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Abstract

In the construction industry, workers falling to a lower
level has been the primary cause of fatalities according
to the Bureau of Labor Statistics Census of Fatal Occu-
pational Injuries database. From 2006 to 2010, an aver-
age of 353 construction workers died annually as a re-
sult of falling to a lower level. An average of 126 work-
ers (36%) died when falling from unguarded roof edges,
and through roof and floor holes or skylights. The Na-
tional Institute for Occupational Safety and Health evalu-
ated the strength of job-built guardrail structures around
an opening. The study focused on a 2' x 4’ opening typi-
cal of residential skylights. Nine full-time residential car-
penters built guardrails for strength testing.

Guardrails were constructed with 2" x 4" lumber and 16-
d duplex nails. The strength test determined if each
guardrail could support a 200-Ib loading on the top rail
as required by the OSHA Fall Protection Standards
(Subpart M). A quantitative pull test was then done to
measure the strength and integrity of each guardrail. All
nine guardrails passed the 200-Ib drop test, and the
strength test results ranged from 161 to 575 Ibs. Three
of the nine test subjects were randomly selected to con-
struct similar guardrails using 3-inch all-purpose screws
instead of nails. An average of 75 screws were used per
guardrail compared to an average of 85 nails per guard-
rail. The strength of the structures built with screws was
more consistent, and had a 67% increase in overall
strength with respect to the nail structures and the
strength test results ranged from 395 to 470 Ibs. The
overall strength and integrity of the structures was direct-
ly related to the construction techniques used by each
subject. The successful construction techniques were
determined to be the following: the orientation of vertical
support posts relative to the applied loading, anchoring
the vertical posts inside the opening, the overlapping of
the rails of the structure, and the number, type, and ori-
entation of the fasteners.

Introduction
Worker fatalities caused by falls

When working on steep-sloped roofs or near unguarded
edges, openings, or stairs, employers are required to
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protect construction workers through the use of guardrail
systems, covers, safety net systems, or personal fall
arrest systems, according to OSHA regulations, 29 CFR
1926.500-503 (Subpart M — Fall Protection). Workers
falling to a lower level has been the primary cause of
fatalities in the construction industry since the Bureau of
Labor Statistics started the Census of Fatal Occupation-
al Injuries database in 1992. For the period 2006-2010,
an average of 1,001 workers died each year in the con-
struction industry. Of this total, an average of 353 (35%)
died each year by falling from elevations. More specifi-
cally, 126 workers died each year when falling from un-
guarded roof edges, and through roof and floor holes
and skylights. These are all work situations where work-
ers could be prevented from falling by installing guard-
rails, either job-built or commercially available systems.

NIOSH study

The evaluation of the effectiveness and strength of a job
-built guardrail versus a commercially available guardrail
system was reported in Bobick and McKenzie (2005).
This study was conducted by NIOSH engineers from the
Division of Safety Research. It was limited in scope and
focused on protecting a typical residential skylight open-
ing (2' x 4'). The nine test subjects were full-time resi-
dential carpenters. The subjects were asked to con-
struct a guardrail structure around the perimeter of the
opening that they thought would protect a person from
falling into it, using construction-grade white pine 2" x 4"
lumber and 16-d duplex nails. (The duplex nails were
used to facilitate disassembling the structure after test-
ing was completed.) All nine carpenters were informed
that the top rail had to meet the OSHA specification (29
CFR 1926.502(b)(1)) that the “top edge height” had to
be “42 inches...plus or minus 3 inches...above the walk-
ing/working level.” The subjects were not aware of how
the structure would be tested. The nine subjects con-
structed two job-built guardrails — one for a flat surface
and one for a sloped (4/12) surface. This report focuses
on the results related to the flat surface.

Drop testing for OSHA requirements

The job-built guardrail systems were evaluated to deter-
mine whether they complied with OSHA regulation 29
CFR 1926.502(b)(3).  This regulation states that,

13



Figure 1. 200-lb Drop Test

“Guardrail systems shall be capable of withstanding, with-
out failure, a force of at least 200 pounds (890 N) applied
within 2 inches (5.1 cm) of the top edge, in any outward
or downward direction at any point along the top
edge.” (Mancomm, 2012, p. 323) A testing system was
developed to simulate the real-world scenario of a work-
er, weighing more than 200 Ibs., tripping and falling into
the top rail of the guardrail structure. A fire-rescue test
manikin was mounted on a steel frame and was hinged at
knee height to simulate the motion of a person when they
trip and fall, as shown in Figure 1. Each drop of the man-
ikin was calibrated to ensure that the applied force was
always greater than 200 Ibs. The test set-up and calibra-
tion procedure was described previously (Bobick et al.,
2010).

Pull-to-failure strength testing

The ultimate strength of each guardrail constructed was
evaluated individually by using a NIOSH-developed pull-
to-failure (PTF) test. The testing philosophy for this test

Test Subject #7

16-d duplex nail
fasteners

PTF Strength
249 lbs

Nails Used
105

“ 2 52 min.
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Figure 3. Subject #7 PTF Testing Results Using Nail Fasteners

was to quantitatively
evaluate the ultimate —
strength of each - = —.
guardrail  configura- -
tion. The PTF test
imposed a sustained
force (lasting 2-3 sec-
onds), which far ex-

ceeded the OSHA
200-Ib falling test du-
ration. A maximum

pulling force of 800
Ibs was generated
using a 2-inch hy- — =
draulic cylinder, a 3
battery-operated hy-

draulic pump, and a

cable and pulley sys-

tem as shown in Fig-

ure 2.

PTF and Drop Test
results

Results from the test-
ing of job-built guard-
rails built for the flat
surface indicated that
all of the structures
passed the OSHA
200-Ib loading requirement, as conducted in this research
study. However, the pull-to-failure results ranged from
161 Ibs to 575 Ibs.

Visual analysis of the PTF results

Figure 2. PTF Testing
system

The ability of a structure to withstand a single impulse,
shock, or instantaneous loading (OSHA 200-Ib drop test),
does not correlate to its ability to withstand a sustained
dynamic continuous load, such as found in the PTF test-
ing. The linear frictional forces between the nails within
the wood structure and the dynamic energy absorption
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(resilience) as a whole were substantial enough to resist
a low impact, instantaneous 200-Ib force. However, the
sustained loading applied from the PTF test exceeded the
linear frictional forces between the nail fasteners and the
wood structure. Once the linear friction forces were ex-
ceeded, the structure began to move dynamically thus
introducing a combination of bending and shear forces on
the fasteners. The overall strength was then influenced
by the construction techniques used. An example of the
PTF test results and a before and after picture of the
guardrail is shown below in Figure 3.

When guarding a hole or opening in a floor or flat roof, the
direction of the worker falling (the applied loading) on the
structure is not known, so an applied force in all directions
should be considered. The applied loading (or force) will
create a bending moment at the base attachment points.
This will act like a giant crow bar and will either pull the
fasteners out of the base or try to twist (or shear) the fas-
teners off the base. During the testing, one subject con-
structed the guardrail with the base fasteners being in
shear during the evaluation testing (subject #2). That
overall PTF strength was measured at 575 Ibs. The oth-
ers had the base fasteners in bending and the PTF
strength range was 161-319 Ibs. Examples of these two
cases are shown in Figure 4.

Fastening the toeboard, midrail, and top rail to uprights
was mostly constructed with overlapping segments. The
number of fasteners used and the orientation of the
boards varied. The predictability of how the midrails and
top rails would react (splitting or not splitting) was de-
pendent upon the fastener configuration. The lumber that
the subjects used was construction-grade. An effort was
made to select “clear lumber” for the 500 board feet of
lumber used in the study. Despite being extra careful,
some of the lumber had knots in them that contributed to
premature failure during the pulling test. Some examples
of how the wood split during the testing are shown in Fig-
ure 5.
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The most critical factor identified to increase the overall
strength and integrity of the guardrail structure was the
construction practice of overlapping and fastening the
toeboard, midrail, and top rail as shown in Figure 6. This
is an example of a top rail that has been overlapped and
fastened with two nails.

To emphasize the importance of overlapping the rails, the
structure constructed by test subject number eight will be
highlighted. The subject did not overlap the rails and had
a respectable PTF strength of 249 pounds, but at the end
of the test, the structure broke apart and introduced other
safety concerns. It no longer provided adequate fall pro-
tection and had exposed nails and projecting cross piec-
es, as shown in Figure 7.

Guardrail system strength was not completely dependent
on whether the boards split or did not split. Planning fas-
tener patterns can help eliminate some of the splitting.
The nail fasteners should be equally distributed into the
board. When fastening into the short side of the 2" x 4",
two fasteners should provide acceptable fastening
strength. When fastening into the wide side of the 2" x 4",
three fasteners in a triangle configuration should provide
acceptable fastening strength . More than four fasteners
in any one board was not a determining factor in the over-
all strength of the structure. Depending on the wood
quality, sometimes five fasteners made the board crack
before the loading was applied.

Additional testing using screw fasteners

At the conclusion of the initial study, the researchers
wanted to evaluate and compare the strength of a similar
job-built guardrail constructed with screw fasteners. For
this additional testing, three of the original nine carpenters
(subjects 1, 7 and 8) were randomly selected to return to
complete the original task (as subjects 11, 12 and 13 re-
spectively), except the fasteners were changed from 16-d
duplex nails to 3-inch all-purpose Phillips head screws.
Figure 8 provides the PTF test results and shows before
and after photos of the guardrail. Table 1 indicates that
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Figure 6. Overlap Mid and Top hA . @
Rails B\ V Fag

. Subject 8: Structure after
PTF Testing

Test Subject #13

3-inch all
purpose screw

PTF Strength
453 lbs

Screws Used
88

Construction Time
41 min.

Figure 8. Subject #13 PTF Testing Results Using Screw Fasteners
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Table 1. PTF Strength, Number of Fasteners, Construction Time

Test Subject Number PTF Strength

Number of Fasteners

Construction Time

(pounds) (min)
Nails Screws Nails Screws Nails Screws Nails Screws
1 11 260 470 82 78 25 22
7 13 249 453 105 88 52 41
8 12 280 395 64 60 24 20
Mean 263 439 84 75 34 28
Percent Change
+67% -10% -18%

(Screws vs. Nails)

the screw fasteners provided superior strength with fewer
fasteners needed, and had reduced construction times.
The benefits of using screw fasteners were discussed
previously (Bobick et al., 2010).

Discussion
Anchoring

Interestingly, what was initially thought to be a straight-
forward task actually resulted in nine different designs.
Some of the professional carpenters did not attach the
vertical support posts to the inside of the opening, and
instead attached the base of the guardrail structure to the
roof surface. The job built guardrail structures attached
to the surface had the lowest PTF test results. The car-
penters who attached the vertical support posts to the
interior surface of the hole used between three and five

Figure 9. Top View with Turned Posts
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16-d duplex nails. The testing showed that three or four
nails gave acceptable fastening strength. Using five nails
did not result in a measurably stronger structure. Sub-
jects who used three nails spaced them out equally,
which lessened their contribution to the splitting of the
vertical post at the attachment point. The PTF testing
evaluation was an extreme condition, which quantified the
overall strength of the structure, and was not intended to
represent a real-world event. When subjects constructed
the midrails and top rails, there was a lack of consistency
in the construction. Most subjects used three or four nails
to attach the midrail or the top rail, while some only used
one or two nails to attach to the vertical posts.

Job Built Guardrail Structure Installation Recommen-
dations

Orientation of Vertical Posts

Since the direction of the worker falling (i.e., the applied
loading) on the structure is not known, applied force in all
directions should be considered when guarding a hole or
opening in a floor or flat roof. In order to do this, the con-
figurations of two of the posts located diagonally should
be turned 90 degrees as shown in Figure 9 and Figure
10. This will ensure that two of the base fasteners are in
shear while the other two will be in bending when the ap-
plied load is perpendicular to one of the top-rails. When
the load is applied at the corners, then all four posts will
have a combined shear/bending loading on the base fas-
teners. This configuration should result in a structure that
is 34%-40% stronger when using 16d nail fasteners and
10%-19% stronger when using 3-inch all-purpose screws,
measured under the same testing conditions. The posts
should be fastened to the base using 3 or 4 fasteners
each.

Fastening techniques

The overall strength of the structure increases when the
ends of the rails overlap and are fastened to each oppos-
ing rail. The number of fasteners should be limited; more
is not always better. Fasteners should be staggered if
possible to prevent the wood from splitting under loading.
The nail fasteners should be equally distributed into the
board. When fastening into the short side of the 2" x 4",
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Figure 10. Perspective View of Guardrail

Figure 11. Overlapped Rails and Fastener
Placement
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two fasteners should provide acceptable strength. When
fastening into the wide side of the 2" x 4", three fasteners
in a triangle configuration should provide acceptable
strength. This is shown in Figure 11.

When constructing a guardrail, the overall strength can
be maximized by using screw fasteners. Even though
only three test subjects were used to reconstruct the job-
built flat configuration using 3-inch coarse thread all-
purpose screws, the data indicated that using the screws
resulted in, on average, significantly stronger configura-
tions that were built slightly quicker than the same guard-
rail system using duplex 16-d nails (Bobick et al., 2010).
The three test subjects that conducted these extra tests
indicated that using nails was more typical, but that they
often used screws on the job and felt that this was a fair
test.

Future Work

An additional point to consider is that there are higher
quality screw fasteners that are made of high-strength
steel and have a self-drilling capability. These particular
fasteners have been subjected to independent laboratory
tests, as contracted by the screw manufacturer, to deter-
mine their strength characteristics when installed in dif-
ferent materials. The use of this type of fastener could
result in a stronger guardrail system that may be in-
stalled quicker than the typical all-purpose screw fasten-
ers. Additional laboratory testing using these more so-
phisticated fasteners is planned for the future.

Conclusions

Based upon the aforementioned results, it is
possible to construct a job-built OSHA compli-
ant guardrail, as evaluated with the described
OSHA 200-Ib drop test. The job-built guardrails
can be safely constructed using construction-
grade 2' x 4 lumber and appropriately sized
nails or screws.

The job-built guardrails could have inherent
weaknesses due to the non-homogenous build-
ing material. This limited study exposed multi-
ple weaknesses and strengths. With proper
planning, some of these weaknesses can be

engineered out to build the strongest temporary
structure possible. The method of constructing, the type
of fasteners, and the fastening techniques used are key
planning factors to build an OSHA compliant guardrail
structure. The overall success of constructing a job-built
guardrail structure is proper planning. Good safety prac-
tice requires that job-built guardrail systems be con-
structed of new 2" x 4" lumber for the system to obtain
the maximum possible fastening strength. The practice
of re-using old materials is unsafe and should be avoid-
ed.
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Editorial

Wood Design Focus has always provided current industry information.
Most topics in this journal have discussed technical aspects of design
and the use of wooden building construction. As we design and con-
struct buildings, engineers and architects often tend to focus on the
materials and methods of construction. However, the moving forces
behind these materials and methods — notably the human workers —
often receive little attention. Construction safety is one of the most im-
portant worker issues. Conducting work in a safe manner affects work-
er productivity, worker attitudes and overall worker health. Many times,
the discussion of human and structural loading related to construction
safety is forgotten or relegated to a lower position.

| began conducting safety-related research about eight years ago. Ini-
tially, | was invited by a colleague to contribute to a proposal for a
NIOSH safety center. That center has now evolved into the Center for
Innovation in Construction Safety and Health (CICSH), under the Occu-
pational Safety and Health Research Center (OSHRC) through Virginia
Tech. My colleague challenged me to think differently about my re-
search. How can the understanding of the mechanics of wood influ-
ence the safety of construction workers?

| began looking at the effects of lateral buckling of wood composite -
joists as a possible initiator of falls from elevation. At this time, | began
to grasp the current severity of falls in construction. Other researchers
have gone so far as to call the number of fatalities an epidemic. As |
continued pursuing safety research, | began to realize how useful the
design of wood structures is to the safety field. Currently, | am the lead
investigator in a project examining the use of personal fall arrest sys-
tems in residential construction, which is described in this issue. | also
currently serve as the Co-Director of the Center for Innovation in Con-
struction Safety and Health (CICSH).

| find myself explaining to both engineers and safety professionals
(even once to my department head) why | am researching safety and
the importance of involving engineers. One of the important aspects
called Prevention Through Design (PtD) directly involves the re-design
of buildings to create inherently safer work environments during con-
struction and after construction. There is a genuine need in safety for
the innovation and creativity that structural engineers and architects
possess. The intersection of safety and engineering is an exciting area
of study — combining experimental mechanics, human factors, experi-
mental design, industrial psychology and building construction.

This selection of authors represents a variety of researchers and pro-
fessionals looking at the intersection of safety and engineering. These
articles can help promote worker safety, which ultimately improves
worker productivity and health. This issue of Wood Design Focus is
part of a two-year Falls Campaign effort to bring attention to the prob-
lems associated with falls from elevation. More information is available
at http://www.stopconstructionfalls.com. | hope you will be inspired by
these articles. As always, we have provided contact information for the
authors if you have questions or desire more information.

Daniel P. Hindman, P.E., Ph.D., Associate Professor, Department of
Sustainable Biomaterials, Virginia Tech

Co-Director, Center for Innovation in Construction Safety and Health
Editor, Wood Design Focus
dhindman@vt.edu

WOOD DESIGN FOCUS V. 23, N. 1

WOOD DESIGN
FOCUS

Published by the
Forest Products Society

EDITORIAL BOARD CHAIR
Daniel P. Hindman, P.E., Ph.D.

EDITORIAL COMMITTEE
Larry Beineke, P.E., Ph.D.
Don Bender, P.E., Ph.D.
Chris Brandt, P.E.
Robert Leichti, Ph.D.
Joseph R. Loferski, Ph.D.
Patrick M. McGuire, P.E., S.E.
John “Buddy” Showalter, P.E.
Thomas D. Skaggs, P.E., Ph.D
Frank Woeste, P.E., Ph.D.

Wood Design Focus
(ISSN 1066-5757)
is published quarterly by:
Forest Products Society
2801 Marshall Court
Madison, WI 53705-2295
Telephone: (608) 231-1361
Fax: (608) 231-2152
www.forestprod.org

The annual subscription rate is $45USD
to subscribers who are Forest Products
Society members and $60USD to non-
members and $125USD for institutions
and libraries. The Forest Products Soci-
ety and its agents are not responsible for
the views expressed by the authors. In-
dividual readers of this journal, and non-
profit libraries acting for them, are per-
mitted to make fair use of the material in
it, such as copying an article for use in
teaching or research. Permission is
granted to quote from this journal with
the customary acknowledgement of the
source.

© 2013 Forest Products Society



http://www.forestprod.org/�
http://www.stopconstructionfalls.com/�
mailto:dhindman@vt.edu�

