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EXECUTIVE SUMMARY

This summary report describes the full-scale blast test of a steel wide-flange column
conducted for the American Institute of Steel Construction (AISC). Karagozian & Case (K&C)
was the prime contractor and was responsible for creating the overall test plan, the design of the
test article, the design of the reaction structure, and field coordination during the assembly and
installation of the test article. The test was conducted by the Energetic Materials Research and
Testing Center (EMRTC), subcontractor to K&C, on 02 March 2006 at the Multi-Bay Test
Facility (MBTF) located within the EMRTC Field Laboratory in Socorro, NM.

The AISC column test investigated the behavior of a W14x233 column of ASTM A992,
Gr. 50 structural steel, subjected to a large explosive, similar to that which can be expected in a
terrorist attack on the exterior of a building with a vehicle bomb. The explosive, consisting of
4,000 pounds TNT-equivalent of Ammonium Nitrate/Fuel Oil (ANFO), was placed at a slant
angle with respect to the column at an effective standoff of 15’-6” from the center of the column.
The complete details of the column test specimen, reaction structure, explosive charge, and test
results are summarized in this report.
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SECTION 1
INTRODUCTION

11 SCOPE

This summary report describes the full-scale blast test of a steel wide-flange column
conducted for, and funded by, the American Institute of Steel Construction (AISC).
Karagozian & Case (K&C) was the prime contractor and was responsible for creating the overall
test plan, the design of the test article, the design of the reaction structure, and field coordination
during the assembly and installation of the test article. The test was conducted by the Energetic
Materials Research and Testing Center (EMRTC), subcontractor to K&C, on 02 March 2006 at
the Multi-Bay Test Facility (MBTF) located within the EMRTC Field Laboratory in
Socorro, NM.

The AISC column test investigated the behavior of a W14x233 column of ASTM A992,
Gr. 50 structural steel, subjected to a large explosive, similar to that which can be expected in a
terrorist attack on the exterior of a building with a vehicle bomb. The explosive, consisting of
4,000 pounds TNT equivalent of Ammonium Nitrate/Fuel Oil (ANFO), was placed at a slant
angle with respect to the column at an effective standoff of 15’-6” from the center of the column.
The complete details of the column test specimen, reaction structure, explosive charge, and test
results are summarized in this report.

1.2 TEST BACKGROUND

The Federal Emergency Management Agency (FEMA) and the Department of Homeland
Security (DHS) have recently joined efforts in conducting a study on steel structures regarding
the blast-resistant benefits gained by implementing current seismic design and detailing
requirements. This effort is similar to a previous study focusing on reinforced concrete buildings
[1]. The current FEMA/DHS effort is being executed with a joint effort between the U.S. Army
Corps of Engineers Engineering Research and Development Center (ERDC), out of Vicksburg,
MS, and Degenkolb Engineers, based out of San Francisco, CA. Numerous experts in various
disciplines encompassing the study, such as steel fracture, blast effects, and seismic design, serve
on a peer review panel for this FEMA/DHS study and include members of AISC and K&C.

The study focused on a modified version of an existing steel structure subjected to an
explosive charge similar to that experienced during the terrorist attack on the Murrah Building in
Oklahoma City in 1995. The scenario of interest to the study is illustrated in Figure 1-1. The
structure consists of a steel-framed gravity system supporting a steel metal deck with concrete
infill and relies on moment-frames as the building’s primary lateral force-resisting system
(LFRS). Since the structure reflects older LFRS detailing requirements, several building retrofits
were considered to upgrade the existing building to conform to current seismic design
requirements for areas of high seismicity (e.g., San Francisco, CA). A blast effects analysis of
each retrofit scheme was executed to quantify the blast resistant benefits obtained through
implementing these various seismic upgrade schemes.
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A threat representative of the attack on the Murrah Building was determined by the
FEMA/DHS peer review panel to be a 4,000-pound TNT-equivalent charge positioned away
from the column at gridline G3 as illustrated in Figure 1-2. This equated to an effective slant
standoff of 15°-6” from the center of this column to the center of the explosive source.

The column at gridline G3 is an older AISC 14WF228 section [2]. As summarized in
Figure 1-3, the column has a section depth of 16 inches with a nominal web thickness of
1.045 inches, and nominal flange width and thickness of 15.865 and 1.688 inches, respectively.
In the FEMA/DHS structure, the column was founded in a concrete pilaster within a 10 inch
thick concrete retaining wall as was shown in Figure 1-2. The column was continuous through
the second floor and framed by three W24x girders on three sides, each having moment
connections to the column. The column also had a 2’-6” square architectural enclosure
composed of 2-inch thick marble cladding. The clear height from the top of the base concrete to
the bottom of the W24x girder is 18°-9”.

The study, near its completion at the time of the delivery of this report, will conclude
important findings that will be available for reference by both the construction and engineering
design communities. However, one source of uncertainty at this moment is the actual behavior
of the first story column at gridline G3. If the column is significantly damaged from the
explosion, the result may be a situation in which large redistribution demands are created on the
exterior perimeter frames in the evaluation of progressive collapse potential. Determining the
behavior of this column is paramount to the conclusions drawn from this FEMA/DHS study.

1.3 TEST OBJECTIVE

Spurred by this FEMA/DHS effort, the American Institute of Steel Construction (AISC)
contracted K&C, with EMRTC as its subcontractor, to execute a blast test of a representative test
article of this steel column. Hence, the primary objective of this test was to experimentally
determine the response of the column subjected to a 4000-pound TNT-equivalent explosion at an
effective slant range of 15’-6".

1.4 ORGANIZATION OF THE REPORT

This report is divided up into several sections to provide a concise summary of the test
conducted to achieve this objective. Section 2 describes the test bed setup. Included in this
discussion is a detailed summary of the test article, supporting structure, explosive, and the
active instrumentation fielded for the test. Section 3 contains the test results. Here, high-speed
video photography of the test is shown and the response of the column illustrated with posttest
photographs. Section 4 provides a discussion of the test results. Section 5 summarizes the
important conclusions gained from the test and provides recommendations for future research.
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Figure 1-1. Explosive threat of interest to the FEMA/DHS study.
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W24x Girder with
moment connections

14WF228 w/ marble cladding
(2" Thick, 30" Square)

18’-9” Clear Height

13 ft normal standoff
(from cladding face)

4.5ft HOB 7.0 ft offset

10” Thick Concrete
Retaining Wall

Figure 1-2. The FEMA/DHS study focused on the 14WF228 column at gridlines G3
subjected to a 4,000-pound TNT equivalent explosive.
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Figure 1-3. Section properties of the 14WF228 column [2].
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SECTION 2
TEST BED SETUP

21  TEST ARTICLE

A test article was designed to replicate the most critical geometric and structural features
of the FEMA/DHS column which would affect the behavior of the column in a blast
environment. Such features included the column materials, steel section shape, boundary
conditions, and the service column axial loads. Capturing all features was found to be too costly
and unnecessary altogether, considering the overall objectives of the test. Hence, given the
resources and funding available, all of these features were included with the exception of the
axial load. However, given the rather large cross section and the relatively light axial loads in
the actual column, the exclusion of this effect was not expected to significantly alter the overall
response of the column.

A test article was designed and structural drawings issued for construction. These are
shown in Appendix A, including the shop drawings upon which the specimen was fabricated. A
structural elevation of the test article, reproduced from Appendix A, is shown in Figure 2-1a. A
photograph of the test article upon delivery to EMRTC is shown in Figure 2-1b.

The test column was an AISC W14x233 standard rolled shape of ASTM A992, Gr.50
structural steel, as this section possesses the most similar cross-section properties to the
14WF228 section used in the FEMA/DHS column study. The cross-section properties of the
W14x233 column is shown in Figure 2-2 [3]. The test article had a clear span of 18’-9”
measured from the top of the reinforced concrete (RC) base assembly to the bottom of the RC
header assembly. Both the base and header reaction assemblies were constructed of a series of
Y4” thick steel plates shaped into a box which had the dual purpose of serving as a perimeter
where the steel struts could be welded, in addition to serving as forms for the concrete pour.
Nelson studs welded to the sides of each steel plate facilitated this connection to the concrete. At
each end of the column, these base and header assemblies were connected to the column via
full-penetration welds. Photographs of the base and header reaction assemblies are shown in
Figure 2-3, prior to filling each with concrete. When filled with concrete, the base and header
assemblies provided fixed boundary constraints at each end of the column.

2.2 INSTALLATION TO THE REACTION STRUCTURE

The column specimen was installed at the Multi-Bay Test Facility (MBTF) located within
the EMRTC Field Laboratory in Socorro, NM. The reaction wall at the MBTF site is a large and
massive structure capable of developing large reactive loads and was designed for the high
explosive (HE) testing of components placed at short distances to the front of its armor steel
plate wall. For the AISC column test, the structure was modified to accommodate the column
specimen and associated connection hardware for the header, base, the RC slab, and the eight
header reaction struts. Two photographs of the MBTF reaction wall are shown in Figure 2-4; the
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first taken before the modifications and the second after the modification but before the
installation of the test specimen. These modifications included:

e removal of the existing platform, support bracing and other unnecessary
components;

e earth-moving work to form a uniform, horizontal surface between the charge
location and test specimen as well as for adequate in-fill behind the reaction wall;

e placement of the 2-ft thick trapezoidal shaped reinforced concrete slab beginning
3 ft before the structure; and

e preparation and installation of the bolted steel channels to the armor steel plate
wall for the upper strut reaction system.

The column was erected at the MBTF site on 03 February 2006. As shown in Figure 2-5,
the column’s top-most rear reaction struts were connected to the reaction wall to stabilize the
column while the concrete base and trapezoidal slab on grade poured with concrete. Figure 2-6
shows the column during the curing of the footing.

2.3 INSTALLATION OF CLADDING

Several different material options were explored for use as a surrogate cladding around
the column test specimen. Obviously, installation of the marble cladding identical to that of the
original structure was not feasible. The major discriminator for the substitute material was that
its mass should be relatively close to that of the marble it replaced. After researching various
materials (including pre-cast hollow-core concrete panels, cast-in-place concrete panels, granite
panels), AISC and K&C chose to use modular clay face brick.

The red clay bricks used for the test have a density of 100 pcf which equates to roughly
30 psf for the 3-5/8” deep brick at the column. The marble in the FEMA/DHS structure was 2”
thick, and was installed with a clear spacing of 3 inches, from all column edges. Marble density
can vary greatly, but can be up to 200 pcf which equates to 33 pcf for the 2-inch thick material
used at the FEMA/DHS column. Thus, the clay face-brick provided a readily available and low
cost material substitute that was very close in density to the marble of the original structure.

Construction on the cladding began during the curing of the concrete at the base. A
photograph after the first lift is shown in Figure 2-7. Grout was not used to fill the voids in the
brick, thus the brick density was not increased. Each face of the cladding enclosure was attached
to the column with steel corrugated wall ties that were tack welded to the column at each lift—
a detail used in the FEMA/DHS building. This connection was provided to supply lateral
stability to the cladding as is commonly done in practice.

Figure 2-8 are chronological stills that show the progress of the cladding installation. A
photograph of the completed test column, including both the cladding and the completed reaction
strut assembly, is shown in Figure 2-9.



24  CHARGE SIZE AND STANDOFF

The explosive used for the column test was 4,860 pounds of ANFO, which approximately
equates to 4,000 pounds of equivalent-TNT. During the design of the test article, the column
was oriented roughly 27 degrees from a normal directed outward away from the MBTF reaction
wall. This is shown in Figure 2-10. This was done so that the charge, the header reaction
assembly, and the strut reaction system would remain perfectly normal to the wall, thus
minimizing eccentric loading into the upper reaction system. For this reason, the charge was
placed 167 inches from the center of the column in a direction normal to the strong axis of the
column with an 87-inch offset to achieve the 188-inch (15’-6”) effective slant standoff to the
center of the charge, as shown in Figure 2-10a.

The explosive was poured into a 5-foot diameter container, to create an ideal
cylindrically-shaped charge, up to a height slightly over 4’-10”, as shown in Figure 2-10b.
Hence, the aspect ratio of the charge was approximately 1 to 1. The charge was placed atop a
wooden stand sitting directly on grade, which corresponded with the top surface of the column
footer. The charge stand was constructed with 2”x4” bracing, 4”x4” legs, and a % inch plywood
top, to achieve the desired height of burst (HOB) of 4’-6".

On the day of the test, the charge stand was positioned as described in the preceding
paragraphs. The charge was built by first placing half of the ANFO into the container.
A 15-pound C-4 booster charge that featured two RP 83 detonators, wired in series, was then
placed on the surface of the ANFO at its center. Next, an RG 58 detonation cable was spliced to
the detonator wires and routed across the surface of the ANFO and up one side of the Sonotube,
attaching it to the inside surface with tape. The remainder of the ANFO was then added to the
Sonotube to complete the charge for the test. A similar setup is shown in Figure 2-11. Two
views of the completed test bed are shown in Figure 2-12.

Anticipated airblast loads were computed with the fast-running computer program
ConWep [4]. ConWep is a program that uses the Kingery-Bulmash curves found in TM 1300
[5] and TM 5-855-1 [6], which are equations for airblast loadings based on explosive tests using
charge weights from less than 1 kg to over 400,000 kg. As no pressure sensors were fielded for
this test, these predictions are provided for reference purposes, only. These loads will only
provide an estimate of the actual loads, since the charge is placed at a very short scaled range
from the test article (less than 1.0 in this case), and the shape of the explosive and its detonation
mechanism will have a clear effect on the loading distribution. Only a detailed hydrocode
calculation using computational fluid dynamics (CFD) is capable of predicting this loading with
reasonable accuracy. Due to budgetary constraints, this type of calculation was not performed.
Instead, an ideal hemisphere of explosive situated on the ground is assumed, whereas, the actual
charge is an elevated cylinder 4.5 feet above the ground surface. Figure 2-13a presents the
reflected pressure and impulse history loadings for a 4,000-pound TNT equivalent charge at a
standoff of 15 feet given these simplifications. Similarly, Figure 2-13b presents the incident
pressure and impulse history loading for the same charge and standoff. Figure 2-14 is a more
generalized plot that shows the reflected and incident pressures and impulses as a function of
standoff for the 4,000-pound charge. The complete output text file from the ConWep program,
which lists several other airblast loading parameters, is listed in Figure A-5 of Appendix A.
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2.5 INSTRUMENTATION AND HIGH-SPEED PHOTOGRAPHY

Due to program funding limitations, the column test specimen was not instrumented with
any active channels for accelerometers, linear variable-displacement transducers (LVDT), or
pressure gages. However, three high-speed digital cameras (Phantom v7.0 Series by Vision
Research, Inc.) were employed to record both close-in and overall test bed views of the explosive
event. These cameras are capable of capturing high-quality video at frame rates exceeding
100,000 frames per second. Typical frame rates used for coverage of past structural response
tests range from 1,000 — 4,000 frames per second.

The closest camera was placed a short distance to the east and above the charge by
several tens of feet. This camera, PC-1, was fielded in order to provide a clear, unobstructed
view of the fireball and shock front as they approached the test specimen and reaction wall. The
second camera, PC-2, was placed at a slightly greater distance from the charge as the first
camera, but to the northeast and at an elevation that closely matched that of the charge. The third
camera, PC-3, was similarly placed in a north-northeast position relative to the charge, also at an
elevation that matched that of the charge. These last two cameras provided more of an overview
of the event, as the initial flash and ensuing fireball quickly obscure the test bed. Table 2-1
provides additional information with regards to these Phantom cameras. Figure 2-14b shows a
photograph viewing from atop the MBTF Reaction Wall in which the locations of the three
Phantom cameras are identified. Also identified in this figure is a north key referenced in the
following sections, which indicates north normal to the reaction wall.

2.6 PRETEST PREDICITONS

Due to budgetary constraints, a pretest prediction using high-fidelity physics-based
(HFPB) finite element (FE) models and computational solid dynamics (CSD) was not performed
for the response of the test article. K&C typically performed HFPB CFD and CSD computations
on test articles to estimate the behaviors and make changes to the test to optimize the most useful
test bed arrangements given the objectives of the test. Although a detailed calculation of this
type was not performed, a much more simplified calculation was conducted for the FEMA/DHS
effort that provides an estimate of the column response [7]. This calculation is discussed later in
Section 4.
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Table 2-1. High-speed video camera information.

Camera Video Location Frame Rate Interval Exposure Report
Filename From Charge (fps) (us) (ns) Figures
TEST 1
PC-1 CLOSEUP cin E 4801.921 208.25 6 3-4
TEST 1
PC-2 MEDIUM NE 4801.921 208.25 10 —
VIEW.cin
PC-3 TEST 1.cin N-NE 300.008 3333.25 20 3-5
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(a) Structural detail of the test article.

(b) Fabricated column specimen prior to installation.
Figure 2-1. The AISC test column specimen.
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Figure 2-2. Section properties of the W14x233 column [3].

2-7



a

(b) Header assembly.

Figure 2-3. Photograph of the column base and header assemblies prior to filling with
concrete.



(a) Prior to modifications.

Figure 2-4. Reaction wall at the MBTF site at EMRTC.
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(a) Attachment of the rear reaction struts.

(b) Pouring of the base concrete.
Figure 2-5. Photographs of the installation of the test article to the MBTF reaction wall.
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Figure 2-6. Photographs of the of the test article during curing of the footing.
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(b) Close-up view of wall tie attachment to column.

Figure 2-7. Installation of the brick cladding enclosure around the test column.
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(c) 2-10-2006
Figure 2-8. Chronological view of AISC steel column cladding installation.
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(b) View from top of reaction wall.

Figure 2-9. Photograph of the completed test column including the cladding enclosure.
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188"
Effective Standoff

120"

Test column with
cladding enclosure.

~ 5' Diameter Sonotube w/
. ANFO Explosive Fill

(a) Charge standoff and layout.

[ 6-0" i 5' D x 6' tall Sonotube —

Charge
Stand

/ Top of ANFO

4110 1/4
Ty -
(v

| o

e Grade. ELEV =0'0"

_—Center of Charge ELEV = 4’ ¢"

(b) Charge stand showing the HOB.

Illustration of the positioning of the explosive to achieve an effective slant
standoff of 15’-6"" measured from the center of the column to the center of the
charge. The normal offset was 167 inches (13.9 feet), the lateral offset was

87 inches (7.25 feet), and the height of burst (HOB) was 54 inches (4.5 feet).
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(b) ANFO is then completely filled and capped with plywood.
Figure 2-11. Photograph of a similar ANFO explosive setup using a Sonotube.
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(a) South view of the test article.

(b) Northeast view of the test article.

Figure 2-12. Pretest photograph of the charge stand and explosive positioned at an
effective slant standoff of 15°-6"” measured from the center of the column to
the center of the charge in the direction normal to the MBTF reaction wall.
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(b) Incident.

Estimate of the air blast loadings from 4,000 Ib TNT at 15’ standoffs for an
ideal hemisphere on the ground surface.
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(a) Typical Phantom® high-speed digital camera w/ laptop computer shown installed
in a protective steel box.

(b) Locations of the three Phantom® high-speed video cameras

Figure 2-15. High-speed video camera details.

2-19



This Page is Intentionally Left Blank

2-20



SECTION 3
TEST RESULTS

3.1 OBSERVED RESULTS

The test was executed on 2 March 2006 at 1430. Figure 3-1 shows a close-up view of the
column taken from PC-1, taken moments after the detonation of the explosive. At 0.137 ms, the
first light of the detonation process is visible in Figure 3-1a. Figure 3-1b, taken at 2.63 ms,
shows the burning detonation products which have almost completely engulfed the column. The
shockwave front has already impinged on the surface of the cladding at this time, although the
interaction is obscured by the fireball. Unfortunately, this obscured view continues in the
following sequences taken at 4.09 ms and 6.39 ms, as shown in Figure 3-1c and Figure 3-1d.
These views, however, give a good visual of both the early time detonation process and the
interaction of the test specimen with the detonation products.

Figure 3-2 shows a far-off view of the entire test bed taken from PC-3. Similar to the
photographs taken by PC-1, the test bed is partially engulfed by the fireball at 4.19ms as shown
in Figure 3-2a, and completely covered by 10.9 ms as shown in Figure 3-2b. The shockwave
generated by the explosion is clearly visible from this same view at 14.2 and 30.9 ms in
Figures 3-2c and 3-2d, which shows itself as a region of highly compressed air. The dust cloud
visible in Figure 3-2d continues to expand and takes 10 to 20 seconds to clear the test bed.

The crater generated by the explosion is shown in Figure 3-3. The crater was essentially
circular, having a diameter of roughly 108 inches and a depth of 14 inches. Generally it is
difficult to measure the actual size of a detonation crater because significant amounts of loose
ejecta typically fall back in place. It is thus likely that the actual crater was slightly larger than
that indicated by the posttest measurements.

Figure 3-4 shows a pretest and posttest photograph of the column, viewing from the
southwest direction (refer to Figure 2-12 for the test bed north key). The cladding was
completely destroyed by the explosion—only small pieces of brick, between ¥4” pieces of debris
up to 3” fragments of the original brick, were the only remnants of the red brick cladding. Some
of the largest pieces are visible in this figure. Even though the lateral struts show some
permanent deformation, the reaction strut system and MBTF reaction wall successfully absorbed
the large forces transmitted by the column, while imposing a fixed boundary condition to the test
column component during the timeframe of its deformation.

As shown in Figure 3-5, the column sustained some permanent plastic deformation, but
remained essentially intact. The majority of the column deformation occurred in the strong axis,
in the southwest direction away from the explosion, localized around the base. This is clear from
Figure 3-5a. The peak column deformation was 3.75 inches, occurring 42 inches above the
footing. The column also sustained a small permanent deflection in the weak-axis direction,
away from the explosive, on the order of 1 inch. This deformation was much more uniform and
therefore indicative of flexural behavior, as seen in Figure 3-5b. There was no visible
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deterioration of the concrete footing, indicating that the footing indeed provided a nearly rigid
boundary restraint at the base.

Figure 3-6a and 3-6b show close-up views of the entire column from the southwest and
sortheast directions, respectively. The localized strong-axis deformation of the column is again
clear in these photographs. It is also apparent from Figure 3-6a, that the eastern-most tip of the
front flange sustained much more deflection than the column centerline where the flange meets
the web of the section. On the other side as shown in Figure 3-6b, this same statement is also
true for the western-most flange tip, although the effect is much less pronounced.

This localized deformation behavior at the base of the column is further illustrated in the
series of photographs shown in Figure 3-7. The first six feet or so above the base of the column
is shown in Figure 3-7a and 3-7b from west and east views, respectively. Isometric views of the
forward flange, viewing southwest, and the rear flange, viewing nouthwest are shown in
Figures 3-7c and 3-7d, respectively. These photos again reiterate the localized deformation near
the base, with maximum deformations of between 24 to 48 inches above the base, and falling off
with increasing height along the column. Also note again that the front flange tips were folded
inward towards the interior of the section—an effect much more pronounced on the eastern-most
flange tip. The rear flange tips, in contrast, deformed in a much more uniform pattern.

The response of the column is thus a combination of a shear and flexural response in the
strong axis, and purely flexural in the weak-axis. The section did not appear to have significant
torsional deformations. Furthermore, no fractures were observed in the section, including at the
K-line region on the interior of the section that is known to have reduced ductility as a result of
the steel milling process, nor at the front flange near the base which was clearly subjected to high
strain-rate deformations.

3.2 COLUMN RESIDUAL DEFLECTION

In order to quantify the response of the column, a survey was performed to measure the
residual plastic deformation of the column. As shown in Figure 3-8, a level was held adjacent to
the base of the column, and the distance from the level to the column flange surface was
measured and recorded. Such measurements were recorded to 54 inches of height above the base
of the column. The deflections fell off quickly with increasing height above this point. The
deflections of the flange centerline, which represents the deflection of the column web, as well as
the deflections of the east-most and west-most flange edge tips are summarized in Table 3-1.
These results are plotted as a function of height along the column in Figure 3-9. The peak web
deformation was measured to be 3.75 inches, occurring at 42 inches above the base. The peak
flange tip deformations were measure to be 6.38 inches and 4.50 inches for the north most and
south most flange tips, respectively, both occurring 21 inches above the base. These results
indicate that these flanges suffered net deflections, with respect to the web, of 2.63 inches and
0.75 inches, respectively.



Table 3-1. Residual deflection of the column as measured in a posttest survey. This table
summarizes the residual deflection of the front column flange as a function of
the column height.

Residual Deflection

Height Along
Column East Flange Edge Web Centerline West Flange Edge
Measurement (in) (in) (in) (in)
1 0.0 0.00 0.00 0.00
2 3.0 1.00 0.38 0.75
3 6.0 2.50 0.44 1.75
4 9.0 3.88 1.00 2.63
5 12.0 5.00 1.63 3.63
6 15.0 5.63 2.25 4.38
7 18.0 6.13 2.75 4.38
8 21.0 6.38 3.00 4.50
9 24.0 6.25 3.13 4.25
10 27.0 6.25 3.25 4.25
11 30.0 6.00 3.38 4.13
12 33.0 5.75 3.50 4.25
13 36.0 5.50 3.63 4.25
14 39.0 5.25 3.63 4.25
15 42.0 5.00 3.75 4.13
16 45.0 5.00 3.75 4.00
17 48.0 5.00 3.63 3.88
18 51.0 4.88 3.60 3.75
19 54.0 4.75 3.50 3.63
21 225.0 0.00 0.00 0.00




(@) t=0.137 ms.

(b) t =2.63 ms.
Figure 3-1. Close-up video stills of the test bed moments after detonation.
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(c) t=4.09 ms

(d)t=6.39 ms
Figure 3-1. Close-up video stills of the test bed moments after detonation (Continued).
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@t=4.19ms

(b) t=10.9 ms
Figure 3-2. Video stills of the test bed moments after detonation.
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(d) t=30.9 ms
Figure 3-2. Video stills of the test bed moments after detonation (Continued).
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(b) View of detonation crater depth.

Figure 3-3. Posttest photograph of the detonation crater left by the explosion.
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(a) Pretest.

(b) Posttest.
Figure 3-4. Pre and posttest photographs of the column.
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() Viewing west.

(b) V|eW|ng south

Figure 3-5. Posttest photographs of the column and reaction system.
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(a) Southwest view.

Figure 3-6. Close-up posttest photograph of the column.
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(b) Southeast view.

Figure 3-6. Close-up posttest photograph of the column (Continued).
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(b) East view.

SAL S 4.

(c) Southwest view. (d) Northwest view.

Figure 3-7. Posttest photographs of the base of the column.
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(a) Viewing west. (b) Viewing east.

Figure 3-8. Process of conducting the posttest survey of the column to quantify the
residual deflection of the column’s front flange as a function of height along
the column.
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SECTION 4
DISCUSSION OF RESULTS

4.1 RESPONSE OF COLUMN

Although the column sustained permanent plastic deformation, the response of the
column was in general well-behaved and the column likely retained its original axial load-
carrying capacity. This is despite the rather complicated loading environment that the column
experienced, which is illustrated in Figure 4-1.

Figure 4-1a shows a HFPB CFD computation of a similar large explosive directly across
from a bare wide-flange column oriented in the weak-axis direction. This scenario is similar to
the AISC column had the cladding been excluded from the test. As seen in the figure, a series of
shock reflections occur on the interior of the section due to the shockwave impingement on the
wide-flange section, creating loading on the interior of the section at both the web and the
interior of the flanges. The resulting column response, as computed with HFPB CSD, is shown
in Figure 4-1b, which shows severe local column deformations that essentially “open up” the
section. This illustrates an important aspect of the behavior of wide-flange steel sections without
cladding: sections will distort heavily in localized regions, though global deformation will be
small. It is also important to note that localized fractures (i.e., fractures that result from stresses
that exceed the ultimate shear and tensile strengths of the steel, not brittle cleavage fracture),
have been observed experimentally for these cases because of this rather localized high strain-
rate loading. However, this response is not particularly applicable to building structures, where
there is almost always a cladding enclosure (as was the case in the AISC test) or an exterior
cladding between the column and the explosive threat.

For these cases, the shock interaction with the column section is precluded, as cladding is
typically massive enough to reflect the shockwave and shield the section from the initial shock
front. Still, as illustrated in Figure 4-1c, the column is eventually loaded by the impact of the
cladding with the column—an entirely different mechanism than the former. Consequently, the
amount of loading can vary depending on the strength and fracture characteristics of the cladding
material, any reinforcement placed in the cladding such as in RC precast panels, and the overall
mass of the cladding material. For these reasons, columns having cladding have been observed,
both experimentally and analytically, to sustain much more residual deflections at the global
level, but much less residual deflection at the local section level. This is observed by comparing
Figure 4-1c and 4-1b which were subjected to the same explosive charge and standoff.

Such was the case in the AISC column test, where the deformations are much more
similar to those shown in Figure 4-1c. Still, as was described in Section 3, the column flanges
did sustain localized “flange-folding” deformations, on the order of 1 to 3 inches more than the
center of the flange. However, this is a result of the high-velocity cladding debris impacting the
edges of the flanges, causing them to act essentially as cantilevered plates. Calculations
performed by K&C for the FEMA/DHS effort [7], using simplified debris and conservative
ConWep [4] loading models, yielded very similar results to those observed in the AISC test,
indicating that the debris loaded the column rather than the shockwave impingement on the
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section. Results from those calculations are shown in Figure 4-2, for comparison with the
posttest photographs of the AISC column which were shown in Section 3. Note the similarity in
overall behavior captured in the computation. In that study, peak residual deflections were
computed as 11 inches and 4 inches in the strong-axis and weak-axis, respectively, compared
with 3.75 inches and 1 inch in the AISC test. This difference can be attributed to the various
assumptions used in that simplified FE computation, including (1) conservative loads assuming a
fully-reflected surface whereas the actual cladding provided a small finite surface (this greatly
reduces the total impulse), (2) the idealization of the explosive as a hemispherical-shaped charge
on the ground surface, while, as described earlier, the actual cylindrical shape and detonation
mechanism will have significant effects on the pressure and impulse distribution at this close
range, (3) assuming the debris was uniform and not connected prior to shockwave impingement
(i.e., the computation does not account for the energy absorbed during the fracture of the
cladding), and (4) modeling the interaction of the column with the pieces of debris as ideal
elastic collisions. Nonetheless, despite these simplifications in the computation, whose purpose
was to investigate the adequacy of the even more simplified calculations performed by ERDC
using single-degree-of freedom (SDOF) structural response models and similar loading
assumptions, the results compare reasonably well with the test.

For these reasons, SDOF calculations, such as those used by ERDC in the FEMA/DHS
effort lend themselves well for providing an estimate of the column response for cases where
cladding is present. Such models, based on ideal flexure behavior, assume that shear
deformations are not dominant and that local fractures will not preclude flexural deformation of
the structural member—assumptions that are quite valid in the case of the AISC column test
specimen. The former assumption is discussed next within the context of the column test.

4.2 STEEL FRACTURE

Although some regions of the AISC column incurred high strain-rates and large local
deformations, most notably near the base, areas of reduced ductility, such as the K-line region
were not loaded with this same intensity. A separate set of tests on wide-flange sections
subjected to small and close-in explosives [8, 9], showed a propensity for ductile fractures (i.e.,
fractures that result from stresses that exceed the ultimate shear and tensile strengths of the steel,
not brittle cleavage fracture) to occur in the K-line region of the sections for worst-case loading
orientations. Some of the failure modes observed in that limited test program are shown in
Figure 4-3. Similar local failure modes are also being observed in a series of full-scale steel
column tests subjected to large vehicle bombs funded by the Defense Threat Reduction Agency
(DTRA) [10-15].

It is reassuring to note, however, that the only catastrophic local ductile fractures
observed to date are in wide-flange sections without cladding. For these reasons, the AISC
column test reiterates the robust and rather ductile behaviors that steel structures can exhibit for
the majority of real terrorist threats. However, more testing is required to understand the regimes
where local ductile fractures will occur, and to develop analytic models and simplified methods
to help engineers design against these types of failures.
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(b) Response of column without cladding, computed with HFPB CSD calculations.
Figure 4-1. Variations in the response of steel wide-flange columns with and without
cladding.
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t=15ms

t=50ms

(c) Response of column with cladding, computed using HFPB CSD calculations.
Figure 4-1. Variations in the response of steel wide-flange columns with and without
cladding (Continued).
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(b) Isometric view of base deformation.

Figure 4-2. Response of the 14WF228 column as computed using simplified HFPB FE
calculations for the FEMA/GSA effort that include simplify loading
methodologies [7].
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(b) Ductile fracture in K-line.

Figure 4-3. Failure modes of wide-flange sections as observed in a separate test program
funded by AISC [8].
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SECTION 5
CONCLUSIONS

5.1 CONCLUSIONS

The AISC column test was successfully executed on 2 March 2006, achieving the
primary objective of experimentally determining the response of an 18°-9” tall W14x233 column
subjected to a 4000-pound TNT-equivalent explosion at an effective slant range of 15’-6”. The
key conclusions from this test can be summarized as follows:

The cladding was entirely destroyed by the blast effects. Small pieces of debris,
on the order of %” up to 3” pieces of brick, were the only remnants of the red
brick cladding used in the test.

The column sustained a peak residual deflection of 3.75 inches in the strong-axis
direction at 42 inches above the base of the column. Above this height, the
deformations gradually fell back to zero with increasing height along the column.
This strong-axis deformation mode of the column is best described as a
combination of a shear and flexural response.

A much smaller weak-axis deflection of roughly 1 inch occurred near midheight
of the column. This deformation of the column in the weak-axis direction is best
described as a purely flexural response.

The front flanges of the column incurred localized deformations in the direction
away from the explosive source which were much more dominant in the east-most
flange tip (furthest from the explosion) than in the west-most flange tip.
Specifically, the east-most flange tip deflected 2.63 inches more than the flange
centerline, while the west-most flange tip deflected only 0.75 inches more than
the flange centerline. The rear flange did not exhibit this behavior, and was
clearly more uniform across the flange. This type of “flange-folding” behavior
has been observed in other explosive tests on steel columns [10, 13, 15].

No local fractures were observed in the column, indicating a significantly ductile
behavior of the material, especially at the flange centerline near the base of the
column which was clearly subjected to high strain-rates and large deformations.

5.2 RECOMMENDATIONS

Although the primary objectives of the test were successfully achieved, it is compelling
to suggest recommendations for future research, especially when considering recent terrorist
attacks on steel buildings and that research on structural steel response to blast effects is still in
its infancy. These recommendations are aimed to provide data and design methodologies
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directly to the construction and engineering design communities to best prevent collapse of
structures from attacks on civilian structures using explosives. These include:

Assessing the residual capacity of the AISC test column through loading the
column to failure. Since the loss of a column in a structure can have a critical
impact on the potential for progressive collapse of the structure, this data would
help quantify the capacity of this column to sustain its original structural function
despite being damaged by the explosion. Furthermore, load versus deflection
curves for damaged structural elements are especially useful for structural
engineers to analyze a structure for progressive collapse. Such data may also
dispel certain progressive collapse provisions that require engineers to assume a
steel column is lost from an explosion, and design an overly conservative building
structure to span around the column, when the actual column may have significant
residual capacity in a damaged state.

Although portions of the test column incurred high strain-rates and large local
deformations, the areas most prone to local ductile fractures (i.e., the K-line
region) were not subjected to worst-case loadings during the AISC test.
Furthermore, since ongoing test programs are indicating that structural steel is
very robust in a blast environment, it is requisite that the regimes where these
failures do occur be understood phenomenologically and analytically. Further
tests similar to that conducted here will be extremely beneficial to this objective
as well as compliment current ongoing efforts funded by the Department of
Defense.

Finally, only a special loading condition was tested here, where the column had a
heavy cladding enclosure. For the majority of applications, and for a typical
terrorist attack with a vehicle-bomb on the exterior of a building, analysis and
available experimental data indicates that the type of cladding will affect the
response of the column. For example, RC precast panels appear to impart much
more loading into a column than one that exhibits no cladding at all. Since the
projected area of the cladding tested in the AISC test did not have the capacity to
fully reflect the shockwave, it would be beneficial to determine the response of
the column, had the cladding been of another type of construction (e.g., precast
panel, glass fagade, etc.). This can readily be done analytically using HFPB CFD
and CSD computations or experimentally with additional testing.
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Figure A-2. K&C construction documents for AISC Column Test (1 of 2).
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Figure A-4. AISC shop drawings for AISC Column Test (1 of 2).
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ConWep 2.0.5.0 Sun Feb 12 09:10:01 AM

Aboveground Airblast
Hemispherical Surface Burst

Charge weight ..o 4878 pounds ANFO (AmNi/Fuel Oil)
Equivalent weight of TNT ..., 4000 pounds
Range to target .........cccceeiriiiiiiiiieeee e 15 feet

Peak incident overpressure........ccccceeeevecvvvveeneennn. 1087 psi

Normally reflected pressure .......cccccccoevecvvvvvnennnnn. 9642 psi

Time of arrival ..o, 1.117 msec
Positive phase duration...........cccccceeeiviiiciiiinennnn. 2.777 msec
INCIdeNnt IMPUISE ........coovviiiiiiee e, 320.1 psi-msec
Reflected iMmpuUISe.........occviiiiiiiiieee e 6535 psi-msec
Shock front veloCity ..o 8718 feet/sec

Peak dynamicC preSsure........occeeeevveeeeeniveeeeennnn 3271 psi

Peak particle velocCity ..........cccoveeeiiiiiiiiiiiiiieee, 7512 feet/sec
ShoCK denSity .......coooiiiiiiiiiiiee e 0.537 Ib/cubic foot
Specific heat ratio..........ccccceeiviiiiiiii 1.304 Ib/cubic foot
Decay coefficient o (msec), where

P(t)=Pso*[1-(t-ta)to]*exXpl-(t-ta)/o] oo 0.3348 Ib/cubic foot

Figure A-5. ConWep output for 4,000 Ib TNT charge at 15-foot standoff.



