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Introduction

The efficient use of shear walls in residential construction subjected to wind and seismic loading
is of great interest to designers and builders of homes in high hazard areas of the United States.
Shear walls are the primary lateral force resisting system in residential construction. There has
been considerable research aimed at optimizing the design of light-framed shear walls (wood and
cold-formed steel) in recent years. For relatively new types of wall systems, such as Insulating
Concrete Form (ICF) wall construction, the technical information available is limited. There is a
need to confirm or improve the use of traditional concrete shear wall design methods particularly
in the context of ICF systems and residential construction practices. Thus, inefficiencies that
result in conservative (uneconomical) or unconservative (unsafe) applications may be avoided.

A research program was initiated at the NAHB Research Center to study the structural
performance of ICF walls when subjected to in-plane shear loading. An experimental study was
designed to determine the influence of the following factors on the in-plane shear strength of ICF
walls: (1) height-to-length aspect ratio of shear wall segments, (2) openings for windows and
doors, and (3) the current minimal reinforcement details provided by the Prescriptive Method for
Insulating Concrete Forms in Residential Construction (Prescriptive Method) [1]. The main goal
of this study was to confirm and improve methods of evaluating the in-plane shear capacity of ICF
walls. This information is intended to improve the shear wall design and construction guidance
found in the Prescriptive Method [1] and the International Residential Code [2].

Background

Reinforced concrete shear walls can resist a large portion of the shear due to lateral loads on
buildings. However, failures of reinforced concrete walls are not necessarily dominated by shear
deformations. The balance between shear and flexure loading has a very significant role in overall
deformation and strength characteristics. Walls with a height-to-length aspect ratio of more than
about 2.0 possess flexure dominated deformational characteristics while walls with aspect ratios
less than 2.0 are influenced more by the presence of high shear loads [3]. However, this rule may
not apply to lightly reinforced concrete walls as found in the Prescriptive Method [1] and the
International Residential Code [2].

The use of reinforced concrete structural walls is common for resisting lateral loads imposed by
wind and earthquakes. In practice there are two different types of structural concrete walls:
cantilever shear walls and framed shear walls. Cantilever shear walls act as cantilever beams and
are connected to the rest of the structure by floor diaphragms through which horizontal forces are
transmitted to the wall. The design of cantilever shear walls is usually governed by flexural
behavior. The design philosophy is to ensure a ductile flexural failure where the tensile steel in the
boundary element reaches yielding before the web fails in shear.

The framed shear wall panel is considered to be an element that stiffens the shear resistance of a
plane frame. A framed shear wall is considered as part of the overall frame system except that it
receives a larger portion of the shear loads due to its greater stiffness. However, it is not
considered to receive a large overturning moment as in the cantilever shear wall because it is
constrained by the surrounding frame. It is essentially an in-fill wall that is designed to resist
shear. Consequently, the framed shear wall behaves differently than does a cantilever wall — the
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predominant action is shear [4]. The design of ICF walls for residential construction more closely
resembles the cantilever shear wall model.

The ultimate strength capacity of an individual shear wall element is a function of the material
strengths, the applied loading, and the geometry of the wall, including the amount of
reinforcement and the reinforcement detailing. Failure modes resulting from in-plane loads
include shear friction, diagonal shear cracking, flexural reinforcement yielding, and web crushing.
Other less desirable failure modes include reinforcement pullout (reinforcement development
length failure) or concrete failure as a result of overturning tensile forces.

In the shear friction mode, the wall responds linearly until a horizontal crack forms, typically at
the base of the wall, parallel to the applied load. At this point, the wall rotates as a rigid body,
causing the reinforcing steel to yield. Because of the progressive yielding, when the loading is
reversed, sliding displacement occurs along the horizontal crack. For this mode of failure to occur,
a horizontal crack must form at the base of the wall before diagonal shear cracking forms. This
mode typically controls the capacity of lightly reinforced low-rise shear walls [5].

If the shear walls have reinforcement in excess of the minimum required by ACI-318 [6] and a
height-to-length aspect ratio between 0.5 and 1.0, testing reveals diagonal shear cracking is the
predominant failure mode. These cracks begin at the base of the wall nearest the applied load and
occur at the same time that flexural cracks are noticed near the tension face. Diagonal cracks
continue to form under increasing load and are eventually accompanied by yielding of the vertical
reinforcement [5].

Shear forces caused by lateral loads are accompanied by a moment applied in the plane of the
wall. The presence of these moments requires that a flexural failure mode also be examined. The
failure mode can result in either a crushing of the compression zone concrete (if the wall is
heavily reinforced or constrained from overturning) or yielding of the tension bars. Typically,
crushing of the concrete in the web is not considered because the percentages of reinforcement are
kept below a balanced design value ensuring that the tension reinforcement will yield before
crushing can occur [7]. To assess the strength of a shear wall, the capacity to withstand these
various failure modes must be evaluated using mechanics-based expressions that have been
empirically validated or modified.

Experimental research toward the behavior of reinforced concrete walls is concentrated mainly in
the U.S., Japan, and New Zealand, with some more recent contributions from Europe. The
Portland Cement Association (PCA) was among the pioneers in the field in the 1970’s. Cardenas
et al. tested thirteen walls at a scale of 1:2 under monotonic loading [5]. Osterle et al. conducted
an extensive test program on walls of scale 1:3 with the ductility, energy dissipation, and strength
of the walls as the primary aim of the investigation [7]. Flanged, barbell, and rectangular sections
were investigated. The first two types of construction were found to be susceptible to web
crushing while the rectangular sections experienced out of plane instability. Both studies
concluded that shear reinforcement supplied to resist the expected maximum flexural response is
sufficient to avoid shear failure. Any additional shear reinforcement had little effect on the shear
stiffness. It was also reported that closed hoop reinforcement, typically used to improve the
torsional resistance, improved the elastic shear behavior of the reinforced concrete walls. By



applying uniform axial loads of 10-percent of the ultimate compression strength, the axial loading
was found to have a beneficial effect on the flexural capacity [7].

Relatively little testing has been done to evaluate the performance of reinforced concrete walls
with openings. Current building codes, such as the Uniform Building Code [8], include provisions
for the design of symmetrical and unsymmetrical solid concrete walls; however, it is often
necessary to provide openings in the walls for doors and windows. If the openings are small
relative to the wall dimensions, it may be reasonable to neglect the effects of the openings [9]. In
many cases, the opening is relatively large or is located in a critical region where inelastic
deformations are expected. In such cases, the influence of the opening on the overall wall
behavior must be evaluated.

Since current U.S. codes do not provide exact design guidelines for walls with openings,
considerable engineering judgement is required. In general, the influence of the opening on the
flexural and shear strength, as well as the design requirements, should be considered. If the
opening is near the middle of the wall, it will decrease the moment capacity of the wall only
slightly; however, the shear strength may be significantly reduced. In contrast, an opening near a
wall boundary may impact both the moment and shear strengths. Recent research of reinforced
concrete shear walls with openings is discussed below.

Research conducted by Ali and Wight on one-quarter scale slender walls with staggered openings
revealed the walls were vulnerable to shear compression failure in the narrow wall segment when
the opening at the base was near the wall boundary [10]. One specimen was tested without
openings and excellent behavior at large drift ratios was observed, even though only moderate
detailing of the boundary zones was provided compared with ACI 318-95 requirements [10]. This
improved behavior was explained using a displacement design approach [11]. Recently published
research on the behavior of slender walls has shown that a displacement design approach provides
a versatile design methodology [9] [11]. The procedure involves comparing the strain capacity of
the wall with the estimated strains imposed on the wall as a result of a design earthquake. In
general, providing additional transverse boundary reinforcement can increase the strain capacity
of a wall. Thus, rather than providing an arbitrary amount of confining reinforcement at the wall
boundaries, confinement is selected based on the deformation or strain demand. However, this
method is not considered an efficient design approach for residential construction due to the
increased complexity of reinforcement details required at the boundary elements.

Taylor et al. conducted two one-quarter scale tests to determine the effects of openings at the base
of slender reinforced concrete walls [9]. The walls were 12 ft (3.66 m) high by 4 ft (1.22 m) long
resulting in a height-to-length aspect ratio of 3.0. A 20 in (508 mm) high by 9 in (229 mm) long
opening was provided at the base of each specimen located 3.5 in (89 mm) from the edge of the
wall. One specimen had a rectangular cross section and one had a barbell cross-section. A
constant axial load of approximately 0.10f¢A, was applied to the walls for the duration of each

test. This level of axial load was used to represent the dead load in a typical moderate-rise
building. The research concluded that slender structural walls with openings can exhibit stable
behavior and significant ductility, even for cases when the opening is in the flexural compression
zone. The large opening at the base did not significantly influence the behavior or strength of the
wall compared to the walls without openings. Vertical cracks above the door opening indicate that
the reinforcement in this location was effective in providing a load path around the opening.



Lefas et al. tested 13 reinforced concrete shear walls with a constant thickness and a height-to-
length aspect ratio ranging between 1.0 and 2.0. The vertical and horizontal reinforcement
consisted of high tensile strength deformed bars. Additional horizontal reinforcement in the form
of stirrups confined the wall edges. Three levels of constant axial load were applied in the testing
program,; they corresponded to 0.0f¢A , 0.1f%A,, and 0.2f8¢A . These load levels were considered

to represent the amount of axial load at the base of the wall of a single story, a medium-height,
and a high-rise building, respectively [12].

Failure of the walls occurred due to the nearly vertical splitting of the compression zone in the
region of the inclined or deepest flexural crack, followed by splitting of the whole compressive
zone. The failure region was more extensive with decreasing height-to-length aspect ratio and
increasing axial load [12].

The ultimate shear capacity of the specimens with axial loads equal to 0.1f%A,, and 0.2 f$A  was

higher than that of the walls subjected to shear load only by about 25 and 30 percent, respectively.
The axial load also reduced the value of the horizontal displacement at peak load. Differences in
compressive concrete strength as high as 35 percent resulted in almost negligible variation in wall
strength. This may indicate that strength and deformation characteristics of the walls are not
significantly affected by variability in concrete strength [12].

The observed maximum shear capacity sustained by the walls substantially exceeded the
calculated flexural and shear capacities defined by ACI 318. Although ACI 318 provisions
indicated a ductile flexural failure mode, the specimens actually exhibited a shear failure mode
while remaining ductile. Specimens that utilized about half of the horizontal web reinforcement
required by ACI 318 to safeguard against a non-ductile shear failure also failed by shear in a
ductile manner. Such behaviors indicated that significant reductions in the horizontal web
reinforcement does not have a significant effect on shear capacity [12].

Research for the Portland Cement Association investigated the in-plane shear resistance of various
types of wall construction commonly used in residential construction. This study included three
concrete shear walls with a height-to-length aspect ratio of 2.0 constructed with the major ICF
system types (flat, waffle-grid, and screen-grid). The specimens were cast using separate header
and footer beams to distribute the load evenly. Rigid body motion due to uplift was prevented
using an external hold-down device. Nominal compressive strength concrete ordered for
construction of the wall panels was 2,500 psi (17.2 MPa), but testing revealed an average
compressive strength of 5,210 psi (35.9 MPa). Grade 60 reinforcing steel with a tested yield
strength of 63 ksi (434.4 MPa) was used. The flat ICF specimen contained three equally spaced #4
dowels to connect the specimen to the footer, three equally spaced #4 vertical reinforcing bars,
one #4 horizontal reinforcing bar at the top of the specimen, and two #4 horizontal reinforcing
bars at third points along the height. The waffle-grid and screen-grid specimens each contained
equally spaced #4 dowels to connect the specimen to the footer, one #4 horizontal reinforcing bar
at the top of the specimen, and two #4 horizontal reinforcing bars at approximately third points
along the height. No vertical reinforcement was used in the construction of the waftle-grid or
screen-grid specimens [13].



The flat ICF specimen experienced initial cracking along the leading edge at the wall panel to
footing interface. As the displacement increased, the initial cracking extended to the toe and
vertical cracks formed at the bottom of the wall at the leading edge due to bond failure between
the concrete and reinforcing dowel. Crushing of the toe was also evident on the compression side.
Pullout of the dowel bar from the wall specimen led to gradual decrease in load that was deemed

failure of the specimen even though it was restrained against rotation. The peak load was
34,245 1b (152.3 kN).

The waffle-grid ICF specimen experienced cracking along leading edge at the wall panel to
footing interface. As the displacement increased, this base crack widened and extended. In
addition to the extension of the base cracking, concrete crushing and spalling was observed at the
toe. Failure resulted from typical propagation of shear cracks. The peak load was 28,946 1b (128.8
kN).

The screen-grid ICF specimen experienced cracking along leading edge at the wall panel to
footing interface. As the displacement increased, an inclined shear crack formed that led to failure
of the specimen. The peak load was 27,889 Ib (124.1 kN).

ICF Wall Design for Parallel (In-Plane) Shear

The current design of concrete shear walls for parallel (in-plane) shear follows the provisions
outlined in ACI 318 — 99 Section 11.10 [6]. The equations below from Section 11.10 are used to
check parallel (in-plane) shear. All vertical cores, both reinforced and unreinforced, are assumed
to resist parallel wall shear. Dimensions are often simplified for waffle-grid and screen-grid wall
systems that have complex cross sectional geometries. Generally, the web thickness (or effective
web thickness) is not considered when evaluating the parallel shear resistance of ICF walls with
non-uniform cross sections.

v, £fV,
V,=V.+V,

A, f,d
v, =i whenV, >fV,
S2

d=08I,
v, =2/f%d

where:

Shear strength reduction factor = 0.85 per ACI 9.3.2.

Area of horizontal shear reinforcement within a distance, s,, and a distance, d, per ACI 11.10 (inz).
As in above equation per ACI 11.10.4 (in).

Specified compressive strength of concrete (psi).

Specified yield strength of shear reinforcement (psi).

Concrete wall thickness (in).

Length of reinforced segment (in).

Spacing of horizontal shear reinforcement (in).

Nominal shear strength of concrete per ACI 11.10.5 (Ibs).

Nominal shear strength per ACI 11.2 (Ibs).

Nominal shear strength of shear reinforcement per ACI 11.10.9 (1bs).
Factored shear force at section (Ibs).
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According to ACI-318, a larger value of d, equal to the distance from the extreme compression
fiber to the center of force of all reinforcement in tension, is permitted when determined by strain
compatibility analysis.

Where the factored shear force V, exceeds shear strength f V., horizontal shear reinforcement shall
be provided. The ratio of horizontal shear reinforcement area to gross concrete area of the vertical
section shall not be less than 0.0025. According to ACI 318, spacing of horizontal reinforcement,
s», shall not exceed /,,/5, 3h, nor 18 in (457 mm).

Due to the number and size of wall openings in residential construction, particularly on the street
facing side of houses, there may be segments with height-to-length aspect ratios greater than or
equal to 4:1. In such cases, the behavior of these segments may be dominated by flexural behavior
rather than shear behavior. Therefore, the flexural response of such segments in ICF walls should
be evaluated using the equations below in accordance with ACI Chapter 10. The amount of tensile
reinforcing steel is limited such that it will yield before the concrete reaches its ultimate
compressive strength as required by ACI 318 [6].

M, ETM,

v, £fa f,&- 29
S5l

(%]
_ AL
aqa=—
0.85/.'b

where,

= the strength reduction factor of 0.9 for flexure per ACI 9.3.2

= depth of equivalent rectangular stress block (in)

= area of tensile reinforcing steel (in%)

= width of compression face of member (in)

= distance from extreme compression zone (top of beam or toe of wall) to centroid of tensile
reinforcement (in)

= specified compressive strength of concrete (psi)

= specified yield strength of reinforcement (psi)

' = nominal moment strength (in-1b)

= moment induced by factored design loads (in-1b)

SIS O

SET3

=

Regardless of the design conditions, ACI 318 requires a minimum amount of tensile reinforcing
steel determined by the greater of the following equations:

e 3Jf®,d | 200b,d
s, min fy fy

In practice, most design applications involve the use of multiple concrete shear wall segments to
comprise a building wall line. In residential construction, the configuration and size of these
segments (i.e., aspect ratio and wall opening dimensions) can vary significantly. This condition
demands the consideration of stiffness of individual wall segments in determining the capacity of
a wall line that may be comprised of segments with very different stiffness characteristics. Yet,
the current approach favored in residential and low-rise concrete construction determines the

6
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capacity of a concrete (or masonry) shear wall by assuming that all solid portions of a wall,
regardless of how far separated or to what degree they are coupled, act as a solid concrete wall of
equal length. With this approach, only in cases with extremely scant amounts of solid wall (i.e.,
more representative of a concrete frame) does flexural capacity control the design solution. This
questionable approach is represented in current code documents as well as the general engineering
practice [14].

In the Prescriptive Method [1], a more conservative approach was used whereby wall bracing
amounts in the prescriptive tables were controlled by limiting in-plane flexural capacity of the
segments in the wall line in order to determine the required minimum percentage of wall length.
An iterative process was used, whereby the length of the flexural elements were varied from 2 ft
(0.61 m) to 8 ft (2.4 m) depending on the amount of solid wall length required. The intent of this
research was to improve the design method and related assumptions for ICF shear wall design.



Experimental Program

A total of nine ICF shear walls using three different ICF systems were constructed and tested to
evaluate their structural performance using the minimum material and detailing requirements
outlined in the Prescriptive Method [1]. An overview of the ICF shear wall specimens is given in
Table 1. Diagrams showing the shape and dimensions of the individual ICF blocks used to form
the shear walls are shown in Figure 1.

Table 1
Specimen Details
a enings orizonta ertica ootin; a
ICF Wall Opening Hori 1 Vertical Footing/Wall
ecimen onfiguration einforcement einforcement nterface
Speci Config i Reinfe Reinfe | f;
FLAT NONE 1 —No. 4 Bar at top 1 —No. 4 Bar at each end | 2 —No. 4 Bars and No. 4
No. 1 1 — No. 4 Bar at mid-height dowels with 12in embedded
(Wall 1) in the concrete specimen
1 —No. 4 Bar at top
FLAT 6ft x 6ft | 1 —No. 4 Bar at mid-height | 1 —No. 4 Bar ateachend | 4 — No. 4 Bars and No. 4
No. 2 B H— R 1 —No. 4 Bar below and at each side of the dowels with 12in embedded
(Wall 2) opening opening in the concrete specimen
FLAT 7ftx 8ft | 1 —No.4Barattop 1 - No. 4 Bar at each end | 4 — No. 4 Bars and No. 4
No. 3 1 —No. 4 Bar at mid-height | and at each side of the dowels with 12in embedded
(Wall 3) opening in the concrete specimen
WAFFLE NONE 1 —No. 4 Bar at top 1 —No. 4 Bar at each end | 2 —No. 4 Bars and No. 4
No. 1 1 —No. 4 Bar at mid-height dowels with 12in embedded
(Wall 4) in the concrete specimen
1 —No. 4 Bar at top
WAFFLE 6ft x 6ft | 1 —No. 4 Barat mid-height | 1 —No. 4 Bar at each end | 4 — No. 4 Bars and No. 4
No. 2 BH T i 1 —No. 4 Bar below and at each side of the dowels with 12in embedded
(Wall 5) opening opening in the concrete specimen
WAFFLE g 7ftx 8ft | 1 —No.4Barattop 1 —No. 4 Bar at each end | 4 — No. 4 Bars and No. 4
No. 3 g 1 —No. 4 Bar at mid-height | and at each side of the dowels with 12in embedded
5 opening in the concrete specimen
(Wall 6) | p
SCREEN NONE 1 —No. 4 Bar at top 1 —No. 4 Bar at each end | 2 —No. 4 Bars and No. 4
No. 1 1 — No. 4 Bar at mid-height dowels with 12in embedded
(Wall 7) in the concrete specimen
1 —No. 4 Bar at top
SCREEN 6ft x 6ft | 1 —No. 4 Barat mid-height | 1 —No. 4 Bar at each end | 4 — No. 4 Bars and No. 4
No. 2 BH T i 1 —No. 4 Bar below and at each side of the dowels with 12in embedded
(Wall 8) opening opening in the concrete specimen
SCREEN g 7ftx 8ft | 1 —No.4Barattop 1 —No. 4 Bar at each end | 4 — No. 4 Bars and No. 4
No. 3 g 1 —No. 4 Bar at mid-height | and at each side of the dowels with 12in embedded
0 opening in the concrete specimen
(Wall 9) v P
For SI: 1in=25.4 mm
1 ft=0.3048 m.
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Individual reinforced concrete footers were cast for each of the nine shear walls. Vertical
reinforcement, in the form of #4 dowels, was installed in the footing to provide a connection
between the footer and shear wall interface. The dowels extended 12 in (305 mm) from the top of
the footer into the wall.

Different manufacturers provided the three types of ICFs used to cast the walls on the footer
beams. Vertical and horizontal reinforcement was placed in the center of the wall cross section
and positions varied as necessary to match the center of the cores in the waffle- and screen-grid
ICF systems. Each of the 9 shear walls were cast on individual reinforced concrete footers. The
concrete lintels in the waffle-grid and screen-grid shear walls with openings were installed
according to the manufacturers’ requirements resulting in essentially rectangular beams.

The concrete mix used for all of the footers was specified to provide a minimum 28-day
compressive strength of 5,000 psi (34.5 MPa). Quantities of materials incorporated in the selected
concrete mix are shown in Table 2. The concrete was supplied by a local ready-mix company and,
after certain adjustments were made to optimize workability, had a measured on-site slump of

4 in (102 mm) according to ASTM C143 [15].

The concrete mix used for all of the shear wall test specimens was specified to comply with the
Prescriptive Method [1]. The mix was designed to provide a minimum 28-day compressive
strength of 2,500 psi (17.2 MPa). Quantities of materials specified in the selected concrete mix are
shown in Table 2. The concrete was supplied by a local ready-mix company and, after certain
adjustments were made to optimize workability (i.e., adding water), had a measured on-site slump
of 6 in (152 mm) according to ASTM C143 [15] representing a maximum allowable by the
Prescriptive Method [1].

Table 2
Concrete Mix Data
Reinforced Concrete Footers ICF Shear Wall Specimens

Mix Ingredient Quantity Mix Ingredient Quantity
Cement Type /11 3,760 1b Cement Type /11 3,375 b
Concrete Sand 4,875 1b Concrete Sand 10,395 1b

#67 Washed Gravel 9,250 Ib #8 Washed Gravel 12,750 1b
Daravair 1000 30 oz Daravair 1000 30 oz

WRDA with HYCOL? 115 oz WRDA with HYCOL® 98 oz

Water 170 gal Water 240 gal

ForSI: 11b=445N,10z=028N,1gal=3.791
Notes:
1. Daravair 1000 is an air-entraining admixture and is formulated to comply with Specification for Air-Entraining Admixtures for
Concrete, ASTM Designation C 260.
2. WRDA with HYCOL is a water-reducing admixture and is formulated to comply with Specification for Chemical Admixtures for
Concrete, ASTM Designation C 194.

Concrete was placed in the ICFs using a concrete pump truck in layers (lifts) of a depth equal to
approximately 4 ft (1.22 m). Although a concrete pump truck was used for the pour, a “J”-trap
was not utilized on the pipeline, which caused the concrete to free fall from a distance in excess of
20 ft (6.1 m). Each lift was manually consolidated using a 0.5 in (12.7 mm) diameter steel rod.
The total time duration of the cast was approximately 5 hours for all specimens because of
complications experienced (i.e., blowouts due to excessive drop height of concrete). The
complications caused a batch casting time well beyond that recommended. Rainy weather
conditions also affected the concrete casting, and the specimens were covered with plastic at the
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completion. In total, these conditions may be considered “worst case” representations of
residential construction practice and conditions without any special quality control procedures.

Cylindrical concrete specimens were also cast for the footer and shear wall specimens following
ASTM C39 [16], ASTM C31 [17], and ASTM C192 [18]. Six 6 in x 12 in (152.4 mm x 304.8
mm) cylinders were cast to represent the concrete incorporated in the footers. After 48 hours the
cylinders were split into a moist cured batch and a field cured batch. The cylinders were tested at
28 days to determine the compressive strength of the concrete in the footers. Table 3 summarizes
the results.

Fourteen 6 in x 12 in (152.4 mm x 304.8 mm) cylinders were cast to characterize the concrete
incorporated in the shear wall specimens. After 48 hours the cylinders were split into two batches.
The first batch was moist cured, while the second batch was field cured. The cylinders were tested
at 28 and 156 days to determine the standard compressive strength of the concrete and the
compressive strength at the time of testing. Table 3 summarizes the results.

Table 3
Concrete Compression Tests
Footer Cylinders Shear Wall Cylinders
Test 28 day Test 28 day 156 day

Specimens (psi) Specimens (psi) (psi)
5,629 1,624 1,779
Moist-Cured 5,092 Moist-Cured 1,808 2,046
5,443 1,931 2,150
AVERAGE 5,388 AVERAGE 1,788 1,992
Ccov 0.051 Cov 0.087 0.096
4,433 1,562 1,753
Field-Cured 4,566 | Field-Cured 1,607 1,794
4,457 1,599 1,776
AVERAGE 4,486 [ AVERAGE 1,589 1,774
Ccov 0.016 | COV 0.015 0.012

For SI: 1 psi = 6.90 kPa.

According to ACI 318, the compressive strength, f&, should be determined from the moist-cured
specimens. However, the field-cured specimens were considered to be more representative of
actual conditions. The 28-day compressive strength of the footers was determined to ensure that
the footers would not limit failure of the specimens. Moist-cured and field-cured shear wall
specimen cylinders were tested at 28 days and at 156 days to determine the concrete compression
strength (f¢) throughout the test program. An average 28-day value of 1,788 psi (12.3 MPa) was
obtained which was 28 percent less than specified. This reduction in strength may be partially
attributed to the field conditions experienced at the time of the pour and the maximum slump
used. The representative concrete compressive strength of 1,774 psi (12.2 Mpa) was used for the
purpose of evaluating the test results relative to ACI 318 predictions.

Grade 60 tensile reinforcing steel was ordered for fabricating the shear wall specimens. Table 4
lists the results of the tension tests performed at the University of Maryland.
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Table 4
Rebar Tension Tests

Test £y
Specimens (ksi)

#4 Rebar

Specimen 1 60.1
Specimen 2 61.8
Specimen 3 60.9
AVERAGE 60.9
cov 0.014

For SI: 1 ksi = 6.90 MPa.

Test Procedure

Tests on the shear wall specimens commenced at a concrete age of 120 days and continued over a
duration of 36 days. The shear walls were tested in a vertical position with overturning restraint
and measurements similar to that described in ASTM E72 [20] using monotonic loading. A
hydraulic actuator, with a range of 8 in (203.2 mm) and 85,000 1b (378.1 kN) capacity, applied the
load to the top of each shear wall through a steel header beam at a rate of 0.2 in/min (Figure 2).
The steel load beam was attached to the specimens using 3/4 in (19.1 mm) bolts 1 ft (0.3 m) on
center that were embedded in the specimens at the time of the pour. An external hold-down was
provided on the leading edge of the shear walls to prevent an overturning failure mode. The
restraint did allow the specimens to rotate a small amount, but prevented an overturning failure
from dominating the behavior of the specimens. A 100,000 Ib (444.8 kN) load cell was attached to
the end of the actuator to enable load recordings. The load cell calibration was verified using the
NAHB Research Center’s Universal Test Machine (NIST Traceable).

Figure 2
NAHB Research Center’s Shear Wall Testing Facility
12



Three linear variable differential transformers (LVDT) were used to measure the displacement of the
specimens during the tests. The LVDTs measured the horizontal displacement of the top of the wall,
the horizontal displacement (or slip) of the bottom of the specimen, and uplift at the leading edge
relative to the footing beam. Two dial gauges were used to independently measure the horizontal slip
and uplift of the footing beam.

All tests were one directional, displacing the top of the wall to a maximum of 4 in (101.6 mm) over
a twenty minute period. Data from the load cells and LVDTs were collected 2 times per second.
Data from the dial gauges were manually recorded at 500 Ib (2.24 kN) increments up to 5,000 Ib
(22.2 kN) and at 1,000 1b (4.45 kN) increments thereafter. Each of the nine wall configurations was
tested once. Items of interest were observations of cracking during displacement history, ultimate
load capacity, load distribution, initial stiffness, and energy dissipated. Load-displacement curves
were plotted for each of the wall specimens to better understand and compare the behavior of the
walls.

Test Results and Discussion

General Observations of Wall Behavior

Qualitative observations of the performance of the ICF shear wall specimens were noted during
the tests. The observations were mostly visual such as crack formation, growth, and propagation.
The formation and growth of cracks on the ICF panels detail the basic mechanisms of response to
the monotonic drift history. A summary of the important events in each shear wall test is given in

Tables 5 through Table 7. Figures 3 through 13 illustrate the observed behavior.

Table 5

Test Observations for the Flat Shear Wall Specimens

Flat No. 1 (Wall 1) — 4ft x 8ft

Lateral Load (Ibs) Lateral Displacement (in) Comments

18,000 1.100 Crushing of concrete at the top of the specimen near the hold-
down restraint and load application due to uplift at leading edge.

18,600 1.130 Uplift at leading edge. Failure at concrete reinforcing dowel
interface.

20,800 1.770 Crushing and spalling increasing at leading edge.

Flat No. 2 (Wall 2) — 12ft x 8ft with Window Opening

Lateral Load (Ibs) Lateral Displacement (in) Comments

4,100 0.190 Hairline cracks forming around corners of window (Figure 3).

7,500 0.330 Visible uplift of 4ft panel. No uplift of 2ft panel.

15,150 0.590 Crack at the top corner of the specimen where the load is applied
to the top right corner of the window opening widens to 1/4 in.

38,500 1.250 Crack at the top corner of the specimen where the load is applied

to the top right corner of the window opening widens to 7/8 in
(Figure 4). Distress in 2ft segment only near opening corners.

Flat No. 3 (Wall 3) — 12ft x 8ft with Garage Opening

Lateral Load (Ibs) Lateral Displacement (in) Comments

1,610 0.530 Cracking along the uplift edges of both panels.

1,760 0.760 Cracks near the corners of the garage opening.

2,010 1.070 Propagation and widening of cracks from the loading corner to the
top corner of the opening (Figure 5). Additional cracking on
trailing wall segment around garage opening.

1,620 2.510 Test terminated. Noticeable racking of specimen. Apparent

rotation of both wall segments (Figure 6).
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Figure 3
Typical Hairline Cracking at the Corners of the Window Opening
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Figure 4

Failure Mechanism of Flat No. 2 Wall Specimen
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Figure S
Failure Mechanism of Flat No. 3 Wall Specimen

Figure 6
Final Lateral Displacement of Flat No. 3 Wall Specimen
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Table 6

Test Observations for the Waffle-Grid Shear Wall Specimens

Waffle-Grid No. 1 (Wall 4) — 4ft x 8ft

Lateral Load (Ibs) Lateral Displacement (in)

Comments

8,400 0.620 Uplift at leading edge. Failure at concrete reinforcing dowel
interface.

10,000 0.850 Crushing of concrete at the top of the specimen near the hold-
down restraint and load application.

17,000 1.200 Hairline crack forming at 45-degrees at the top corner of the
specimen where the load is applied.

17,800 1.260 Hairline crack widens and propagates to cause failure (Figure 7).

Waffle-Grid No. 2 (Wall 5) — 121t x 8ft with Window Opening

Lateral Load (Ibs) Lateral Displacement (in)

Comments

7,100 0.330 Visible uplift of 4ft panel. No uplift of 2ft panel.

12,500 0.540 Cracking from loaded corner to adjacent window corner.

15,500 1.150 Cracking from loaded corner to adjacent window corner widening
to 3/8 in.

17,000 1.270 Cracking around the corners of the window opening (Figure 8).

17,500 1.320 Crushing of concrete at the top of the specimen near the hold-
down restraint and load application. Uplift at leading edge.

18,100 1.400 Cracking from loaded corner to adjacent window corner widening

to 3/4 in (Figure 9). Distress in 2ft segment only near opening
Ccorners.

Waffle-Grid No. 3 (Wall 6) — 12ft x 8ft with Garage Opening

Lateral Load (Ibs) Lateral Displacement (in)

Comments

800 0.160 Cracking along the uplift edges of both panels.

1,000 0.220 Crack near the corner of the garage opening.

1,500 0.340 Crushing at the toe of both 2ft panels

2,000 0.600 Widening of crack from loading corner to the top corner of the
opening

1,330 0.990 Test terminated. Noticeable racking of specimen. Apparent lateral

load distribution to both wall segments. Severe cracking around
corner of garage opening (Figure 10).
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Figure 7
Failure Mechanism of Waffle No. 1 Wall Specimen

Figure 8
Typical Hairline Cracking at the Corner of the Window Opening (Waffle No. 2)
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Figure 9
Failure Mechanism of Waffle No. 2 Wall Specimen

Figure 10
Final Lateral Displacement of Waffle No. 3 Wall Specimen



Table 7

Test Observations for the Screen-Grid Shear Wall Specimens

Screen-Grid No. 1 (Wall 7) — 41t x 8ft

Lateral Load (Ibs) Lateral Displacement (in) Comments

11,400 0.860 Uplift and cracking at leading edge. Crushing at hold-down

13,000 1.130 Hairline cracks forming from loading corner across specimen at
approximately 20-degrees.

16,500 1.550 Crushing of concrete at the top of the specimen near the hold-
down restraint and load application.

17,200 1.700 Widening and propagation of cracks from loading corner caused

failure (Figure 11).

Screen-Grid No. 2 (Wall 8) — 121t x 8ft with Window Opening

Lateral Load (Ibs) Lateral Displacement (in) Comments

2,700 0.160 Initial crack formed at mid-height on the leading edge to the
bottom corner of the window opening.

5,200 0.550 Cracking around the corners of the window opening. A hairline
crack formed at 45-degrees at the top corner of the specimen
where the load is applied.

5,600 0.740 45-degree crack widened and additional cracks formed around this

crack (Figure 12).

Screen-Grid No. 3 (Wall 9) — 12ft x 8ft with Garage Opening

Lateral Load (Ibs) Lateral Displacement (in) Comments

1,100 0.120 Cracking along the uplift edges of both panels.

1,990 0.700 Cracks near corners of garage opening.

1,750 0.850 Crushing at the toe of both 2ft panels

1,660 0.940 Widening of crack from loading corner to the top corner of the
garage opening. Spalling of concrete at leading reinforcing dowel.

1,580 1.110 Test terminated. Noticeable racking of specimen. Apparent

rotation of both wall segments. Severe cracking around corner of
garage opening (Figure 13).

Figure 11
Failure Mechanism of Screen No. 1 Wall Specimen
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Failure Mechanism of Screen No. 2 Wall Specimen

Figure 13
Final Lateral Displacement of Screen No. 3 Wall Specimen



With only one exception, each of the three shear wall configurations tested behaved similarly with
a typical shear controlled failure mode regardless of the ICF system used. The one exception — the
flat 4 ft x 8 ft (1.22 m x 2.44 m) specimen — never experienced shear cracks, but rather failed due
to crushing and spalling of the concrete at the hold-down restraint and load application corner.

Force-Displacement Response

The responses of the shear wall specimens to the displacement history are shown in the force-
displacement curves of Figures 14 through 19. The force-displacement curves demonstrate that
the response of the shear wall specimens was essentially linear during the initial loading and
became non-linear as the displacement increased. In most cases, the behavior of the walls
resembles an elastic-plastic system with a well defined proportional limit. This proportional limit
corresponds to either the formation of shear cracks or the initial overturning failure outlined in
Tables 5 though 7.

The ultimate shear load, Fp.x, as well as the corresponding displacement, Dgyax, Was gathered
directly from the data. Failure was determined as the capacity of the specimen immediately prior
to a significant decrease in strength or when the load dropped to 0.8F ., whichever occurred first.
These loads and displacements are presented in Table 8. It is not clear why Screen No. 2
experienced an unusually low ultimate load compared to the other specimens.

Table 8
Force-Displacement Data Summary from Testing

Wall Specimens

1 2 3 4 5 6 7 8 9
Flat Flat Flat | Waffle | Waffle | Waffle | Screen | Screen | Screen
No.1 | No.2 | No.3 || No.1 | No.2 [ No.3 || No.1 | No.2 No. 3
Fax (Kips) 20.84 | 38.57 | 2.02 | 17.77 | 18.11 | 2.03 17.69 | 5.63 2.00
? Fmax (i) 1.79 1.25 1.07 1.17 1.40 0.66 1.72 0.77 0.70
Ftaiture (Kips) 18.8 30.9 1.6 12.9 14.4 1.3 14.1 3.9 1.6
? failure (A1) 2.24 1.95 2.52 1.25 2.44 0.99 2.02 1.04 1.12
Initial Stiffness (kips/in) 12.6 24.2 16.8 12.8 21.6 15.2 13.7 19.6 12.9
Energy Dissipated (kips-in)|| 31.4 44.6 4.2 10.72 | 31.61 | 1.50 22.1 53 1.7
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Force-Displacement Response for the Flat ICF Shear Wall Specimens
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Force-Displacement Response for the Screen-Grid ICF Shear Wall Specimens
(Wall 7, Wall 8, and Wall 9)
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Force-Displacement Response for the 4ft x 8ft ICF Shear Wall Specimens
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23



24

Lateral Load (Ibs)

//[,\ Flat (Wall 2)

.

/ . Waffle (Wall 5)

Screen (Wall 8)

1.0 L.5 2.0 2.5

Lateral Displacement (in.)

Figure 18

Force-Displacement Response for the 12ft x 8ft with Window Opening ICF Shear Wall Specimens
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Initial Stiffness

The initial portion of the force-displacement curves were fit with a linear least-squares trend, the
slope of which is taken as the initial stiffness (K). That portion of the curve for which the
magnitude of the force did not exceed 40-percent of the peak load was used in the calculation. The
linear least-squares trend provided a very good fit to the data. The initial stiffnesses are listed in
Table 8.

In general, the initial stiffnesses for the 4 ft x 8 ft (1.22 m x 2.44 m) panels were all within 8-
percent regardless of ICF system used. This may be explained by the fact that overturning rather
than shear cracking controlled the initial behavior of the specimens. For the 12 ft x 8 ft (3.66 m x
2.44 m) specimens, the flat ICF had approximately a 10-percent and 20-percent higher initial
stiffness than the waffle-grid and screen-grid, respectively, regardless of opening size.

The load distribution between the 4 ft (1.22 m) and 2 ft (0.61 m) full-height wall segments (i.e.,
the specimens with the window opening) was investigated using the stiffness from the test data.
An effective stiffness was calculated for specimens containing the window opening using the
stiffnesses determined in Table 8. The specimen was simplified into two springs in parallel. Since
the system is considered a parallel spring system, both full height wall segments (or “springs”)
realize equal displacements. Hence the effective stiffness (Kepecive) for the window specimen is
defined as

Keffective = K4ft + Kgarage/ 2

Ky 1s the tested stiffness of the 4 ft (1.2 m) wall specimens and Kgarage/2 is the stiffness of the 2 ft
(0.61 m) wall segment (as determined by taking one-half of the tested stiffness of the garage
opening specimens which had two 2ft (0.61 m) segments). Table 9 summarizes the calculations.
This method provides very reliable results for determining the stiffness of specimens with
dissimilar full height wall segments when the stiffnesses of the individual segments are known.
This suggests that the nominally reinforced lintels used in the specimens initially provided
adequate transfer of the load to the trailing 2 ft (0.61 m) wall segment.

Table 9
Comparison of Actual to Effective Stiffness
ICF Tested Stiffnesses (kip/in) Keftective Ratio
TYPE det KGarage I<Wind0w (klp/ln)
FLAT 12.6 16.8 24.2 21.00 1.15
WAFFLE 12.8 15.2 21.6 20.40 1.06
SCREEN 13.7 12.9 19.6 20.15 0.97
Energy Dissipated

The toughness of a wall can be quantified by its ability to dissipate energy while deforming.
Cumulative energy dissipation was obtained by integrating the force-displacement curves to
determine the area under each up to a significant decrease in resistance or 0.8F,x . These values
are listed in Table 8.

The flat ICF shear walls were able to maintain near peak loads for larger displacements than were
the waffle-grid and screen-grid specimens. This resulted in larger energy dissipation values.
However, there was no obvious distinction in energy dissipation performance between the waffle-
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grid and screen-grid specimens. Waffle No. 1 experienced an abrupt shear failure, and this
resulted in the comparatively low calculated value of energy dissipation (low ductility). The low
ultimate load experienced by Screen No. 2 adversely affected the energy dissipation calculations
for this specimen.

Design Evaluation

In this section, current design methods for ICF shear walls are compared to the test results from
the previous section. A previous research program evaluated the effectiveness of concrete lintels
without shear reinforcement and produced more efficient lintel designs for ICF construction [21].
It was determined that an effective web thickness of 3.2 in (81.3 mm) and 2.0 in (50.8 mm)
provided accurate predictions of the shear capacity of the waffle-grid and screen-grid lintels
tested, respectively. In this study of shear walls, current design methodologies and the effective
web thickness approach are evaluated. Effective widths for shear walls are expected to differ from
those developed from the lintel research since the shear loads are applied in a horizontal direction
compared to a vertical direction for lintels. For the waffle-grid and screen-grid specimens, the
cross-sectional areas of concrete differ in the horizontal and vertical planes.

Flat Specimens

Two prediction models were investigated for the flat specimens. Model 1 assumes all full height
wall segments 2 ft (0.61 m) or greater in length act together as a continuous solid wall to resist a
concentrated lateral force at the top of the wall. Model 2 assumes 2 ft (0.61 m) solid wall
segments will be dominated by flexural behavior while 4 ft (1.22 m) solid wall segments will be
dominated by shear failure. Table 10 summarizes the predictions of Model 1 and Model 2.
Appendix A includes the calculations used to develop Table 10.

Table 10
Tested vs. Predicted Shear Capacities for Flat Test Specimens using Model 1 and Model 2
Model 1 Model 2

Test Failure | Tested Shear Predicted Ratio Predicted Ratio

Specimen | Mode' | Capacity (Ibs) Shear Tested/ Shear Tested/
Capacity | Predicted Capacity | Predicted
(Ibs) (Ibs)
Flat No. 1 C 20,840 24,018 0.87 24,018 0.87
Flat No. 2 S 38,570 34,389 1.12 26,375 1.46
Flat No. 3 B 2,020 21,357 0.09 5,176 0.39
For SI: 1 ft=0.30m; 1 in=254mm; 1 1b=4.45N, 1in-lb=0.113 N-m

Notes:

1. Failure Modes are as follows:
B: Combination of bending and overturning failure without a distinct shear failure.
C: Crushing of concrete at load application and external hold-down restraint with no shear cracking.
S:  Shear before yield of tensile steel.

Since the failure mode for Flat No. 1 specimen was characterized by crushing of the concrete at
the hold-down restraint as a result of the test configuration, it is difficult to determine the validity
of the prediction models for this specimen. Prediction Model 1 and Model 2 provide a
conservative estimate of the shear capacity for Flat No. 2. Model 1 provides a very non-
conservative estimate of the shear capacity of Flat No. 3 specimen. Although to a lesser degree,
Model 2 also provides a non-conservative estimate for Flat No.3.
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Walffle — Grid Specimens

Two prediction models were investigated for the waffle-grid specimens. Model 1 assumes all
solid wall segments 2 ft (0.61 m) or greater in length act as a continuous solid wall to resist a
concentrated lateral force at the top of the wall. Model 2 assumes that 2 ft (0.61 m) solid wall
segments will be dominated by flexural behavior and that 4 ft (1.22 m) solid wall segments will
be dominated by shear failure. Model 1 and Model 2 only consider the area of the vertical cores in
determining the shear capacity of the specimens. Table 11 summarizes the predictions by the two
models. Appendix A includes the calculations used to develop Table 11.

Table 11
Tested vs. Predicted Shear Capacities for Waffle-Grid Specimens using Model 1 and Model 2
Model 1 Model 2
Tested
Test Failure Shear Predicted Ratio Predicted Ratio

Specimen Mode' | Capacity Shear Tested/ Shear Tested/
(Ibs) Capacity | Predicted | Capacity | Predicted

(Ibs) (Ibs)
Waffle No. 1 S 17,770 9,949 1.79 9,949 1.79
Waffle No. 2 S 18,110 14,213 1.27 12,511 1.45
Waffle No. 3 B 2,030 8,527 0.24 5,089 0.40
ForSI: 1 ft=030m; 1in=254mm; 1 Ib=4.45N, 1in-lb=0.113 N-m

Notes:
1. Failure Modes are as follows:
B: Combination of bending and overturning failure without a distinct shear failure.
C: Crushing of concrete at load application and external hold-down restraint with no shear cracking.
S:  Shear before yield of tensile steel.

Prediction Model 1 and Model 2 provide conservative estimates of the shear capacity for Waffle
No. 1 and Waffle No. 2. Model 1 provides a very non-conservative estimate of the shear capacity
of Waffle No. 3 specimen. Although to a lesser degree, Model 2 also provides a non-conservative
estimate for Waffle No. 3.

Model 2 was used to determine an effective web thickness for the 6 in (152 mm) waffle-grid shear
walls. The effective thickness is determined by setting the shear prediction equation (Model 2)
equal to the tested shear capacity. Resistance factors are not applied since the comparison is based
on ultimate test values. Table 12 summarizes the effective thicknesses developed using Model 2.
Appendix A includes the calculations used to develop Table 12.

Table 12
Effective Wall Thickness for 6 in Waffle-Grid Specimens
Tested Effective
Test Failure Shear Web
Specimen Mode | Capacity | Thickness
(1bs) (in)
Waffle No. 1 S 17,770 4.46
Waffle No. 2 S 18,110 3.99
Waffle No. 3 B 2,030 -

ForSI: 1 ft=030m; 1in=254mm; 11b=445N
Notes:
1. Bending and overturning governs design, therefore effective web thickness
for shear calculations is not applicable
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Screen — Grid Specimens

Two prediction models were investigated for the screen-grid specimens. Model 1 assumes all
solid wall segments 2 ft (0.61 m) or greater in length act as a continuous solid wall to resist a
concentrated lateral force at the top of the wall. Model 2 assumes that 2 ft (0.61 m) solid wall
segments will be dominated by flexural behavior and that 4 ft (1.22 m) solid wall segments will
be dominated by shear failure. Model 1 and Model 2 only consider the area of the vertical cores in
determining the shear capacity of the specimens. Table 13 summarizes the predictions by the three
models. Appendix A includes the calculations used to develop Table 13.

Table 13
Tested vs. Predicted Shear Capacities for Screen-Grid Specimens using Model 1 and Model 2
Tested Model 1 Model 2
Test Failure Shear | Predicted Ratio Predicted Ratio

Specimen Mode' | Capacity Shear Tested/ Shear Tested/
(Ibs) Capacity | Predicted | Capacity | Predicted

(1bs) (1bs)
Screen No. 1 S 17,690 10,235 1.73 10,235 1.73
Screen No. 2 S 5,630 14,784 0.38 13,139 0.43
Screen No. 3 B 2,000 9,098 0.22 5,807 0.34
ForSI: 1 ft=0.30m; 1in=254mm; 1 1b=4.45N, 1in-lb=0.113 N-m

Notes:

1. Failure Modes are as follows:
B: Combination of bending and overturning failure without a distinct shear failure.
C: Crushing of concrete at load application and external hold-down restraint with no shear cracking.
S:  Shear before yield of tensile steel.

Both of the prediction models provided conservative estimates of the shear capacity for Screen
No. 1. The Screen No. 2 wall specimen failed prematurely, therefore it is difficult to determine
which model provides the best shear capacity prediction though Model 2 provided the least error.

Model 1 provides a non-conservative estimate of the shear capacity of Screen No. 3 specimen.
Although to a lesser degree, Model 2 also provides a non-conservative estimate for Screen No. 3.

Model 2 was used to determine an effective wall thickness for the 6 in (152 mm) screen-grid shear
walls. The effective thickness is determined by setting the shear prediction equation (Model 2)
equal to the tested shear capacity. Table 14 summarizes the effective thicknesses developed using
Model 2. The effective web thickness of 0.82 in (20.8 mm) determined for Screen No. 2 is not
considered reliable since the specimen failed prematurely. Appendix A includes the calculations
used to develop Table 14.

Table 14
Effective Wall Thickness for 6 in Screen-Grid Specimens

Tested Effective
Test Failure Shear Web
Specimen Mode | Capacity | Thickness
(Ibs) (in)
Screen No. 1 S 17,690 4.42
Screen No. 2 S 5,630 0.82
Screen No. 3 S 2,000 -
ForSI: 1 ft=0.30m; 1 in=254mm; 1 Ib=445N

Notes:
1. Bending and overturning governs design, therefore effective web thickness
for shear calculations is not applicable
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The above analysis suggests that Model 1 and Model 2 provide conservative estimates for
specimens containing wall segments with a 2:1 aspect ratio. This excludes the anomalous test
specimen Screen No. 2. Neither Model 1 nor Model 2 accurately predicts the behavior of the
specimens containing the garage door. This may be due to the specimen’s tendency to overturn as
a result of the narrow wall segments or due to an inefficient load transfer through the lintel from
the leading pier to the trailing pier near ultimate load. A final reason may be due to the stress
concentrations that formed around the corners of the openings, which led to premature reductions
in load and stiffness before a traditional shear or flexural failure. It is unclear how specimens with
smaller openings or larger lintels would have preformed under the same loading. It should be
noted that the typical design practice of Model 1 is a less conservative estimate than Model 2 for
the walls tested in this study (i.e., walls containing narrow segments with aspect ratios greater
than 2:1 and without any special reinforcement detailing). However, both methods provide
generally conservative estimates of actual wall performance when the walls contain large
openings and narrow wall segments.

Effective wall thicknesses were developed for the waffle- and screen-grid specimens in Table 12
and Table 14. The procedure followed the methods used to develop the effective web thicknesses
developed in the report entitled Testing and Design of Lintels Using Insulating Concrete Forms
[21]. Due to the size of the test matrix and the anomalous data point in Screen No. 2, the effective
wall thicknesses put forth in this report should be considered preliminary. Table 15 indicates that
the data published by the Portland Cement Association (PCA) in the report entitled /n-Plane
Lateral Load Resistance of Wall Panels in Residential Buildings [13], produce similar effective
wall thicknesses for the 6 in (152.4 mm) waffle- and screen-grid specimens.

Table 15
Effective Wall Thickness from Data Published by PCA
Tested Concrete Effective
Test Shear Compressive Web
Specimen Capacity Strength Thickness'
(Ibs) (psi) (in)
44t x 8ft Waftle-Grid (6 in) 28,946 5,210 4.56
41t x 8ft Screen-Grid (6 in) 27,889 5,210 4.39

ForSI: 1 ft=0.30m; 1 in=254mm; 1 Ib=445N
Notes:

1. Developed from the equation V. = ZJZ%Wd where d = 48in —4in = 44in.

Investigation of an Empirical Design Method

Recent testing of wood-framed and steel-framed shear walls that exhibit diaphragm (plate) action
have shown that the effect of openings in wall lines of various configurations can be accurately
predicted using a rather simple empirically derived relationship [22 — 29]. The method, known as
the Perforated Shear Wall Method, relates the opening area ratio (7) and unit shear capacity to the
overall wall shear capacity. The opening area ratio is determined as follows:
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where:

A, = total area of openings
H = height of the wall
L; = length of full height wall segment

The overall wall shear capacity is determined as follows:

~

F= Funithwa”xgg) -r2r or 2? rﬁ
where:
F = wall shear capacity (Ibs)
Funir = unit shear capacity of wall system usually based on 4 ft to 8 ft long wall
segments (2:1 or 1:1 height-to-length aspect ratio)
Ly = total length of wall including openings
[ ] =formulain brackets is an empirical relationship based on test data

Figure 20 graphically displays the relation between the opening area ratio and the ultimate lateral
load for each of the walls tested. The ultimate lateral load for a 12 ft x 8 ft (3.66 m x 2.44 m) wall
without openings was determined by multiplying the tested unit shear for the 4 ft x 8 ft (1.22 m x
2.44 m) wall specimen by the wall length of 12 ft (3.66 m). This calculation is done to compare
the specimens with openings to a wall of the same length with no openings. The estimate is
considered conservative since the overturning forces would be reduced for the longer specimen.
The estimated shear failure for the flat specimen without an opening was used in lieu of the tested
value since this specimen never experienced a traditional shear failure but rather a compression
failure at the hold-down restraint. In this case, the ultimate estimated shear value for the 4 ft x 8ft
(1.22 m x 2.44 m) was determined using the ACI equations outlined previously in this report.
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Ultimate Capacity vs. Opening Area Ratio
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Both the flat and waffle-grid specimens were fit with a smoothed curve to accentuate the pattern
of the data points. These patterns, depicted in Figure 20, indicate that an empirical design
approach is feasible with additional testing. A similar trend was not created for the screen-grid
specimens since the Screen No. 2 specimen resulted in a questionable tested behavior. Additional
testing should be done to confirm these findings and develop an accurate relationship for the
screen-grid wall type.

Figure 20 also indicates that those wall specimens consisting of only full height wall segments of
2 ft (0.61 m) or less and with opening area ratios of about 0.4 or less should be designed as
concrete moment frames. The reason for this is that as the number and size of openings increase,
the height-to-length aspect ratio of the wall piers increase. The piers become cantilevers that are
much more dependent on moment transfer through the collector and drag struts above and below
openings to develop the overall wall (frame) shear resistance.

Design Methodology

Although the effective wall thicknesses and empirical design approach show promise in
improving the design of residential ICF walls with openings, the size of the test matrix requires
that these preliminary findings should be confirmed before they are used in design. However, the
use of Model 2 (i.e., wall segments with a 2:1 aspect ratio are dominated by shear and 4:1 aspect
ratios are dominated by flexure) provides a conservative estimate of the shear capacity of the wall
configurations when a wall segment with a 2:1 wall segment is present. Therefore the following
design recommendations are suggested:

1. Use an analysis and design procedure that follows those used in Model 2, and

2. Only consider the area of the vertical cores in determining the shear capacity of walls
with non-uniform cross sections. The actual wall width should be used when walls
with uniform cross sections are being evaluated.

Conclusions

The purpose of this research program was to evaluate the performance and predictability of
concrete shear walls constructed with the three major ICFs used in residential construction: flat,
waffle-grid, and screen-grid. A total of nine specimens were tested in the study. Cracks and other
signs of damage were documented throughout the testing. Load and displacement data were
recorded throughout the tests to provide insight into the behavior of the walls.

Overturning was a prevalent initial response to the loading history in all but one of the specimens
(Screen No. 2). The degree of overturning varied with each specimen and was limited by the
external hold-down restraint in order to evaluate the shear performance of the specimens.

Two models were used to estimate the shear capacity of the flat, waffle-grid, and screen-grid wall
specimens. Model 1 for all wall types assumed all solid wall segments 2 ft (0.61 m) or greater in
length act as a continuous solid wall to resist a concentrated lateral force at the top of the wall.
Model 2 assumed that 2 ft (0.61 m) solid wall segments will be dominated by flexural behavior
and that 4 ft (1.22 m) solid wall segments will be dominated by shear failure. Model 1 and Model
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2 considered the rectangular cross sectional area of the flat specimens, but only the area of the
vertical cores of the waffle-grid and screen-grid specimens in estimating the shear capacity. Model
2 was used to develop effective wall thicknesses for the waffle-grid and screen-grid wall
specimens.

Model 1 and Model 2 provide conservative shear capacity estimates for specimens containing a
full height segment dominated by shear behavior (i.e. height-to-length aspect ratio less than 2:1),
with Model 1 providing a less conservative estimates than Model 2. This observation excludes the
results from Screen No. 2 that is believed to be an anomalous result. Both of the models
investigated did not provide a reasonable estimate for specimens containing only 2 ft (0.61 m)
wall segments.

The effective wall thicknesses developed in this research closely coincides to those developed
from the data published by PCA [13]. These thicknesses will allow the non-uniform cross sections
to be analyzed as uniform cross sections. Additional testing should be conducted to confirm these
results and develop effective wall thicknesses for additional non-uniform wall cross sections (i.e.,
8 in (203.2 mm) waffle-grid).

An empirical method was investigated which relates the opening area ratio () and unit shear
capacity to the overall wall shear capacity. Equations were proposed for the flat and waftle-grid
specimens to predict the effect of openings in wall lines of various configurations using an
empirically derived relationship. The derived equations were linear with the flat specimens having
a larger slope than that of the waffle-grid specimens. An equation was not derived for the screen-
grid specimens since one of the three points was not reliable. With additional verification and
development, this empirical based approach could prove to be a valuable design tool. However,
this method may have its limitations when the opening area ratio decreases below 0.4 and
specimens consist of only narrow wall segments (i.e. height-to-length ratios greater than 4:1). At
this point, walls begin to behave more like moment frames (i.e., sway frames) than shear walls.

Recommendations

Additional testing and analysis should be done to expand on the findings of this study. Future
topics of study should include:

Additional testing of shear walls with openings using the three major ICF systems.
This work is needed to fully develop a simple and accurate the empirical method
for predicting shear capacity based on the opening area ratio of concrete walls.

Methods of accounting for shear contributions from narrow wall segments (i.e.,
greater than 2:1 aspect ratio) need to be improved for lightly reinforced and
minimally detailed ICF walls.

Walls should be tested using ASTM E564 procedures to better account for
overturning failure modes. The effect of corner returns and dead loads should also
be investigated in following a more realistic shear test method than the ASTM E72
method used in this report and commonly used by others.
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Appendix A — Example Calculations

The equations put forth in ACI represent an estimate such that 30 percent of the test data fell
below the estimate. The test data was fit to a normal distribution and the coefficient of variation
was 15.1 percent [30]. The predicted capacities in Table 10 — 14 were adjusted to mean estimates
by multiplying the calculated values below by:

[1- F Yz)*Ccov]=[1- (F'(0.30))*(0.151)]=[1 - (-0.52)(0.151)] = 1.08.

The above adjustment was done to provide relevant comparisons to the test data since the ACI
Equations provide a 30-percent estimate.

FLAT Wall Specimens
Flat No. 1:  1-4ft full height segment

MODEL 1 and MODEL 2

d =44.0in

V, =2/ f9d =2,[1,774 psi (6in)(44.0in) = 22,2391b
P, =1.08(V,) =1.08(22,2391b) = 24,0181b

Flat No. 2:  1-4ft and 1-2ft full height segment
MODEL 1

d =43.625in +19.375=63.0in

v, =2/ f%d = 2,[1,774 psi (6in)(63.0in) = 31,842 b
P, =1.08(V,.) =1.08(31,8421b) = 34,3891b

MODEL 2

4-ft segment
d =43.625in

V. =2,/ f8hd =2,[1,774 psi (6in)(43.625in) = 22,049b
P, =22,0491b

2-ft segment

= Asfy  _ (0.20in*)(60.9%si) .
0.85/®  0.85(1.774ksi)(6in)

Z=d- a/2=(24in- 4.625in) - 1.346in/2 =18.702in

M, = Ay f,Z =(0.2in")(60.9ksi)(18.702in) = 222.8k - in

My _ 2228k 01 5 00011 kip) = 2,3721b

.346in

F»

/ 96in

P, =1.08(P,; + P,5) =1.08(22,0491b +2,372ib) = 26,375Ib
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Flat No. 3:  2-2ft full height segments

MODEL 1

d =19.75in +19.375in =39.125in

v, =2/ f9d =2,[1,774 psi (6in)(39.125in) =19,7751b
P, =1.08(24,2921b) = 21,3571b

MODEL 2

First 2-ft segment
_ Ay _ (0.20in”)(60.9%si)
0.85/®%  0.85(1.774ksi)(6in)
Z=d- a/2=(24in- 4.625in)- 1.346in/2=18.702in
M, = A, f,Z =(0.2in*)(60.9ksi)(18.702in) = 227.8k - in
M, 222.8k- in
1 96in

=1.346in

P, = (1000b / kip) = 2,3721b

Second 2-ft segment
A .2 .
= sfy  _ (0.20in")(60.9ksi) _ | 346
0.85/%  0.85(1.774ksi)(6in)
Z=d- al2=(24in- 4.25in) - 1.346in/2 =19.077in
M, = A, f,Z =(0.2in*)(60.9ksi)(19.077in) = 232.4k - in
M, _232.4k- fi
! 96 ft
P, =1.08(P,; + P,5) =1.08(2,372Ib + 2,421b) = 5,176lb

F=

(10007b / kip) = 2,4211b
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WAFFLE-GRID Wall Specimens
Waffle No. 1: 1-4ft full height segment

MODEL 1 and MODEL 2

V.- core = 24/ f8hd = 2\[1,774 psi (5in)(6.25in | core) = 2,6321b/ core
P, =1.08(3.5cores)(2,632lb/ core) =9,9491b

MODEL 2 — Effective Thickness
d =43.75in

Veguiv = 2 f8hd = 2\[1,774 psi (43.75in)h = (3,685 / in)h
P, =1.08(3,685Ib/in)h =17,770lb P h = 4.46in

Waffle No. 2: 1-4ft and 1-2ft full height segment

MODEL 1

Ve core = 24 f.81d = 2\[1,774 psi (5in)(6.25in | core) = 2,6321b / core
P, =1.08(5.0cores)(2,6321b/ core) =14,2121b

MODEL 2

4-ft segment

Vo core = 23 f.81d = 21,774 psi (5in)(6.25in | core) = 2,6321b / core
P, =(3.5cores)(2,632Ib/ core) =9,2121b

2-ft segment
= Ay _ (0.20in*)(60.9%si)
0.85/%  0.85(1.774ksi)(5in)
Z=d- al2=(24in - 4.5in)- 1.615in/2 =18.693in
M, = A f,Z =(0.2in*)(60.9ksi)(18.693in) = 227.7k - in
M, _227.7k- in
! 96in

=1.615in

F=

(10000b / kip) = 2,3721b

P, =1.08(P,; + P,5) =1.08(9,2121b +2,3721b) =12,511b

MODEL 2 — Effective Thickness

4-ft segment
d =43.5in

Vequiv = 2 /8hd = 2,[1,774 psi (43.5in)h = (3,6641b / in)h
P, = (3.6641b /in)h
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2-ft segment
_ Ay _(0.20in*)(60.9%si)
0.85/%  0.85(1.774ksi)h
Z=d- a/2=(24in- 4.5in)- (8.077/h)in/2=19.5in - (4.039/h)in
M, = A, f,Z =(0.2in)(60.9ksi)(19.5in - (4.039/h)in®) =237.5k Xin - (49.19/ h)k »in
M, _ 237.5k %in - (49.19/ h)k %in
! 96in

=(8.077/h)in

P2:

u

(10001b / kip) = 2,2741b - (512.4/ h)Ib

P, =P, +P,, =1.08((3,664)h +2,274 - (512.4/h))=18,110 b h=3.99in
Waffle No. 3: 2-2ft full height segments

MODEL 1

Ve core = 23 f.81d = 21,774 psi(5in)(6.25in | core) = 2,6321b / core
P, =1.08(3.0cores)(2,6321b/ core) =8,5271b

MODEL 2

Both 2-ft segments
_ Asfy  _ (0.20in*)(60.9%si) _
0.85f®  0.85(1.774ksi)(5in)
Z=d- al/2=4in- 4.625in)- 1.615in/2 =18.568in
M, = A, f,Z = (0.2in> )(60.9ksi)(18.568in) = 226.2k - in

M 2k- i
n = 2262k in 5 000 1 ki) = 2,35610
! 96in

1.615in

P1:

u

P, =1.08(2)(P,;) =1.08(2)(2,3561b) = 5,0891b



SCREEN-GRID Wall Specimens
Screen No. 1: 1-4ft full height segment

MODEL 1 and MODEL 2

V... core = 24[f.8hd = 21,774 psi (5in)(5in | core) = 2,106lb / core
P, =1.08(4.5cores)(2,106lb/ core) =10,235[b

MODEL 2 — Effective Thickness
d =44.0in

Veguiv = 2 f8hd = 2,[1,774 psi (44.0in)h = (3,706h)Ib
P, =1.08(3,706h)Ib =17,690lb D h = 4.42in

Screen No. 2: 1-4ft and 1-2ft full height segment

MODEL 1

V.- core = 23 f.80d = 2/1,774 psi (Sin)(5in / core) = 2,106lb  core
P, =1.08(7cores)(2,106/b/ core) =15,9211b

MODEL 2

4-ft segment

V.- core = 23 f.80d = 2/1,774 psi (Sin)(5in / core) = 2,106lb  core
P, =4.5cores(2,106lb/ core) =9,4771b

2-ft segment
= Ay _ (0.20in*)(60.9%si)
0.85/%  0.85(1.774ksi)(5in)
Z=d- al2=(24in - 2in)- 1.615in/2=21.193in
M, = A f,Z =(0.2in”)(60.9ksi)(21.193in) = 258.1k - in
M, _258.1k - in
h 96in

=1.615in

F=

(10007 / kip) = 2,6891b

P, =1.08(P,; + P,5) =1.08(9,4771b +2,689b) = 13,1391b

MODEL 2 — Effective Thickness

4-ft segment

d =43.75in

Veguiv = 2 f8hd = 2,[1,774 psi (43.75in)h = 3,685h
P, =3,685h

40



2-ft segment
_ ASy  _(0.20in*)(60.9%si)
0.85/%  0.85(1.774ksi)h
Z=d- a/2=(24in- 2in)- (8.077/h)/2=22in- (4.039/h)in
M, = A f,Z =(0.2in*)(60.9ksi)(22in - (4.039/h)in) = 267.96k Xin - (49.192/ hyk Xin
M, _ 267.96k %in - (49.192/ h)k %in
! 96in

=8.077/h

F=

(1000/b/ kip) =2,791Ib - (512.4/ h)Ib

P, =P, +P,, =1.08(3,685h +2,791- 512.4/ h)=5,630lbb h=0.82in
Screen No. 3: 2-2ft full height segments

MODEL 1

Vo core = 23 f.81d = 21,774 psi (5in)(5in | core) = 2,1061b / core
P, =1.08(4cores)(2,106Ib/ core) =9,0981b

MODEL 2
One 2-ft segment
= Ay _ (0.20in*)(60.9si) _
0.85/%  0.85(1.774ksi)(5in)
Z=d- a/2=24in- 2.5in)- 1.615in/2 =20.693in
M, = A, f,Z = (0.2in*)(60.9ks1)(20.693in) = 252.0k - in
M, 252.0k-i

p,=n " (10001b/ kip) = 2,6251b
ul =7y o6in 2

1.615in

Second 2-ft segment
4 20in)(60.9ksi
“= 0.855];{% - (()?85?11.@7&16@?1')9(:;)) =1.613in
Z=d- al/2=Q4in- 1.5in)- 1.615in/2 =21.693in
M, = A, f,Z =(0.2in”)(60.9ksi)(21.693in) = 264.2k - in
M _ 264.2k - i

p,=2n " (10001b/ kip) = 2,7521b
2=y o6im P)

P, =1.08(P,; + P,5) =1.08(2,625Ib +2,752ib) = 5,8071b
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