force in the rafters transfers into the diaphragm as an
in-plane force.
Let’s approach the problem another way and prove to
ourselves that a diaphragm really can only carry forces
within its own plane. Assume that the diaphragm does only
deliver a horizontal force to the top of a sloping shear wall.
The reaction of the wall on the diaphragm then has a component that acts perpendicular to the diaphragm’s plane,
and an in-plane component. The out-of-plane component
could easily overstress the diaphragm sheathing in bending. Figure 7 shows a roof with a 7:12 (approximately 30°)
slope. As an example, assume 3/8-in. sheathing with
boundary nailing of 8-penny nails at 2-in. spacing. The APA
tables incorporated into model codes list a maximum shear
of 610 lb./ft. for this diaphragm (even though not too many
engineers would specify such a diaphragm—but stick with
me…).
For the out-of-plane reaction component, we get (610
lb./ft.)(sin 30) = 305 lb./ft.
If we have 24-in. rafter spacing (although few designers
or builders would actually construct a roof like this,
3/8-in. sheathing is available with a 24-in. span rating),
then the 305 lb./ft. out-of-plane force produces a bending moment of (24 in.)(305 lb.) = 7320 in.-lb.
For a 3/8-in.-thick solid board, the Section Modulus
would be bd2/6, or S = 12 in. (0.375 in.) 2/6 = 0.28 in.3
Since the layers in plywood do not all have the same
grain orientation, S is multiplied by a coefficient “K” to
reduce it to a realistic value.
From the APA for 3/8 in., Group I plywood, KS = 0.195
in.3 per foot. Solving for the bending stress, Fb = M/S
fb = 7320 in.-lb./0.195 in.3 = 37,500 psi.
This would overstress a steel plate!

Roof sheathing

528 lbs. per foot
in-plane reaction
component

305 lbs. per foot reaction
component perpendicular
to diaphragm sheathing

12
7
Approx. 30 degree angle
610 lbs. per foot horizontal force in sheathing
(maximum shear for 3/8 -inch sheathing with
8-penny boundary nailing at 2 inches)

Figure 7.—Force and reaction components acting on sloped
diaphragm sheathing if sheathing is assumed to transmit only a
horizontal force.
In this example the reaction component acting perpendicular
to the sheathing induces a bending stress that exceeds the allowable stress by a factor of 14. (Note that Word made the
right-angle look like more than 90 degrees….)

For Group I structural panels, Fb = 2,000 psi (133%) =
2,670 psi, so:
fb / Fb = 14
Clearly this is an extreme example, using thin sheathing
and assuming maximum allowable shear in the diaphragm.
I use this to illustrate that the roof diaphragm cannot transfer a purely horizontal force to the sloping top chord of the
shear wall.

Thor Matteson, S.E. and author of Wood-Framed Shear Wall
Construction: An Illustrated Guide. This article is excerpted
from Wood-Framed Shear Wall Construction: An Illustrated
Guide (Appendix B) and reprinted with permission of the International Code Council. For more information, visit
www.shearwalls.com.

Position of Underlayment to
Prevent Cracked Tile and Grout
Frank Woeste, P.E. and Peter A. Nielsen

Introduction
The 2003–2004 Tile Council of America’s (TCA) Handbook for Ceramic Tile Installation contains numerous details
for a double layer wood floor system supporting ceramic
tile. The thicknesses of the subfloor and under- layment are
given in each case. Specific guidance on where to butt the
underlayment end joints is not given for any detail. For ex12

ample, for F142-03, the TCA Handbook states, “offset end
and edge joints of the underlayment panels by at least two
inches from the joints of subfloor panels; they should not
coincide with framing below.” It further states, “underlayment fasteners should not penetrate joists below.” In the
case of F150-03, the offsetting is not mentioned, but it does
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state, “underlayment fasteners should not penetrate joists
below.” The same holds true for F155; however, it also
states, “face grain of plywood should run perpendicular to
trusses, I-joists, or sawn lumber for maximum stiffness.”
The purpose of this article is to propose specific guidelines
for the orientation and placement of underlayment, including end and edge joints, beyond the rules given in the TCA
Handbook, to improve the performance of double layer
wood systems. These guidelines are based on engineering
science and field observations.
Background
While many factors can contribute to an installation failure, we believe that the localized bending or curvature of
the subfloor-underlayment assembly produced by vertical
loads can lead to tile and grout cracks. When cracked tiles
are observed, it is common for them to be above a joist and
run (generally) parallel to the joist. This crack pattern is
physical evidence that the subfloor and underlayment on
top of the joists experienced enough curvature to break the
brittle materials above. The term “curvature” in this discussion relates to how much an originally flat surface is “bent.”
For example, the surface of the Earth has only a slight curvature, whereas a basketball has extreme curvature relative to
the Earth. Excessive curvature under a tile is depicted in
Figure 1. When installing tile over double wood floor systems, we believe the two-layer wood substrate under service loads should have minimum curvature in order to prevent tile and grout cracking. How then can we position the
underlayment relative to the subfloor to yield an area
having the least curvature when loaded in-service?
Intuition Can Mislead
Aside from the instructions in the TCA Handbook, many
contractors butt the underlayment end joints directly over
the joists because their intuition leads them to believe it’s
the best way. The logic might be, after all, that since you always butt the subfloor end joints on a joist for the obvious
support, why not butt the underlayment end joints on a joist
as well? We believe that this logic is flawed for a brittle surface covering because the “curvature” of the sub-floor is the
greatest directly over the joist where there is no “help” from
the butted underlayment. This non-intuitive fact stems
from the bending stress diagram of continuous beams.
How Beams (or Floor Sheathing) Bend
Figure 2 shows a two-span highway bridge near
Blacksburg, Virginia. (This beam is analogous to a half sheet
of plywood on joists at 24 in. on center.) Note that the beam
is not spliced over the center support, but, rather, that it is
spliced at the 1/4-point of the right span to the left of the
Blacksburg sign (The dark line in Fig. 2 above the pier support is a web stiffener, not a splice). If a two-span beam is
spliced, it will generally be spliced near the 1/4 point of the
span. Knowing that a splice is the weak point of a beam, why
would highway engineers make the splice near the 1/4point? The answer lies in the bending stress diagram under
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Figure 1.—Excessive curvature under a tile due to the bending
of the floor sheathing from service loads can produce cracked
tile and grout.

Figure 2.—A two-span highway bridge is shown. Note, though
difficult to see in the photo, the splice in the steel beam is
placed to the left of the Blacksburg sign, and not at the center
concrete pier support. The dark line above concrete support is
not a splice, but rather a web stiffener. Engineers splice their
multi-span beams near the 1/4-points of spans where the
bending stress is low. By analogy, it is logical to butt underlayment near the 1/4-points of the sheathing span between the
floor joists.

various loading conditions. As vehicles pass across the
bridge, the stress diagram changes much like the stress that
might be produced by a heavily loaded dolly in a house. In
general, the stress at the center support is the highest where
the curvature is maximum. At about the 1/4-point of the
span, the stress is much lower relative to the center support
location. Near the center of the right span, the stress and
corresponding curvature increases again. The next time you
drive past a 2-span or 3-span bridge, notice where the
splices are: at the 1/4-points, not over the piers.
Underlayment End Joint Butt Rule
If you apply bridge design principles to underlayment
placement, the goal is to place the underlayment end joint
splice at a point where the bending stresses in the subfloor
are relatively low. The idea presented herein is to have two
layers of sheathing at those points where the bending
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stresses are greatest – over the joists. Thus, we propose the
“1/4-point rule” for the placement of underlayment end
joint butts. For example, abut underlayment panels on either side of the joist centerline at: 4 in. for 16 in. on center
joists, 5 in. for 19.2 in. on center joists, or 6 in. for 24 in. on
center joists. Underlayment end joints should be placed as
far away from subfloor end joints as possible. The end joint
butt positioning is depicted in Figure 3.
Panel Edge Joint Offset Recommendation
While the TCA Handbook and American Plywood Association (APA) literature permit the edge joints of the subfloor
and underlayment panels to be as close as 2 in., we believe
the underlayment should overlap the edge joints of the
subfloor by 1/2 the width of the subfloor panel, i.e., 24 in.,
to prevent potential damaging curvature from occurring between the sides of adjoining panels. This practice simply requires that the first set of underlayment panels be ripped
lengthwise (no extra materials should be required).
General Recommendations for Underlayment
To assist the contractor, we have summarized our ideas
for underlayment placement and orientation, panel end,
edge, and perimeter gaps, and nailing. The recommendations given for nailing are more conservative than specified
in ANSI A108-1999, Section AN-3.4.1.3, which states, “locate nails at 6-inch centers along panel edges and 8-inch
centers each way throughout the panel…” The closer nail
spacing in Table 1 will better guard against voids between
the subfloor and underlayment sheathing layers, improve
the composite action of the two layers of sheathing thus reducing sheathing curvature under service loads, and it will
increase the buckling resistance of the underlayment thereby minimizing the potential for buckling of the underlayment due to seasonal moisture content changes.
Place underlayment panels (Exposure 1, plugged-face
plywood of minimum 3/8-in. thickness) such that the following conditions are met:
1. Butt all underlayment end joints at 1/4-points between joists as depicted in Figure 3. Example: Butt
underlayment panels on either side of the joist centerline at: 4 in. for 16 in. on center joists, 5 in. for 19.2 in.
on center joists, or 6 in. for 24 in. on center joists.
Underlayment end joints should be placed as far away
from subfloor end joints as possible.
2. Underlayment to overlap edge joints of subfloor by
1/2 of the width of the subfloor panel (24 in.). At restraining surfaces, overlap may be less than the 24 in.
when the subfloor panel is less than 48 in. wide.
3. Gap underlayment panels 1/8 in. on all ends and
edges, and 1/4 in. at perimeter walls, cabinetry, or
other restraining surfaces.
Description of the type of plywood underlayment and
the recommended fastening schedule are given in Table 1.
The following guidelines are recommended when fastening
underlayment panels:
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Figure 3.—This detail shows how underlayment butt joints
should be placed relative to the subfloor butt joints in a tile installation. The underlayment butt joints are located at the
1/4-point of the span between joists, thus two layers of sheathing are present over the joists to take the “heat” from heavy
floor loads.

Table 1.—Plywood underlayment grade, thickness, and fastener schedule guidelines. Minimum thickness of underlayment should be obtained from the TCA Handbook.

Plywood
grades

Plywood
thickness (in.)

Exposure 1,
3/8
plugged-face
1/2
plywood
Greater than 1/2

Maximum On center
fastener spacing (in.)
Panel edges

Field

4
4
6

6
6
6

1. Use ring-shank nails or screws (no drywall screws).
2. Fasteners should pass through entire thickness of
underlayment and sub-floor panels with minimal or
no penetration into joists.
Summary
The recommendations for the placing of underlayment
end joint butts at the 1/4-points of the sheathing span and
as far away as possible from the subfloor end joints should
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mitigate the detrimental effects that butted sections of
underlayment have on the bending stiffness of the sheathing cross-section. The idea presented herein is to place end
joint butts at the location where the integrity from the
underlayment panel is least needed, and thus the full capacity of the underlayment panel is available over the joists.
The procedures presented will not solve all of the problems
that stem from the curvature or bending of double wood
floor installations, but we believe it will greatly reduce the
number of problems stemming from the wood sheathing.
The causative factors of tile and grout cracking on wood
support systems are numerous and complicated. In this
article, ideas were presented for consideration by archi-

tects, builders, and tile contractors that should increase the
likelihood of excellent in-service performance of tile installations while not significantly increasing the labor or material costs of the installation.

Frank Woeste, Ph.D., P.E., Professor Emeritus, now Wood Construction & Engineering Consultant, Blacksburg, VA 24060
and Peter A. Nielsen, Technical Director, Schluter Systems L.P.,
Plattsburgh, NY 12901-5841. Comments may be directed to
Frank Woeste (fwoeste@vt.edu). This article is reprinted with
permission of the National Tile Council of America. It appeared in the June 2004 issue of the Tile Letter.

Deflection Limits for Wood Studs
Backing Brick Veneer
Harold O. Sprague, P.E.
Introduction
Serviceability issues such as deflection limits are fairly
subjective. While codes may prescribe certain minimums
for elements such as brittle finishes, do these minimums actually accomplish their intended purpose? This article deals
with deflection limits for wood studs backing brick veneer.
Code provisions and research are examined to determine if
these limits are appropriate.
Codes and Research
What is the maximum deflection limit of wood studs that
back-up brick veneer? International Building Code (IBC) Table 1604.3 gives a limit of L/240 for “brittle finishes” in exterior walls and interior partitions. Furthermore, footnote
“f” states the wind load is permitted to be taken as 0.70 of
the components and cladding (C&C) wind load for the purpose of determining deflection limits. For wood-frame, deflections are typically calculated assuming bare studs (i.e.,
no sheathing contribution to stiffness).
Other promulgated deflection limits for brick veneer include L/360 by steel stud manufacturers, L/600 according
to the Brick Industry Association (BIA), and L/720 based on
Canadian Research.
Interestingly, BIA guidance from Technical Note 28B limits the lateral deflection of steel studs to L/600 for “service”
wind loads: “Therefore, to obtain sufficient backing stiffness, the allowable out-of-plane deflection of the studs due
Fall 2007

to service level loads should be restricted to L/600.” But BIA
does not define “service level loads.”
For wind, the IBC and Minimum Design Loads for Buildings and Other Structures, ASCE 7 requires calculating the
variable “p” that is defined as the “design” wind pressure
and is the 50-year mean recurrence interval (MRI). Serviceability is discussed in ASCE 7 Section C6.5.5. The general
consensus is that service level winds are 10-year MRI winds
and are about 75 percent of the pressure calculated from
“design” 50-year MRI winds. This is consistent with the IBC
0.70 factor on C&C wind loads.
If the above logic is considered valid, the L/600 BIA limit
at a “service” 10-year MRI wind would be about the same as
a L/400 at a 50-year MRI “design” wind load (inferring
L/600 for a 10-year service). It is conservative to use the
50-year MRI for L/600, but that also increases the cost. If
“service level wind loads” without a qualifier means code
based wind loads without load factors applied, it would
mean a 50-year wind load as written.
But, the issue of “serviceability” is much more subjective.
A deflection limit of L/720 makes more sense for vertical
deflection of lintels than for out-of-plane deflection of masonry walls, due to greater wall flexibility in the outof-plane direction. It would be better to have deflection limits defined for full code “service level wind loads,” than define it for a lesser wind frequency, even if the lesser wind fre15

