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Engineering Design of Shear Walls in Wood-Framed Single & Multi-Family Structures

Course Overview

Course Description

This course provides a technical guide to the engineering principles, structural
behavior, design methodology, and construction practices associated with shear
walls in wood-framed residential buildings. Shear walls are the primary lateral
force resisting elements in light-frame construction, and their performance
under wind and seismic loading directly determines whether a building remains
stable during extreme events. The course examines the mechanics of shear
transfer, load paths, diaphragm interaction, code-based design approaches, and
detailing requirements used in modern practice.

Both single-family residential buildings and larger multi-family structures are
addressed. Emphasis is placed on engineering judgment, proper detailing, and
the failure mechanisms most commonly observed in post-disaster investigations.
Where code provisions are discussed, the treatment reflects requirements of the
International Residential Code, the International Building Code, and the
American Wood Council's Special Design Provisions for Wind and Seismic.

Learning Objectives
Upon successful completion of this course, participants will be able to:
« Explain the structural purpose of shear walls within wood-frame buildings
and their role in the lateral load resisting system.

« Identify the components that form a wood structural shear wall assembly,
and describe how forces are transferred through those elements.

« Analyze the interaction between diaphragms, collectors, hold-downs, and
shear walls to maintain a continuous load path.

« Apply engineering design principles to calculate shear capacity,
overturning resistance, and boundary element forces.

« Interpret common building code provisions governing wood shear wall
design, including IRC and IBC requirements.

« Evaluate sheathing materials, fastener schedules, and framing layouts for
their structural contribution to shear wall systems.

« Diagnose common structural deficiencies and failure modes associated
with improperly designed or constructed shear walls.
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« Assess how shear wall systems are adapted for multi-story and multi-family
structures, including soft-story vulnerabilities.

Intended Audience

This course is designed for civil and structural engineers, construction engineers,
forensic engineers, and building inspectors who are involved in the design,
evaluation, or construction of wood-framed structures. A working knowledge of
structural analysis fundamentals and familiarity with basic load concepts is
assumed. The course is particularly relevant for engineers practicing in wind-
prone or seismic regions, and for those who review or inspect light-frame
residential construction.
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CHAPTER1

Fundamentals of Lateral Load Resistance in Wood-Frame
Structures

Figure 1: Wood-frame structure of a residential home with shear walls.

1.1 Structural Stability in Light-Frame Construction

Wood-framed residential buildings carry two fundamentally different categories
of load, and the structural strategies for each are distinct. Gravity loads are
straightforward: they flow downward through studs, beams, and bearing walls in
a way that most engineers understand intuitively. Lateral loads are less intuitive.
When wind pushes against the face of a building, or when seismic ground motion
sends the foundation moving beneath it, the structure experiences horizontal
forces that attempt to rack the frame. Without a system designed specifically to
resist those forces, a structurally adequate gravity system can fail sideways, and
eventually collapse.
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In light-frame wood construction, the shear wall is the primary mechanism for
resisting this kind of horizontal demand. A shear wall is not simply a stiff wall; it
is a specific assembly of sheathing panels, framing members, and mechanical
fasteners working together as a structural plate (see Figure 1). That distinction
matters in practice, because it means that a wall's contribution to lateral
resistance cannot be inferred from its dimensions alone. A thick wall with
improperly spaced nails may contribute almost nothing to lateral stability.

The widespread adoption of structural panels, principally plywood and oriented
strand board, has made wood shear walls both effective and economical. When
these panels are fastened to wall framing with correctly spaced nails, the
assembly can resist lateral forces many times greater than an unsheathed frame.
The sheathing and its fasteners do the structural work; the studs provide the
substrate by providing a rigid framework (American Wood Council (AWC), 2021,
Breyer et al., 2020).

1.2 Lateral Forces Acting on Residential Structures

Residential structures must resist two primary categories of lateral force: wind
and seismic. Each imposes different structural demands, and shear wall systems
must be designed with both in mind.

1.2.1 Wind Loads

Wind loads develop when moving air interacts with building surfaces, creating
positive pressure on windward faces and negative pressure (suction) on leeward
faces and roof surfaces. The horizontal component of these pressures is
transferred through the roof and floor diaphragms into the vertical shear walls.
Magnitude depends on basic wind speed, terrain exposure, building height and
geometry, and applicable pressure coefficients, all of which are quantified
through the American Society of Civil Engineers (ASCE) procedural ASCE/SEI 7-22
procedures (ASCE, 2022).

In hurricane-prone coastal regions, design wind speeds can generate loads that
govern the structural system entirely. Hurricane Andrew in 1992 was a watershed
event in this regard. Post-disaster investigations revealed that widespread
structural failure in South Florida was not primarily due to inadequate wall
strength, but to the systematic absence of proper connections between
diaphragms, shear walls, and foundations (Federal Emergency Management
Agency, 1992).
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1.2.1 Seismic Loads

Seismic forces arise from ground motion during earthquakes. Unlike wind, which
typically applies sustained force from a single direction, ground shaking causes
the structure to accelerate back and forth repeatedly. The resulting inertial forces
are proportional to the mass of the building and the intensity of the ground

motion. Floors and roofs act as rigid platforms that transmit these forces to the
shear walls, which must resist the resulting horizontal demands while also

maintaining ductility.

Ductility, the ability to deform without catastrophic failure, proved critical in the
1994 Northridge earthquake. Buildings with well-designed wood shear walls
generally performed well, however, those with soft-story conditions, where the
first floor had far fewer shear walls than upper floors, often did not (Norton et al.,

1994).

Table 1 summarizes key differences between wind and seismic loading that
influence shear wall design decisions.

Table 1: Comparison of Wind and Seismic Lateral Load Characteristics.

Characteristic Wind Loading Seismic Loading
Origin External pressure from moving air | Inertial forces generated by ground
8 acting on building surfaces acceleration acting on building mass
Typically sustained from one Cyclic; reverses direction repeatedly
Direction primary direction; also creates during an event, producing
uplift on leeward surfaces and roof | cumulative fatigue demands
Building geometry, exposure Building mass, site soil class, seismic
Key variable category, basic wind speed (ASCE 7 | design category, structural response
maps) factor
; Strength and anchorage; pressure .
Primary 5 . 5 . P Strength and ductility; wall systems
reversals require attention to . . .
structural . . must deform without brittle failure
connections on both windward and .
demand . across multiple load cycles
leeward sides
. ASCE/SEI 7-22, Chapters 11-16; IRC
Governing code | ASCE/SEI 7-22, Chapters 26-31; IRC / P L.
.. . . R301.2 and SDPWS for prescriptive
procedure R301.2 for prescriptive wind design . .
seismic design

Note: SDPW = Special Design Provisions for Wind and Seismic

1.3 Basic Load Paths in Wood Framing

For any structural system to function as intended, loads must follow a continuous
and predictable path from the point where they are applied, to the point where
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they are resisted by the foundation (see Figure 2). In wood-frame construction,
this concept is called the continuous load path. A break anywhere in that chain
can compromise the entire system, regardless of how well individual elements
are designed.

Uplift From Roof

I T S

Strap

LINK
An adequate connection must
be made between the header
and the king stud in order for
the load to continue down the
path.

e Jack stud King stud

LINK

The bottom of a wall could
have points of high uplift due
to an accumulated load from
above. Suitable hardware
Strap should be installed in the

/ proper locations.

=l

Load path around a window opening. b

Load paths can be complex
through a connection. It is im-
portant that each link within the
connection be strong enough to
transfer the full design load.

The detail at left shows a typi
cal floorto-pile connection. Uplift
loads are transferred through the
joint in the following order.

o from upper story to strap
e from strap to floor beam
0 from floor beam to boits
o from bolts to pile

o from pile to ground

Load path through a pile connection.

Figure 2: A continuous load path transfers horizontal and vertical forces from the roof to the foundation,
helping the structure remain stable during high winds and earthquakes.

Credit: FEMA P-499, 2010

The lateral load path begins at the exterior surfaces where wind pressures act, or
throughout the building where seismic inertial forces develop. These forces are
first collected by the roof or upper floor diaphragm. The diaphragm functions as
a horizontal structural plate, distributing forces to the vertical shear walls below.
Within the shear walls, nails transfer shear forces from the sheathing panels into
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the framing members. The bottom plate of the wall then transfers horizontal
forces into the foundation through anchor bolts. At the same time, overturning
moments generated by the lateral load create vertical tension at one end of the
wall and compression at the other. Hold-down hardware resists this tension, and
the boundary stud transfers compression downward into the foundation.

In practice, this load path is more fragile than it appears on a design drawing.
Every connection in the chain must be complete and correctly installed. A single
missing hold-down or a run of overdriven nails can reduce the actual capacity of
the wall well below its calculated value. Post-disaster investigations consistently
find that buildings fail at connections.

1.4 The Relationship Between Diaphragms and Shear Walls

Roof and floor diaphragms are the horizontal elements that gather lateral forces
from across the building footprint and deliver them to the vertical shear walls. A
diaphragm behaves structurally like a horizontal beam or plate. It develops in-
plane shear stresses that move forces toward its supports, which in this case are
the shear walls.

The stiffness of the diaphragm relative to the stiffness of the shear walls
determines how forces are distributed among the available walls. A rigid
diaphragm tends to distribute loads based on the relative stiffness of the walls,
directing more force to stiffer wall lines. A flexible diaphragm distributes loads
more in proportion to the tributary area each wall serves. ASCE/SEI 7-22 and the
SDPWS (AWC, 2021) provide criteria for classifying diaphragms as rigid or
flexible, and the classification affects the analysis approach. Most light-frame
wood diaphragms qualify as flexible under common code criteria, though this
depends on the aspect ratio of the diaphragm and the sheathing configuration
used.

Connections between the diaphragm and the shear walls below are not automatic.
Collectors, sometimes called drag struts, are framing members that carry axial
forces from the diaphragm edge into the shear wall boundary elements. Without
designated collectors, the diaphragm may not be able to deliver its full shear
demand to the walls. This element is, in the author's experience, among the most
consistently overlooked in light-frame design.

1.5 Importance of Continuous Load Transfer

Discontinuities in the load path arise wherever structural elements change
direction, wherever large openings interrupt wall continuity, or wherever shear
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walls on one floor do not align directly over those on the floor below. Each of
these conditions introduces a transfer mechanism that requires explicit
engineering evaluation.

Anchorage to the foundation is the point where the largest number of post-
disaster failures have been observed. Anchor bolts that are too widely spaced,
improperly embedded, or missing washers, may allow the bottom plate to slide or
separate under load. Hold-down devices that are installed with the wrong
fasteners, or not installed at all, permit the wall to rotate about its base,
effectively eliminating its shear capacity even though the sheathing and framing
may look intact.

The importance of construction quality in maintaining the load path cannot be
overstated. Design documents can show every connection correctly, but if the
connection is not made in the field, the design is irrelevant. Building inspections
during framing and sheathing stages play a significant role in catching these
deficiencies before walls are covered. With that principle in mind, the following
chapters examine in detail how each element of the shear wall system is designed
and how each contributes to the overall structural resistance of the building.
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CHAPTER 2

Structural Mechanics of Shear Wall Behavior

2.1 Shear Forces and Racking Deformation

When a lateral force is applied to the top of a wood-framed wall, the wall wants to
deform into a parallelogram. This deformation mode, called racking, is the
central problem that shear wall design addresses. A wall consisting only of studs
and plates offers almost no resistance to racking because there is no diagonal
element to prevent the frame from distorting. Adding structural sheathing and
connecting it with properly spaced nails transforms the frame into something
entirely different: a structural plate with significant in-plane stiffness and
strength.

The resistance to racking arises from the interaction between three elements: the
sheathing panels, the framing members, and the fasteners connecting them. As
the wall begins to deform under lateral load, the sheathing attempts to slide
relative to the framing. The nails resist that sliding through a combination of
shear on their shanks and bearing pressure against the surrounding wood fibers.
Because many nails participate simultaneously, the cumulative resistance is
large. Reducing nail spacing, or increasing nail diameter, increases the number
and strength of those connections, and, therefore, increases the allowable shear
capacity of the wall (Breyer et al., 2020; AWC, 2020).

In engineering terms, the shear wall behaves as a thin structural plate loaded in
its own plane. The plate resists the applied shear force through shear stresses
distributed across its surface, transferred into the boundary frame through the
fasteners at panel edges. Because panel edges carry the highest shear forces, edge
nailing is almost always specified at closer spacing than field nailing. That
distinction shows up directly in the allowable shear tables of the SDPWS (AWC,
2021).

2.2 Panel Shear Transfer Mechanisms

The transfer of shear forces through the sheathing panel is somewhat more
complex than it might first appear. The panel itself carries in-plane shear stresses
between its four edges. Those stresses must exit the panel somewhere, and that
somewhere is the fasteners along the panel perimeter. Each fastener acts as a
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small shear coupler between the panel and the framing member beneath it,
carrying its share of the total edge shear force.

Plywood resists in-plane shear efficiently because of its cross-laminated veneer
structure. The alternating grain directions prevent shear failure along any single
grain line and distribute stresses across the panel area. Oriented strand board
(OSB) achieves similar behavior through strand orientation. When both panel
types are fastened with equivalent schedules, their structural performance in
shear walls tends to be comparable, though SDPWS tables do show slightly higher
tabulated values for Structural I plywood in some configurations (AWC, 2021).

Panel edges are the most structurally active zones in the shear wall. Where two
adjacent panels meet over a framing member, the framing member must be wide
enough to allow both panels to be nailed with adequate edge distance. When
intermediate studs are not present at vertical panel joints, blocking between studs
is required to provide a nailing surface. Without blocking, the panel edges lack
support and can rotate or deflect under load, reducing the effectiveness of the
fastener connections. The blocked versus unblocked distinction in SDPWS shear
tables reflects this directly; unblocked assemblies have meaningfully lower
allowable shear values (AWC, 2021).

2.3 Boundary Element Forces and Overturning Resistance

Shear walls must resist two simultaneous demands: the horizontal shear force
along their length, and the overturning moment created when that force acts ata
height above the base of the wall. Engineers sometimes focus on the shear
demand and give overturning less attention than it deserves. In many practical
configurations, the overturning forces at the wall boundaries are the most
difficult design challenge.

When a lateral force V acts at height h above the base of a wall of length d, the
overturning moment is simply V x h. That moment must be resisted by a couple at
the wall ends, with compression at one boundary element and tension at the
other. The tension force equals the overturning moment divided by the wall
length (Vx h/d). For a narrow wall with a large height-to-length ratio, this tension
force can be very large relative to V. A wall that is adequate in shear may require
substantial hold-down hardware to resist overturning.

The compression side of the wall generally presents fewer problems. Wood
framing performs well in compression parallel to the grain, and the compressive
force travels through the boundary stud and bottom plate into the foundation.
The tension side demands hold-down hardware anchored through the boundary
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stud to the foundation with sufficient embedded anchor rods. The hold-down
must carry the full calculated uplift force without slipping or deforming
significantly, because slop in the hold-down connection translates into wall
rotation that reduces the effective stiffness of the wall.

2.4 Shear Deformation Versus Bending Deformation

The total lateral deflection of a shear wall is the sum of several contributions. The
SDPWS deflection equation (see Section 2.4.1 below), sometimes called the four-
term equation, separates these into:

¢ Bending deformation of the boundary elements.
e Shear deformation within the sheathing panel and framing.
e Nail slip at the panel-to-framing connections.

e Hold-down rotation or slip at the base of the wall.

Shear deformation within the panel assembly tends to dominate in walls with
lower height-to-length ratios. Bending of the boundary elements becomes more
significant as the wall gets taller and narrower. Nail slip, which represents the
small relative displacement between sheathing and framing as each fastener
yields slightly, can account for a meaningful fraction of total drift in walls with
widely spaced nails.

2.4.1 Calculating Shear Wall Deflection

Knowing that a shear wall has adequate strength to resist the applied lateral force
is necessary but not sufficient. The wall must also deform within acceptable
limits under that force, because excessive lateral displacement can damage
interior finishes, break window glazing, separate nonstructural elements from
the structure, and in seismic applications cause the building to exceed the drift
limits that trigger additional code requirements. Drift must therefore be
calculated and checked, not assumed to be acceptable.

SDPWS-2021 Section 4.3.2 provides the following equation for the deflection at the
top of a blocked wood structural panel shear wall (AWC, 2021):

(bending) (shear) (nail slip) (wall anchorage slip)

8vh3 vh h
= + +0.75he, +
EAb, | Gy, | OThent 3

A Aq

The four terms correspond directly to the four deformation contributions
described above:
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e A=total lateral deflection at the top of the wall (inches)

e v =induced unit shear demand on the wall (1b/ft)

e h=shear wall height (ft)

e E=modulus of elasticity of the boundary element framing (psi)

e A =cross-sectional area of the boundary element (in?)

e Db;=wall length of the shear resisting elements wall length (ft)

e Gyt, = panel rigidity through the thickness (1b/in.), taken from SDPWS Table 4.3A
or from panel manufacturer data

e e, =nail slip at the design load level (inches), from SDPWS Table C4.2.2D as a
function of nail diameter and the load per nail

e A, =vertical deformation of the wall anchorage system at the design load,
including hold-down device elongation and anchor rod stretch (inches), taken
from manufacturer load-deformation data

In practice, the nail slip term and the hold-down deformation term are frequently
underestimated or omitted. Nail slip is a function of the load per nail, which in
turn depends on the nail spacing and the unit shear demand; it is not negligible at
loads approaching the allowable capacity of the wall. Hold-down deformation
data is available in manufacturer evaluation reports and can contribute 0.1 to 0.3
inches or more to total wall deflection in standard hardware configurations.
Including all four terms is required by the SDPWS and is necessary to produce a
realistic deflection estimate.

It should be noted that SDPWS-2021 also recognizes a three-term form of the
deflection equation in which the panel shear and nail slip terms are combined
into a single apparent shear stiffness term, G.. G. is a tabulated apparent shear
wall shear stiffness value (lb/in.) that accounts for both panel rigidity and nail
slip simultaneously, eliminating the need to calculate nail slip separately. This
three-term equation has become the more commonly used form in practice
because it simplifies the calculation and reduces the number of material
parameters the designer must look up. However, both equations are valid. For
consistency, and to reduce calculation-based differences, either the four-term or
the three-term equation should be used.

2.5 Influence of Aspect Ratio on Wall Performance

The aspect ratio of a shear wall, defined as the height divided by the length, has a
direct and quantifiable effect on its structural behavior. Long, low walls are
efficient. Their overturning forces are modest, boundary element forces remain
within the capacity of standard framing, and the wall deforms primarily in shear.
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Short, tall walls are problematic as the overturning forces become large relative
to the shear demand, and the wall begins to behave more like a cantilevered
column than a shear plate.

Building codes limit aspect ratios to prevent the use of excessively narrow wall
segments as primary lateral resisting elements. SDPWS-2021 limits the height-to-
length ratio of blocked wood structural panel shear walls to 3.5:1 for most
applications, reduced to 2:1 in higher seismic design categories (AWC, 2021).

In buildings with complex architectural plans, aspect ratio constraints can create
real difficulties. A wall segment between two large window openings may be only
18 or 24 inches long in a standard 9-foot story, yielding an aspect ratio of 6:1 or
more. Such a wall segment provides essentially no lateral resistance under
standard design rules. Recognizing these geometric constraints early in the
design process allows engineers and architects to coordinate placement of
openings in a way that preserves adequate wall length. Leaving that coordination
until structural design is complete often produces an expensive retrofitting
problem.
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CHAPTER 3

Components of a Wood Structural Shear Wall

Figure 3: A construction worker inspects the frames for new shear walls that will give added structural
support to the building.

Credit: Oregon Department of Transportation, via Wikimedia Commons

3.1 Wall Framing and Stud Layout

The framing of a wood shear wall establishes the geometry and substrate on
which the structural system depends (see Figure 3). Though the sheathing panels
and their fasteners carry most of the shear load, the framing must be arranged to
support those panels effectively, and to carry the boundary forces generated by
overturning. Getting the framing right is, therefore. not separate from structural
design; it is part of it.

Standard stud spacing in residential construction is 16 inches or 24 inches on
center. Both spacings are used in shear wall applications, though the relationship
between stud spacing and nailing schedule requires attention. When nails are
specified at very close edge spacing, such as 3 inches on center, the nailing
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pattern may require intermediate framing members to provide adequate nailing
surfaces, and to avoid net section reductions in the studs from too many closely
spaced nail holes. The SDPWS specifies minimum framing member thickness
requirements that increase when nails are closer than a certain threshold (AWC,
2021).

Boundary elements at the ends of the wall segment deserve particular attention.
These studs or built-up posts carry the compression and tension forces generated
by overturning. A single stud is sometimes adequate for lower loads, but in multi-
story construction or where walls are narrow, double or triple studs fastened
together are common. Engineered lumber members, such as laminated veneer
lumber posts, may be used where very high boundary forces must be resisted.
The critical detail is the mechanical connection between individual stud plies.
Nails or bolts at the specified pattern ensure that the members act together as a
composite section, rather than as individual elements that can buckle
independently.

3.2 Structural Sheathing Materials

The sheathing panels attached to the framing are the elements that provide shear
resistance. Without sheathing, even a perfectly framed wall offers negligible
lateral capacity. Two materials dominate in practice: structural plywood and
oriented strand board (OSB). Both are widely accepted by the SDPWS and the IRC.
Table 2 compares their key properties.

In dry conditions, plywood and OSB perform comparably in shear wall
applications. The practical difference most often arises during construction,
before the building is weathertight. OSB is more sensitive to prolonged moisture
exposure: the edges of OSB panels can swell if wet, which may reduce the bearing
area between the nail head and the panel surface. Panels should be protected
from rain during construction and allowed to dry before finishes are applied. This
is not a reason to avoid OSB, which remains the dominant sheathing material in
US residential construction, but it is a reason to manage construction sequencing
carefully in wet climates.

Panel thickness is the other primary variable governing sheathing performance,
alongside nail spacing. Thicker panels provide greater in-plane stiffness and a
larger bearing surface at each fastener location, both of which increase allowable
shear capacity. Common thicknesses in residential shear wall applications range
from three-eighths of an inch (3/8 in.) at the lower end, to 19/32 inch for higher-
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demand configurations. The relationship between thickness, nail schedule, and
allowable shear capacity is examined in detail in Chapter 7.

Table 2: Structural Sheathing Materials Commonly Used in Wood Shear Walls.

Property Structural Plywood Oriented Strand Board (OSB)
Construction Cross-laminated wood veneers Strands oriented in layers (outer
bonded with structural adhesive layers parallel to length; inner
layers perpendicular)
Typical grades Structural I, sheathing grade (PS1) | Oriented Strand Board, sheathing
grade (PS 2)
Shear capacity Comparable to OSB at equivalent Comparable to plywood; dominates
thickness and nail schedule; slightly | the residential market and
higher tabulated values for constitutes the majority of SDPWS
Structural I plywood in some Table 4.3A test data
SDPWS tables
Moisture Relatively stable; limited edge More prone to edge swell when
behavior swelling when wetted then dried exposed to moisture during

construction; swollen edges can
affect fastener performance if not
allowed to dry

Cost (relative)

Higher; premium is offset by
Structural I strength advantage in
some applications

Lower; typically, the cost-effective
choice in residential applications

Common use

Shear walls and diaphragms where
highest tabulated values are
needed, or where moisture
exposure is a concern

Standard residential shear walls
and diaphragms; predominant
product in most markets

Sources: Forest Products Laboratory (2021); AWC (2021). Panel grades should conform to PS 1 (plywood) or PS 2

(OSB) as applicable.

3.3 Nailing Patterns and Fastener Behavior

Nails are the mechanical link between the sheathing and the framing, and their
spacing is the single most important variable in determining the allowable shear
capacity of the wall. A closer edge nail spacing means more fasteners per linear
foot of panel edge, which means more connections sharing the shear load, which
means higher wall capacity. The relationship between nail spacing and allowable
shear is captured in the SDPWS design tables. A 7/16-inch OSB panel with 8d
common nails at 6 inches on center at panel edges provides roughly 340 1b/ft of
allowable shear. The same panel with nails at 2 inches on center can provide
upward of 870 lb/ft, depending on framing configuration (AWC, 2021). That is a
factor of about 2.5 from the same material and same nail size.
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The ductile behavior of nail connections is an important structural feature, and
not just a convenience. As lateral forces build during an earthquake, nails yield
slightly, allowing the wall to deform in a controlled way without sudden failure.
This controlled yielding dissipates energy and reduces the peak forces that other
structural elements must carry. It is one reason that well-constructed light-frame
wood buildings tend to perform better in earthquakes than their relatively
modest construction might suggest. Designing nails out of the system, by
substituting screws or other brittle connectors without careful engineering
review, can eliminate this ductility advantage (Breyer et al., 2020).

Field nailing, which fastens the sheathing to intermediate studs within the panel
area, is typically specified at 12 inches on center, though this should always be
confirmed against the design. Field nailing carries lower shear forces than edge
nailing, but it contributes to the overall stiffness of the wall and prevents
buckling of the sheathing between the edge support points.

3.4 Top Plates, Bottom Plates, and Boundary Members

The top plate transfers lateral forces from the diaphragm above into the vertical
wall framing below (See Figure 4). In most residential construction, a double top
plate is used, with the upper layer lapping over intersecting wall lines to provide
continuity. That lap connection functions as a splice that transfers collector
forces from one wall line to another. Gaps or weak splices in the double plate
interrupt the load path for drag forces.

The bottom plate anchors the wall assembly to the floor or foundation below (se
Figure 4). In concrete foundation construction, this connection is made through
anchor bolts that bear against the plate and resist the horizontal sliding force at
the base of the wall. Plate washers, typically 3-by-3-inch square plate washers
under the nut, are specified to distribute the bolt load over a larger area of the
wood plate and prevent the nut from pulling through. Missing plate washers are a
common inspection finding. Their presence is required under many code
provisions and significantly affects the bolt's lateral capacity.

Boundary members are the vertical framing elements at each end of the shear
wall segment. They are structurally distinct from the intermediate studs. When a
lateral force acts on the wall, it creates a rotational tendency about the base of the
wall segment. One boundary element is pushed downward in compression, while
the other is pulled upward in tension. The compression side is generally the less
demanding of the two, as wood performs well in compression parallel to the
grain, and a single stud is often adequate at moderate load levels. The tension side
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cannot be handled by framing alone. Without hold-down hardware anchoring the
tension boundary element to the foundation, the wall simply lifts off its base and
loses its ability to resist the overturning moment entirely.

Cripple

Window Header

Top Plate

El Window Sill

El Stud

@ Bottom Plate

Figure 4: Illustration of wall panel.

Credit: Ahp378User:Trurl, via Wikimedia Commons

Boundary member sizing depends on the magnitude of the overturning forces,
which grow as the wall becomes taller, narrower, or more heavily loaded. A
single stud suffices in many single-story applications. Double or triple studs
fastened together are common in more demanding configurations. Engineered
lumber posts may be required in the lower stories of multi-story buildings where
forces accumulate from floor to floor. Where multiple stud plies are used, the
nailing or bolting between them must be sufficient to make the plies act as a
composite section rather than buckling independently. Chapter 11 works through
the overturning calculation in full and shows how boundary element forces are
determined and how hold-down hardware is selected to resist them.
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3.5 Hold-Downs and Anchor Systems

Hold-down devices are the hardware assemblies that anchor the tension
boundary element of a shear wall to the foundation, resisting the uplift force
generated by overturning. Without hold-down hardware, a laterally loaded wall
can rotate about its base like a door swinging on its hinges, with essentially zero
resistance to the overturning moment. The wall may appear intact after the event,
but its structural contribution during the loading was negligible.

A standard hold-down assembly consists of a steel bracket fastened to the
boundary stud with a specified pattern of structural screws or bolts, connected to
an anchor rod that is embedded in the concrete foundation or attached to the
framing below. The device must be selected to carry the calculated tension force
with the appropriate safety margin. Manufacturers provide detailed load tables
for their products, and those tables must be referenced at the correct loading
duration and moisture exposure conditions (AWC, 2020).

Installation errors with hold-down hardware are among the most common
structural deficiencies found in post-construction inspections. The anchor rod
must be positioned precisely within the boundary stud before the concrete is
placed. Rods that are misaligned cannot be corrected easily without significant
structural remediation. The screws fastening the bracket to the stud must be of
the type and diameter specified by the manufacturer. Substituting a smaller
fastener because the correct one is not on hand reduces the device's rated
capacity in a way that is not visible once the wall is closed in. These are not minor
details. They are the connections on which the structural integrity of the entire
wall, and to some degree the building, depends.

With the individual components of a shear wall assembly understood, the next
step is to examine how those components work together within the broader
structural system of the building. Chapter 4 addresses that question by tracing the
full lateral load path from the point where forces enter the structure to the point
where they are finally transferred into the ground.
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CHAPTER 4

Load Path Development and Force Transfer

4.1 Lateral Load Collection Through Diaphragms

The roof and floor systems of a wood-framed building serve a structural function
that goes beyond supporting gravity loads. They also act as horizontal
diaphragms that collect lateral forces from across the building footprint and
deliver those forces to the vertical shear walls. Understanding how diaphragms
work, and where they can be deficient, is a prerequisite for designing or
evaluating the lateral force resisting system as a whole.

A diaphragm behaves like a wide, shallow beam turned on its side. The sheathing
panels act as the web, carrying in-plane shear. The framing members at the
diaphragm edges, typically the double top plates, rim joists, or blocking at the
diaphragm boundary, act as the flanges, carrying tension and compression forces
generated by diaphragm bending. Like a shear wall, the diaphragm depends on
its fastener schedule to develop the shear transfer between sheathing and
framing. A roof diaphragm with inadequate sheathing nailing may not be capable
of delivering the full wind or seismic demand to the shear walls below, regardless
of how well the shear walls themselves are designed (Breyer et al., 2020).

One question that arises regularly in practice is whether a given diaphragm is
rigid or flexible, because the answer affects how lateral forces are distributed
among the available shear walls. The SDPWS and ASCE/SEI 7-22 provide specific
criteria for making this classification (AWC, 2021; ASCE, 2022). Many light-frame
wood diaphragms qualify as flexible under those criteria, in which case loads are
distributed to each wall in proportion to its tributary length, rather than by
stiffness. The classification should always be confirmed during design rather
than assumed.

4.2 Collectors and Drag Struts

Within the diaphragm system, certain framing components, typically double top
plates, rim joists, or purpose-designed beams, gather shear forces from across the
diaphragm field and channel them toward the shear wall segments below. These
members are broadly referred to as collectors, or collector elements, the term
used in ASCE/SEI 7-22 (ASCE, 2022). A drag strut is a specific type of collector. It is
the member, or portion of a collector, that bridges across an opening or gap in the
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shear wall line, dragging the accumulated diaphragm force past the interruption
to reach the shear wall segments on either side.

In buildings with continuous shear walls along the full length of a wall line, the
collector delivers force directly to the wall without needing to span a gap. For
buildings with interrupted wall lines, the drag strut function becomes the critical
part of the load transfer. In practice the two terms are often used
interchangeably, but the distinction is worth maintaining because drag strut
conditions, where the collector must span an opening, generate higher axial
forces and require more careful detailing than a simple collector delivering load
to a continuous wall.

Collectors are among the most frequently under-designed elements in light-frame
construction. Engineers sometimes assume that the double top plate will serve as
a collector without checking whether the lap splices in that plate are capable of
transferring the required axial force. The splice capacity of a double top plate
depends on the number and size of the nails used at each lap, and for modest
collector forces, the standard nailing pattern is often adequate. For larger
buildings or higher loads, dedicated bolted or hardware-connected splices may
be required.

4.3 Transfer of Shear Forces into Walls

At the interface between the diaphragm and the shear wall below, the horizontal
shear force must be transferred from the diaphragm sheathing into the top plate
of the wall through nailing or other fastening at the diaphragm boundary. This
connection is made at the edge of the diaphragm, where the sheathing is nailed to
the top plate or blocking that serves as the diaphragm boundary element.

When the wall below is not directly beneath the edge of the floor sheathing,
blocking is typically installed between the floor joists at the wall line to provide a
continuous nailing surface. The sheathing nails transfer shear from the floor
panel to the blocking, and the blocking transfers it to the top plates of the shear
wall. This seemingly simple detail is critical; if the blocking is omitted or
inadequately fastened, the shear force has no path from the diaphragm into the
wall, and the wall effectively carries no diaphragm load.

The geometry of the building can complicate this transfer significantly. In
structures with setbacks, offsets in wall lines between floors, or large open areas
at certain levels, the load path from the diaphragm to the shear walls may involve
several intermediate elements. Each of those intermediate steps requires explicit
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engineering review to confirm that the forces can be transferred without
overloading any member or connection.

4.4 Anchorage to Foundations

The final step in the lateral load path is the transfer of shear wall forces into the
foundation. This occurs through two mechanisms operating simultaneously:
anchor bolts that resist horizontal sliding, and hold-down devices that resist
uplift at the wall boundary elements.

Anchor bolts embedded in concrete resist the sliding force at the base of the shear
wall. Their spacing and diameter are determined by the design shear force and
the allowable load per bolt, which depends on the bolt diameter, embedment
depth, concrete strength, and the properties of the wood plate in bearing. The
SDPWS provides design procedures for these connections (AWC, 2021). Plate
washers under the bolt nuts are commonly required, both to distribute the load
across the plate and to prevent the plate from splitting under the bearing force.

Hold-down anchor rods transfer the uplift force from the boundary stud, through
the hold-down bracket, and into the foundation. The embedment depth of the
anchor rod must be sufficient to develop the required tensile capacity in the
concrete, accounting for concrete breakout strength and any reinforcing steel
present. Foundation details must be coordinated with the structural engineer of
record to ensure that the anchor rods are placed correctly before the concrete is
poured. Misaligned rods are one of the most difficult construction deficiencies to
correct after the fact.

4.5 Maintaining Continuity of Structural Resistance

The load path concept is only as useful as the care with which it is implemented.
Discontinuities can arise from many sources: large openings in wall lines, stories
where the structural walls do not align vertically with those above, changes in
framing material or direction, or simply poor coordination between the
architectural and structural drawings.

Table 3 summarizes the key elements in the lateral load path, their structural
roles, and the failure modes that are most commonly associated with each.
Reviewing this table against a specific building's design is a useful exercise for
identifying potential weak points before construction begins.
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Table 3: Lateral Load Path Elements, Structural Roles, and Common Failure Modes.

forces generated by overturning

Element Structural Role Common Failure Mode
Roof/ floor Collects and distributes lateral Inadequate sheathing fastening;
diaphragm forces horizontally to shear walls missing boundary nailing at
diaphragm edges
Collector/ drag strut | Transfers axial forces from No designated collector
diaphragm into shear wall provided; inadequate splices in
boundary elements double top plates
Shear wall sheathing | Resists in-plane racking forcesas a | Incorrect nail spacing;
structural plate overdriven nails; unblocked
edges
Boundary elements Carry compression and tension Undersized boundary studs;

inadequate member-to-member
fastening

Hold-down device

Anchors tension boundary
member to foundation, resisting
uplift

Omitted during construction;
installed with wrong fasteners;
anchor bolt misaligned

Anchor bolts

Transfer sliding shear from bottom
plate into concrete foundation

Inadequate spacing or
embedment depth; missing plate
washers

Construction quality also plays a significant role in load path integrity. A properly
designed load path that is incompletely executed in the field provides only the
resistance of the elements that were actually installed. Regular inspections at the
framing stage, before sheathing is applied, and at the sheathing stage, before
finishes cover the wall, are the best practical safeguard. With the load path
established in principle and in detail, Chapter 5 turns to the engineering
calculations that quantify the forces each element must carry, and the methods
used to size those elements.
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CHAPTER S5

Desigh Methodologies for Wood Shear Walls

5.1 Determining Design Lateral Loads

Shear wall design begins with the lateral forces that the structure must resist.
Those forces come from two independent sources, wind and seismic, and the
design must consider both. The larger of the two governs in most cases, though in
some geographic regions and occupancy categories, both must be checked
simultaneously under load combination rules.

Wind loads are determined following the procedures of ASCE/SEI 7-22 (ASCE,
2022), which establish design wind pressures based on the basic wind speed at the
site, the building's exposure category, its height and geometry, and pressure
coefficients, that reflect the aerodynamic behavior of different wall and roof
surfaces. For most one- and two-family residential structures within the IRC's
prescriptive scope, wind loads may also be obtained from the IRC's simplified
tables in Section R301.2 (ICC, 2021a). The resulting pressures are applied to the
building envelope and resolved into horizontal diaphragm forces at each floor
level.

Seismic loads are determined from the equivalent lateral force procedure of
ASCE/SEI 7-22, Chapter 12, or from the IRC's seismic provisions. The base shear
force depends on the spectral acceleration at the site (obtained from USGS hazard
maps), the site soil classification, the building's seismic weight, and the response
modification factor R assigned to the structural system. For light-frame wood
shear wall buildings, ASCE/SEI 7-22 assigns R values of 6.5 for bearing wall
systems with wood structural panel shear walls, subject to the applicable seismic
design category limits (ASCE, 2022). Higher R values reduce the design base shear
but impose additional detailing requirements.

Once the total base shear is determined, it is distributed vertically to each floor
level in proportion to the floor mass and height. The forces at each level are then
distributed horizontally to the available shear wall lines through the diaphragm.
The engineer must verify that the combined shear capacity of the walls along
each wall line is sufficient to resist the portion of the lateral load assigned to that
line.
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5.2 Determining Wall Line Requirements

A wall line is a series of shear wall segments that together resist lateral forces
along one direction of the building. Most rectangular buildings need at least two
wall lines in each principal direction; typically, one near each end of the building.
Interior wall lines may also be required if the building is wide relative to the
diaphragm span, or if the lateral loads are large enough that exterior walls alone
cannot provide sufficient capacity.

Distributing forces among wall lines requires a judgment about how stiff each
line is relative to the others. In buildings with a flexible diaphragm, the force
assigned to each wall line is simply the product of the unit design load and the
tributary diaphragm width that wall line serves. In buildings with a rigid
diaphragm, forces must be distributed based on the relative stiffness of each wall
line, which requires either a stiffness calculation or an iterative engineering
analysis. Because stiffness is a function of wall length, sheathing thickness, and
nailing, the analysis is coupled. The designer must initially estimate the wall
layout, calculate the stiffness distribution, then refine the wall layout if the initial
distribution is unsatisfactory.

5.3 Allowable Shear Capacity of Sheathed Walls

The allowable shear capacity of a wood structural panel shear wall is expressed in
pounds per linear foot of wall length. It is determined by the sheathing type and
thickness, the nail size, the edge nail spacing, and whether the wall is blocked.
SDPWS-2021 Table 4.3A provides tabulated allowable shear values for the most
common configurations (AWC, 2021).

The total capacity of a wall segment is the product of the unit shear value and the
effective length of the segment. In a wall 8 feet long with an allowable unit shear
of 340 1b/ft, the total allowable shear force that segment can resist is 2,720 pounds.
By summing the capacities of all segments in the wall line, the engineer
determines whether the combined capacity meets the design demand. If it does
not, the engineer must either add more wall length, increase the nail spacing,
specify a thicker sheathing panel, or some combination of these.

Table 4 provides representative allowable shear values for some common
configurations as an illustration of the range available. These values are
indicative; always verify against the current edition of the SDPWS before using
them in design calculations.
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Several adjustment factors may apply to tabulated values depending on site
conditions. Species-specific adjustments account for differences in nail-bearing
behavior between Douglas fir, southern pine, and other species groups. Load
duration factors apply in some design formats. Conditions involving wet service
or pressure-treated lumber may require further reductions. The engineer must
confirm which adjustments are applicable for each project.

Table 4: Representative Allowable Unit Shear Values (ASD) for Blocked Wood Structural Panel Shear

Walls.

Panel Type & Nail Size Edge Nail | Allowable Shear | Notes

Thickness Spacing (ASD, 1b/ft)

0SB 7/16" 8d common | 6" ~340 Blocked wall; field nailing
12" o.c.

0SB 7/16" 8d common | 4" ~510 Blocked wall; field nailing
12" o.c.

0SB 7/16" 8d common | 3" ~665 Blocked wall; 3" nail spacing
triggers 3" boundary framing
minimum

Ply. StructuralI | 8d common | 6" ~380 Blocked wall; field nailing

15/32" 12" o.c.

Ply. StructuralI | 8d common | 4" ~570 Blocked wall; field nailing

15/32" 12" o.c.

Ply. StructuralI | 8d common | 3" ~730 Blocked wall; 3" nail spacing

15/32"

triggers 3" boundary framing
minimum

Note: Please verify all values against SDPWS-2021 Table 4.3A before use in design.

Values shown are approximate and

may not reflect adjustments for framing species, moisture conditions, or specific code edition in your jurisdiction.

Source: AWC (2021).

5.4 Overturning Force Calculations

The overturning moment acting on a shear wall segment is calculated by
multiplying the lateral force assigned to the wall by the height of the wall. For a
single-story wall with height h receiving a shear force V at the top, the
overturning moment M is simply V x h. The tension uplift force T at the boundary
element is then M divided by the length of the wall (less any reduction for the
stabilizing effect of gravity loads, where the code permits this).

As wall lengths decrease, uplift forces increase for the same applied shear. This is
the quantitative basis for the aspect ratio concerns discussed in Chapter 2. A wall
that is 2 feet long in a 9-foot story, receiving a shear force of 600 pounds,
generates an overturning tension of (600 x 9) / 2 = 2,700 pounds at its boundary
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element. A wall that is 6 feet long receiving the same force generates only 900
pounds of uplift. The narrower wall requires hold-down hardware rated for three
times the load, and the boundary elements must carry three times the force. That
difference has significant consequences for the structural detailing and the cost
of the connection hardware.

In multi-story construction, overturning forces accumulate from floor to floor.
The hold-down on the second floor must resist the overturning from the second-
floor wall segment above. The hold-down on the first floor must resist the
combined overturning from both the first and second floors. This accumulation
effect is frequently underestimated by designers unfamiliar with multi-story
wood construction. Chapter 11 addresses hold-down design and the management
of accumulated forces in detail.

5.5 Design of Hold-Down Systems

With the required uplift force calculated, the engineer selects hold-down
hardware with a rated allowable load capacity that exceeds the design demand
with the appropriate safety factor. Manufacturer load tables provide allowable
loads at various fastener configurations and anchor rod diameters. The selection
process involves matching the required load to a device that can carry it within
the geometric constraints of the wall, primarily the stud size and the clearance
available at the base of the wall.

The anchor rod connecting the hold-down to the foundation must be sized to
carry the same tensile force. Both the rod cross-section and its embedment in the
concrete must be checked. The concrete side of the connection must be evaluated
for concrete breakout under tension per ACI 318-19(22) procedures (American
Concrete Institute, 2022). In slabs-on-grade or shallow footings, insufficient
concrete depth can limit the achievable embedment, which may require a larger
rod diameter or supplemental reinforcing to achieve the required capacity.

The design of hold-down systems is inherently iterative. The required uplift force
depends on the wall length, which depends on the shear wall layout, which
depends on the overall structural system design. Changes to one element ripple
through the others. In practice, experienced engineers develop familiarity with
the range of forces typical for different building heights and seismic or wind
zones. This allows for a reasonable first estimate of hold-down requirements from
which the detailed design can proceed. Chapter 6 now turns to the code
provisions that govern these design decisions and establish the minimum
standards that must be met.
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CHAPTER 6

Code Provisions Governing Shear Wall Design

6.1 Overview of International Residential Code Provisions

The International Residential Code (IRC) governs the construction of most one-
and two-family dwellings and townhouses in the United States, including their
lateral force resisting systems. The IRC takes a prescriptive approach to shear
wall design. If the building meets certain limitations on height, floor area, and
structural regularity, the designer can use standardized construction methods
defined in the code rather than performing a full engineering analysis. This
approach has served residential construction well for decades, and its provisions
are grounded in extensive testing of light-frame assemblies.

The central organizational concept in the IRC for lateral resistance is the braced
wall line. A braced wall line is a designated line of braced wall panels that resists
lateral forces across the width of the building. IRC Section R602.10 specifies the
minimum amount of bracing that must be provided along each braced wall line.
This is expressed either as a required panel length or as a percentage of the total
wall line length, depending on the bracing method used (ICC, 2021a). The
required amount of bracing increases with design wind speed and seismic design
category.

Multiple bracing methods are recognized by the IRC. They range from the
ubiquitous wood structural panel method (WSP) to portal frames designed for
very narrow wall segments beside large garage openings. Table 5 summarizes the
main methods and their typical applications.

The prescriptive path also establishes limits on the spacing between braced wall
lines, on the minimum length of individual braced wall panels, and on the
maximum height-to-length ratio of wall segments. When a building falls outside
any of these limits, the IRC prescriptive approach no longer applies, and
engineered design is required.
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Table 5: Selected IRC Section R602.10 Bracing Methods for Wood-Framed Walls.

Method Code | Abbreviation | Description Typical Application
WSP Wood Minimum 3/8" structural panel Standard residential shear
Structural sheathing on one face; specified wall; most common
Panel nail schedule prescriptive method
CS-WSP Continuously | WSP on one or both faces with Higher seismic and wind
Sheathed continuous sheathing over wall zones; provides
WSP framing including cripple walls significant increase in
and gable ends capacity
GB Gypsum 1/2" or 5/8" gypsum wallboard Supplemental
Board with specified fastening; interior contribution; low shear
face only capacity; not typically
used as primary method
in higher hazard zones
ABW Alternate Engineered wall assembly with Locations where full-
Braced Wall | hold-downs allowing shorter length WSP panels cannot
panel lengths than standard WSP | be achieved due to
method openings or architectural
constraints
PFH Portal Frame | Narrow portal frame of minimum | Beside garage door
with Hold- 16" width with structural header, | openings or large
Downs hold-downs, and specified windows where even ABW
sheathing cannot fit

Note: Please verify method codes and descriptions against the current adopted edition of the IRC in the applicable
jurisdiction. Section numbers and method designations change between code cycles. Source: ICC (2021a).

6.2 International Building Code Requirements

Larger and more complex wood-framed structures, including most apartment
buildings, mixed-use developments, and commercial structures with wood

framing, fall under the International Building Code (IBC) rather than the IRC. The
IBC requires engineered design for lateral force resisting systems and references
ASCE/SEI 7-22 for load determination (ICC, 2021b; ASCE, 2022). Shear wall design
in this context follows the procedures of the SDPWS and the applicable chapters
of ASCE 7.

The IBC framework applies load combinations from ASCE 7 Section 2, which
require the engineer to consider multiple simultaneous load effects. The load
combinations for lateral design typically involve dead load, live load, and either
wind or seismic, with the governing combination depending on the relative
magnitudes of each. For wood structures, both allowable stress design (ASD) and
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load and resistance factor design (LRFD) formats are available, though ASD
remains more common in residential-scale wood construction.

Multi-story wood-framed buildings have become increasingly common under IBC
provisions, particularly under the IBC's mass timber and heavy timber provisions
for taller buildings. However, for light-frame wood construction, the IBC
generally limits buildings to five stories over a podium or six stories with
protected timber framing. Engineers designing at these heights must carefully
account for load accumulation, inter-story drift, and the interaction between
shear walls and gravity elements.

6.3 Special Design Provisions for Wind and Seismic

The AWC's Special Design Provisions for Wind and Seismic (SDPWS) is the
primary engineering standard for the design of wood shear walls and diaphragms
in the United States, referenced by both the IRC and the IBC (AWC, 2021). The
SDPWS provides tabulated allowable shear values for wood structural panel
assemblies, design procedures for calculating wall deflection, requirements for
blocked versus unblocked assemblies, and rules governing the use of perforated
shear walls and force transfer around openings.

For wind design, the SDPWS provisions ensure that walls and connections are
sized to carry the out-of-plane and in-plane wind pressures from ASCE 7. Coastal
and hurricane-prone regions require particular attention to wall anchorage
against uplift, as wind pressures on roofs can generate significant overturning
forces on the exterior walls even without any in-plane shear demand.

Seismic design under the SDPWS involves calculating the building's base shear,
distributing it to each wall line, and designing the walls and their connections for
both strength and the deformation limits established by the applicable seismic
design category. In higher seismic design categories (D, E, and F), additional
restrictions apply: the maximum aspect ratio is reduced to 2:1, sheathing must be
applied to both faces for certain high-load configurations, and connections must
be detailed to ensure ductile behavior rather than brittle failure (AWC, 2021).

6.4 Prescriptive Versus Engineered Shear Wall Systems

The choice between prescriptive and engineered design is not always obvious,
and it is worth understanding both the advantages and the limitations of each
approach.
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Prescriptive design under the IRC offers speed, cost efficiency, and a well-
established track record. For a straightforward single-family home within the
IRC's dimensional limits, prescriptive braced wall design is perfectly adequate
and widely used. The prescriptive provisions have been developed and refined
through extensive research, and buildings designed to them have generally
performed well in moderate wind and seismic events.

Engineered design provides flexibility and the ability to address configurations
that the prescriptive approach cannot accommodate. A house with a three-car
garage occupying most of the front wall, or a multi-family building with an open
first floor above parking, cannot be designed prescriptively for lateral resistance.
Engineered design also allows the designer to take advantage of higher-capacity
wall assemblies, optimized wall placement, and more efficient use of structural
materials. The trade-off is the time and cost of the engineering analysis.

In practice, a hybrid approach is common. The structural engineer designs the
critical elements, such as the narrow wall segments beside large openings or the
hold-down system for a multi-story wall, while allowing prescriptive methods to
govern the standard portions of the structure. This approach is generally
permitted by the codes, and it is a reasonable way to manage engineering effort
without sacrificing structural adequacy.

6.5 Minimum Wall Lengths and Spacing

Building codes establish minimum lengths for braced wall panels or shear wall
segments. This is because test data demonstrate that very short segments are
disproportionately vulnerable to overturning failure, and do not develop their
tabulated shear capacity reliably. Under the IRC, the minimum length for a WSP
braced wall panel is typically 48 inches for full-height sheathing in most
applications, though exceptions exist for certain methods and aspect ratios (ICC,
2021a). The SDPWS establishes the 3.5:1 aspect ratio limit discussed in Chapter 2,
which effectively sets a minimum length as a function of wall height.

Maximum spacing between braced wall lines is also specified, with tighter limits
in higher wind and seismic zones. The intent is to limit the span of the diaphragm
between vertical lateral resisting elements, ensuring that the diaphragm does not
experience excessive shear stress or deformation between its support points.
When openings in the exterior envelope make it impossible to locate a braced
wall line at the maximum permitted spacing, the designer must either provide an
interior braced wall line or demonstrate through engineered analysis that the
diaphragm can carry the load over the longer span.
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Where windows and doors make it difficult to achieve minimum panel lengths in
exterior walls, portal frames and engineered narrow-wall assemblies provide
alternatives. Portal frame details, such as the PFH method in Table 5, allow wall
segments as narrow as 16 inches to function as braced wall panels when
combined with hold-down hardware and a properly designed structural header
above the opening. These solutions are more expensive to build than standard
shear walls, but they allow architectural openings that would otherwise be
structurally incompatible with the lateral force resisting system. Chapter 7
examines the sheathing materials used in all these wall configurations in greater
detail.
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CHAPTER 7

Sheathing Materials and Structural Performance

Figure 5: Oriented strand board panels nailed onto wooden frame of house.

7.1 Structural Role of Sheathing Panels

Structural sheathing is the element that converts a simple framed wall into a load-
resisting system. Before sheathing is applied, a wall frame is geometrically
unstable in the horizontal plane; lateral force will rack it. After sheathing is
applied and properly nailed, the wall becomes a structural plate capable of
resisting in-plane shear forces many times greater than the unsheathed frame.
The transformation is entirely dependent on the quality and configuration of the
fasteners that connect the sheathing to the framing. A poorly nailed panel is
structurally almost no different from an unsheathed wall.

The sheathing panel carries in-plane shear by developing shear stresses
distributed across its area. Those stresses exit the panel at its edges through the
fasteners. Because edge fasteners carry the highest forces, edge nailing is always
the focus of shear wall design. Field fasteners, connecting the panel to
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intermediate studs within its area, carry lower forces but contribute to the panel's
buckling resistance and the overall stiffness of the wall. Both must be specified
and installed correctly.

The stiffness of the panel itself also matters. A stiffer panel deflects less under a
given shear stress, which means the fasteners at its edges deform less, which
means the wall as a whole deforms less. Panel stiffness is a function of the
material's shear modulus and the panel thickness. This is one reason why thicker
panels generally produce stiffer, higher-capacity shear walls (Forest Products
Laboratory, 2021).

7.2 Plywood Structural Panels

Plywood is manufactured by bonding together multiple thin veneers of wood
with their grain directions alternating between adjacent plies. This cross-
laminated construction is the source of plywood's structural versatility. The
alternating grain orientation means that shear forces can be resisted in either
principal direction without a preferred failure plane along the grain, which is the
failure mode that limits the shear capacity of sawn lumber used in diagonal
bracing applications.

Structural plywood for shear wall applications is manufactured to the
requirements of PS 1 and is available in several grades and species groups.
Structural I plywood, which uses higher-quality veneers throughout and is
sanded face and back, carries the highest tabulated shear values in the SDPWS.
Standard sheathing-grade plywood, made with lower-grade core veneers, is also
acceptable for shear wall use at somewhat lower tabulated values (AWC, 2021).

The dimensional stability of plywood under repeated moisture cycling is one of
its practical advantages. Though plywood will swell when wet, it returns to close
to its original dimensions when dried, and the veneer-to-veneer bond resists
delamination in properly manufactured panels. In applications where the
sheathing will be exposed to weather during construction for extended periods,
plywood's relative moisture stability can be an advantage over OSB.

The structural implications of panel thickness, for both plywood and OSB, are

examined in Section 7.5.

7.3 Oriented Strand Board Panels

OSB is manufactured from wood strands, typically 3 to 4 inches long, oriented in
layers and bonded with structural adhesives under heat and pressure. The outer
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face and back layers have strands aligned approximately parallel to the long
panel dimension; the inner layers have strands oriented perpendicular. This
layered orientation gives OSB its characteristic cross-directional strength,
analogous in function to plywood's cross-laminated veneers.

OSB became the dominant structural panel product in US residential construction
during the 1990s and has largely displaced plywood in that market, primarily on
cost grounds (see Figure 5 above). When produced to PS 2 and used with the
appropriate nailing schedule, OSB provides shear wall performance comparable
to plywood at most thicknesses and nail configurations (Forest Products
Laboratory, 2021; AWC, 2021). The material differences between OSB and
plywood show up in practice primarily at panel edges when the panels are
exposed to moisture before the building is dried in.

OSB edge swell is a well-documented phenomenon. When the cut edge of an OSB
panel absorbs moisture, the strands at the edge expand more than those at the
panel face, causing the edge to swell and sometimes buckle outward. If the panel
is subsequently fastened in this swollen condition, the nail head may not bear
properly against the panel surface, reducing the effective nail-to-panel bearing
area. In construction practice, the guidance is to protect OSB panels from
precipitation, allow any swollen edges to dry before fastening, and replace panels
whose edges show significant permanent deformation. This is not unique to shear
wall construction, but the structural consequences at shear wall panel edges are
more significant than in other applications.

7.4 Gypsum-Based Shear Wall Systems

Gypsum wallboard can contribute to the lateral resistance of a wall when it is
fastened to framing with a code-conforming schedule. The allowable shear
contribution of gypsum shear walls is substantially lower than that of wood
structural panels. Typical values for 1/2-inch gypsum board range from roughly
75 to 150 lb/ft depending on fastener schedule and framing configuration (ICC,
2021a). That is about one-quarter to one-half of the lowest WSP shear wall value.

Gypsum shear walls are recognized by the IRC and may be counted toward the
total required bracing in some configurations. However, their use as primary
lateral resisting elements is limited, and they should not be relied upon in higher
wind or seismic zones without careful engineering analysis. Gypsum is a brittle
material; its shear capacity degrades rapidly under cyclic loading. This behavior
makes it unsuitable as the only lateral system in buildings subject to earthquake
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demands, though it can contribute usefully as part of a system that also includes
wood structural panels (AWC, 2021).

In multi-family construction, gypsum board is applied on both faces of many
interior walls for fire-separation requirements. The structural contribution of
that gypsum, while modest per wall, can represent a meaningful aggregate
resistance when summed over many wall lines across the building. Engineers
sometimes include this contribution in their analysis of multi-family buildings,
but it requires careful verification that the fastening schedule and framing
configuration meet the requirements for the shear values claimed.

7.5 Influence of Panel Thickness

Panel thickness has a direct effect on shear wall capacity through two
mechanisms. Thicker panels have a higher shear modulus in the through-
thickness direction, which means they deform less under shear stress. They also
provide more wood material at the fastener location, giving each nail a larger
bearing area against the panel and increasing the per-nail shear resistance. Both
effects increase the allowable shear per unit length as panel thickness increases.

The relationship between thickness and capacity is captured in the SDPWS design
tables, which provide separate allowable shear values for different panel
thicknesses at the same nail schedule (see Table 6). Moving from 7/16-inch OSB to
15/32-inch OSB, keeping everything else constant, typically increases the
allowable shear by 10 to 15 percent depending on the nail spacing. That
increment is smaller than the increment from reducing nail spacing, which is
why nail pattern is usually the first variable adjusted when a designer needs more
capacity from an existing wall. However, when nail spacing is already at its
minimum practical value, increasing panel thickness is the logical next step.

7.6 Edge Blocking Requirements

Edge blocking refers to solid lumber members installed horizontally between
studs to provide a nailing surface at vertical panel joints. A standard 4x8
sheathing panel has four edges: two long edges at the top and bottom plates
(which are automatically supported by the plates) and two short edges at the
vertical panel joints. If adjacent panels meet over a stud, the stud provides the
nailing surface. If the panel layout places vertical joints between studs, blocking
is required.
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Table 6: Panel Thickness, Minimum Nail Penetration, and Representative Allowable Shear Ranges.

Panel Min. Nail Penetration | Typical Allowable Notes
Thickness into Framing (8d Shear Range (ASD,
common) blocked)
3/8" 1-1/2" (38 mm) 260 to 420 1b/ft Minimum structural panel for

shear wall applications; thin
edge carrying capacity limits
performance

7/16" 1-1/2" (38 mm) 340 to 665 1b/ft Most common thickness in
residential construction; good
balance of cost and

performance
15/32" 1-3/8" (35 mm) 380 to 730 1b/ft Common for higher-demand
(1/2") applications; Structural I

plywood at this thickness
reaches upper shear values

19/32" 1-3/8" (35 mm) 430 to 870 1b/ft Used where high shear demand
(5/8") cannot be met with closer nail
spacing at thinner panels

Note: Please verify nail penetration requirements and shear values against SDPWS-2021 Table 4.3A and the applicable
building code. Values shown are representative ranges only. Source: AWC (2021); Forest Products Laboratory (2021).

The structural case for blocking is direct. Without it, the vertical edge of the panel
has no lateral support and can rotate outward when the fasteners at that edge are
loaded in shear. A fastener in a rotating panel edge develops its load at an angle
rather than perpendicular to the panel face, reducing its effective shear capacity.
Blocked assemblies carry the full tabulated shear value; unblocked assemblies
are assigned lower values in the SDPWS design tables, sometimes 40 to 50 percent
lower at the same nail schedule (AWC, 2021). That is a significant reduction for a
detail that adds only modest material and labor cost.

In practice, blocked shear walls are standard in engineered design and in higher
seismic or wind zones. The main situation where unblocked walls appear is in
straightforward prescriptive residential construction using the IRC's provisions
for braced wall panels. Even there, the trend in recent code cycles has been
toward specifying blocked assemblies more broadly, recognizing that the higher
capacity offsets the added cost in most applications. Engineers reviewing existing
buildings frequently find that blocking was specified in the design but not
installed in the field. That omission may significantly reduce the actual capacity
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of the wall, and it is one of the deficiencies worth checking carefully during
forensic evaluations.

With the properties and design of sheathing panels understood, the next step is to
examine how fasteners, the physical link between sheathing and framing, govern
structural performance in more detail. Chapter 8 addresses nail types,
installation requirements, and the consequences of common fastening errors that
are routinely found during construction inspections.
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CHAPTER 8

Fasteners and Nailing Patterns

8.1 The Structural Role of Fasteners

Of all the variables that determine a shear wall's actual performance, fastener
installation is the one most often compromised in the field. Sheathing panels and
framing are relatively passive elements; they sit where they are placed. Nails are
installed one at a time under site conditions, with varying equipment settings,
material hardness, and levels of inspection. The gap between a correctly nailed
wall and a wall with the wrong nails driven too deep, too far apart, or at the
wrong locations, can represent a 50 percent or greater reduction in lateral
capacity, with no visible evidence from the outside.

Nails transfer shear between the sheathing panel and the framing member
beneath it through bearing of the nail shank against the wood fibers on each side
of the sheathing-framing interface. Each nail carries only a small fraction of the
total wall shear, but collectively the nails along the panel edges resist the full in-
plane demand. Edge fasteners carry the highest individual forces because they
are closest to the shear flow boundary between adjacent panels. Interior or field
fasteners carry less but contribute to panel stability and overall wall stiffness.

The ductile yielding of nail shanks under load is a structural feature of wood
shear walls, not a deficiency. When a wall is pushed to near its design capacity,
the nails begin to yield in shear, bending slightly at the sheathing-framing
interface. This controlled deformation dissipates energy and prevents the sudden
brittle failure that characterizes connections with less ductility. The implications
for seismic design are significant. Buildings with properly nailed wood shear
walls consistently outperform expectations in earthquake events, because the
nail connections absorb energy at a level of resistance below which catastrophic
failure would otherwise occur (Breyer et al., 2020).

8.2 Nail Types Used in Shear Wall Construction

The SDPWS design tables specify nail types by diameter and length, not by trade
name, because the structural behavior of the connection depends on the shank
diameter and the depth of penetration into the framing member, not on the
manufacturer's product designation. Table 7 summarizes the nail types that are
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most commonly encountered in wood shear wall construction and their key
structural characteristics.

Table 7: Nail Types Used in Wood Shear Wall Construction.

Nail Type Shank Min. Structural Notes
Diameter | Penetration

8d Common 0.131" 1-1/2" Most common nail in SDPWS shear wall tables;
relatively large diameter provides strong
shear resistance; requires adequate edge
distance to prevent splitting

8d Box 0.113" 1-1/2" Smaller shank reduces splitting risk in thin
framing members; lower shear capacity per
nail; used where 8d common would split
framing

10d Common 0.148" 1-1/2" Higher per-nail shear capacity; used in higher-
load configurations; requires 3" minimum
framing thickness at specified close spacing

10d Box 0.128" 1-1/2" Intermediate option between 8d common and
10d common; useful in thinner framing
members that cannot accept 10d common

Pneumatic / Varies Same as full- Clipped-head collated nails are widely used
Clipped-Head | (0.113"- round with pneumatic guns; verify that clipped-head
Nails 0.131") equivalent nails are permitted under the applicable code

edition — some jurisdictions require full round
head nails for shear wall applications

One issue that warrants specific attention is the use of pneumatic nail guns with
clipped-head collated nails. These nails are faster to drive than full-round-head
nails and are therefore common in high-volume residential framing. However,
not all code editions and jurisdictions accept clipped-head nails for shear wall
sheathing. This is because the reduced head area provides less bearing against
the panel surface. Some SDPWS table footnotes specifically require full-round-
head nails for the higher-capacity configurations. Engineers and inspectors
should verify this requirement for each project against the applicable code
edition and local amendments (International Code Council, 2021b).

8.3 Fastener Spacing and Its Effect on Shear Capacity

Edge nail spacing is the dominant variable in SDPWS shear wall design tables and
understanding why helps in applying the tables correctly. As edge nail spacing
decreases, more nails resist the shear force per linear foot of panel edge. The
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relationship is approximately linear within the range of spacings commonly
used; halving the edge spacing roughly doubles the capacity, up to the minimum
spacing limits beyond which splitting or other problems arise.

The SDPWS tables express edge nail spacing in inches on center, with common
values of 6, 4, 3, and 2 inches. The 6-inch spacing is used for lower-demand
applications; 4-inch spacing is a common intermediate choice; 3-inch spacing
reaches a threshold at which the nails are close enough together that the SDPWS
requires a minimum 3-inch-thick framing member at adjoining panel edges to
prevent net section reduction from nail hole accumulation. Below 3 inches, the
tables require further framing upgrades, and the designer is approaching the
practical upper limit of the standard prescriptive approach. Beyond that,
proprietary or specialty engineered systems are typically more efficient (AWC,
2021).

Field nail spacing, which applies to the nails fastening the sheathing to
intermediate studs within the panel area, is typically specified at 12 inches on
center. This spacing does not drive capacity in the same way as edge spacing, but
it is not irrelevant. If field nails are entirely omitted, the unsupported sheathing
between studs can buckle under compressive stress components within the
panel, degrading the overall wall stiffness and potentially initiating premature
failure under high loads.

8.4 Edge Distance and Penetration Depth

Two installation requirements that are easy to overlook, but important to get
right, are fastener edge distance and penetration depth. Edge distance refers to
the distance from the center of a nail to the nearest edge of the sheathing panel or
framing member. If nails are driven too close to a panel edge, the wood fibers
between the nail and the edge may tear out under load, dramatically reducing the
per-nail capacity. Minimum edge distances for structural sheathing nails are
specified in the National Design Specification for Wood Construction (AWC, 2020)
and are typically 3/8 inch from the panel edge and 1-1/2 inches from the end of a
framing member along the grain.

Penetration depth into the framing member determines the withdrawal
resistance and, to some degree, the shear capacity of the connection. The SDPWS
tables specify minimum penetration values for each nail type and panel thickness
combination. For an 8d common nail driven through 7/16-inch OSB, the required
penetration into the framing is 1-1/2 inches. A nail that just barely penetrates the
face of the stud, but does not reach the required depth, may provide little more
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than withdrawal resistance with negligible contribution to shear transfer.
Penetration is controlled in the field by nail length selection, not by gun
adjustment.

8.5 Overdriving and Underdriving: Consequences and Detection

Underdriven nail

(inadequate Crooked nail
Properly penetration) (inadequate
driven nail anchorage)

Overdriven nail
(flush) (too deep)
Sheathing Panel I T

Wood Framing

© MondoScience.com

Figure 6: Examples of properly and improperly driven nails.

No single installation error affects more shear walls on more job sites than
overdriving (see Figure 6). When a pneumatic nail gun is set with too much
pressure, or when it fires into soft framing at a steep angle, the nail head sinks
below the surface of the sheathing panel, crushing the wood fibers around it. The
immediate visual effect is a small dimple in the panel face. The structural effect is
a reduction in the effective head diameter bearing against the panel and a partial
loss of the nail's lateral load contribution.

Detection of overdriving after the fact is possible during inspection by running a
straightedge across the panel surface and probing dimples with a gauge, or by
visual inspection with angled lighting before finishes are applied. After drywall
or exterior cladding is installed, overdriven nails are effectively invisible without
destructive investigation.

Underdriving is less common with pneumatic equipment but can occur with
hand nailing or when the gun pressure is insufficient. An underdriven nail leaves
its head above the panel surface, preventing the panel from bearing tightly
against the framing (see Figure 6). This introduces a gap that adds flexibility to
the connection, increasing the nail slip component of the wall's deflection.
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Underdriven nails are correctable. They can be driven flush or accompanied by
additional fasteners. However, overdriven nails are not correctable in place.
When found in significant numbers, the standard engineering response is to add
supplementary nails adjacent to the overdriven ones, at positions that provide
adequate edge distance and do not further weaken the framing.

8.6 The Interaction Between Fastening and Framing Species

Nail shear capacity in wood connections depends on the specific gravity of both
the sheathing panel and the framing member. Higher specific gravity means
denser wood, which provides greater bearing resistance around the nail shank.
The SDPWS tables are developed for framing with specific gravity of 0.50 (Douglas
fir-larch and southern pine, the dominant structural species in US residential
construction). When framing with lower specific gravity, such as spruce-pine-fir
at 0.42, is used, the tabulated shear values require a reduction factor (AWC, 2021).

This adjustment is not always made in practice. In markets where spruce-pine-fir
is the standard framing material, such as much of the northeastern United States
and Canada, designs prepared using the default SDPWS tables without species
adjustment may overestimate wall capacity by 10 to 15 percent. That margin is
often absorbed by conservatism elsewhere in the design, but for walls that are
already near their capacity limit, it can be significant. Engineers practicing in
species-diverse markets should confirm the framing species on each project and
apply the appropriate specific gravity adjustment factor from the design
specification connection tables (AWC, 2020).

With the mechanics and installation requirements of fasteners established,
Chapter 9 shifts focus from the individual wall to the building as a whole. It
examines how shear walls should be arranged within the floor plan to produce a
system that resists lateral forces without creating the torsional irregularities that
have contributed to some of the most damaging failures observed in post-
earthquake reconnaissance.
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CHAPTER9

Shear Wall Layout and Building Configuration

Figure 7: Layout of new wood framed house with sheathing panels.

9.1 Principles of Effective Wall Placement

The structural performance of a shear wall system depends as much on where
walls are located within the building as on how those individual walls are
designed (see Figure 7). A building with well-designed shear walls poorly
distributed across its plan can perform worse during a lateral loading event than
a simpler building with modest walls placed thoughtfully. Good layout practice
begins with understanding how lateral forces move through the building and
positioning walls to intercept those forces efficiently.

Exterior walls are the natural starting point. They form continuous vertical
planes at the building perimeter, directly below the roof diaphragm edges, and
they are the first elements to receive wind pressure. Locating shear walls on all
four sides of the building, with adequate length on each side, creates a perimeter
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resistance system that is geometrically stable, and distributes forces without
relying on long diaphragm spans to transfer loads to distant walls. Interior shear
walls supplement the perimeter system when the building is wide enough that
diaphragm shear stresses would be excessive with exterior walls alone, or when
the lateral load demand exceeds what the exterior walls can reasonably provide.

Walls must be provided in both principal directions of the building. It sounds
obvious, but buildings where one direction is adequately braced and the
perpendicular direction is neglected appear in practice more often than one
might expect, particularly in buildings with a strong architectural preference for
glazing on one facade. When the building is not rectangular, or when the floor
plan is irregular in some other way, the engineer must carefully establish what
the principal load directions are and confirm that walls are distributed to resist
loads from any plausible direction.

9.2 Distribution of Lateral Resistance

Once the wall lines are established, the shear capacity must be distributed among
them in a way that reflects the forces each line will carry. For buildings with
flexible diaphragms, this is done by assigning each wall line the lateral load from
its tributary diaphragm area. For buildings with rigid diaphragms, the
distribution depends on relative wall stiffness and eccentricity, requiring a more
involved calculation.

Distributing capacity evenly across wall lines has structural benefits beyond
simply meeting demand:

¢ Redundancy: if one wall line is damaged or performs below expectation
during an extreme event, other lines continue to contribute.

¢ Balanced stiffness: when wall lines have similar stiffness, the diaphragm
experiences less in-plane bending, reducing the demand on its chord and
collector elements.

A building where one direction has far more resistance than the other may
appear over-designed in that direction, but the imbalance can create unexpected
demands during seismic events where both directions are excited
simultaneously.

9.3 Avoiding Torsional Irregularities

Torsional irregularity occurs when the center of lateral resistance, often called
the center of rigidity, does not coincide with the center of mass of the building.
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Under lateral loading, the building tries to translate toward the resistant wall
system while the inertia of the mass tends to keep it in place. The resultis a
rotational demand superimposed on the translational demand. Walls far from the
center of rotation carry amplified forces. Those close to it carry less than a simple
tributary analysis would suggest.

ASCE/SEI 7-22 defines torsional irregularity quantitatively. A building has a
torsional irregularity when the maximum story drift at one end of the diaphragm

exceeds 1.2 times the average drift at the two ends (ASCE, 2022). When this
threshold is exceeded, the seismic forces must be amplified to account for the
additional torsional demand. In extreme cases, the irregularity triggers
requirements for a more sophisticated analysis method.

Table 8 summarizes common conditions that produce or worsen torsional
behavior, along with the engineering responses typically used to address them.

Table 8: Conditions That Produce Torsional Irregularity in Wood-Framed Buildings and Typical

Engineering Responses.

Condition

Potential Consequence

Design Response

Shear walls concentrated
on one side of the building
only

Large torsional
eccentricity; far-side
walls experience
amplified forces

Add walls to the open side, or
calculate accidental torsion
amplification per ASCE 7 Section
12.8.4.3

Large open area (e.g.,
garage) at one end of
structure

Reduced torsional
stiffness; diaphragm
must distribute
unbalanced loads

Portal frames or reinforced wall
segments at open end; confirm
diaphragm capacity to transfer
torsional demands

Walls in one direction
significantly stiffer than
walls in perpendicular
direction

Directional stiffness
imbalance; building may
respond differently under
orthogonal load cases

Balance wall capacities in both
principal directions; check both
directions independently and under
combined load cases

Re-entrant corners or plan
setbacks

Stress concentrations at
re-entrant corners;
diaphragm chord forces
at setback edges

Provide collector elements and chord
members at plan irregularities;
consider ASCE 7 horizontal structural
irregularity Type 2

Note: Torsional irregularity thresholds apply specifically to seismic design; wind design uses a different framework for
eccentricity. Sources: ASCE (2022), Section 12.3.2; AWC (2021).

9.4 Balancing Stiffness Within Building Layouts

Stiffness balance is closely related to torsional regularity but is a broader concept.
Even in a symmetric building where torsion is not an issue, imbalanced stiffness
between wall lines in the same direction can cause one wall line to attract a
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disproportionate share of the total lateral load, potentially overloading it while
adjacent walls remain underused.

In practice, stiffness is adjusted by varying the length of wall segments, the
sheathing thickness, and the nail schedule. A wall line that appears in
calculations to attract too much load can be stiffened, or adjacent wall lines can
be lengthened to draw more load away from it. The goal is a system where the
designed capacity of each wall line is reasonably well matched to the load it will
carry, with neither severe over-design nor under-design in any location.

Vertical stiffness balance between stories deserves equal attention. A building
that is very stiff on the upper floors and soft on the first floor is the classic soft-
story condition, which Chapter 10 addresses directly. The converse, a stiff first
floor with flexible upper stories, is less dangerous but can concentrate drift in the
upper levels and is worth monitoring in design.

9.5 Integration with Architectural Design

In residential construction, structural engineers frequently receive architectural
drawings that have already been developed to a significant level of detail before
the structural system has been considered. Floor plans have been arranged
around programmatic needs, windows have been placed for views and
daylighting, and garage doors have been sized for the intended number of
vehicles. The engineer then encounters a situation where some walls that are
structurally desirable are architecturally absent, and some walls that exist
architecturally are in locations that provide little structural benefit.

Early coordination between architect and engineer is the most effective way to
avoid this conflict. When the engineer is involved in the schematic design phase,
it is usually possible to influence the placement of major openings, the size of
garage bays, and the location of corridor walls in a way that preserves adequate
wall length without significantly compromising the architectural intent. Waiting
until construction documents are substantially complete before asking whether
there is enough shear wall capacity is a reliable way to generate expensive
redesign work.

Where architectural constraints are immovable, engineered solutions exist for
most configurations. Portal frames and proprietary prefabricated shear panels
can provide substantial lateral resistance in very narrow wall widths. The design
consequence is higher cost and more complex detailing, but the structural
problem is solvable. Chapter 14 examines these high-performance systems in
detail.
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The layout principles discussed in this chapter apply most clearly to single-story
and simple two-story buildings. As buildings grow in height and complexity, the
lateral system design becomes a three-dimensional problem, with forces
accumulating through multiple stories and additional demands appearing at
every floor transition. Chapter 10 addresses shear wall design in those conditions.
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CHAPTER 10

Shear Walls in Multi-Story and Multi-Family Building

Figure 8: Shear walls in multi-story building development.

10.1 How Loads Accumulate Through Multiple Stories

The structural demands on shear walls in multi-story buildings increase with
each floor that is added above (see Figure 8). Every floor contributes lateral
forces, either from wind pressure acting on its exterior surface or from the
seismic inertia of its mass. Those forces travel downward through the shear wall
system, accumulating as they go. The first-floor shear walls, in a three-story
building, must resist the sum of the lateral forces from all three levels. The
sheathing, nailing, boundary elements, and hold-down hardware must all be
proportioned accordingly.

This accumulation effect is straightforward in principle but is sometimes treated
carelessly in practice. Designers who are accustomed to single-family residential
work, where a single consistent wall specification often serves the entire
building, may apply the same logic to a three- or four-story structure. The result
can be upper-floor wall specifications that are perfectly adequate, and lower-floor
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walls that are significantly undersized. The problem tends to be invisible during
construction and only reveals itself during an event that imposes significant
lateral load.

Table 9 summarizes the design demands by story level and the typical
engineering approaches used to address them, as a quick reference for multi-
story wall design.

Table 9: Design Demands and Engineering Responses by Story Level in Multi-Story Wood Construction.

Story Level Key Design Demand Typical Engineering Response

Top story Lowest accumulated shear and Standard SDPWS table selections; light
overturning; often controls nailing | hold-down hardware often adequate
schedule and panel thickness

selection
Intermediate Accumulated loads from all floors | Increasing nail density or sheathing
stories above; hold-down forces grow thickness; built-up boundary posts;
with each floor added progressive hold-down system sizing
First story / Full accumulated shear and High-capacity hold-down systems;
podium level overturning from all floors above; | continuous rod assemblies in taller
largest boundary element forces; buildings; LVL or steel boundary
maximum anchorage demand elements; detailed concrete anchorage
design per ACI 318
Soft-story level | Severely reduced lateral stiffness Supplemental steel moment frames or
relative to floors above due to special engineered shear wall systems;
large openings or reduced wall seismic retrofit provisions; mandatory
area soft-story ordinance compliance in
some jurisdictions

Note: Source: General principles based on AWC (2021) and Breyer et al. (2020). Specific design values must be
calculated for each project.

10.2 Stacking Shear Walls Through Multiple Floors

When shear walls are positioned directly above one another from floor to floor,
each upper-story wall transfers its forces directly into the wall below at the floor
line. This direct stacking arrangement is structurally efficient because the load
path is short and direct, and the forces at each floor transition can be transferred
through the floor framing with relatively simple detailing. The boundary
elements of the upper wall bear against the boundary elements of the lower wall,
and the hold-down anchor of the upper wall transfers tension forces downward
into the structure below.

When upper-story walls are not stacked directly over lower-story walls, the floor
diaphragm between them must transfer the forces laterally from the upper wall
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location to the lower wall location. This transfer diaphragm condition requires
that the floor sheathing and its fasteners be designed as a transfer element, not
just as a floor. The collector elements at the edges of the transfer zone must carry
the resulting axial forces. These details add cost and complexity and introduce
additional opportunities for omission during construction. Stacking walls
wherever the floor plan permits is the simplest way to avoid this complexity.

In buildings where architectural requirements force offset wall lines between
floors, such as when a bedroom cantilevers over a garage, the transfer condition
must be explicitly identified in the design and thoroughly detailed. Post-disaster
investigations have documented numerous cases where transfer conditions
existed in the design but were not recognized as requiring special detailing,
resulting in incomplete load paths that failed during wind or seismic events
(FEMA, 1992).

10.3 Interaction Between Floor Diaphragms and Walls

Each floor diaphragm in a multi-story building performs two functions
simultaneously. It collects the lateral forces acting at its level and delivers them
to the shear walls below, just as a roof diaphragm does in a single-story building.
It also transfers the accumulated forces from the walls above, through its
collector system, to the walls below. In buildings with stacked walls, these two
functions are served by the same connections. In buildings with offset walls,
additional transfer elements must be provided.

Diaphragm chord forces in multi-story buildings can be significantly larger than
those in single-story applications, because the diaphragm is now carrying
accumulated forces from multiple levels rather than just those generated at its
own level. The double top plates that serve as diaphragm chord members must be
checked for the cumulative axial forces that develop as loads are transferred
downward, and their lap splices must be detailed to carry those forces. This is
another area where single-story residential design habits can lead to undersized
connections when the same detailing is applied to taller structures without
adjustment.

10.4 Special Considerations for Townhouse and Apartment Buildings

Townhouse construction, with its vertically stacked units sharing party walls
between them, presents a specific structural geometry that is well-suited to shear
wall systems. The party walls between units typically run the full height of the
building, from foundation to roof, and are often continuous planes of framing
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uninterrupted by openings. When properly sheathed and connected, these walls
can serve as highly effective shear walls carrying the lateral loads from both
adjacent units simultaneously.

Apartment buildings introduce more variability. Corridor walls, where they run
continuously from end to end of the building, can function as interior shear walls
contributing to the lateral system in one direction. Stair shafts and elevator cores,
if framed with structural sheathing, become some of the stiffest elements in the
building and attract a disproportionate share of the lateral load. This is not
inherently a problem, but the engineer must recognize the concentration of force
at these elements and design them, along with their foundations and anchorage,
for the elevated demands.

Longer apartment buildings with corridor layouts often have a shear wall system
that is much stronger in the transverse direction, where party walls and cross
walls are numerous, than in the longitudinal direction, where the corridor runs
the full length of the building with few walls interrupting it. This orthogonal
imbalance creates a building that is structurally adequate in one direction but
potentially deficient in the other, and it must be evaluated in both principal
directions independently.

One further condition deserves attention in multi-family buildings are first floors
that contain parking, retail space, or lobbies with large openings and minimal
interior walls. These uses are common in mixed-use and transit-oriented
developments, and they are structurally problematic because the open first floor
has far less lateral stiffness than the residential floors above. The resulting
stiffness discontinuity between the ground floor and the upper stories is the
defining characteristic of a soft-story condition, which is examined in detail in
the following section.

10.5 Soft-Story Vulnerabilities

The soft story is one of the most dangerous structural configurations in multi-
story residential construction. It arises when one floor, most often the first floor,
has significantly less lateral stiffness or strength than the floors above it. The
common cause in apartment and townhouse buildings is a first floor that contains
parking spaces, retail space, or a lobby with large openings and few interior
walls, while the upper floors contain numerous residential walls that create a stiff
box above.

During an earthquake, the stiff upper floors move as a near-rigid body, while the
soft first story must accommodate all the relative deformation between the
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foundation and the upper floors. The concentrated deformation imposes inelastic
rotation demands on the first-floor shear walls far beyond what they would
experience in a building with uniform stiffness distribution. If the walls cannot
sustain those demands, they fail, and the building effectively collapses into its
own first floor. This failure mode was observed repeatedly following the 1994
Northridge earthquake in the San Fernando Valley, where dozens of soft-story
apartment buildings, most of them three-story wood-frame structures with
ground-floor parking, suffered partial or total collapse (Norton, 1994).

The engineering response to soft-story conditions includes:

e Adding shear walls or supplemental steel moment frames to the weak
story.

e Implementing the seismic retrofit requirements applicable in jurisdictions
that have adopted mandatory soft-story ordinances (several California
cities have done so following Northridge and the 2014 South Napa
earthquake).

e Confirming through calculation that the stiffness ratio between stories
meets the regularity criteria of ASCE/SEI 7-22 Section 12.3.2 (ASCE, 2022).

Where the soft-story condition cannot be fully remedied by adding walls,
performance-based analysis may be used to demonstrate that the building can
meet life-safety objectives despite the irregularity, though this requires a more
sophisticated analytical framework than standard prescriptive design.

Multi-story wood construction rewards careful design and punishes
oversimplification. When the structural system is properly conceived, with walls
stacked, diaphragms sized for their transfer functions, and hold-down forces
tracked floor by floor, wood-frame buildings can be reliably stable at heights of
four, five, or six stories. When those fundamentals are missed, the consequences
in a seismic or wind event can be severe. Chapter 11 addresses the hold-down and
overturning resistance systems that are the most critical connections in multi-
story shear wall design.
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CHAPTER 11

Overturning Resistance and Hold-Down Design

11.1 Development of Overturning Forces

Every time a lateral force is applied to a shear wall, it creates not only a horizontal
demand on the sheathing and fasteners, but also a rotational demand about the
base of the wall. A lateral force V acting at height h above the base generates an
overturning moment M = V x h. That moment must be resisted by the wall system,
and the primary mechanism for doing so is the development of a tension-
compression couple at the wall's boundary elements.

The basic relationship is simple enough. If the wall has length d, the tension force
at the boundary is M /d, which equals (Vx h) /d. The compression force on the
other side is equal and opposite, assuming the applied lateral force alone is
considered. Dead load acting on the wall reduces the net uplift on the tension
side. Designers in ASD format are permitted to use the actual gravity loads carried
by the wall to reduce the hold-down demand. However, the dead load reduction
should be applied carefully. Using assumed loads that are not confirmed by the
structural calculations can produce a non-conservative result.

As walls become narrower or taller, the hold-down demand grows rapidly. A wall
with an aspect ratio of 3:1, which is near the SDPWS limit for most applications,
generates an overturning force at its boundary that is three times the applied
lateral force, before any gravity load reduction. That is a large demand, and it is
why aspect ratio limits exist; they prevent the use of wall segments whose
overturning behavior would require hardware that is impractical to install or
anchor.

11.2 Boundary Member Forces in Detail

The tension boundary element of a shear wall is typically a single or double stud
located at the end of the wall segment. In lower-story walls of multi-story
buildings, where accumulated overturning forces can be very large, engineered
lumber members such as laminated veneer lumber (LVL) posts may be required.
The stud or post must be capable of resisting the calculated tension force in net
tension, accounting for any cross-grain tension that develops at connections.
Wood framing performs poorly in cross-grain tension, which is one reason hold-
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down hardware is connected along the grain of the boundary member rather than
through it.

The compression boundary element, on the other side of the wall, carries an
equal and opposite force. Wood is strong in compression parallel to the grain, and
compression boundary elements rarely govern design in light-frame
construction. The exception arises when the wall is very narrow, and the
overturning compression force is very large. Under those conditions, the local
bearing stress on the bottom plate and the underlying floor framing must be
checked to ensure that the plate does not crush or punch through the floor
sheathing.

In multi-story construction, the boundary element forces from upper stories must
be transferred to the boundary elements of the story below at the floor line. This
transfer is made through the hold-down hardware on the upper floor and the
hold-down hardware on the lower floor, each anchored to its respective story. If a
continuous rod system is used, the rod itself provides this vertical continuity,
bearing against a steel plate washer and bearing plate at each floor level.

11.3 Hold-Down Hardware Systems

Hold-down devices translate the calculated tension demand at the wall boundary
into a mechanical connection between the wood framing and the structural
system below. The range of devices available covers a wide span of capacity and
configuration. Table 10 summarizes the major categories and their typical
applications.

Proper selection of a hold-down device involves matching the required allowable
uplift force to a device with sufficient rated capacity, then confirming that the
device can be installed within the physical constraints of the wall. Many devices
require a minimum distance from the bottom of the stud to the anchor rod, and
minimum clearances from the floor sheathing edge. In renovation and retrofit
work, these geometric requirements sometimes cannot be fully met, which
requires either a different hardware selection or a structural analysis
demonstrating that the reduced installation meets the force demand.
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Table 10: Hold-Down System Types and their Application.

System Type Application Notes

Strap-type hold-down Flat steel strap fastened to boundary stud and bearing plate;
low profile; used in low-to-moderate load single-story
applications

Bracket-type hold-down Most common type for single-family residential; bolted or

(standard) screw-fastened to stud; requires cast-in or post-installed

anchor rod to foundation

High-capacity hold-down Used in multi-story construction where accumulated
(heavy bracket) overturning forces are large; often requires 1" or larger
anchor rod; LVL or built-up post boundary members

Continuous rod / tie-rod Threaded rod runs continuously through multiple stories;
system bearing plates and take-up devices at each floor;
accommodates wood shrinkage with adjustable hardware;
preferred for buildings of 4+ stories

Structural steel angle / Used where architectural constraints or very high forces
embedded plate require a custom solution; typically engineered on a
project-specific basis; common in concrete podium and
heavy commercial wood applications

Note: Allowable load ratings for all hold-down systems must be obtained from current manufacturer ICC-ES
evaluation reports. Ratings vary by fastener configuration, wood species, moisture conditions, and load duration
factor. Sources: AWC (2020); Simpson Strong-Tie (2023).

11.4 Anchor Rod Design and Placement

The anchor rod connecting the hold-down bracket to the foundation is the final
link in the overturning resistance chain. It must develop the full tension force
calculated at the wall boundary within the concrete or masonry foundation, and
it must do so without pulling out, breaking, or causing the surrounding concrete
to fail in breakout.

Anchor rod design for hold-down applications involves checking the rod cross-
section in tension (a straightforward steel calculation), the embedment depth in
the concrete against concrete breakout provisions of ACI 318 (American Concrete
Institute, 2022), and the bearing at the surface of the concrete against the anchor
plate. In shallow footings or slabs, available embedment depth may be the
governing constraint. The minimum embedment required to develop the hold-
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down's rated capacity is published in the manufacturer's evaluation report,
typically as a function of concrete compressive strength and the absence or
presence of cracking in the concrete.

Cast-in-place anchor rods, set in the concrete before it is placed, provide the most
reliable connection because the rod is fully integrated with the concrete matrix.
Post-installed adhesive anchors are an alternative when cast-in rods were omitted
or misplaced. However, they require careful surface preparation, temperature
and moisture compliance during installation, and verification of the adhesive
product's evaluation report for the specific concrete strength and condition.
Expansion anchors, the kind installed by hammering a sleeve into a drilled hole,
are generally not acceptable for hold-down applications under tensile load
because they can loosen under repeated seismic cycles.

Correct placement of the anchor rod within the foundation is as important as its
design. The rod must be positioned so that it aligns with the hold-down bracket
attached to the boundary stud, within the tolerance specified by the hardware
manufacturer, typically within half an inch of the centerline of the stud. A rod
that is misaligned forces the bracket to bear eccentrically against the stud,
reducing the effective capacity of the connection and potentially splitting the
wood member under load. Because hold-down anchor rods must be set before the
concrete is placed, their location must be coordinated with the framing layout
and confirmed on site before the foundation pour. Correcting a misaligned cast-in
rod after the concrete has cured is difficult and expensive; the options are limited
to post-installed adhesive anchors at the correct location, which introduces the
complications described above, or custom fabricated hardware to bridge the
offset, neither of which is preferable to getting the placement right the first time.

11.5 Wood Shrinkage and Its Effect on Hold-Down Systems

Green or partially seasoned lumber, which is common in light-frame residential
construction, will shrink as it dries to equilibrium moisture content after the
building is enclosed. The amount of shrinkage perpendicular to the grain can be
significant. A nominal 2x8 floor joist might shrink 1/4 inch or more in depth as it
seasons in service. In a multi-story building with multiple floor framing members
stacked at each level, the cumulative perpendicular-to-grain shrinkage can
approach 1 inch or more across four stories.

This matters for hold-down systems because shrinkage in the framing creates
slack in the connection. The wood boundary stud shortens slightly as it dries,
while the anchor rod, being steel, does not. The result is a small gap that opens
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between the hold-down bracket and the framing member, or between the bearing
plate and the floor framing. This gap means the hold-down connection must close
before it can resist any load. In seismic regions, this initial slack can allow the
wall to rock before the hold-down engages, increasing story drift and potentially
causing more damage than would occur in a dry building.

Continuous rod systems address this problem by incorporating take-up devices,
also called shrinkage compensators, at each floor level. These spring-loaded or
threaded devices automatically take up slack as the wood dries, maintaining a
snug connection without requiring manual adjustment. Engineers specifying
continuous rod systems in taller buildings should confirm that the take-up
devices selected are compatible with the anticipated shrinkage and with the
allowable load of the anchor rod system.

When the anchor rod is correctly sized, properly placed, and adequately
embedded, the overturning resistance chain is complete: the tension force
generated at the wall boundary has traveled through the hold-down bracket,
through the anchor rod, and finally into the concrete foundation, where it is
resisted by the mass and strength of the supporting structure below.

With overturning resistance addressed, the following chapter turns to the design
and construction errors that most often cause shear wall systems to
underperform when lateral loading arrives.
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CHAPTER 12

Common Design Errors and Construction Deficiencies

12.1 Why Deficiencies Persist

Post-disaster investigations consistently find that the majority of preventable
structural failures in light-frame wood construction are not caused by inadequate
design methods or insufficient code requirements. They are caused by the gap
between what the design specifies and what gets built. That gap persists for
several reasons: the structural drawings do not always communicate the critical
details clearly; framing crews sometimes work without reviewing structural
plans; and nailing patterns, blocking requirements, and hold-down hardware are
among the easiest things to omit or shortcut when schedules are tight and the
consequences are not immediately visible.

Understanding the most common deficiencies, and why each one matters
structurally, helps engineers write clearer specifications, conduct more effective
inspections, and evaluate existing buildings more accurately. Table 11 provides a
summary of the most frequently encountered deficiencies and their structural
consequences.

12.2 Improper Shear Wall Placement

When shear walls are not positioned where the analysis assumes them to be, or
when wall lines exist in the design but not in the field, the distribution of lateral
forces changes in ways that the structural calculations did not anticipate. The
walls that were designed to carry a moderate share of the lateral load may end up
carrying a much larger share because walls that were supposed to share the load
are absent or inadequate.

The most common placement error is not outright omission of a wall but rather a
mismatch between the design and the construction caused by field modification
of the floor plan. Doorways are widened, windows are moved, or partition walls
are relocated to suit the preferences of the owner or the convenience of the
framing crew. Unless each of these modifications is reviewed against the
structural system, the cumulative effect can be a significant reduction in
available shear wall length that the design engineer never knew occurred.

Torsional effects from asymmetric wall placement were discussed in Chapter 9.
They bear mentioning again in this context because the most dangerous torsional
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conditions often arise not from the initial design, which may have been
symmetric and adequate, but from modifications made during or after
construction that remove wall length from one side of the building while leaving
the other side intact.

Table 11: Common Shear Wall Deficiencies, Frequency in Practice, and Structural Consequences.

Deficiency

Frequency in Practice

Structural Consequence

Overdriven nails

Very common

Nail head crushes panel face; effective nail
diameter reduced; SDPWS allowable shear
capacity may be reduced by 50% or more
when more than 20% of nails are overdriven
by more than 1/8"

Missing edge blocking | Common Panel edges unsupported; capacity defaults
to unblocked values (typically 40-50% lower
than tabulated blocked values at the same
nail schedule)

Hold-down not Common Wall free to rotate about its base under

installed or installed at overturning moment; effective shear

wrong location capacity of wall segment may approach zero
despite intact sheathing

Anchor bolt spacing Common Reduced sliding resistance; increased bolt

exceeds code spacing raises net tension demand per bolt;

maximum or plate missing washers can cause plate splitting
washer omitted under bearing

Nail spacing exceeds Moderate Directly reduces allowable shear capacity in

specification (under- proportion to reduction in fastener density;

nailed) may not be detectable after finishes are
applied

Wrong nail type (e.g., | Occasional Structural screws in shear wall sheathing

drywall screw
substituted for 8d
common)

may be acceptable if specifically listed in
SDPWS tables; drywall screws are not
structural fasteners and provide no reliable
shear capacity

Shear walls not
stacked (misaligned
between floors)

Moderate (often
architectural-driven)

Forces must be transferred through floor
diaphragm and collectors before reaching
the supporting wall below; transfer elements
must be explicitly designed, or the load path
is incomplete

Note: Frequency assessments based on post-disaster investigation findings and general field observation. Sources:
FEMA (1992); Norton (1994); AWC (2021).
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12.3 Insufficient Shear Capacity

Shear capacity deficiencies typically originate in one of three ways: the design
load was underestimated, the specified wall assembly was not properly checked
against the design tables, or the specified assembly was built incorrectly.

Underestimation of lateral loads is more common in regions that have recently
been reclassified to higher seismic or wind hazard levels. This has happened in
several parts of the United States as the ASCE 7 hazard maps have been updated.
Buildings designed under an earlier edition of the code may have been adequate
at the time of design but would require additional capacity if designed today. This
distinction matters primarily for retrofit and renovation projects, where the
existing lateral system may need to be evaluated against current demands.

Incorrect assembly selection sometimes occurs when designers apply SDPWS
table values without checking all applicable footnotes. A shear value that applies
to a blocked assembly may be listed in the same table as values for an unblocked
assembly, with only a footnote distinguishing them. If the designer selects the
higher blocked value but the construction contract does not specify blocking, or if
blocking is specified but not installed, the actual capacity of the wall defaults to
the unblocked value.

12.4 Missing or Improperly Installed Hold-Downs

The omission of hold-down hardware is probably the single deficiency with the
greatest effect on actual lateral performance relative to calculated performance.
A shear wall without hold-downs has essentially zero resistance to overturning
under lateral loading, even if the sheathing and nailing are perfectly installed.
The wall will rotate about its base, the sheathing will carry the resulting shear as
long as the fasteners hold, and then the wall will essentially pivot sideways rather
than resisting the lateral force.

Hold-down omission is often an installation sequencing problem. Hold-down
anchor rods must be set in the concrete foundation before the slab is poured or
the stem wall is finished, and the hardware brackets are installed on the
boundary studs during framing. Both steps occur in different construction
phases, and if either one is missed without the other being caught during
inspection, the completed wall lacks the essential connection. By the time the
structure is ready for occupancy, the foundation is buried, and the framing is
covered, making the deficiency invisible to routine inspection.
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Improperly installed hold-downs represent a different problem. The hardware
may be present but connected with the wrong fasteners, installed on the wrong
stud, or anchored to a rod that was not properly embedded. All these conditions
reduce the capacity of the device. Manufacturer evaluation reports specify
exactly which fasteners must be used to achieve the rated load. Using different
fasteners, even if they appear equivalent, may invalidate the published capacity.
Engineers and inspectors should verify hardware installation against the
manufacturer's installation guide rather than against general structural intuition.

12.5 Inadequate Anchorage to Foundations

The anchor bolt system that connects the bottom plate to the foundation resists
the sliding force at the base of each shear wall. When anchor bolts are too few, too
widely spaced, insufficiently embedded, or missing plate washers, the wall can
slide along the foundation under lateral loading. This failure mode looks dramatic
in post-event photographs: the framing sits displaced on the foundation, the
anchor bolts have torn through the wood plate, and the building has translated
several inches from its original position.

Missing plate washers deserve specific mention because they are inexpensive,
easy to install, and frequently absent. A standard anchor bolt nut driven tight
against a wood sill plate without a plate washer concentrates the bearing force
over a small area of wood beneath the nut. This often causes the plate to split or
the bolt to pull through under relatively modest loads. Plate washers, typically 3
by 3 inches by 0.229 inches thick for shear wall applications per IRC Section
R403.1.6 (ICC, 2021a), distribute the load over a much larger area and
dramatically increase the capacity of the connection. Their omission is a
surprisingly common inspection finding.

12.6 Construction Errors Affecting Structural Performance

Beyond the major categories above, a range of smaller construction errors can
cumulatively reduce shear wall performance to a level well below design intent.
Incorrect panel orientation, such as installing 4x8 panels horizontally rather than
vertically, changes the nailing pattern relative to the panel edges and may affect
the applicable SDPWS table entry. Sheathing panels that are not pushed tight to
adjacent panels before nailing can result in gaps at panel joints that affect the fit
between adjacent panels, and the effectiveness of the blocking beneath them.

Nails driven at angles rather than perpendicular to the panel surface may not
achieve the required penetration depth into the framing member, even if their
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overall length appears correct. Framing members that are split, knotty, or
severely warped may not provide the wood-fiber bearing surface that nail
capacity calculations assume. Studs that are bowed outward from the plane of the
wall may create an air gap between the stud and the sheathing panel, preventing
the nail from bearing against the stud with full contact.

The consistent theme across all the deficiencies discussed in this chapter is that
early detection, through regular inspections at the framing and sheathing stages,
before walls are covered, is far less expensive and structurally far more effective
than correction after the fact. Chapter 13 examines what happens when
deficiencies are not caught in time, and how forensic engineers approach the task
of evaluating a shear wall system after it has been tested by an actual lateral
loading event.
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CHAPTER 13

Forensic Evaluation of Shear Wall Failures

13.1 The Role of Forensic Investigation

When a building suffers structural damage during a wind event or earthquake,
the structural engineer's role shifts from design to diagnosis. Forensic
investigation of shear wall failures serves multiple purposes simultaneously:

e It supports insurance claims and legal proceedings.

e It provides information to the building owner about the safety and
repairability of the structure.

e Atabroader level, it contributes to the engineering profession's
understanding of how wood-frame lateral systems behave when tested by
real events rather than laboratory conditions.

The quality of a forensic investigation depends heavily on what is accessible for
observation. In buildings where finishes are intact, the underlying structural
system is largely hidden, and the investigator must infer structural conditions
from exterior and interior evidence. Where walls have been damaged badly
enough to require partial demolition, the framing and connections become
directly observable, often revealing conditions that would have been invisible
during routine construction inspections.

Good forensic practice involves more than describing the observed damage. The
engineer must correlate the damage with the structural demands the building
experienced, compare the actual construction against what the design intended,
and form a defensible opinion about the sequence of events that led to the
observed conditions. That opinion must be communicated clearly in a written
report that will be read by people who do not necessarily have structural
engineering backgrounds.

13.2 Wind Damage Investigations

Structural damage from wind events tends to follow recognizable patterns that
reflect the failure modes discussed throughout this course. The most common
pattern is the separation of the wall or roof from its supporting structure at a
connection that was inadequate for the applied load. In wood-frame construction,
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this often means anchor bolts pulling through the sill plate, hold-down hardware
separating from the boundary stud, or roof framing uplift connections failing.

Racking of the wall frame, where the rectangular frame has distorted into a
parallelogram, indicates that the shear wall assembly was unable to resist the in-
plane lateral force. Careful examination of the nailing pattern after the event can
often determine whether the nailing was insufficient, whether the panel edges
were unblocked, or whether nails pulled through the panel is due to overdriving.
Photographs taken at close range under angled lighting are essential for
documenting these conditions.

In coastal regions, investigators also encounter damage from outward-acting
wind suction on leeward walls and roof surfaces. These forces act in the opposite
direction from the positive pressure on the windward face, and they load the
shear wall connections in the direction opposite to what was designed for in-
plane shear. Hold-down hardware on the leeward side of the building may be
loaded in compression rather than tension; anchor bolts may experience uplift
loads they were not sized to resist. The 1992 Hurricane Andrew investigations in
South Florida documented extensive failures of this type, attributed to the
absence of the continuous load path connections that would have been required
by the upgraded code provisions adopted after the storm (FEMA, 1992).

13.3 Seismic Damage Patterns

Earthquake damage in wood-frame buildings differs from wind damage in
character as well as in cause. Seismic forces are cyclic; they reverse direction
many times during a significant event, imposing repeated load and unload cycles
on every connection in the lateral system. The cumulative effect of these cycles is
progressive degradation of the nailed connections, as the wood fibers around
each nail shank are gradually crushed and the holes enlarge. By the end of a
major seismic event, nails that started the earthquake at full capacity may have
lost a significant fraction of their resistance.

The damage pattern most diagnostic of seismic loading is the pattern of nail hole
elongation in the sheathing panels. Where panels have moved relative to the
framing, the nail holes become elongated in the direction of movement. In a wall
that has racked severely, the elongation at the panel edges is pronounced and
visible once the finishes are removed. The direction of elongation provides
information about the direction of the dominant racking movement.

Splitting of boundary studs near hold-down connections is another characteristic
seismic damage pattern. The repeated tension and compression cycling at the
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boundary element fatigues the wood fibers, particularly at locations where the
hold-down fasteners create stress concentrations. Cracks along the grain running
from the hold-down fastener cluster downward through the stud, indicate that
the boundary member was overstressed in tension perpendicular to the grain
during seismic loading. This failure mode that requires explicit attention in the
design of hold-down hardware installations.

13.4 Inspection Methods for Wall Integrity

A systematic forensic inspection of a shear wall system follows a logical sequence
from exterior to interior, from accessible to inaccessible, and from obvious
damage to hidden deficiency. Table 12 provides a practical inspection checklist
organized by element and method.

Table 12: Forensic Inspection Checklist for Wood Shear Wall Systems.

Inspection Item

Method

Key Observations

Sheathing nail spacing and

Visual inspection with

Count nails per foot of panel edge;

finish to locate blocking
between studs

installation depth finish removed; probe with | check for flush, overdriven, or
awl at nail heads absent nails; look for tearing of
panel surface
Panel edge blocking Probe or bore through Blocking present and solid-nailed,;

no rotation or splitting at blocking
edges

Hold-down hardware

Remove base trim to expose
hold-down device; measure
anchor rod embedment
where accessible

Device present and at correct
location; correct fastener count
and type; anchor rod aligned and
adequately embedded

Anchor bolt spacing and
plate washers

Measure from exposed sill
or remove base casing to
expose sill plate

Bolt spacing not exceeding design
or code maximum; 3x3" plate
washers under nuts; nuts fully
tightened

Boundary element
condition

Probe boundary studs for
decay, splitting, or
excessive knots; check stud-
to-stud fastening in built-up
members

No decay, severe splitting, or large
knots in critical zones; proper
nailing of built-up posts; no gaps
between stud plies

Wall racking or out-of-
plumb condition

Plumb bob or digital level
along wall height; measure
racking at top of wall
relative to base

Document total deflection relative
to wall height; compare with code
drift limits; check for permanent
set indicating prior loading event

Note: Based on standard forensic engineering practice for post-event building investigations. See also FEMA (2015) for
post-earthquake building safety evaluation guidance.
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Measurement of wall racking is an important quantitative step that distinguishes
forensic engineering from general building inspection. A wall that is 1/2 inch out
of plumb in an 8-foot height has experienced a drift ratio of 1/192, which is within
the range that codes permit under design loads. A wall that is 2 inches out of
plumb has experienced a drift ratio of 1/48, which far exceeds code limits and
indicates that the wall has been loaded beyond its elastic range and may have lost
significant capacity.

13.5 Identifying Hidden Structural Deficiencies

Not all significant structural conditions are visible from outside the wall
assembly. Missing blocking, incorrect nail patterns, and improperly installed
hold-down hardware are all hidden once finishes are applied. In a forensic
investigation, determining whether these conditions exist typically requires
selective removal of finishes at representative locations.

The approach to selective opening should be planned before any demolition
begins. Areas where stress concentrations are expected, such as the boundaries of
shear wall segments, the locations of hold-down hardware, and panel edge zones,
are the highest priority. Opening at these locations first provides the most
structural information per square foot of finish removed.

Moisture damage presents a complicating factor in older buildings. Prolonged
exposure to elevated moisture can reduce the specific gravity of wood framing
members, weaken the wood fiber around nail connections. In severe cases it can
introduce fungal decay that dramatically reduces the structural capacity of
boundary elements. When wood framing shows any discoloration, checking, or
soft areas under probe, a moisture meter reading and, if warranted, a sample for
laboratory analysis can quantify the extent of degradation and its structural
implications.

13.6 Engineering Reporting and Documentation

The forensic report is the permanent record of the investigation. It must be
sufficiently detailed to allow another engineer to understand the observations
made, the analysis performed, and the conclusions reached, without having
visited the site. Photographs are essential and should be referenced in the report
text at each point they are relevant. Measurements should be specific and
referenced to identifiable datums. Conclusions regarding the cause of damage
should be expressed with appropriate confidence levels, distinguishing between
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what was directly observed, what was inferred from evidence, and what remains
uncertain.

The recommendations section of a forensic report typically includes a description
of the repairs or improvements necessary to restore the building to a safe
condition. Where the investigation has identified systemic deficiencies rather
than isolated damage, such as a building-wide pattern of overdriven nails or
missing hold-down hardware, the recommendations must address the systemic
condition rather than just the individual instances observed. In some cases, the
findings may indicate that the building is not safely occupiable in its current
condition and should be vacated pending repair.

Forensic investigation of shear wall failures is difficult work. This is partly
because the most revealing conditions are often the hardest to access, and partly
because the engineer must maintain objectivity in circumstances where all
parties have a financial interest in the outcome. The discipline required to report
what the evidence shows, rather than what a particular party wants it to show, is
the same discipline that characterizes sound engineering practice in every other
context. Chapter 14 closes the course by examining the advanced shear wall
systems and design approaches that offer performance beyond the minimum that
codes require, a topic that becomes particularly relevant in the design of new
buildings in high-hazard regions.
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CHAPTER 14

Advanced Shear Wall Systems and High-Performance
Construction

14.1 When Standard Systems Are Not Enough

Standard prescriptive and code-minimum engineered shear wall design serves
the majority of residential construction well. For most single-family homes and
straightforward low-rise multi-family buildings in moderate hazard zones, the
assemblies described in the SDPWS design tables, used with proper fastening and
connection detailing, provide adequate lateral resistance at reasonable cost. The
problems that lead engineers toward advanced systems typically arise in one of
three situations:

e The architecture creates geometric constraints that make standard wall
assemblies impractical

e The building is in a high-seismic or high-wind zone where the lateral
demands exceed what standard assemblies can achieve

e The owner and design team have made a deliberate choice to build above
the code minimum for resilience or life-safety reasons.

Each of these situations calls for different tools. Geometric constraints, such as a
narrow wall segment beside a large window opening, are best addressed with
prefabricated shear panels or portal frame systems that provide high capacity in
minimal width. High lateral demands call for higher-capacity assemblies,
potentially combined with supplemental systems such as steel moment frames at
the most demanding locations. Exceeding code minimums for resilience involves
a more holistic approach, combining higher-capacity walls with more robust
connections, better construction oversight, and sometimes performance-based
analysis to verify that the design objectives are being met.

Table 13 summarizes the major categories of advanced and high-performance
shear wall systems, and their typical applications.
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Table 13: Advanced and High-Performance Shear Wall System Types and Applications.

System Type

Key Characteristics and Applications

High-density sheathing + close
nail spacing (standard framing)

Achieves upper range of SDPWS Table 4.3A values
through 15/32" or 19/32" panels with 2" or 3" edge nailing;
no proprietary components; broadly code-compliant

Prefabricated shear panels
(e.g., Simpson Strong-Wall, USP
WS Series)

Factory-assembled with precision nailing and integrated
hold-down hardware; ICC-ES evaluation report governs
allowable loads; high capacity in narrow widths;
particularly useful beside large openings

Portal frame systems (site-built
per SDPWS or IRC)

Standard framing materials with hold-down hardware;
allowable force per panel determined by wall geometry
and header design; covered by SDPWS FTAO method or
IRC Section R602.10

Steel-framed shear wall (cold-
formed steel stud with WSP
sheathing)

Used in mixed-use podium buildings or where fire ratings
require non-combustible framing; shear wall design
follows AISI S400 rather than SDPWS; interface with wood
diaphragm requires careful connection detailing

Mass timber shear core (CLT or
NLT walls)

Used in taller mass timber buildings (Type IV
construction); CLT wall panels act as monolithic shear
planes; connections between panels and to foundations
are typically proprietary; governed by design
specification and ICC provisions for mass timber

Sources: AWC (2021); Simpson Strong-Tie (2023); Karacabeyli & Douglas (2013).

14.2 Prefabricated Shear Panels

Proprietary prefabricated shear panels are manufactured assemblies in which the

framing, sheathing, boundary elements, and hold-down hardware are all
incorporated into a single factory-built unit. The manufacturing environment
allows precise nail spacing, consistent panel-to-framing bearing, and integrated
hold-down hardware that is pre-positioned correctly rather than field-installed
after framing. The result is a product with a certified allowable load per panel,
established through testing and published in an ICC-ES evaluation report, which

can be used directly in design.
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The primary structural advantage of these systems is their ability to provide high
lateral resistance within a very narrow width, sometimes as little as 12 or 16
inches. That capability addresses the architectural constraint problem directly. A
narrow wall segment beside a garage door or a large window, which could not be
designed as a standard shear wall because of aspect ratio limits, can potentially
be replaced by a prefabricated panel of the appropriate width and load rating.
The engineer selects the panel based on the required allowable lateral force,
specifies the installation according to the manufacturer's instructions, and is
responsible for verifying that the connection to the foundation and the
diaphragm above meets the requirements of the evaluation report.

One important limitation of prefabricated systems is that their allowable loads
are certified for specific installation conditions. The concrete strength, anchor
rod embedment, and foundation geometry must meet the requirements stated in
the evaluation report. An engineer who selects a panel based on its rated capacity
but then specifies a foundation anchor detail that does not meet the report's
requirements, may produce a connection whose actual capacity is substantially
less than the rated value.

14.3 Continuous Rod Hold-Down Systems for Taller Buildings

As building height increases beyond two or three stories, the accumulated
overturning forces at the lower levels eventually exceed what standard bracket-
type hold-down hardware can practically resist. Anchor rods of 1-inch diameter
or larger are required, and the hardware brackets become large and complex.
Beyond four stories, continuous rod systems become the standard solution for
managing overturning resistance.

A continuous rod system runs a single threaded rod, typically 1 inch to 1-1/2
inches in diameter, from the foundation to the top of the building, passing
through the floor framing at each level. At each floor, a bearing plate and
coupling nut (or a take-up device with a shrinkage compensator) distributes the
rod force across the floor framing. The rod transfers tension forces from upper
stories directly to the foundation without relying on a series of individual hold-
down brackets at each floor, which would require each bracket to accumulate and
transfer the forces from all stories above.

Continuous rod systems require detailed shop drawing review and careful field
installation. The rod diameter, thread engagement at each coupling, bearing plate
sizes, and take-up device calibration all affect the system's performance. Rods
that are not properly tensioned during installation may show excessive slack;
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rods that are over-tensioned can impose compressive preload on the adjacent
wood framing, potentially causing deformation of the floor assembly. Engineers
specifying these systems should confirm that the installing contractor has
experience with the specific product and that inspection holds are included at the
critical installation stages.

14.4 Performance-Based Design Approaches

Conventional code-based design verifies that structural elements meet minimum
strength and stiffness criteria derived from a set of defined design loads. The
implicit objective is life safety: the structure should not collapse during a design-
level event, but it may be damaged and may require significant repair before it
can be reoccupied. This objective is appropriate for typical residential
construction, where the consequence of significant structural damage is financial
loss rather than loss of essential function.

Performance-based design takes a different approach. Rather than checking
components against code-prescribed minima, the engineer models the building's
structural behavior explicitly and evaluates the expected performance at multiple
hazard levels. A typical performance-based framework might evaluate the
building at a frequent event, a design event, and a rare maximum considered
event, and specify different performance objectives at each level. For an ordinary
residential building, the objectives might be no damage at the frequent event,
repairable damage at the design event, and no collapse at the rare event. For an
essential facility, such as a building that must remain functional after a disaster,
the objectives would be more stringent.

In wood-frame construction, performance-based design is most commonly
applied in taller mass timber buildings, in seismic retrofit projects where the
standard prescriptive approach cannot be directly applied to an existing building,
and in high-value projects in high-hazard zones where the owner has an explicit
resilience objective. The analysis tools available for wood-frame performance-
based design have improved substantially over the past decade, with nonlinear
time history analysis procedures now established for wood diaphragm and shear
wall systems (Pei et al., 2019).

These procedures rely on computer modeling of the full structural system, in
which the nonlinear load-deformation behavior of individual shear wall
assemblies and their connections is represented explicitly. The model is then
subjected to a suite of ground motion records scaled to the appropriate hazard
level, and the resulting story drifts, connection demands, and damage states are
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evaluated statistically across the suite. Software platforms capable of this type of
analysis for wood-frame systems have become more accessible in recent years,
though the modeling of nail connection hysteresis and panel degradation under
cyclic loading still requires specialist knowledge and careful calibration against
physical test data.

14.5 Strategies for Exceeding Minimum Code Requirements

For engineers who want to deliver buildings that outperform the code minimum,
without necessarily undertaking a full performance-based analysis, several
straightforward strategies are available. The most direct is to design walls for
lateral capacity greater than the code-calculated demand. This provides a margin
that accounts for uncertainties in load estimation, material variability, and
construction quality. A wall designed to resist 150 percent of the calculated
demand will deform less, lose less capacity under cyclic loading, and provide
more margin against the inevitable installation variations that occur in the field.

Improving connection redundancy is another effective strategy. Providing more
anchor bolts than the minimum required, specifying plate washers at every bolt,
regardless of whether the calculation strictly requires them, and using positive
connections at all diaphragm boundaries rather than relying on toe-nail
fastening, all contribute to a more robust lateral system without requiring a
change in the wall assembly design.

Enhanced inspection during construction is arguably the most cost-effective
resilience measure available. Many of the deficiencies described in Chapter 12 are
easily corrected when caught during framing or sheathing, but expensive or
impossible to address after finishes are in place. A structural observer present
during critical stages of framing and sheathing, with clear authority to require
corrections, adds relatively modest cost to a project, while substantially reducing
the risk of hidden deficiencies that will not reveal themselves until a lateral
loading event occurs.

The field of wood shear wall design continues to advance. Improvements in
sensor-based structural health monitoring, higher-resolution numerical models
of nail connection behavior, and broader adoption of mass timber systems at
greater heights are all expanding the boundaries of what wood-frame lateral
systems can achieve. The fundamentals covered in this course, the continuous
load path, the mechanics of shear transfer, the critical role of fasteners and
connections, and the importance of construction quality, remain constant across
all these developments. An engineer who has mastered those fundamentals is
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well equipped to evaluate new systems and design approaches as they emerge,
and to apply sound judgment in the many situations where no code provision or
design table provides an immediate answer.
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CHAPTER 15

Course Summary

Shear wall design in wood-frame construction is, at its core, a problem of
connecting things correctly. The materials are well understood, the analysis
methods are mature, and the codes provide detailed guidance. What distinguishes
buildings that perform well in extreme lateral loading events from those that do
not, is rarely the choice of analysis method or the selection of a higher-grade
sheathing panel. It is almost always the quality and completeness of the
connections: nails driven to the right depth and at the right spacing, hold-down
hardware present and properly anchored, collectors designed and detailed to
carry the forces the analysis assigns to them.

The lateral force resisting system of a wood-framed building is only as strong as
its weakest link. Sheathing panels and framing are passive elements; they
perform as designed provided the fasteners connecting them are correctly
installed and the load path through which forces travel is complete at every stage.
A shear wall with perfect sheathing and no hold-down hardware offers little
resistance to overturning. A well-proportioned building layout with torsionally
balanced wall lines, can be undermined by a single story where available wall
length has been sacrificed to architectural openings. Multi-story construction
amplifies these vulnerabilities, because overturning forces accumulate floor by
floor, and the consequences of an incomplete load path at the base of the building
are felt by every story above it.

Construction quality is the other variable that design documents alone cannot
guarantee. Post-disaster investigations consistently show that the gap between
calculated capacity and actual performance is rarely explained by errors in the
engineering analysis. The causes are almost always found in the field: fasteners
overdriven or omitted, blocking missing, hold-down hardware absent or
incorrectly installed. Regular inspection at the framing and sheathing stages,
before walls are covered, remains the most cost-effective safeguard available
against these deficiencies.

Taken together, the intent of this course is not simply to convey the rules of wood
shear wall design, but to develop the structural intuition that allows an engineer
to recognize when those rules apply, when they require judgment in their
application, and when the situation calls for something more.
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