal
displacement amplitudes. The amplitude of the displacement on
the actuator side kept increasing, whereas it remained fixed at a
maximum amplitude of 7.8% drift in the other direction. On the
3rd cycle at a drift of 13% on the actuator side, localized necking
in the buckled region on the outside tube was noticeable in the steel.
A crack appeared in that region during the next cycles (at 15%
drift), followed by almost a 50% drop in strength. Pulverized con-
crete spilled out of the crack (Fig. 9). It was decided to continue the

test to see whether the inside tube would easily fracture. After three
cycles at 15% drift on the actuator side, the inner tube had not rup-
tured; the test was stopped when the drop in strength was approx-
imately 80% of the maximum value reached during the test. This is
equal to the strength (5,760 kN-mm, 51 kip-in.) of the composite
section formed by the concrete and the inner tube acting as a dowel.
This also indicates that the outside tube, although not participating
in the resistance of the section per se, was still confining the con-
crete core.

Test 2: Specimen S1

To prevent the actuator from running out of stroke in one direction,
as in the previous case, a spacer was added between the specimen
and the reaction frame to allow development of the full travel length
of the actuator in both directions. Departure from elastic behavior
was observed for the specimen at a stroke of 38 mm (1.5 in.), which

Fig. 9. Failure of S4
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Fig. 10. First buckling of Specimen S1

corresponded to a measured deformation of the specimen of 23 mm
(0.9 in.) or 1.3% drift. The strength at yield was 7.9 kN (1.78 kips),
and the apparent lateral stiffness was 0.35 kN/mm (1.98 kip/in.).

A visible local buckle started to grow on the side opposite the
actuator when the specimen was cycled at 3.8% drift. This buckle
was located 51 mm (2 in.) from the top plate of the base connection;
its wavelength was approximately 13 mm (0.5 in.), and its ampli-
tude was 19 mm (3/4 in.) (Fig. 10). The occurrence of buckling
in the specimen was directly followed by pinching in the force-
displacement curve. By a drift of 5.4%, the buckling wave was fully
formed. At the same time, the specimen reached its maximum
strength of 14.4 kN (3.23 kips) [moment strength of 25,550 kN-mm
[217.2 kip-in.)].

By 7.3% drift, a crack on the side opposite the actuator became
visible [Fig. 11(a)]. This was directly followed by another crack on
the actuator side of the specimen when the load was reversed,

which corresponded to a 33% reduction in strength. As the crack
grew, the specimen gradually lost strength. Fracture of the speci-
men occurred during this same cycle [Fig. 11(c)], and pulverized
concrete came out of the crack. As the specimen was further cycled,
the hysteresis loop of the specimen stabilized to a residual loop.
The residual loop was not symmetric; the average of the negative
and positive peak forces was 3,220 kN-mm (28.5 kip-in.), which
is close to the capacity of the inner tube (3,208 kN-mm, or
28.4 kip-in.).

Test 3: Specimen S2

Yielding occurred at a stroke of 38 mm (1.5 in.); the correspond-
ing potentiometer measurement was 23 mm (0.9 in.), the yield force
was 26 kN (5.85 kips), and the apparent stiffness was 1.14 kN/mm
(6.5 kip/in.). Although some pinching in the hysteric curve was

Fig. 11. Progression of failure in S1
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Fig. 12. Specimen S2: (a—c) progression of buckling; (d and e) deflected shape at 5.7% drift

already visible in the force-displacement at a drift of 5.7%, the first
buckling wave did not really form until the specimen reached its
peak lateral strength of 42 kN (9.44 kips) (moment capacity of
71,760 kKN-mm, or 634.84 kip-in.), at a drift of 8.4% on the side
opposite the actuator. From there, the buckle grew to its final am-
plitude of approximately 25 mm (1 in.) at 11% drift; its wave-
length was about the same (Fig. 12).

Necking of the steel toward the fixed base of the specimen was
detected on the tension side during the first cycle at 13.6% drift.
On load reversal, a crack formed suddenly in the previously com-
pressed side. The strength of the specimen was reduced by approx-
imately a third.

The specimen was cycled at that amplitude to assess the residual
strength provided by the inner tube as was done in the previous
tests. The average residual moment strength (25 kip-in.) was ap-
proximately equal to the inner tube capacity (22.24 kip-in.).

Test 4: Specimen S5

Yielding of the specimen occurred at the same stroke of 38 mm
(1.5 in.) (0.9-in. specimen displacement or 1.3% drift) for an ap-
plied force of 20 kN (7 kips), which resulted in an apparent stiffness
of 1.4 kN/mm (7.8 kip/in.). The lateral strength of the specimen
reached a maximum of 45.8 kN (10.3 kips) [moment strength of
78,230 kN-mm (692.7 kip-in.)]. Buckling occurred at a drift of
5.7%. The maximum strength was also reached at this drift, as con-
sistently observed for the other specimens.
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On the side opposite to the buckle, the coating applied to
the specimen started to flake, indicating that S5 was further
yielding. At 7.4% drift, a buckle bulge grew to encompass the
entire diameter of the specimen; the crest of that bulge was ap-
proximately 19 mm (0.75 in.) more than a wavelength of 25 mm
(1 in.). Flaking of the coating intensified as a sign of further
plasticization.

Fracture in the buckled region was visible during the cycles at
9.1% drift. Deformation of the base of the specimen until failure
progressed similarly to the behavior observed in all other speci-
mens. At rupture, the residual strength of the specimen was approx-
imately 9,000 kN-mm (80 kip-in.), which is higher than the
resistance of the inner tube of itself at 7,267 kN-mm (64.35 kip-in.).
This suggests that some concrete was still contributing to that
residual strength; as a matter of fact, the specimen was not cycled
up to the point beyond fracture, after which stable residual loop
could be observed (as in the other specimens).

Test 5: Specimen S3

Yielding of the specimen was observed at approximately 1.3% drift
(23 mm, 0.9 in. measured by the potentiometer). At yield, the lat-
eral strength of the specimen was 16.9 kN (3.8 kips), and its ap-
parent stiffness was 0.74 kN/mm (4.2 kip/in.). S3 did not show
any sign of local buckling until a drift of 8.1%. First visible evi-
dence of local buckling occurred when the specimen attained its
peak lateral strength of 32.5 kN (7.3 kips), with corresponding
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moment strength of 58,470 kN-mm (517.3 kip-in.), which was con-
sistent with the previous observations. The buckling wave spanned
the full diameter of the specimen; its amplitude was 13 mm
(0.5 in.), and its wavelength was 25 mm (1 in.). The strength of
the specimen degraded significantly when the drift reached 12.2%
when the specimen suddenly lost 50% of its strength. This drastic
reduction in strength was attributable to crack initiation in the
buckled region at the apex of the buckling wave.

Summary of Findings: Cyclic Tests

All the specimens that were part of this quasi-static test program
and that were conducted to assess the seismic resistance of CFDSTs
exhibited ductile behavior up to failure. For all specimens, irrespec-
tive of void ratio, yielding of the section preceded buckling of the
outside tube; this was expected, because all the tubes were com-
pact. Yielding of the specimens did not occur until the actuator ap-
plied a displacement of 38 mm (1.5 in.), corresponding to a drift of
1.3%. Local buckling of the outside tube was not observed until
well beyond 4% drift. Failure of all the sections happened generally
beyond 7%, even when compactness of the outside tube met only
the AISC 341-10 (AISC 2010) requirements for moderately ductile
behavior.

Once a specimen reached its peak strength, no substantial reduc-
tion in strength was observed for the specimen prior to develop-
ment of fracture in the outside tube. Also, the loss in effective
stiffness (ratio of peak strength to applied displacement at any
given cycle) for all specimens was gradual. Although pinching of
the hysteresis curve proportional to the severity of local buckling
happened during the tests, the curve was stable, showing that the
energy dissipation capacity of this specimen would have been fairly
reliable under earthquake excitations.

Specimens S2 and S5 had similar strengths, but the void ratio of
S5 was more than twice that of S2. Both used moderately ductile
tubes on the inside. Both specimens reached similar deformation
and strength levels; however, the residual hysteresis for S5 showed
higher strength owing to the fact that the inner tube of S5 had
higher strength than that of S2. Thus, S5 would offer better pro-
tection than S2 under cyclic loading, which is significant if a
CFDST with a higher void ratio involves cost-saving.

Table 6. Results for the Blast Tests

Experimental Results: Blast Tests

Cross-section deformation (denting/caving) was an important de-
formation mechanism for CFDSTs subjected to overpressures from
a near-contact explosion; global deformations are thus reported in
two formats. For sections that were not dented, maximum lateral
bending deformation and the associated rotations at three locations
(top, bottom, and point of maximum deformation) are reported.
For dented sections, the maximum lateral deformation and cross-
section deformations are reported. The maximum lateral deforma-
tion in that case includes the dent depth and needs to be corrected
for denting so that rotation attributable to bending only can be
calculated.

Tests 1-4: Specimens B8, B2, B4, and B6

As indicated in Table 6, Specimens B8, B2, B4, and B6 were,
respectively, subjected to a charge W at scaled standoffs of
1.71x, 2.29x, 1.43x, and 2.29x (recall that 1.0x is for a standoff
distance that corresponds to a scaled distance of 0.12 m-kg!/3
(0.30 ft-Ib'/3). These were higher standoff distances than for all
subsequent tests. The values of W and x are kept confidential for
security purposes, as commonly done for this type of experiment.
Recall that the distance between columns in the bents was designed
such that the blast test on any target column had no impact on the
adjacent columns (also benefiting from results from similar tests on
CFST and reinforced concrete columns in tests by Fujikura et al.
(2008) and Fujikura and Bruneau (2011).

Specimen B8 was a CFST (i.e., no void) whose purpose was
to provide a point of comparison with previous tests reported on
CFSTs and CFDSTs of similar strength, whereas B2, B4, and B6
had the relatively smaller void ratios of 0.38, 0.42, and 0.25. B8 had
a measured average outside diameter of 150.6 mm (5.93 in.) and a
measured wall thickness of 3 mm (0.120 in., nominal 0.125 in.);
this resulted in compactness in compliance with the limit for highly
ductile members (per AISC 341). The maximum deformation mea-
sured for this test occurred at a height of 406.4 mm (16 in.) from
the top of the foundation and was approximately 25.4 mm (1 in.).
This corresponds, respectively, to overall rotations of 0.063 rad at
the base of the specimen and 0.024 rad at the top of the specimen,
resulting in a 0.087 rad in-span rotation. A sense for the global

Maximum
Column Void Scaled deformation Height of maximum B D

Test tested ratio standoff [mm (in.)] deformation [mm (in.)] [mm (in.)] [mm (in.)]
1 B8 0 1.71x 254 (1) 406 (16) — —

2 B2 0.42 2.29x 19 (3/4) 254 (10) — —

3 B4 0.38 1.43x 17.5 (11/16) 254 (10) — —

4 B6 0.25 2.29x 12.5 (1/2) 254 (10) — —

5 B7 0.63 1.29x 116 (4.56) 254 (10) 121 (4.75) 229 (9)

6 BS 0.33 1.29x 76 (3) 254 (10) 132 (5.2) 165 (6.5)
7 Bl 0.33 1.29x 111 (4.4) 305 (12) 124 (4.9) 165 (6.5)
8 B3 0.50 1.00x 73 (2.88) 305 (12) 178 (7) 165 (6.5)
9 B8 0 1.00x Failed — — —

10 B2 0.42 1.29x 135 (5.25) 381 (15) 123 (4.82) 175 (6.9)
11 B6 0.50 1.07x 175 (6.88) 356 (14) 145 (5.7) 248 (9.8)
12 B4 0.38 1.07x 127 (5) 356 (14) 130 (5.12) 191 (7.5)
13 B9 0.42 1.29x 114 (4.5) 305 (12) 114 (4.5) 173 (6.82)
14 B10 0.38 1.29x 76 (3) 254 (10) (5.38) 187 (7.38)
15 Bl11 0.50 1.71x 37.5 (1.48) 254 (10) 172 (6.72) 211 (8.3)
16 Bl11 0.50 1.43x 119 (4.7) 254 (10) 121 (4.75) 187 (7.38)
17 B12 0.62 1.29x 127 (5) 254 (10) — —
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Fig. 13. Deformation along the height of Specimen B8, as a representative global deformation: (a) distribution along the height; (b) maximum

deformation

distribution of deformations along the height of B8 can be gathered
from Fig. 13(a), whereas Fig. 13(b) shows a crude measurement of
the maximum deformation of B8 using a ruler.

For Specimen B2, the diameter-to-thickness ratios of the inner
and outer shells complied with the limits for highly ductile and
moderately ductile members as per AISC 341 (AISC 2010). In
comparison to B8, B2 had a lower expected strength. Conse-
quently, it was tested at a scaled standoff of 2.29x. The maximum
measured plastic deformation for this test was 19 mm (3/4 in.)
measured at 254 mm (10 in.) from the base of the specimen. The
corresponding calculated rotations at the bottom and top of that
specimen were, respectively, 0.075 and 0.016 rad. The in-span ro-
tation necessary to achieve those rotations at the top and the bottom
is 0.091 rad.

The inner and outer tubes of B4 were chosen to have highly
ductile behavior. A maximum deformation of 17.5 mm (11/16 in.)
for Specimen B4 was observed at 254 mm (10 in.) from the ground.
The angles of rotations at the base and the top of Specimen B4 were
calculated to be 0.069 and 0.014 rad, respectively. These combined
for an in-span rotation of 0.083 rad.

Designed with tubes expected to have highly ductile behavior
(inner tube) and moderately ductile behavior (outer tube), Speci-
men B6 had also the smallest void ratio (25%) of all the specimens
tested. B6 had similar predicted strength to B4. The scaled standoff
for the test on B6 was set at 2.29x. At the end of the test, the maxi-
mum measured deformation of B6 was 12.5 mm (1/2 in.) at
254 mm (10 in.) from the ground, which corresponded to a base
rotation of 0.05 rad and a top rotation of 0.01 rad. The in-span
rotation for that case was 0.06 rad. In all four tests, the cross section
of the specimens remained circular; no significant deformation was
observed between the pre- and postshot measurements of the cross
section.

Tests 5-7: Specimens B7, B5, and B1

All three specimens were tests at a scaled standoff of 1.29x. Speci-
men B7 had comparable strength to B3, the strongest specimen,
but had the biggest void ratio and the thinnest composite wall at
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37.5 mm (1.5 in.) of all the specimens. Both inner and outer tubes
of B7 were expected to exhibit highly ductile behavior. After the
test, local denting of the cross sections of the specimen was ob-
served over a region extending approximately 460 mm (18 in.)
from the base of the specimen [Fig. 14(a)]. This is approximately
twice the height of burst. The valley of the dent was the maximum
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Fig. 14. Overview of the deformations of Specimen B7
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Table 7. Cross-Section Deformations of B7

Table 8. Cross-Section Deformations of Specimen B5

H [mm (in.)] B [mm (in.)] C [mm (in.)] D [mm (in.)] H [mm (in.)] B [mm (in.)] D [mm (in.)] E [mm (in.)]
457 (18) 133 (5.25) N/A 222 (8.75) 508 (20) 149 (5.88) 156 (6.13) 99 (3.9)
356 (14) 127 (5.00) 22 (0.88) 229 (9.00) 406 (16) 140 (5.50) 159 (6.25) 99 (3.9)
305 (12) 127 (5.00) 25 (1.00) 229 (9.00) 317 (12) 133 (5.25) 166 (6.50) 99 (3.9)
254 (10) 123 (4.75) 32 (1.25) N/A 203 (8) 133 (5.25) 166 (6.50) 99 (3.9)
203 (8) 123 (4.75) 19 (0.75) 225 (8.88) 102 (4) 143 (5.63) 168 (6.63) 99 (3.9)
152 (6) 116 (4.56) 16 (0.63) 225 (8.88) 51 (2) N/A N/A 99 (3.9)
102 (4) 121 (4.75) 6 (0.25) N/A

at a height of 254 mm (10 in.) from the top of the foundation. The
profile of the dent was measured, and its main dimensions are
reported in Table 7 for the dented shape schematically shown in
Fig. 14(b).

The total lateral deformation of the specimen (including dent-
ing) at the same location corresponded to the maximum observed
deformation of the test and was measured to be 116 mm (4.56 in.).
A crack 97 mm (3.8 in.) long and 12.5 mm (0.50 in.) wide was also
observed in the outside tube at 43 cm (17 in.) from the base of the
specimen (Fig. 15).

After removal of the concrete of the foundation, further ob-
servations and measurements on the specimen were conducted.
In particular, another crack was noted at the junction between
the specimen and the top plate of the foundation beam
(Fig. 16). Also, the dented region extended all the way down to
that junction.

Fig. 16. Crack in Specimen B7 in the outside tube at the specimen to
foundation beam connection

Specimen B5 had an overall void ratio of 33%, and both tubes in
the cross section were expected to behave in a highly ductile
manner. The thickness of the composite wall for this specimen was
50 mm (2 in.). After the test, B5 had a maximum residual defor-
mation of 76 mm (3 in.) at 254 mm (10 in.) from the ground. Some
flattening of the face of the specimen exposed to the blast was
noted, and the overall section at that location deformed into an oval
shape with small and big axes’ measures of 132 mm (5.2 in.) and
165 mm (6.5 in.), respectively. The profile of the dent was mea-
sured, and its main dimensions are reported in Table 8 for the
deformed shape schematically shown in Fig. 14(c).

Similar to B5, B1 had a void ratio of 33%, but its inner tube was
expected to behave in a highly ductile manner—with moderately
ductile for the outside tube. This specimen design swapped the
thicknesses of the tubes used to fabricate B5, whereas the diameters
of the tubes were kept the same. The predicted strengths of the
specimen differed by less than 10%. However, this specimen was
expected to be more flexible. Because of that similarity in strength,
the standoff was kept the same as for B5. The posttest permanent
deformation of 111 mm (4.4 in.) was measured at the location of
maximum deformation at 305 mm (12 in.) from the base (Fig. 17).
As for Specimen B35, the front face of the specimen flattened into an
oval shape with measured axes of 124 mm (4.9 in.) and 165 mm
(6.5 in.) in the region of maximum deformation. Note that those
deformations are fairly similar to the ones recorded for BS attrib-
utable to the similar design features between the two specimens.
The front face of the specimen appeared wrinkled in the flattened
area, and at least five visible lobes formed over that face. After re-
moval of the cover concrete of the base, a fracture at the connection

Fig. 17. View of the global deformation of Specimen B1
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Fig. 18. Final deformed shape of Specimen B2
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Fig. 19. Fracture at the base of Specimen B2

of the specimen to the top plate of the foundation beam was found.
This fracture, combined with the partial removal of the cover con-
crete of the foundation near the base of the specimen, might have
contributed to the measured deformation.

Tests 8-9: Specimens B3 and B8

Both specimens were tested at a scale standoff of 1.00x, the closest
of all the series. Specimen B3 had the second largest void ratio

(50%) after B7 and largest strength. The maximum deformation of
B3 was 73 mm (2.88 in.), measured at a height of 305 mm (12 in.)
from the top of the footing.

A piece approximately 305 mm (12 in.) long sheared off the
base of Specimen B8, whereas the rest was torn out from the under-
side plate of the cap beam at the location it was attached. The piece
sheared from the base was found approximately 30 m (100 ft) from
the test setup. Its location was also offset from the test setup. The
offset angle was estimated to be 30 degrees. Note that the same
failure mode was observed by Fujikura and Bruneau (2011) in their
previous tests on CEST. The rest of the specimen was found on the
ground.

Tests 10-12: Specimens B2, B6, and B4

Specimen B2 was retested at a closer scaled standoff (1.29x) than
the first time. Specimens B6 and B8 were tested at a scaled standoff
of 1.07x.

After the second test, the concrete covers of the cap and foun-
dation beam in the vicinity of B2 were removed. The overall de-
formation of the test, including the residual deformation from the
previous test, was 135 mm (5.25 in.) at 381 mm (15 in.) from
the top of the foundation beam. Significant denting of the section
accompanied this deformation, with a C value of [parameter sche-
matically shown in Fig. 14(b)] 21 mm (0.83 in.). The final de-
formed shape of Specimen B2 is shown on Fig. 18. Fracture of the
outside tube occurred (Fig. 19), but as mentioned in the test objec-
tive, this was expected. Note that the inside tube did not fracture. In
this design, the inner tube provided a dowel action that prevented
the specimen from shearing away (as happed to the previous test on
Specimen BS) in spite of the fracture of the outside tube.

Specimen B6 was tested a second time. An important indenta-
tion was observed in B6 posttest. The maximum final deformation
of B6 was 175 mm (6.88 in.) at 356 mm (14 in.) from the top of the
foundation. This represented an additional 162.5 mm (6.38 in.) of
deformation over those measured in Test 4. The final deformed
shape of the specimen is shown Fig. 20. The cross section was also
severely dented with a measured C value of 15.4 mm (0.6 in.).

Test 12 Specimen B4

The second test on Specimen B4 was conducted at a scaled standoff
of 1.07x. The maximum deformation of B4 was measured to be
127 mm (5 in.) at a height of 356 mm (14 in.) over the top of the
footing. The tube was indented over most of the region extending
approximately 510 mm (20 in.) from the top of the foundation. The
indentation was the deepest at the point at which the maximum
lateral deformation of the element was measured. The average

Fig. 20. Denting and fracture of Specimen B6
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Fig. 21. Observed deformation of Specimen B9 (images by P. Fouché)

minor and major axes of the deformed cross section at the location
of maximum lateral deformation for B4 measured, respectively,
130 and 191 mm (5.12 and 7.50 in.). Fracture of the outside shell
of B4 occurred above the weld connecting the specimen to the top
of the embedded foundation beam.

Test 13: Specimen B9

This test provided additional data on the behavior under the blast of
CFDST falling near the median for the range of void ratios tested.
The same charge weight and standoff as in Test 10 were maintained
(but B9 was tested only once, contrary to B2). The maximum mea-
sured deformation on the front side of the specimen was 114 mm
(4.50 in.) at 305 mm (12 in.) from the top of the foundation.
Although more accurate measurements were made using a digital
Vernier caliper, Fig. 21 shows an ad-hoc measurement made on the
specimen using two measuring tapes. As previously observed, a
region extending approximately 457 mm (18 in.) from the top of
the foundation was dented with a maximum C value of 11.1 mm
(7/16 in.); the indentation reached its greatest depth at the point
where the maximum lateral deformation of the specimen was mea-
sured. The dent profile was measured by using the depth probe of a

Table 9. Cross-Section Deformations in Specimens B9 and B10

Vernier caliper at different stations along the dented region
(Table 9).

Test 14: Specimen B10

Specimen B10, a replica of Specimen B4, was highly ductile and
had a void ratio of 42%. A smaller standoff of 1.29x was used for
this test, compared with 1.43x for B4. The same trend in response
was observed with a combination of denting and bending of the
specimen. The dented region was similar to that observed for
the previous specimen. The indentation on that specimen reached
a maximum C value of 11.1 mm (7/16 in.), although the void was
slightly bigger than for B9 (0.42 versus 0.38%). The maximum
measured deformation of Specimen B10 was 76 mm (3 in.) at
254 mm (10 in.) from the top of the foundation. Deformations of
the cross-section level along the base of the specimen are reported
in Table 9.

Test 15: Specimen B11

Specimen B11 had a void ratio of 50% with the same nominal tubes
diameters as B6; however, the thickness of the outer tube was in-
creased to improve the ductility of the outside tube. Specimen B11

B9 [mm (in.)]

B10 [mm (in.)]

H [mm (in.)] A B C D B C D

508 (20) N/A N/A 0.00 159 (6.25) N/A N/A N/A

457 (18) 64 (2.50) 133 (5.25) 0.00 165 (6.50) 162 (6.00) 0.0 165 (6.50)
406 (16) 60 (2.38) 127 (5.00) 2 (0.06) 168 (6.63) 146 (5.75) 0.0 165 (6.50)
381 (14) 54 (2.13) 121 (4.75) 3 (0.13) 173 (6.81) 140 (5.50) 3 (0.13) 168 (6.63)
317 (12) 51 (2.00) 121 (4.75) 11 (0.44) 173 (6.81) 137 (5.38) 8 (0.31) 187 (7.38)
254 (10) 54 (2.13) 116 (4.56) 13 (0.50) 175 (6.88) 137 (5.38) 8 (0.31) 187 (7.38)
203 (8) 51 (2.00) 121 (4.75) 10 (0.38) 175 (6.88) 140 (5.50) 6 (0.25) 187 (7.38)
152 (6) 51 (2.00) 127 (5.00) 6 (0.25) 171 (6.75) 140 (5.50) 3 (0.13) 184 (7.25)
102 (4) 57 (2.25) 133 (5.25) 2 (0.06) 171 (6.75) 146 (5.75) 0.0 184 (7.25)
51 (2) N/A N/A 0.00 171 (6.75) 162 (6.00) 0.0 184 (7.25)
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was tested at a scaled standoff of 1.71x, the average of two values
for B6 (tested, respectively, at standoffs of 2.29x and 1.07x).
Moderate flattening of the front face of the specimen was observed
post-test. The maximum measured lateral deformation from this
first test was 37.5 mm (1.48 in.) at a height of 254 mm (10 in.).

Test 16: Specimen B11

Specimen B11 was tested again with the same charge, but placed
closer at a scaled standoff of 1.43x. The cumulative deformation
after the second test reached a maximum of 119 mm (4.70 in.) at
254 mm (10 in.) over the top of the foundation. Denting and bend-
ing of the specimen was once again observed, with a C value of
7.9 mm (5/16 in.).

Test 17: Specimen B12

Specimen B12 was a modified version of B7, with a thicker outside
tube (for a more compact tube), and a section more resilient to
caving. The scaled standoff from Specimen B12 to the charge was
1.29x. B12 deformed a full 127 mm (5.0 in.), including denting at
the cross-section level. Denting of the specimen was rather impor-
tant, with a C of 25.4 mm (1 in.); the reduction in diameter was as
much as 38%.

Summary of Findings: Blast Test (Internal
Deformations)

In general, the CFDSTs test items showed that cross-section defor-
mation (denting/caving) was an important deformation mechanism
to absorb energy from overpressures from near-contact explosions.
Thus, global deformations were reported in two formats: for sec-
tions not dented, maximum lateral bending deformation and the
associated rotations at three locations (top, bottom, and point of
maximum deformation); and for dented sections, the maximum lat-
eral deformation and cross-section deformations. Further process-
ing of the CFDST sections was performed to observe their response
at the cross-section level. Some of the specimens from both the
ECLIPSE and the ERDC tests were split open to expose their
concrete core and to determine the state of the internal tube. Upon
opening, it was generally observed that the face of the concrete core
exposed to the blast was severely deformed or crushed, and that the
concrete flowed significantly in trying to follow the deformation of
the cross section (Fig. 22).

On the upper part of the specimen, horizontal flexural cracks were
generally visible in the region where the concrete was on the tension
side of the specimen under bending. The extent of the cracked
region from one specimen to the other was fairly identical (Fig. 23).

In the dented region, the deformation of the cross section varied.
Deformation of the cross section was directly linked to the state of
the inner tube, the void ratio (hence, the thickness of the composite
wall), and certainly to the loading seen by the specimen (Fig. 24).
The less compact the inner tube, the more deformable the section
was, and the more severe the cross-section indentation. At the
center of the dented region (section directly facing the charge),
the deformation of the cross section was generally severe for large
void ratios (50% and more) and inner tubes with compactness well
more than 20. For those sections, the inner tubes generally folded
into themselves. For moderate void ratios (38—-42%), the inner tube
was more compact and would deform but not crush. This is evi-
denced by B2, which was tested twice and for which the inner tube
did not completely collapse. For low void ratios (33% or less), the
behavior of the inner tube seems to be affected by the compactness
of the tube. For instance, for Specimen B5, which was tested once,
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(d)

Fig. 22. Example opened CFDSTs: (a) location steel tube cut and
removed; (b) crushed concrete; (c) inside tube after concrete removal;
(d) crushed concrete removed with screwdriver and concrete molded to
final shape of steel tube

Fig. 23. Crack pattern in the upper part of Specimens BS, B6,
and Bl
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Fig. 24. Sample of cross-section deformation in the dented region
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Fig. 25. Summary of all blast test deformation results as a function of
the scale standoft distance and void ratios of the specimens

the compactness of the inner tube was 26%; and the inner tube
collapsed into itself.

To schematically summarize the results of all blast tests, Fig. 25
shows deformations of the specimens as a function of scale standoff
distance and void ratios. The development of simple analysis mod-
els able to predict these deformations will be the subject of future
research.

Conclusions

Concrete-filled double-skin tube (CFDST) columns were investi-
gated as a promising dual-hazard-resistant concept for bridge
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applications as an alternative to reinforced concrete columns in
new construction. The resulting composite section is lighter than
a reinforced concrete section of comparable strength and results
in slimmer yet more ductile columns. The slimmer column trans-
lates into less surface to be exposed to blast overpressures. To sim-
ulate seismic response, specimens were subjected to quasi-static
cyclic loading, as is commonly done in earthquake engineering
studies. To investigate blast resistance, specimens were subjected
to close-range explosions, with scaled distances as low as
0.30 ft/1b'/3 (0.12 m/kg'/?).

In blast resistance design, local denting of the CFDST section
was observed as an additional energy dissipation mechanism. In
all cases tested here, CFDSTs exhibited good energy dissipation
capacity and preserved their strength up to failure, under both
cyclic response (simulating earthquake demands) and near-contact
credible blast loads. For extreme blast events, local denting of
CFDST and failure of the outside tube were observed. In such sit-
uations, the presence of the inner tube in CFDST served as a dowel
that effectively prevented direct shear failure of the section. This is
an important advantage compared with concrete columns (and even
CFST ones).

More quantitatively, under cyclic loading, it was shown that can-
tilevered CFDST columns with a moderately ductile outer tube and
highly ductile inner tube could reach plastic rotation well above 7%
drift (0.07 rad approximately), which is similar to what has been
established for CEST. However, when both the outside and inner
tubes were highly ductile, section rotation of up to 0.12 rad were
achievable at the base of the specimen, meaning deformations twice
as large were reached at the point of maximum deformation. Under
blast loading, section rotations of CFDST of 0.05 rad were ob-
served without local denting. Denting accompanied by section ro-
tation of up to 0.239 rad was achieved if fracture of a moderately
ductile outside tube was not observed (Specimen B3). For highly
ductile outer tubes, denting of the section could lead to an average
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rotation at the base in excess of 0.40 rad (average of Specimens B9,
B10, B11, and B12) without any fracture.

Recommendations for Further Studies

As interest on multihazard design grows, CFST and CFDST are

increasingly appealing solutions. As a consequence, advancing

knowledge on their behavior is key to their adoption in multihazard
applications. The following items are suggested for further research
on these structural systems.

* Modeling of blast structure interaction for CFDST subjected to
blast loading is needed to help optimize design parameters for
both systems.

e Investigation of alternative instrumentation techniques to quan-
tify real-time dynamic response of bridge piers under blast and
impulsive loading is needed.

* Investigation of the importance of scale effects on the perfor-
mance of CFDST is desirable and could be addressed by con-
ducting 1/2-scale or full-scale tests. In particular, for larger
scale CFDST, the composite wall is expected to be more resis-
tant to denting.

» Effectiveness of adding passive infill material, such as sand or
other materials, in the void of CFDST as an option to prevent
cross-section distortion at extremely close scaled distances and
improve energy dissipation capacity.

e Additional blast tests are desirable on CFDST and dowel-
reinforced CFST to investigate resistance to contact charges
and shear resistance at footings when column rotation capability
is exceeded.

Appendix. Equations to Calculate M, of CFDST

The plastic moments of the CFDST sections are calculated here,
assuming that both tubes become fully plastic and that the concrete
in compression has reached and sustained its crushing strength,
maintaining full composite action. This is similar to the approach
adopted for CFST that yielded results in good agreement with prior
CFST experiments (Bruneau and Marson 2004). Equations must
be derived depending on whether the plastic neutral axis (PNA) is
located above or across the inner tube, per the stress distributions
shown in Fig. 26. When the neutral axis is located above the inner
tube, the resultant of the compressive and tensile forces maintaining
the sections in equilibrium are as follow:

Cro = (ﬂ' - 2ﬂ0)RUtOF)'” (1)
1
- [(g - m) R~ 3 R2sin(26,) | 1/ )
T, = 27R;1;F,, (3)
Tro = (7 +28,)Rot,Fy, (4)

where C,, = resultant compressive force acting on the outer tube;
C} = resultant compressive force in the concrete; T; = resultant
tensile force on the inner tube; and 7,, = resultant tensile force
acting on the outer tube. The corresponding points of application
for the above-defined forces with respect to the geometric center of
the section, respectively, are

_ 2R,Cosf3,
Ysco = m (5)
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_ 2R, Cos*3, (©)

Ve 3 (g_ﬁ(J) _%Sin(zﬁo)
Yei =0 (7)
2R,Cosf3, (8)

Ysto = (7T+2/80)

where y,., = point of application of the resultant compressive force
acting on the outer tube; y. = point of application of the resultant
compressive force in the concrete; yg; = point of application of the
resultant tensile force on the inner tube; yg, = point of application
of the resultant tensile force acting on or above the outer tube. With
those parameters, the resultant axial and flexural capacities of the
section are defined as

P = (Cm + Cr,) - (Tri + Tm) (9)

Mp = CrpYseo T Cr,y:. +TiVsi + TroYsio (10)
Carrying out the necessary calculations leads to the following
equations:
ﬂ— 1 o 2,1

P= E - ﬂo - ESIH Zﬂo Rof¢— 4ﬂoRotoFyo —2mR;t; yi
(11)
M sz3 38,fL + 4R2 cos B,t,F (12)

)22 3 0C0S Dot ¢ 0 COS Uyl yo

The location of the neutral axis for the case of pure flexure on
the section is obtained by setting the axial force in the above equa-
tions to zero, leading to the mixed equation in f3,:

1
(4R,1,F,, + R2f1)B, + §R§ flsin2p3,
T 2 1
+ (ZWRifiFyi - ERofc) =0 (13)

This equation can be solved in Mathcad. Alternatively, a
conservative estimate can be obtained using the approximation
that sin 3, = (3, and cos 3, = 1, which results in the following
equation in f3,:

- ﬂ'R(Z)fL/ — 47rRitiFyi
 8R,t,F,, +4R%f!

Bo (14)

where

R; T
. Ri <7 1
sin <R0> <p,< > (15)

The location of the plastic neutral axis (/) can then be calculated
using the geometry of the section as

h :R() Sinﬂ() (16)

Similar equations can be derived for a neutral axis located across
the inner tube. The equations for the forces acting on the cross sec-
tion and their corresponding points of application are

C,= (7T - 260)R0t0Fy0 (17)
C, = (m—2B,)R;t;F; (18)
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Fig. 26. Stress distribution at M,: (a) PNA above inner tube; (b) PNA across inner tube

Mu = Cmysco + Criysci + C;yc =+ Triysti + Troysto (28)

ci= (5= )R- (50 )R - Resin2s,)

1 ) After substitutions and algebraic manipulations, the following
+ ERIZ SIH(Zﬂi):| fe (19) equations are obtained:
P T 1. B2 m 1. R
Tro — (7T+2/@U)R0tqu() (20) - E_ﬂo_isnlﬂn o E_ﬁi_zsnlﬁi i f('
- 4ﬁoRotoFy0 - 46iRiti yi (29)
T, = (m+2B)Rit;Fy, (21)
2
— 3003 3003
Yo = 2Rocosﬂo (22) Mp - g (ROCOS ﬁz) - Ri COos ﬂl)fnl
o (m=26,) + 4(R3 cos B,1,F,, + R? cos 3;1;F ;) (30)
L 2R, Cosf3; (23) As before, the location of the neutral axis for the pure flexure
Yaei = (m—28;) condition can be solved for by setting P, to zero. The following
equations in 3, and (3; are obtained:
2R Cos?
Ve = —_— p 0 lﬁo (24) (4RotoFyo =+ R(%fé)ﬂo =+ (4RitiFyi - Rzzfé)ﬂz

3 (5_50) _55111(250) 1 1 . T

+ (ER% sin2f3, —ER,Z Sin25i>fé - (ERﬁfé —ER?fé) =0
2R,Cosf3,
do = T 25

Ysto (7T+2,60) ( ) (31)
ZRiCOS/Bi (26) h= R(J sin /80 = Ri sin ﬂi (32)

Ysto = m

The axial force and moment acting on the cross section in this

configuration are
P, = (Cro +C + C;{) - (Tri + Tro) (27)
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Using the same approximations as above, an estimate of the
plastic neutral axis location is obtained with
_ (RS — RY)f!
B 4Ro[2(tquo + tiFyi) + (Ro - Rl)fL/]

Bo (33)
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Table 10. Calculated Section Neutral Axis and Strengths

Specimen h [in. (mm)] h_approx [in. (mm)] Error (%) Mp [kip-in. (KN-mm)] Mp_pprox [Kip-in. (KN-mm)] Error (%)
S1 0.93 (24) 0.88 (22) —5.4 207.456 (23,443) 205.127 (23,179) —1.1
S2 1.543 (39) 1.494 (38) -32 514.981 (58,192) 519.743 (58,731) 0.9
S3 0.992 (25) 0.937 (24) -5.5 446.091 (50,408) 444.284 (50,204) —-0.4
S4 0.97 (25) 0.883 (22) -9.0 314.609 (35,551) 312.202 (35,279) —0.8
S5 1.607 (41) 1.559 (40) -3.0 532.50 (60,173) 529.051 (59,782) —0.6
W( R(Z, _R2 ) 1! DoD (Department of Defense). (2008). “Structures to resist the effects of
Bi = ART2LF 7 : R _R7 (34) accidental explosions.” UFC 3-340-02, Washington, DC.
i2(t0Fyo + 1iFyi) + (R, — Ri) ] FEMA. (2000). “Prestandard and commentary for the seismic rehabilitation
of buildings.” FEMA 356, Washington, DC.
In that case FEMA. (2004). “Design guide for improving school safety in earthquakes,
R. floods, and high winds.” FEMA 424, Washington, DC.
0<3, <sin™! (—l) (35) FEMA. (2009). “Quantification of building seismic performance factors.”
R, FEMA 695, Washington, DC.

Comparisons of results obtained from the exact and approxi-
mate equations are presented in Table 10 (approximate values
are with subscript approx). Results from the approximate equations
are roughly within 1% of the exact ones, and conservative,
with better match when the neutral axis crosses the inner tube
(i.e., Specimens S1, S3, S4, and S5) and better accuracy for cases
with larger void ratios.
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