Detailing Steel Roof Decks to Control Damage from
Wind-Borne Debris Impact
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Abstract: Structurally hardened safe rooms are a proven strategy for enhancing life safety during tornadoes and other severe wind events.
Performance criteria for safe rooms include resistance to both wind pressure and impact from wind-borne debris. This paper presents
the results of a test program evaluating debris impact resistance of light-gauge steel decking for use as roof cladding on safe rooms.
Particular attention is given to the modes of damage caused by debris impact and strategies for controlling and mitigating such damage.
Recommendations are provided for detailing lap joints and bearing connections and for selecting appropriate support spacing. This
information will aid design engineers in detailing light-gauge steel roof decks for use in tornado safe rooms. Recommendations provided in
this paper are also applicable to other scenarios where steel roof decks are at risk of wind-borne debris impact. DOI: 10.1061/(ASCE)
SC.1943-5576.0000268. © 2015 American Society of Civil Engineers.
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Introduction
Tornadoes pose a unique threat to life and property because of
their destructive power. Recent tornadoes, such as those in Joplin,
Missouri, and Tuscaloosa, Alabama, have demonstrated the damage tornadoes can cause and the need for community preparedness (Prevatt et al. 2012). The 2013 tornado outbreak in
Moore, Oklahoma, for instance, resulted in 24 deaths and billions
of dollars in damages (NWS 2013). Construction of structurally
hardened safe rooms is a proven strategy for protecting building
occupants from tornado hazards. Current requirements for safe
rooms are given in the FEMA document P-361, “Design and
construction guidance for community safe rooms” (FEMA 2008).
Safe rooms built in compliance with this document are intended to
provide near-absolute protection. At the time of publication in
2008, P-361 reported that there had been no failures of FEMAcompliant community safe rooms during tornado events since
FEMA ﬁrst introduced safe room criteria in 2000 (FEMA 2000).
FEMA P-361 requires safe rooms to satisfy two nonsimultaneously acting structural criteria. First, the walls and roof
must be able to resist pressure loads associated with tornado-speed
winds. These wind pressure loads are calculated according to
ASCE 7-05 (ASCE 2005). Second, the walls and roof must
provide adequate resistance to impact from wind-borne debris.
FEMA P-361 references the document “Standard for the design
and construction of storm shelters” [International Code Council/
National Storm Shelter Association (ICC/NSSA) 2008] for debris

impact–testing requirements. According to ICC-500, debris impact
tests are conducted by launching a wood missile at samples of the
wall or roof system being considered. ICC-500 requires the
missiles to be #2 or better wood boards, weighing 6.80 kg (15 lb)
and measuring 38 × 89 mm in cross section and 3:66 m ± 0:6 m
(12 ft ± 2 ft) in length. Depending on the component being tested
(roof or wall) and the intended geographical location of the safe
room, test missiles are launched at velocities between 23.7 m/s
(53 mi/h) and 44.7 m/s (100 mi/h). Higher velocities are associated with regions having the greatest tornado risk. According to
ICC-500 criteria, a specimen passes the impact test if
•
Permanent deformation of the interior surface does not exceed
76 mm (3 in.),
•
The missile does not perforate the specimen and enter into the
protected space,
•
The impact does not cause material to spall off of the specimen
into the protected space, and
•
Structural fasteners and/or portions of the specimen do not
become disengaged or dislodged in a manner that would place
safe-room occupants at risk.
This paper presents the ﬁndings obtained from an extensive
experimental program conducted to evaluate the impact resistance
of light-gauge steel roof decks (Roper 2014). The current paper
discusses the damage modes observed in the test program and
presents strategies that have been identiﬁed as being effective at
mitigating damage. Finally, recommendations are given for
detailing lap-joint connections, bearing connections, and support
spacing.
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Test Program Details and Methodology
A total of 53 steel roof deck specimens were tested in strict
compliance with the protocols of ICC-500. The test program included two different deck proﬁles and two different gauge thicknesses (Fig. 1). Other variables in the test program included
connection details at supports, connection details at lap joints, and
support spacing. The yield stress of the steel used in the specimens, as reported by the manufacturer, was 324 MPa (47 ksi) for
18-gauge decks and 303 MPa (44 ksi) for 16-gauge decks.
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Specimens were impacted at seven different locations, labeled
A through G in Fig. 2. Typically, missiles were launched at speeds
at or just above 30 m/s (67 mi/h). This velocity was selected on the
basis of minimum requirements for roof components in the geographical regions with the highest tornado wind speeds. A customdesigned pneumatic cannon was used to launch the missiles
(Fig. 3). After each impact, the specimen was visually inspected
and the postimpact condition of the deck was documented photographically. The amount of permanent deformation was also
measured and recorded.
Test specimens were supported by a steel frame mimicking roof
purlins (Fig. 4). Each specimen consisted of two adjacent but
separate deck panels extending over two equal-length spans. Span
lengths in the test program ranged from 1.22 m (4 ft) to 2.44 m
(8 ft). These spans were selected based on the reported ﬂexural
capacity of the decks and wind pressure requirements for safe
rooms. Lap-joint connections between the panels were made using
self-tapping screws as shown in Fig. 5 or by mechanically
crimping the decks together as shown in Fig. 6. Lap joints with
overlapping panels (Fig. 7) and protective plates (Fig. 8) were also
tested. Panels were connected to the supports using screws. Two
screw sizes, #10 and #12, were tested. Two different bearing
dimensions were used at the specimen edges: 51 mm (2 in.) and
76 mm (3 in.) (Fig. 9). The ﬁnal variables in the test program were
screw quantity (single or double) and orientation (parallel or perpendicular) at each deck rib to support the connection (Fig. 10).

Damage Modes
Without exception, each impact on each specimen caused some
degree of damage. Damage was classiﬁed into eight modes as
shown in Fig. 11 and described in the following paragraphs. Three
of the four failure criteria in ICC-500 were observed in the test
program; spalling of material into protected space was not observed because of the ductile nature of steel decks. Five additional
damage modes not explicitly mentioned by ICC-500 were also
observed.
Permanent Deformation
ICC-500 speciﬁes that deformation of the interior surface of the
specimen resulting from impact must not exceed 76 mm (3 in.);
greater deformation results in a failed test. Shots at Locations A,
B, C, F, and G were most likely the cause of failure of this
criterion.
Perforation
According to ICC-500, a specimen fails if a missile perforates the
specimen and enters the protected space. This type of damage was
only observed at impacts hitting the lap joint. Missile impact locations at the lap joint were labeled A, B, and G.

38-mm (1.5-in.) deep profile
Deck thickness: 16 and 18 gauge

76-mm (3-in.) deep profile
Deck thickness: 16 and 18 gauge

Fig. 1. Deck panel cross sections

A-Impact on
lap-joint

B-Impact
within 3”
beside lap

Fig. 3. Debris impact cannon and testing area

D-Impact
within 3” beside
stud

E-Impact
centered On
Stud

F-Impact interface
corner within 6” from
each edge

C-Impact
centered on
panel

G-Impact interface
on lap-joint corner
within 6” from each
edge

Fig. 2. Missile impact locations on deck specimen
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Screw Failure
Screw failure occurred because of impacts at Locations A, B, C, F,
and G. Screws failed because of shearing and/or prying action.
ICC-500 prohibits fasteners from entering into protected space.
Although screw failure occurred, screws were never observed to
enter the protected space.
Deck Shear
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This damage mode occurred when shear capacity of the deck was
insufﬁcient to transfer shear forces to the fasteners. Deck shear
occurred because of impacts at Locations F and G near the sup-

ports. Deck shear was localized and typically occurred at only one
or two screws for a given impact. Provided that deck material does
not enter into the protected space, deck shear does not constitute
failure according to ICC-500.
Deck Pullout
This damage mode refers to the screw head pulling through the
deck. Deck pullout was only observed for impacts near the edge
supports (Locations F and G) and occurred when the deck–screw
interface was insufﬁcient to transmit tensile forces. Similar to deck
shear, deck pullout was also localized, and does not automatically
constitute failure according to ICC-500.
Opening at Panel Edges

Rigid frame

Openings between the outside and protected spaces were sometimes
observed after impacts at Locations F and G. The formation of
openings was exacerbated by deck shear, deck pullout, or screw
shear. After failure of the deck–screw connection, additional deformation of the deck occurred, sometimes resulting in the formation
of openings. ICC-500 does not have criterion for the formation of
openings. Opening sizes were always < 80 cm2 (12 in:2 ).

Wide flange (top
and bottom)

Opening at Lap Joints
In some instances, shots at Locations A, B, and G resulted in the
formation of openings at the lap joint. This damage mode is distinct from perforation because in this case the missile did not pass
through the opening. Openings at lap joints as large as 51 mm
(2 in.) wide and 203 mm (8 in.) long were observed.

L3x3x1/4 supports

Deck Tearing

Fig. 4. Frame for supporting deck specimens during impact tests

Tearing only occurred as a result of impacts near the supports,
and was more common in specimens where the damage modes
of deck shear, deck pullout, and screw shear were mitigated.
Without energy being absorbed through the other damage modes,

Fig. 5. Lap-joint connection using self-tapping screws
© ASCE
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additional energy was transmitted to the deck, sometimes resulting
in the formation of tears. Tears in the deck were typically 76 mm
(3 in.) or less; the largest tears were < 254 mm (10 in.) in length.
ICC-500 does not have criteria regarding tears. It is possible that
that perforation could occur as a result of deck tearing; however,
this was not observed in the test program. Perforation was only
observed at the lap-joint location.
The FEMA P-361 criteria for safe rooms do not consider debris
impact and wind pressure simultaneously. Many of the observed
impact damage modes, including those not considered by P-361, are

likely to affect wind pressures acting on the structure. Deck shear,
deck tear, openings at panel edges, and openings at lap joints can
provide a path for internal pressurization of the safe room. For this
reason, it is considered imperative that designers consider the additional damage modes in addition to those explicitly listed in P-361.
During the experimental program, damage was observed to
occur primarily at the lap joints and at or near the bearings. Thus,
detailing at panel boundaries is critical to mitigating damage from
debris impact. Detailing strategies for mitigating impact are discussed in the next section.

Fig. 6. Lap-joint connection using mechanical crimp

Typical lap-joint connection

Overlapped lap-joint

Fig. 7. Lap-joint connection types
© ASCE
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Mitigation Strategies

Reduce Deck-Span Length

Nine different strategies found effective at mitigating the aforementioned damage are discussed in the subsequent paragraphs.
Expanded discussion and quantitative evaluations can be found in
Roper (2014).

Reducing the deck span reduced permanent deformation. This
strategy was effective in controlling deformation at Locations A,
B, and C. Recommended deck spans are discussed later in
the paper.
Increase Depth of Deck Profile
Because of the increased section properties, the deeper 76-mm
(3-in.) deck experienced smaller permanent deformations than the
shallower 38-mm (1.5-in.) deck under comparable conditions.
Localized crushing of the ﬂutes in the deeper deck, which would
absorb more energy than the shallower deck, was noted to contribute to smaller deformations into the protected space.
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18-gauge protective plate over lap joint
(outlined with dashed lines)

Increase Deck Thickness
As with increased proﬁle depth, decks with increased thickness
also had larger section properties, and consequently, better performance. The 16-gauge decks had smaller permanent deformations than decks with 18-gauge thicknesses. Increased deck
thickness also affected increased resistance to deck shear, deck
pullout, and deck tearing.
Fig. 8. Protective cover plate over the lap joint

Increase Screw Size
Screws with a size of #10 used at the lap-joint connections consistently failed because of impacts near the lap joint (Locations A,
B, and G). Using the larger #12 screws was observed to limit, but
not entirely prevent, screw failure.
Increase Number of Screws at Supports
Attaching the deck to the supports using a single screw in each rib
(Fig. 12) resulted in poor performance. Two-screw connections
were observed to be less susceptible to screw failure, deck shear,
deck pullout, and opening at panel edges.
Increase Bearing Width and Screw–Edge Distance

Fig. 9. Bearing length of deck specimen on supporting member

By increasing the bearing dimension at the supports (Fig. 9), the
distance from the screws to the edge of the deck could also be
increased; hence, these two strategies are typically used together.
Increasing the edge distance and orienting the screws parallel to
the supports (Fig. 10) both increase the resistance to deck shear.
During the test program, opening at the panel edges was completely eliminated in specimens with 76-mm (3-in.) bearing width,
screw edge distances of at least 38 mm (1.5 in.), and two-screw
connections. This is true because larger deck deformation was
required to form the openings at the panel edge, and because
deformations were smaller when the deck–screw connection remained intact.
Decrease Spacing of Connections at Lap Joint

Fig. 10. Alignment and quantity of screws in supporting member
© ASCE

Adding more screws or mechanical crimps at the lap joint can be
effective in controlling, but not entirely preventing, perforation
and opening. In the test program, smaller connection spacing also
reduced the magnitude of permanent deformations. Screw spacing
as small as 50.8 mm (2 in.) were effective in controlling perforation and lap-joint openings in the test program; crimp spacing as
small as 101.6 mm (4 in.) was also effective. Mechanical crimps
generally performed better than screw connections.
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(a)

(e)

(b)

(f)

(c)

(g)

(d)

(h)

Fig. 11. Damage modes: (a) permanent deformation; (b) perforation; (c) screw failure; (d) deck shear; (e) deck pullout; (f) opening at panel edge;
(g) opening at lap joint; (h) deck tearing
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Fig. 12. Bearing connection with single self-tapping screw

Overlap the Lap Joint by One Flute
In typical steel-deck construction, the overlap between adjacent
panels at the lap joint is designed only to allow for screws to engage
both panels [Fig. 7(a)]. During the experimental program, this conﬁguration proved susceptible to perforation, particularly for missile
impacts directly on the lap joint. However, specimens with joints
that overlapped by one additional ﬂute [Fig. 7(b)] never exhibited
perforation failure. When tested using the 38-mm (1.5-in.) proﬁle
deck, increasing the number of overlapping ﬂutes was observed to
also be effective in reducing permanent deformations, deck shear,
deck tearing, and deck pullout. This strategy was only tested using
the 38-mm (1.5-in.) proﬁle deck, but would also likely be effective
for the 76-mm (3-in.) proﬁle deck. Overlapping the 76-mm (3-in.)
deck would effectively create a double-layer roof deck.
Reinforce Lap Joint with a Cover Plate
In the test program, placement of a 152-mm (6-in.) wide 18-gauge
cover plate over the lap joint was effective in preventing perforation. The plate was attached to the ﬂutes over the lap joint
using two staggered rows of #12 self-tapping screws spaced
305 mm (12 in.) on center (Fig. 8). Although it was not tested,
placing a cover plate parallel with the purlins over the edge of the
panels may also be an effective strategy for mitigating damage.
This strategy would likely improve resistance to deck shear, deck
pullout, deck tearing, and screw failure.
The use of washers to prevent deck pullout was not evaluated
in the test program, but is likely to be effective in preventing deck
pullout. Using combinations of the other strategies, deck pullout
was effectively mitigated in the test program. In addition to deck
pullout, the use of washers may also be beneﬁcial with regard to
large suction pressures that can occur during tornadoes and other
extreme wind events.

Recommendations
As previously mentioned, special attention to detailing at lap-joint
and bearing connections is critical to obtain the desired debris
impact resistance of light-gauge steel decks. The test program
© ASCE

described in this paper was used to evaluate the damage behavior
of steel decks under impact loading and to identify deck, span, and
detailing conditions that satisﬁed ICC-500 criteria for a range of
different tornado wind speed regions. On the basis of the results of
the test program, the following recommendations were made:
•
Screwed bearing connections should be made with screws no
smaller than #12.
•
Although an 18-gauge deck can be used to satisfy ICC-500
requirements in some conditions, a deck thickness of 16 gauge
or greater is recommended.
•
Decks with 76-mm (3-in.) deep proﬁles can be effective in the
most severe, 112-m/s (250-mi/h) tornado wind speed regions.
Decks with a 38-mm (1.5-in.) deep proﬁle are only recommended
for the 112-m/s (250-mi/h) region, and only if they are 16 gauge
or thicker. Maps indicating the boundaries of tornado wind speed
regions are available in FEMA P-361 and ICC-500.
•
The maximum recommend purlin spacing (i.e., deck span) is
2.4 m (8 ft) and 1.2 m (4 ft) for decks with 76-mm (3-in.) and
38-mm (1.5-in.) deep proﬁles, respectively.
•
Spacing of connections at lap joints should be no greater than
152 mm (6 in.) for screws and no greater than 102 mm (4 in.)
for mechanical crimps.
•
In addition to providing minimum spacing of connections at lap
joints, it is also essential that lap joints be reinforced with cover
plates or by overlapping ﬂutes. Cover plates should be at least 18
gauge and be connected with two staggered rows of #12 selftapping screws spaced 305 mm (12 in.) on center. Mechanically
crimped connections are preferable to screwed connections at the
lap joints; however, a cover plate for overlapping ﬂutes should
be used regardless of the connection method.
•
Decks should have a minimum of 76 mm (3 in.) bearing length
on edge supports.
•
Decks should be connected to the supports with a minimum of
two screws in each rib. Screws should be oriented parallel
to the support member and have a minimum edge distance of
38 mm (1.5 in.). Additional research is desirable to evaluate the
effectiveness of washers at screw connections and the effectiveness of cover plates over the panel bearings. Both strategies
are likely to enhance debris impact resistance.
Adherence to these recommendations does not guarantee sufﬁcient impact resistance, nor does adherence mean that a deck is
qualiﬁed under ICC and FEMA requirements. Ofﬁcial testing is
required to qualify components before use in FEMA P-361–
compliant safe rooms.
These recommendations consider only debris impact resistance.
Safe rooms must also satisfy requirements regarding out-of-plane
pressure loads. Although the recommendations listed in the preceding may also improve the pressure load requirements, they are
only intended to address the impact resistance requirements. Additional testing is recommended to design and detail steel roof
decking to satisfy the pressure load requirements.

Summary and Conclusions
A test program was conducted to evaluate the resistance of steel
roof deck to impact from wind-borne debris. In total, 53 deck
specimens were tested according to the requirements of ICC-500.
Eight different damage modes were documented in the program,
and nine strategies for mitigating damage were tested and found
effective. Two primary conclusions were reached. First, lap joints
and panel edges are the most critical locations for impact damage.
Second, with proper detailing, steel roof decks can satisfy the
debris impact criteria of ICC-500.
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