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STRENGTHENING SYSTEM FOR
BEAM-COLUMN CONNECTION IN STEEL
FRAME BUILDINGS TO RESIST
PROGRESSIVE COLLAPSE

BACKGROUND
1. Field

The disclosure of the present patent application relates to
beam-column connections in steel frame buildings, and
particularly to a strengthening system for beam-column
connection in steel frame buildings to resist progressive
collapse.

2. Description of the Related Art

The use of steel frames in building construction is quite
popular, as it offers many advantages over traditional rein-
forced concrete, which include lower costs, sustainability,
and flexibility. The use of prefabricated steel buildings takes
advantage of offsite prefabrication to improve the speed of
erection and independence from the weather. Additionally,
cost control is achieved through increased productivity in its
design, fabrication, and erection. A relatively shorter con-
struction period helps in early possession of the building for
use or rent and lowers financing costs. Other benefits of steel
framed construction include large unsupported spans, slen-
der columns resulting in maximizing floor area, excellent
strength-to-weight ratio, resulting in lower foundation costs,
easy integration of services, better quality control, and
greater flexibility for future modifications.

Although the plastic behavior of steel provides additional
security in extreme loading situations, several steel build-
ings have witnessed progressive collapse due to exposure to
blast loads. The performance of steel-framed buildings
under normal service, as well under extreme loads, depends
primarily on the behavior of beam-column connections. The
connection details affect the constructability, stability,
strength, flexibility, residual forces, and ductility of the
structure.

“Progressive collapse” is the propagation of an initial
local failure from one part to the adjoining parts, and
eventually collapse of the entire building or a large part of
it. To resist progressive collapse of buildings, the alternate
path method is normally employed in the design. In this
method, alternate paths are available for load transfer if one
critical component (e.g., a column) fails, and thus progres-
sive collapse does not occur. In the event of localized
failures due to blast or seismic events, steel-framed struc-
tures are required to have well-defined redundancies so that
alternative load paths are available through the formation of
catenary action, which is greatly lacking in currently avail-
able beam-column connections.

Thus, a strengthening system for beam-column connec-
tions in steel frame buildings to resist progressive collapse
solving the aforementioned problems is desired.

SUMMARY

The strengthening system for beam-column connections
in steel frame buildings to resist progressive collapse helps
to mitigate progressive collapse in the event of accidental
column loss by using a system of rippled steel plates
reinforcing the beam-column connection. Various configu-
rations of rippled steel plates are provided to connect
in-plane and transverse beams at a joint. In the event of
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severe damage caused to a column of a steel framed build-
ing, the upper joints of the damaged column undergo down-
ward movement. The rippled plates at the joint straighten
during the initial downward movement, and resist further
downward movement after complete straightening of the
ripples. This helps in the development of catenary action in
steel beams. The proposed system is simple, fast to con-
struct, demountable, and easy to repair/replace after damage
caused by blast loads.

These and other features of the present disclosure will
become readily apparent upon further review of the follow-
ing specification and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view of a first embodiment of a
strengthening system for beam-column connection in steel
frame buildings to resist progressive collapse for a semi-
rigid connection, showing horizontal rippled plates in an
unextended condition and a flexible end plate attached
across the end of the beam.

FIG. 2 is a perspective view of the strengthening system
of FIG. 1, showing the rippled plates in an extended con-
dition after downward movement of the joint due to expo-
sure to blast loads.

FIG. 3 is a partially exploded perspective view of the
strengthening system of FIG. 1.

FIG. 4 is a front elevation view of the strengthening
system of FIG. 1.

FIG. 5 is a perspective view of an embodiment of a
strengthening system for beam-column connection in steel
frame buildings to resist progressive collapse for a fin plate
connection, showing horizontal rippled plates with the
rippled plates in an extended condition after downward
movement of the joint due to exposure to blast loads.

FIG. 6 is a front elevational view of the strengthening
system FIG. 5, shown with the rippled plates in an unex-
tended condition.

FIG. 7 is a front elevation view of the strengthening
system of FIG. 5, shown with the rippled plates in an
extended condition after downward movement of the joint
due to exposure to blast loads.

FIG. 8 is a perspective view of a second embodiment of
a strengthening system for beam-column connection in steel
frame buildings to resist progressive collapse for a semi-
rigid connection, showing vertical rippled plates in an unex-
tended condition and a flexible end plate attached across the
end of the beam.

FIG. 9 is a front elevation view of the strengthening
system of FIG. 8, shown with the vertical rippled plates in
an extended condition after exposure to blast loads.

FIG. 10 is a front elevation view of the strengthening
system of FIG. 8, shown with the vertical rippled plates in
an unextended condition.

FIG. 11 is a front elevation view of an embodiment of a
strengthening system for beam-column connection in steel
frame buildings to resist progressive collapse for a fin plate
connection, showing vertical rippled plates in an unextended
condition.

FIG. 12 is a perspective view of a third embodiment of a
strengthening system for beam-column connection in steel
frame buildings to resist progressive collapse, showing
vertical rippled plates in an unextended condition, the ver-
tical rippled plates extending from flange to flange of the
beam.
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FIG. 13 is a front elevation view of the strengthening
system of FIG. 12, shown with the vertical rippled plates in
an unextended condition.

FIG. 14 is a front elevation view of the strengthening
system of FIG. 12, shown with the vertical rippled plates in
an extended condition after downward movement of the
joint due to exposure to blast loads.

FIG. 15 is a perspective view of a fourth embodiment of
a strengthening system for beam-column connection in steel
frame buildings to resist progressive collapse for a semi-
rigid connection, shown from below and shown with hori-
zontal rippled plates in an unextended condition.

FIG. 16 is a bottom view of the strengthening system of
FIG. 15, shown with the horizontal rippled plates in an
unextended condition.

FIG. 17 is a perspective view of a fifth embodiment of a
strengthening system for beam-column connection in steel
frame buildings to resist progressive collapse for a semi-
rigid connection, showing an internal joint and horizontal
rippled plates in an unextended condition.

FIG. 18 is a perspective view of the strengthening system
of FIG. 17, shown with the horizontal rippled plates in an
extended condition after downward movement of the joint
due to exposure to blast loads.

FIG. 19 is a top view of the strengthening system of FIG.
17, shown with the horizontal rippled plates in an unex-
tended condition.

FIG. 20 is a partially exploded perspective view of the
strengthening system of FIG. 17.

FIG. 21 is a perspective view of a sixth embodiment of a
strengthening system for beam-column connection in steel
frame buildings to resist progressive collapse for a fin plate
connection, showing an external joint and shown with
rippled plates in an unextended condition.

FIG. 22 is a top view of the strengthening system of FIG.
21, showing horizontal rippled plate in an unextended con-
dition connecting the transverse beams and a vertical rippled
plate connecting in-plane beams.

FIG. 23 is a top view of a seventh embodiment of a
strengthening system for beam-column connection in steel
frame buildings to resist progressive collapse, showing an
external joint and horizontal rippled plates in an unextended
condition connecting the transverse beams and a horizontal
rippled plate connecting in-plane beams.

FIGS. 24A, 24B, 24C, 24D, 24E, 24F, 24G, and 24H are
side elevation views showing different rippled plate con-
figurations of the strengthening system for beam-column
connection in steel frame buildings to resist progressive
collapse.

FIG. 25 is a chart showing a comparison between the
ductility in a straight steel plate and a rippled steel plate of
the same composition.

FIG. 26 is a simplified diagram showing the deflected
shape of a beam-column steel frame (having in-plane
beams) strengthened with a rippled plate to resist progres-
sive collapse due to the failure of a column.

FIG. 27 is a simplified diagram showing the deflected
shape of a beam-column steel frame (having transverse
beams) strengthened with a rippled plate to resist progres-
sive collapse due to the failure of a column.

Similar reference characters denote corresponding fea-
tures consistently throughout the attached drawings.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The strengthening system for beam-column connections
in steel frame buildings to resist progressive collapse helps
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to mitigate progressive collapse in the event of accidental
column loss by using a system of rippled steel plates
reinforcing the beam-column connections. Various configu-
rations of rippled steel plates are provided to connect
in-plane and transverse beams at a joint. In the event of
severe damage caused to a column of a steel framed build-
ing, the upper joints of the damaged column undergo down-
ward movement. The rippled plates at the joint straighten
during the initial downward movement, and resist further
downward movement after complete straightening of the
ripples. This helps in the development of catenary action in
steel beams. The proposed system is simple, fast to con-
struct, demountable, and easy to repair/replace after damage
caused by blast loads.

In the event of a structural failure, such as a failure caused
by blast loads, where the lower portion of the column
becomes unsupported, downward movement by the column
will create large amounts of stress and typically failure at the
beam-column connection. Specifically, when the column
displaces vertically downward, a bending force is applied to
the beams of the beam-column connection. The bending is
resisted by the bolts of the beam column connection. How-
ever, when the force reaches a certain threshold, the bolts
will fail, as seen in FIG. 2. The greatest stress will be
directed at the lowest bolt, which will fail first, thus resulting
in less structural integrity of the joint and complete failure.
Therefore, adding additional structure that resists the lower
portion of the beam from pulling away can maintain the
integrity of the joint. By maintaining the integrity of the
joint, the beams can transfer the gravity loads to the adjacent
columns and provide support for the column, thus prevent-
ing progressive collapse.

FIGS. 1-4 depict a first embodiment of the strengthening
system for beam-column connection in steel frame buildings
to resist progressive collapse for a semi-rigid connection. As
seen in FIGS. 1-4, two rippled plates 20a, 205 are secured
across a bottom of a semi-rigid beam-column connection
10a, or beam-column joint. The rippled plates’ 20 first
resistive measure is impulse dissipation by spreading the
large initial force caused by the beam dropping down to a
lower force over a longer period of time. This is achieved
through straightening of the ripples 24 on the plates 20a,
20b. The force from the plates 20a, 205 counters a separat-
ing force at the lower edge of the beams 124, 125. Once the
ripples 24 are straightened and a large amount of the force
on the joint 10a has been dispersed, the tensile strength of
the straightened plate will counteract the remaining force,
thus retaining the connection between the beams 12a, 125
and the column 14. The beams 124, 125 will then be able to
support the column 14 by transferring the load to adjacent
columns.

The first embodiment includes a first rippled plate 204 and
a second rippled plate 205 at the joint 10a, the plates 20a,
205 being positioned on opposite sides of the column 14.
Each plate 20a, 205 includes a first mounting tab 224 and a
second mounting tab 225 connected by a rippled portion 24.
Each mounting tab 22a, 226 may be shaped as a rectangle
having a right trapezoid extending coplanar from one side
thereof. The rippled portion 24 has a rectangular cutout
defined therein to that the rippled plate can extend around
the column 14, the mounting tabs 224, 225 being welded to
the bottom flange of the beams 12a, 126 on opposite sides
of the I-beam column. Accordingly, when both plates 20a,
204 are installed on a joint 10qa, the plates 20a, 205 will
completely wrap around the column 14 and the rippled
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portions 24 will span opposing sides of the column 14,
extending for a distance equal to the distance between the
column flanges.

When installed on the beam-column joint 10a, the first
mounting tab 22a is connected to the lower flange of a beam
12a at a location immediately adjacent the column 14. The
second mounting tab 224 is connected to the lower flange of
the opposite beam 125 at a location immediately adjacent
the column 14, with the rippled section 24 spanning the
column 14. The mounting tab 22a, 226 may be welded or
connected by high strength bolts to the beams 124, 126. The
plates 20a, 204 are attached on opposite sides of the column
14, as shown in FIG. 3, so rippled portions 24 span each side.
This prevents unbalanced forces on the beam-column con-
nection 10q that may result in additional stress on the
structure.

FIG. 2 shows the rippled plates 20a, 205 after a structural
failure of the column 14 at a location below the joint 10a.
The outward forces on the lower portions of the beams 12a,
126 have straightened the rippled sections 24, but the
integrity of the joint is maintained through the tensile
strength of the straightened plates 20a, 205.

The beam-column joint 10a of FIGS. 1-4 has a flexible
end plate attached to the end of the beams 12a, 125, the
flexible end plate being bolted to the flanges of the column
14. However, the same horizontal rippled plate strengthener
may also be used with a beam-column joint 105 having a fin
plate welded to the column 14 and bolted to the web of the
beam 12a, 12b, as shown in FIGS. 5-7. Similar to the
semi-rigid beam connection 10a, when the beam-column
connection is fully intact, the first and second connection
plates 22a, 22b are connected to the opposing beams 12a,
125 adjacent the column with the rippled plates 24 spanning
the column 14.

FIGS. 6 and 7 show the beam-column joint 105 after the
column 14 fails at a location below the joint and the joint
moves downward. Just as with the semi-rigid beam connec-
tion 10a, the ripples 24 spread the initial outward force on
the lower portions of the beams 12a, 125 over a length of
time, resulting in the plates 20a, 205 being straightened.
Once the plates 20a, 205 have been straightened, the tensile
strength of the plates 20a, 205 is adequate to prevent the
beams 12a, 125 from separating further, thus mitigating
progressive collapse.

FIGS. 8-11 depict a second embodiment of the strength-
ening system for beam-column connections in steel frame
buildings to resist progressive collapse. The second embodi-
ment includes plates 30a, 305 having vertically oriented
rippled sections 34, as opposed to the horizontally oriented
rippled sections of the first embodiment. The plates 30a, 305
have a first mounting portion 32¢ and a second mounting
portion 324 for attaching to the two beams 12a, 126 on
opposite sides of the vertical column 14. The first and second
mounting portions 32a, 326 are L-shaped, having a lower
horizontal flange welded beneath the lower flange of the
corresponding beams 12a, 125. The vertical flange provides
adequate structure to support the vertically oriented rippled
portions 24. FIGS. 8-10 show the plates 30a, 305 installed
on a semi-rigid beam-column joint 10a having a flexible end
plate, and FIG. 11 shows the plates 30a, 305 installed on a
fin plate beam-column joint 105. Similar to the first embodi-
ment, two plates 30a, 305 may be used on each joint, one on
each side of the column 14.

Unlike the connection portions 30a, 3056, the rippled
portion 34 has only a vertically oriented rippled portion and
no horizontal portion. The ripples or corrugations are
tapered, with the widest point of the ripples being at the
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bottom of the rippled portion 34 and the narrowest point
being at the top of the rippled portion 34. The taper of the
ripples may be determined based on the angle at which the
beams 12a, 125 separate from the column 14. As seen in
FIG. 9, the lower portion of the rippled portion 24 expands
more than the upper portion when the beams 12a, 125
separate. Thus, in a preferred embodiment, the taper of the
ripple matches the angle at which the beams separate from
the column, so uniform force is applied by the rippled
section during the angular separation. The taper of the
ripples may be determined based on the vertical height of the
beams 12a, 125.

Vertical rippled plates 30a, 305 may be desired when
there is no space for the horizontal projections of the
horizontal ripple plates. For example, the vertical plate may
be the easiest to install when the plates are being retrofitted
to a pre-existing structure. Alternatively, the horizontal
ripple pates 20a, 206 may be desirable when there is no
space, or it is hard to access the space, immediately next to
the column 14, but the area immediately below the beams
12a, 1254 is readily accessible.

The vertically oriented ripple plates may extend a portion
of the way up the beam, as shown by the rippled plates 30a,
305 of FIGS. 8-11, or may extend up the entire height of the
web of the beam, as shown by the rippled plates 40qa, 405 in
FIGS. 12-14. The first mounting portion 42a and second
mounting portion 424 for the plates 40a, 405, which extend
up the entire height of the beam, may be U-shaped so that
the plates 40a, 405 may be connected to the upper and lower
flanges of the beams 12a, 125. The full height plates 40a,
405 may be used in situations that require added strength, or
alternatively, in situations where a thinner plate is desired.

FIG. 14 shows the full beam height vertical plate 40a after
the vertical column 14 has been displaced downward. Simi-
lar to the partial length vertical plates 30qa, the tapered
ripples may be tapered to match the angle that the beams
124, 125 are expected to separate from the column 14. When
the taper is matched, the rippled portion will experience
consistent force throughout during the column 14 displace-
ment.

FIGS. 15 and 16 show a fourth embodiment of the
strengthening system for beam-column connection in steel
frame buildings to resist progressive collapse. This embodi-
ment may be used on an internal beam-column joint 10c¢
having four in-plane beams 12a, 125, 12¢, 12d connected to
a column 14, with each beam being perpendicular to the
other beams. The embodiment shown in FIGS. 15 and 16
includes four rippled plates, with each plate spanning one
side of the column. The plates 20a, 2056 shown in this
embodiment include horizontal ripple plates similar to the
first embodiment shown in FIGS. 1-7. Accordingly, each
plate has a first mounting tab 22a and a second mounting tab
22b connected by the rippled portion 24 designed to span the
column 14.

The plates spanning the column 14 in parallel, for
example plates 20a, 205, will work independently from the
plates spanning the joint perpendicular from them, for
example, plates 20c¢, 204d. The resultant support will include
two separately operating plate sub-systems 20a, 205 and
20c¢, 20d. The first sub-system includes two plates 20a, 205
spanning the column 14 in parallel. These plates will only be
connected to the two coplanar beams 12a, 1256. Thus, the
first system 20a, 206 will exclusively prevent the two
coplanar beams 12a, 125, to which they are attached, from
separating. The second sub-system will include the two
plates 20c, 20d, spanning the column perpendicular to the
plates 20a, 205 of the first sub-system. Similar to the first
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sub-system, the second sub-system will act individually and
only prevent the two beams 12¢, 124, to which it is attached,
from separating.

When installed on the lower side of a beam-column joint,
one sub-system may be entirely installed on top of the other
to assist in the independent expansion of the sub-systems.
For avoiding interaction between the ripples in the two
transverse directions, the length of the ripple plates can be
reduced by decreasing the number of ripples and increasing
the amplitude of ripples. Thus, each rippled portion will
slide over the flat section when being straightened.

FIGS. 17-20 depict a fifth embodiment of the strength-
ening system for beam-column connection in steel frame
buildings to resist progressive collapse. As seen in FIGS.
17-21, this embodiment is directed at an internal joint 10¢
connecting four perpendicular beams. Four rippled plates
50a, 505, 50¢, 50d are used to reinforce the joint, and each
beam is connected to the two adjacent beams through the
rippled plates. For example, beam 12a is connected to beams
125 and 12d by plates 505 and 504, respectively. Each plate
50a, 505, 50¢, 504 includes a horizontally oriented rippled
section 54 and two mounting portions 52a, 526. The mount-
ing portions 52a, 52b may be oriented at 45° from the
rippled section 54 to align with the beams 12, as shown in
FIG. 20. Each mounting portion 52a, 525 is connected to the
lower flange of two adjacent, perpendicular beams at a
location immediately next to the adjacent plate. FIG. 19
shows the plates 50a-d connected to the joint 10¢ from a top
view. The edges of the four plates 50a-50d line up and create
a square shape. Unlike the previous embodiments, the plates
504a-50d do not span the column, instead they span the gap
between adjacent beams 12a-12d. Therefore, there is no
potential for interference between plates.

As seen in FIG. 18, the plates retain the lower portions of
each beam 124a-d at the joint 10¢. The outward forces on a
lower edge of each beam are transferred to the opposing
beams through the plates 20a-204 and intermediate perpen-
dicular beams. Therefore, the forces are balanced by oppos-
ing beams. As a result, the joint 10¢ remains intact, and the
column 14 remains supported by the adjacent columns to
which the beams’ opposite ends are connected.

FIGS. 21 and 22 show a sixth embodiment of the strength-
ening system for beam-column connection in steel frame
buildings to resist progressive collapse. The fifth embodi-
ment teaches a system for use in beam-column external
joints 104, having three connecting beams 12a-c. This type
of beam-column connection 104 would likely be located on
the outside of a building where two beams 124, 12¢ are
coplanar and one beam 124 is perpendicular, forming a “T”.
This system uses two horizontally oriented rippled plates
50a, 504, similar to the plates of the fourth embodiment, and
one vertically rippled plate 30, similar to the plates of the
second embodiment. The first horizontally oriented ripple
plate 50aq is connected to the transverse steel beams 12a, 126
by mounting portions welded to the lower flanges of the
beams 12a, 12b. The second horizontally oriented rippled
plate 505 is connected to the transverse beams 125, 12¢ by
mounting portions welded to the lower flanges of the beams
12b, 12¢. The in-plane beams 12a, 12¢ are connected by a
vertically oriented rippled plate 30, seen best in FIG. 22,
which spans the column 14 on the side opposite the perpen-
dicular beam 1254. The vertically oriented ripple plate 30 is
connected to the beams 12a, 12¢ similar to the previously
discussed vertically oriented plates. When the column 14 is
displaced downward, the plates will resist separation of the
joint, as discussed in the previous embodiments.
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FIG. 23 shows the external joint 10d reinforced using
three horizontally oriented rippled plates. The plate 26
connecting the two in-plane beams 12a, 12¢ is similar to the
plates 20a, 205 of the first embodiment, which have two
mounting tabs 22a, 225 that attach to the lower flange of the
beams 12a, 12¢ and a rippled portion that extends out from
the beam to span the column 14. The other two plates 50a
and 505 are similar to the plates of the previous embodi-
ment.

The rippled plates attached to the joints 10a-d will be
almost dormant (although it adds a small amount of rigidity
to the joint under service loads) during the service life of the
structure and become active during the progressive collapse
of the steel frame. As discussed above, the failure of a
column exposed to a blast load causes sudden downward
movement of its upper end that may lead to the progressive
collapse of the structure. In this process, the rippled plates
start stretching, and the amount of stretching increases with
the increase in the downward movement of the joint of the
failed column. This helps in restraining the downward
movement by connecting the beams across the damaged
joint, and hence developing catenary action in the beams.
Thus, the proposed addition of rippled plates helps in blast
damage mitigation without altering the behavior of the
beam-column joint under service loads

In a preferred embodiment, each beam-column connec-
tion of a steel frame building includes a rippled plate. By
including the plates at each connection, the load on the
column can be distributed to the adjacent joints. For
example, if an explosion removes a portion of a column on
the first floor of a building, the load on the column will be
carried by all of the joints above the column. Therefore,
there will only be a fraction of the load on each joint, as the
load is transferred to the adjacent columns. Additionally, the
load on the joints would remain fairly constant indepen-
dently of the location of the failure.

It is further contemplated to additionally attach plates to
the upper portion of beams, as shown on the right side of
FIG. 26, or include vertically oriented rippled plates with the
ripples tapering inwards in the downward direction. When
the load of the damaged column is transferred to the adjacent
columns, the column beam connection will be subjected to
opposite forces. Accordingly, there will be a force pulling
the upper edge of the beam away from the column. Rein-
forcing this portion of the beams may further assist in
mitigating or avoiding progressive collapse.

The plates may be secured to the beams by welding,
heavy duty bolts, or other known methods in the art for
connecting high strength steel components. Although the
proposed connections are shown for some typical existing
beam-column connections, these can be easily implemented
in all types of steel beam-column connections, such as
Simple (pinned) connections, (ii) Semi-rigid connections,
(iii) Moment connections, and other connections known in
the art.

The size of connection plates shall be decided based on
the design. However, the thickness of the rippled plates may
preferably vary from the thickness of the flange to a slightly
heavier gauge, and the width may vary from one-half of the
width of the beam flange to slightly more.

The beam-column joints reinforced by rippled plates are
fast to construct because the proposed reinforcement doesn’t
need any modifications/alterations to the existing beam-
column connections. The connections are made using com-
mercially available steel plates. The ripples can be created in
steel plates by hydraulic pressing of the plate against a die
of the desired shape, or by rolling. These plates may also be
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molded in steel factories. Furthermore, the system is simple,
as no specialist knowledge is required in the analysis, design
and construction of the proposed system. In addition, the
system does not require very precise construction and fab-
rication tolerance.

The plates are also capable of removal without damage to
the existing structure. Further, the plate can be removed
relatively quickly when a progressive collapse of the build-
ing is desired for demolition purposes.

The shapes of ripples may be sinusoidal, triangular,
square, trapezoidal, saw-tooth, etc. with or without rounded
peaks. FIGS. 24A-24H show examples of ripple shapes for
use in the above mentioned rippled areas, although other
ripple configurations may be used. Each shape has different
stress-strain characteristics that can be matched to specific
structures based on requirements and tolerances of the
structure. The stress-strain characteristics can be affected by
shape of the ripples, angle of the ripples, non-rippled por-
tions dispersed between the rippled portions, and height of
the ripples.

FIG. 25 shows a load-displacement curve of an un-
rippled, straight steel plate versus a rippled steel plate. The
straight piece of steel shows a very steep plastic deformation
portion, indicated by the linear section at the beginning of
the plot. Therefore, the plate will initially be very stiff and
resist elongation unless a very large force is applied. Once
plastic deformation begins, as indicated by the curved por-
tion of the plot, the plate begins to experience more elon-
gation. Shortly after plastic elongation begins, the force
carried by the plate remains constant, and with increased
elongation, the necking starts and force drops off right
before breaking. This plot indicates that the straight plate
may be problematic for impact type forces that will produce
a large amount of force quickly. The straight plate will not
absorb any of the impact force. It will immediately transfer
the force to other portions of the structure that may be
susceptible to failure. Additionally, the large initial force
may quickly overcome the elastic deformation section, caus-
ing the plate to neck and ultimately fail.

In contrast, the plot of the rippled plate begins with a
gradual linear elastic section where the ripples elastically
deform, similar to a spring. This is followed by a slightly
steeper plastic deformation portion, where the ripples are
straightened out. Following the plastic deformation region
of' the ripples straightening is another linear elastic region of
the straightened plate elastically stretching in length. This is
followed by necking and ultimate failure of the plate. The
gradually inclining plot of the rippled plate indicates that
much of an impact force will be dispersed over an extended
period of time through lengthening, thus resulting in lower
forces over a longer period of time. This will result in lower
maximum forces on the joint, the plate, and the surrounding
joints, thereby preventing ultimate failure of components of
the structure.

FIG. 26 shows the damage of a column by exposure to the
blast generated waves for a beam-column connection having
coplanar beams. The column damage causes vertical deflec-
tion A of its beam-column connection, leading to the rotation
of beams a, which is approximately given by:

A M

The above formula assumes the beams to remain straight,
and hence the actual value of angle a will be less. The

10

20

40

45

50

55

60

65

10

downward vertical movement of the joint causes differential
stretching of the rippled steel plate at the connection of the
damaged column. The stretching of the vertical rippled plate
is more at the bottom and less at the top of the rippled plate.
The extension of the rippled plate at the bottom edge of the
plate is equal to the opening of the joint at the bottom level
of the beam, which can be approximately calculated from:

e = 2o 2dA
e = 2 =TI

@

where, d is the depth of the beam, and L, is the length of the
beam. Thus, the length of the rippled portion after stretching
will be L_=L+2e, where L is the initial length of the rippled
portion, as shown in FIG. 26. The stretching of a vertical
rippled plate at the top may be calculated by linear propor-
tion, with its value being nearly zero at the top level of the
beam. For the horizontal rippled plate, the stretching will be
2e, e being the distance between the lower end of the beam
and the column. However, a better estimate for e can be
obtained from the structural analysis.

The angle (o) indicates the angular displacement between
the beam and column. A maximum deflection of A=kd can
be resisted by the steel beam-column connection, where k
varies from 1 to 2, depending on the type of connection,
members, and material characteristics. As the span to depth
ratio for steel framed beams varies from 16 to 24, the value
of'2e may vary from 0.1 d to 0.25d. By keeping the numbers,
amplitudes, and shapes of ripples such that their straighten-
ing causes an extension of magnitude equal to 2e, the rippled
plate will start taking the load even before the total failure
of'the joint. This is because the rippled plate starts taking the
load right from the initiation of stretching of ripples, but
initially the resistance offered is low. However, it becomes
considerable even before the complete straightening of
rippled plate. The resistance offered by the rippled plate will
hold further downward movement of the joint, thereby
preventing progressive collapse of the building.

FIG. 27 shows a plan view of stretching of rippled plates
connected to the transverse beams. The rotation of the beam
at the column damaged by exposure to the blast generated
waves is the same as shown in FIG. 26. Thus Eq. (1) is also
valid for this connection as well. However, the value of e
given by Eq. (2) is equal to the displacement of the rippled
plate along the beam axis. Thus, the stretching of the steel
rippled plate at the inner and outer edges, el and e2
respectively, are given by:

V2 da ®3)

el:eZ:e\/?; o

The design of ripples for connecting in-plane and trans-
verse beams should be such that the extension of the rippled
plate after the straightening of ripples is equal to the stretch-
ing calculated above. The ripple configurations shown in
FIGS. 24A-24H can be adopted, depending on the design
requirement.

It is to be understood that the strengthening system for
beam-column connection in steel frame buildings to resist
progressive collapse is not limited to the specific embodi-
ments described above, but encompasses any and all
embodiments within the scope of the generic language of the
following claims enabled by the embodiments described
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herein, or otherwise shown in the drawings or described
above in terms sufficient to enable one of ordinary skill in
the art to make and use the claimed subject matter.

We claim:

1. A plate for a strengthening system for beam-column
connection in steel frame buildings to resist progressive
collapse, the plate comprising a steel plate having:

a first mounting portion and a second mounting portion,

the mounting portions being adapted for attachment to
a lower flange of opposing I-beams extending from a
column on opposite sides of the beam-column connec-
tion; and

a central rippled portion extending between the first and
second mounting portions, the central rippled portion
having rippled portions and being dimensioned and
configured for spanning the column between the oppos-
ing I-beams;

whereby, upon exposure to blast forces, the rippled por-
tions straighten to compensate for forces pulling a
lower portion of the opposing I-beams away from the
beam-column connection, thereby resisting progressive
collapse by catenary action.

2. The plate for a strengthening system according to claim

1, wherein each said mounting portion comprises a rectan-
gular section adapted for attachment to the lower flange of
one of the opposing I-beams and a right trapezoidal section
extending from the rectangular section, the right trapezoidal
sections being adapted for extending from the lower flange
of the opposing I-beams, the right trapezoidal sections
supporting opposite ends of the ripple portion, the ripple
portion being adapted for extending horizontally beside the
column.

3. The plate for a strengthening system according to claim
1, wherein each said mounting portion comprises an angle
having a horizontal flange adapted for attachment to the
lower flange of one of the opposing I-beams and a vertical
flange adapted for extending perpendicular to the lower
flange of one of the opposing I-beams, the vertical flanges
supporting opposite ends of the ripple portion, the ripple
portions being adapted for extending vertically beside the
column.

4. The plate for a strengthening system according to claim
3, wherein said ripple portion has a height dimensioned and
configured for extending only a fraction of a height of the
webs of the opposing I-beams.

5. The plate for a strengthening system according to claim
3, wherein said ripple portion has a height dimensioned and
configured for extending the entire height of the webs of the
opposing I-beams.

6. The plate for a strengthening system according to claim
3, wherein said ripple portion comprises a plurality of
ripples tapering in width from wide to narrow in a direction
from an edge of the vertical flange joined to the horizontal
flange to an opposite free edge of the vertical flange, the
ripples being dimensioned and configured for spreading
wider where the lower flange separates from the column
than higher up the beam-column connection when the beam-
column connection fails.

7. A strengthening system for beam-column connection in
steel frame buildings to resist progressive collapse, the
system comprising:

a beam-column joint including a steel I-beam column
extending vertically and at least one pair of opposing
beams made of steel I-beam extending horizontally
from a column in opposite directions, each of the
opposing beams having an upper flange, a lower flange,
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and a web extending between the upper and lower
flanges, the webs of the opposing beams being copla-
nar; and
at least one reinforcing plate disposed on opposite sides of
the column, the at least one reinforcing plate having:
a first mounting portion and a second mounting portion,
the mounting portions being attached to the lower
flange of a pair of the beams extending from the
column; and

a central rippled portion having rippled portions
extending between the first and second mounting
portions;

whereby, upon exposure to blast forces, the rippled por-
tions of the reinforcing plates straighten to compensate
for forces pulling a lower portion of the beams away
from the beam-column joint, thereby resisting progres-
sive collapse by catenary action.

8. The strengthening system according to claim 7,
wherein said beam-column joint comprises an internal joint,
said at least one pair of opposing beams comprising two
pairs of opposing beams, the two pairs extending from the
column perpendicular to each other.

9. The strengthening system according to claim 8,
wherein said at least one reinforcing plate comprises two
pairs of reinforcing plates disposed perpendicular to one
another on opposite sides of the column, the first and second
mounting portions of each of the reinforcing plates being
attached to the lower flange of a pair of the opposing beams
so that the rippled portions of the two pairs of reinforcing
plates span all four sides of the column.

10. The strengthening system according to claim 8,
wherein said at least one reinforcing plate comprises two
pairs of reinforcing plates, the first mounting portion of each
of the reinforcing plates being attached to the lower flange
of one of the beams and the second mounting portion being
attached to the lower flange of one of the beams transverse
thereto and the two pairs of reinforcing plates being per-
pendicular thereto so that the rippled portions of the two
pairs of reinforcing plates extend diagonally between adja-
cent beams around the column.

11. The strengthening system according to claim 7,
wherein said beam-column joint comprises an external joint,
said at least one pair of opposing beams consisting of a
single pair of opposing beams, the joint having a single
transverse beam extending from the column perpendicular to
the opposing beams.

12. The strengthening system according to claim 11,
wherein said at least one reinforcing plate comprises:

a first reinforcing plate spanning the column on a side

opposite the single transverse beam;

a second reinforcing plate on the same side of the column
as the transverse beam, the second reinforcing plate
having the first mounting portion attached to one of the
opposing beams and the second mounting portion
attached to the transverse beam; and

a third reinforcing plate on the same side of the column as
the transverse beam, the third reinforcing plate having
the first mounting portion attached to the other oppos-
ing beam and the second mounting portion attached to
the transverse beam.

13. The strengthening system according to claim 7,
wherein said at least one pair of opposing beams have
flexible end plates attaching the beams to the column.

14. The strengthening system according to claim 7,
wherein said at least one pair of opposing beams have fin
ends attaching the beams to the column.
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15. The strengthening system according to claim 7,
wherein the central rippled portion of said at least one
reinforcing plate extends horizontally.

16. The strengthening system according to claim 7,
wherein the central rippled portion of said at least one
reinforcing plate extends vertically.

17. The strengthening system according to claim 16,
wherein said central rippled portion comprises a plurality of
ripples having an upper end and a lower end, the lower end
of the ripples being wider than the upper end for spreading
wider where the lower flange of the beams separates from
the column than higher up the beam-column joint when the
beam-column joint fails.

18. A method of strengthening beam-column connections
of a steel frame building to prevent progressive collapse
comprising the step of mounting rippled reinforcing plates to
a beam of a beam-column joint to resist progressive collapse
by catenary action, wherein the rippled reinforcing plates
have a central rippled portion having rippled portions,
further wherein the step of mounting rippled reinforcing
plates comprises mounting the rippled reinforcing plates so
that the rippled portions span opposite sides of a column.

19. The method of strengthening beam-column connec-
tions according to claim 18, wherein said step of mounting
rippled reinforcing plates comprises mounting the rippled
reinforcing plates so that rippled portions extend between
in-plane and transverse beams.
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