Chapter 11 Commentary

MASONRY STRUCTURE DESIGN REQUIREMENTS

11.1 GENERAL:

11.1.1 Scope: The provisions of Chapter 11 govern design and construction of all types of
masonry. Quality assurance is covered with areference to Chapter 3. Reinforced and plain
(unreinforced) masonry elements that are part of the basic structural system and those that are not
part of the basic structural system are included.

11.1.2 Reference Documents: Design and construction standards cited in Chapter 11 are listed
in Sec. 11.1.2. The materials standards are specifically listed to include only those materials
permitted by the provisions. The listing includes the document's designation, the year of the
edition and the title of the document.

11.1.3 Definitions: Terms used in the provisions which have a specific meaning which differs
from the dictionary definition are defined in Sec. 11.1.3. All other terms are defined by the
dictionary.

11.1.4 Notations: Notations used in the provisions are defined in Sec. 11.1.4. English units of
measure are stated followed by the metric unit in parenthesis for each term.

11.2 CONSTRUCTION REQUIREMENTS:

11.2.1 General: ACI 530.1 is astandard specification prepared under consensus procedures. It
was devel oped by members representing construction, design, materials, and research of masonry
structures. The document is intended to be incorporated into contract documents used to
construct masonry structures.

This standard specification was devel oped to be used in conjunction with Building Code
Requirements for Masonry structures, ACI 530. Appropriate standards for materials and test
methods are referenced. In addition to a general section, there are sections on masonry, rein-
forcement and metal accessories, and grout.

The materiaslisted in ACI 530.1 have been restricted in order to obtain more predictable
behavior and better performance required for strength design. Construction provisions found in
Chapter 11 override those found in ACI 530.1.

11.2.2 Quality Assurance: See Chapter 3 of the Provisions and Commentary. Quality
assurance requirements for masonry structures include testing of masonry components (mortar,
grout, and units) or testing of masonry assemblages. Industry guidelines for materials testing are
listed below.

1. Brick Institute of America, 11490 Commerce Park Drive, Reston, Virginia 22091, Technical
Notes on Brick Construction:
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No. 39 Revised, "Testing for Engineered Brick Masonry: Brick, Mortar and Grout," January
1987.

No. 39A, "Testing for Engineered Brick Masonry: Determination of Allowable Design
Stresses," December 1987.

No. 39B, "Testing for Engineering Brick Masonry: Quality Assurance,” March 1988.

2. National Concrete Masonry Association, 2302 Horse Pen Road, Herndon, Virginia 22071-
3499:

TEK 22A, Prism Testing for Engineered Concrete Masonry, 1979.
TEK 107, Laboratory and Field Testing of Mortar and Grout, 1979.
TEK 108, Testing Concrete Masonry Assemblages, 1979.

Industry guidelines for field inspection are listed below.

1. Brick Institute of America, 11490 Commerce Park Drive, Reston, Virginia 22091, Technical
Notes on Brick Construction:

No. 17C, "Reinforced Brick Masonry: Inspectors Guide," May 1986.

2. National Concrete Masonry Association, 2302 Horse Pen Road, Herndon, Virginia 22071-
3499:

TEK 65, Field Inspection of Engineered Concrete Masonry, 1975.
TEK 132, Inspector's Guide for Concrete Masonry Construction, 1983.
11.3 GENERAL REQUIREMENTS:

11.3.1 Scope: This chapter offers three different methods for designing masonry structures.
Any method, used within the limitations imposed, provides acceptable masonry construction with
acceptable seismic resistance characteristics.

11.3.2 Empirical Masonry Design: Empirical design methods are based on the successful
performance of masonry buildings. Prescriptive requirements and limited exposure to loads are
necessary to ensure compliance.

The design process results in sizes and proportions of masonry elements using minimum
thicknesses and maximum spans. Although rudimentary stress cal culations are made, empirical
masonry design does not require a compl ete structural analysis.

11.3.3 Plain (Unreinforced) Masonry Design: Design methods for plain masonry, often
referred to as unreinforced masonry. The procedures utilize working stress design requirements
using principles of mechanics.

11.3.4 Reinforced Masonry Design: Reinforcing steel complements the high compressive
strength of masonry with high tensile strength. Increased |oad-carrying capacity and greater
ductility result from the use of reinforcing steel.
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11.3.5- 11.3.9 Seismic Design Categories A through F: Any type of masonry shear wall is
permitted in Seismic Design Categories A and B. Detailed plain masonry shear walls or
intermediate reinforced masonry shear walls are required for Seismic Design Category C.
Specia reinforced masonry shear walls are required for Seismic Design Categories D, E, or F.
Minimum requirements for each type of masonry shear wall are givenin Sec. 11.11. These
reguirements are consistent with intended inelastic deformation capacities that are the bases for
theR, Q, and C, factorsgiven in Table 5.2.2. Additiona requirements for construction of
masonry el ements other than shear walls are given for each Seismic Design Category in Sec.
11.3.5through 11.3.9

11.3.6 Seismic Design Category B: The use of empirical masonry design, Sec. 11.3.2, for the
lateral load resisting system is not appropriate for Seismic Design Category B. Masonry walls
that are not part of the lateral load resisting system may be designed by the empirical method.

11.3.10: Propertiesof Materials:

11.3.10.1 Steel Reinforcement Modulus of Elasticity: The given modulus of elasticity of steel
reinforcement is taken from previous codes and is consistent with established design values.
Design may be based on tested values of modulus of elasticity; however, these tests are rarely
performed because it isimpractical to test materials to be used in the construction at the time
when the project is being designed.

11.3.10.2 Masonry Modulus of Elasticity: Modulus of elasticity of masonry isused in
determining stiffness of structural components prior to cracking. Therefore, the modulusis taken
from the elastic portion of the stress strain curve. The modulus of elasticity of masonry is not
clearly related to any property of mortar, unit, grout or prism h/t, but is influenced by all of these.
TS5 concluded it was best to relate the value of E,, to the specified compressive strength of
masonry. Thisisbecausef, isalso influenced by these parameters. The 750 multiplier isused
rather than lower multipliers reported (Wolde-Tinsae, 1993) since the actual compressive
strength of masonry must exceed the specified compressive strength.

11.3.10.4 Masonry Compressive Strength: Research has been performed on structural
masonry components having a compressive strength in the range of 1,500 to 6,000 psi (10 to 41
MPa). Design criteria are based on these research results. Design values therefore are limited to
compressive strengths in the range of 1,500 to 4,000 psi (10 to 28 MPa) for concrete masonry
and 1,500 to 6,000 psi (10 to 41 MPa) for clay masonry.

11.3.10.5 Modulusof Rupture: Modulus of rupture valuesin Table 11.3.10 are based on
allowable working stress values for flexural tension multiplied by 2.0 to approximate the lower
limit of strength values. See the Commentary to ACI 530 for discussion. Stack bond masonry
has historically been assumed to have no flexural bond strength across the head joints; thus, the
grout area aloneis used.

11.3.10.6 Reinforcement Strength: Research conducted on reinforced masonry components
used Grade 60 reinforcement. To be consistent with laboratory documented performance, design
is based on a stedl yield strength that does not exceed 60,000 psi (413 MPa).

11.3.11 Section Properties. Section properties of masonry members are available in masonry
design publications. Design is based on specified dimension. Actual dimensions may vary
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within the tolerance range given in the construction requirement (i.e., ACI 530.1). The strength
reduction factors are based in part on an anticipated variation in the specified (design) dimen-
sions.

11.3.12 Headed and Bent-Bar Anchor Bolts. This section covers cast-in-place headed anchor
bolts and bent-bar anchors (J- or L-bolts) in grout. General background information on thistopic
isgivenin CEB, 1995.

Thetensile capacity of a headed anchor bolt is governed by yield and fracture of the anchor steel
or by breakout of aroughly conical volume of masonry starting at the anchor head and having a
fracture surface oriented at 45 degrees to the masonry surface. Steel capacity is calculated
conventionally using the effective tensile stress area of the anchor (i.e., including the reduction in
area of the anchor shank due to threads). Masonry breakout capacity is calculated using
expressions adapted from concrete design, which use a ssmplified design model based on a stress
of 4vf.) uniformly distributed over the area of that right circular cone, projected onto the surface
of the masonry. Reductions in breakout capacity due to nearby edges or adjacent anchors are
computed in terms of reductions in those projected areas (Brown and Whitlock, 1983).

The tensile capacity of a bent-bar anchor bolt (J- or L-bolt) is governed by yield and fracture of
the anchor steel, by tensile cone breakout of the masonry, or by straightening and pullout of the
anchor from the masonry. Capacities corresponding to the first two failure modes are calculated
as for headed anchor bolts. Pullout capacity is calculated as proposed by Shaikh, 1996. Possible
contributions to tensile pullout capacity due to friction are neglected.

The tensile breakout capacity of a headed anchor is usually much greater than the pullout
capacity of aJ- or L-bolt. the designer is encouraged to use headed anchors when anchor tensile
capacity iscritical.

The shear capacity of a headed or a bent-bar anchor bolt is governed by yield and fracture of the
anchor steel or by masonry shear breakout. Steel capacity is calculated conventionally using the
effective tensile stress area (i.e., threads are conservatively assumed to lie in the critical shear
plane). Shear breakout capacity is calculated as proposed ;by Brown and Whitlock, 1983.

Under static shear loading, bent-bar anchor bolts (J- or L-bolts) do not exhibit straightening and
pullout. Under reversed cyclic shear, however, available research suggests that straightening and
pullout may occur. Headed anchor bolts are recommended for such applications (Malik et al.,
1982).

11.4 DETAILSOF REINFORCEMENT:
11.4.5 Development of Reinforcement:

11.4.5.2 Development of Reinforcing Bars& Wiresin Tension: In order to have ductile
behavior of a masonry member subjected to seismic loads, the strength of the bar or wire must be
developed by embedment. The development length given by Eq. 11.4.5.2 is based on an analysis
of the results of multiple independent research efforts (NCMA, U.S. Army Corps of Engineers
by Atkinson-Noven and Associates, and Washington State University) investigating the
performance of lap splices and the requirements for development of reinforcement.
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Using the compiled data from these studies, numerous multiple regression analyses were
performed to identify the parameters having a significant effect on lap splice and development
length. The most important parameters are compressive strength of the masonry assemblage
(prism strength), diameter of the reinforcing bar, spacing of the bars, and cover. The best-fit
equation developed in the regression analyses was simplified for design purposesto Eq. 11.4.5.2
while retaining all the essential parameters.

The lap lengths required by the proposed equation provide a capacity in excess of 1.25f,. (Note
that an additional factor to account for material variability, construction defects, and other design
uncertainties is included by use of the phi factor in the strength design formula.)

11.5 STRENGTH AND DEFORMATION REQUIREMENTS:

11.5.3 Design Strength: The design strength of a member and its connections is calculated by
engineering principles and materials strength and yield values. This calculated strength is the
nominal strength of the member. The nominal strength is less than the expected or mean strength
because minimum guaranteed values or specified strengths are used for the cal culations of
nominal strength. A strength reduction factor, ¢, is used to reduce the nominal strength to a
design strength. The strength reduction factor, ¢, is avariable that is dependent on the material
and material behavior. Flexura strength of reinforced members is reduced less by the ¢ factor
than is shear strength. Exceeding of the flexural strength of areinforced member causes yielding
of the reinforcement but not strength degradation. Exceeding of the shear strength resultsin a
strength degradation.

Flexure Without Axial Load: The strength reduction factor for reinforced masonry is greater
than for plain masonry because plain masonry after cracking lacks ductile performance.

Axial Load and Axial Load with Flexure: If the axial load results in balanced strain conditions
(flexure produces strain in the reinforcement equal to the yield strain and strain in the masonry
equal to the maximum usable strain, €,,)) and the flexural reinforcement is minimal, an increase
in flexural moment can cause compressive stresses in excess of the compressive strength. The
failure will not be ductile; therefore, the strength reduction factor is more severe. Linear
interpolation of the strength reduction factor is allowed since the required axia strength due to
factored load, P,, decreases from the axial load resulting in balanced strain conditions to zero, so
as to make the transition linear from axial load with flexure to flexure without axial load.

The strength reduction factor for the vertical members of wall frames is more restrictive than for
shear walls or coupled shear walls. The strength reduction factor for the vertical members of
wall frames does not have alinear variation to itsvalue. When P /A f’,,isegual to 0.1, the
strength reduction factor will be equal to 0.65.

The strength reduction factor for plain masonry members is unchanged from that factor that is
applied for flexure only. Axial load increases the flexural capacity of plain masonry but does not
significantly change its lack of ductility.

Shear: Strength reduction factors for calculation of design shear strength are commonly more
severe than those factors used for calculation of design flexural strength. This concept is
partially supported by the wider variance of shear capacities that have been obtained from
experimental testing. The variance of the results of each experiment from the body of datais due
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not only to the variability of the masonry materials, the test apparatus and test methods, and the
shear strength parameters tested but also to the greater sensitivity of shear resistance mechanisms
to those factors.

Bearing: Exceeding of the bearing capacity causes crushing and spalling of bearing surfaces.
The strength reduction factors given are those established for elements that have strength
degradation.

11.5.4 Deformation Requirements: Stiffness of a structural element is asimportant or more
important than strength. Stiffnessis critical for serviceability and control of displacements. Drift
of an element is the movement of one story of the building relative to the adjacent stories or the
displacement of the shear wall relativeto itsfixed base. Drift of the top level of a shear wall is
affected by foundation flexibility but the structural stresses and strains in the wall would not be
increased by foundation flexibility.

The product of the effective moment of inertia, 1, and the effective modulus of elasticity, E, is
usually used as a variable for the calculation of the deformation of reinforced elements. The
variability in | is caused by tensile cracking of the masonry cross section. If tensile cracking is
not acceptable, asfor plain masonry, | has a single value and the compressive modul us of
elasticity and the moment of inertia of the gross cross section is used for the cal culation of
deformation.

If tensile cracking in anticipated, such as for reinforced masonry, the effective | at every cross
section of the wall or beam is dependent on the curvature of the cross section and the shear
deformation of each increment of the member length. Several nonlinear finite element programs
have the capability of determining the stiffness degradation of reinforced masonry el ements, but
the effective stiffness, |, can be determined by use of Eq. 11.5.4.3.

The cracking moment is calculated using the section modulus of the gross section of wall times
the modulus of rupture of masonry, f.. The moment of inertia of the cracked section is calculated
about the neutral axis of the section, using the masonry properties, and transforming the
reinforcement into equivalent masonry areas by use of the ratio of the compressive modulus of
steel and masonry. The cracked moment of inertia, |, and the compressive modulus of masonry,
E,» iSused to calculate the effective moment of inertia, | 4.

Eq. 11.5.4.3 has been used as a means of providing atransition in stiffness between gross
moment of inertiaand atotally cracked section. Abboud (1987), Abboud and Hamid (1987),
Abboud et al. (1990 and 1993), Hamid et a. (1989), and Horton and Tadros (1990) give
additional insight and behavior for computing deflection for masonry components.

11.6 FLEXURE AND AXIAL LOADS:

11.6.2 Design Requirements of Reinforced Masonry Members. The design principles listed
are those that traditionally have been used for reinforced masonry members. The theory used for
design of normally proportioned flexural members has limited applicability to deep flexural
members. Shear warping of the cross section and a combination of diagonal tension stress and
flexural tension stresses in the body of the deep flexural members require that deep beam theory
be used for members that exceed the specified limits of span to depth ratio.
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11.6.2.2: Longitudina reinforcement in flexural membersis limited to a maximum amount to
ensure that masonry compressive strains will not exceed ultimate values: -- in other words, that
the compressive zone of the member will not crush before the tensile reinforcement devel ops the
inelastic strain consistent with the maximum drift l[imits of Provisions Table 5.2.8.

For all masonry components other than walls bending in the out-of-plane sense and masonry
structures expected to remain essentially elastic, maximum reinforcement is limited in accor-
dance with a prescribed strain distribution based on atensile strain equal to five times the yield
strain for the reinforcing bar closest to the edge of the member, and a maximum masonry
compressive strain equal to 0.0025 for concrete masonry or 0.0035 for clay-unit masonry. By
limiting longitudinal reinforcement in this manner, inelastic curvature capacity is easily depicted
as the slope of the strain distribution.

Because axial forceisimplicitly considered in the determination of maximum longitudinal
reinforcement, inelastic curvature capacity can be relied on no matter what the level of axial
compressive force. Thus, the capacity reduction factors, ¢, for axial load and flexure can be the
same as for flexure alone. Also, confinement reinforcement is not required because the maxi-
mum masonry compressive strain will be less than ultimate values.

Calculated tensile force in the reinforcement is based on a stress equal to 1.25 timestheyield
stress to account for differences between the actual yield strength and the minimum specified
strength, and the possibility of strain hardening. Thisincrease of stress beyond yield also
compensates for effects of discontinuous tensile strain fields that develop as aresult of tensile
cracking.

The numerical limitsin the required provisions can be devel oped consistently from several
approaches.

For structures expected to respond inelastically, one approach for the in-plane limitsis based on
the design model of a cantilever wall with aflexural hinge at the base. Neglecting elastic
deformations of the wall and considering only the concentrated inelastic rotation at the hinge, the
required inelastic curvature at the base of the wall is geometrically related to the maximum drift
limits of Provisions Table 5.2.8. Assuming for simplicity that the length of the plastic hingeis
equal to the plan length of the wall, the maximum drift ratio must equal the summation of the
maximum usable compressive strain in the masonry plus the expected strain in the tensile
reinforcement. Using a maximum usable compressive strain in the masonry between 0.0025 and
0.0035, the expected strain in the tensile reinforcement is about 4 times yield. The expected
strain in the tensile reinforcement must somewhat exceed this, however, because the inelastic
rotation is not concentrated at a single point, and because the inelastic hinge length can be less
than the plan length of the wall. The required expected strain istherefore set at 5 timesyield.

For structures expected to respond inelastically, the masonry compressive force is estimated
using arectangular stress block defined with parameters based on recent research done with the
Technical Coordinating Committee for Masonry Research (TCCMaR).

For walls bending out of plane, the limit on maximum reinforcement is relaxed by considering a
strain distribution based on 1.3 times the yield strain for the reinforcing bar closest to the member
edge. Thislimiting strain distribution is less severe than that adopted for in plane bending. Itis
based on research done by Blondet and Mayes (1991).
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For structures intended to undergo significant inelastic response, the Provisions are a technically
sound way of achieving the design objective of inelastic deformation capacity. They are, however,
unnecessarily restrictivefor those structuresnot required to undergo significant inel astic deformation
under the design earthquake.

Because unreinforced masonry structures, which havetraditionally beenregarded asnon-ductile, are
assigned an R value of 1.5, that value was taken as corresponding to essentially elastic response.
Structures designed using an R value of 1.5 would be expected to reach but not exceed a critical
strain condition corresponding to the development of yield strain in the extreme tensile reinforce-
ment, and the devel opment of the maximum useful compressive strain in the extreme compressive
fiber of the masonry.

Because of the possibility of overstrength, yield strain was taken as 1.25 f,. To alow a prudent
margin of safety against l[imited inel astic behavior, the maximum strain in the tensile reinforcement
wasincreased from 1.25¢,to 2 &,. The criterion for essentially elastic structures appliesto bothin-
and out-of-plane flexure.

At the curvatures corresponding to yield strain or dightly past yield strain, the corresponding stress
distribution in the masonry would be linear rather than an equivalent rectangle. Using that stress
distribution, the axial load in the element, and the corresponding elastic stresses in tensile and
compressive reinforcement, the maximum reinforcement can be cal cul ated.

Maximum reinforcement per therequirementsof Sec. 11.6.2.2.1 for anin-planewall with uniformly
distributed vertical reinforcement can be derived using simple equilibrium concepts to give:

/ Pg
0.64f 00 - —
_ bd (C11.6.2.2-1)

p
M L25(1 - @) - 05F 0

where p,..,, isthetotal amount of vertical stedl divided by b and d; b isthe width of the section; dis
the distance from the extreme compressive fiber to the location of the tensile vertical bar closest to
the edge of the member; « is equal to the depth of the compression zone divided by the effective
depth, d; P,isequal to the unfactored gravity compressiveforce; f, isthe specified yield stress of the
reinforcement, and f ., is the maximum compressive stress in the vertical reinforcement.

Similarly, maximum reinforcement per the requirements of Sec. 11.6.2.2.2 for an out-of-planewall
with asingle layer of vertical reinforcement centered on the wall section reduces to:

/ Pg
0.64f a0 - —2
bd (C11.6.2.2-2)

Pmax 2,50,

where p,,..,, IS the total amount of vertical steel divided by the gross area of the wall section.
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For structures expected to undergo significant inelastic response, Equation C11.6.2.2-2 shows that
for any maximum permitted reinforcement ratio, the Provisions directly limit the summation of
forces from axial load and tensile reinforcement. Given prescriptive requirements for minimum
reinforcement, the Provisions limit the axial load to a value that increases with the specified
compressive strength of the masonry. Thislimitation may govern the maximum number of stories.

These maximum reinforcement requirements apply to all flexural members (walls, columns and
beams) in all seismic design categories, for all structures expected to undergo significant inelastic
response. Maximum reinforcement requirementsfor structures not expected to undergo significant
elastic response, while similar in nature, impose less stringent limitations on maximum reinforce-
ment.

For calibration purposes, maximum longitudinal reinforcement per Sec. 2108.2.3.3 of the 1997
Uniform Building Codeisalso plotted in Figures C11.6.2.2-1 and C11.6.2.2-2. The UBC criterion
limitslongitudinal reinforcement to no more than one-half of that resulting in abalanced condition
where ultimate masonry compressive stressis equal to 0.003 and reinforcement isat itsyield strain.
A rectangular stress block isto be used with astressequal to 0.85 timesf’,, and astress block depth
equal to 0.85 times the compressed zone. No increasein theyield stressis specified by the UBC to
account for increases due to higher expected strengths, strain hardening, or flexural cracking. The
UBC criterion also considers axia force when limiting maximum reinforcement. However, in
addition to gravity forces, axial forces due to earthquake effects times aload factor of 1.4 are also
considered. Using the same procedure as used to derive thetwo former equations, the UBC criterion
reduces to:

/ Pu
0.723f 0 - Y
bd (C11.6.2.2-3)

1
pg max E

2.00f,,

where P, isthe factored axial load (1.0D + 1.0L +1.4E).

The UBC criterion results in a more restrictive limit on maximum reinforcement for axial
compressive stress less than 381 psi for clay-unit masonry and 103 psi for concrete masonry (with
theassumed valuesof f' ;). For axial compressive stresses abovethese values, thein-planecriterion
per Sec. 11.6.2.2 results in amore restrictive limit on maximum reinforcement.
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FIGURE C11.6.2.2-1 Maximum reinforcement for clay-unit masonry
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FIGURE C11.6.2.2-2Maximum reinfor cement for concretemasonry walls.

For further discussion, see He and Priestley (1992), Leivaand Klingner (1991), Limin and Priestley

(1988), Merryman et a. (1989), Seible et al. (1992), and Shing et al. (1991).
11.6.3 Design of Plan (Unreinforced) Masonry Members:

11.6.3.5: Theaxial load strengths given by Eq. 11.6.3.5-1 and 11.6.3.5-2 are based on analysis of
the results of axial load tests performed on clay and concrete masonry elements. For members
having an h/r ratio not exceeding 99, the specimensfailed at [oads | ess than the Euler buckling load.
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Eq. 11.6.3.5-1 wasempirically fit to test data for these members. For h/r valuesin excess of 99, the
limited test datais adequately approximated by the Euler buckling equation.

11.7 SHEAR:

11.7.3 Design of Reinfor ced Masonry M embers. Thedevelopment of strength design procedures
for masonry requires areasonably simplified and accurate equation that is capable of predicting the
ultimate shear strength of a masonry wall. Once agreed upon, this equation, together with
appropriate ¢ factors, will form akey part of strength design procedures.

Over the past two decades many hundreds of tests have been performed in the U.S., Japan and New
Zedand to determinethe strength and ductility of concrete block and clay brick shear walls subjected
tocycliclatera load patterns. From these tests come equationsto predict the shear strength of walls
usually calibrated to the tests carried out by the particular researcher. Fattal and Todd (1991)
compared the predictions of four different equations with available experimental results. The only
flaw in thiswork was that they included the UBC design equations with the inference that the UBC
eguationswere predictive equationsfor the ultimate shear strength of masonry. Thisisnot theintent
of the UBC equations. They were developed and then modified as part of the code development
processto provide alower bound on the shear capacity of masonry walls. Two other reports/papers
werereviewed as part of preparing this overview document; Blondet et a. (1989) and Anderson and
Priestley (1992) also looked at predictive equationswhich were more simplified than those included
in the Fattal and Todd review. As aconsequence, atotal of six different predictive methods have
been reviewed.

In summary, the methods include two or more of the following components:

Vu - Vm * Vsh * VS/ * Vp (C11.7.3-1)

where:
V., = contribution of the masonry
Vg, = contribution of the horizonta steel
V, = contribution of the vertical steel
V, = contribution of the axial load

The report by Fattal and Todd (1991) is quite thorough and the test data used to assess the Shing,
Matsamura, and Architectural Institute of Japan (AlJ) predictive equations were al so used to assess
the methods proposed by Blondet et al. (1989) and Anderson and Priestley (1992) and the final
TCCMaR equationsthat were devel oped as part of the TCCMaR study. Theform of these equations
are given in Table C11.7.3-2. Rather than present the details of each of the test results that were
developed, astatistica summary isprovidedin Table C11.7.3-1. Thisprovidesthe overall average,
standard deviation and coefficient of variation for all 62 testsincluded in the Fattal and Todd report.
The values given in Table C11.7.3-1 are the ratio of the shear strength obtained by the predictive
equation divided by the ultimate strength obtained from thetest. A perfect prediction hasaratio of
1 and a conservative prediction has aratio less than 1.
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TABLE C11.7.3-1

Tests Shing Okamoto M atsamura Blondet Anderson TCCMaR
et al. & Priestley

All 62 tests
Mean 0.83 0.81 0.91 1.03 1.06 1.02
Standard 0.23 0.27 0.20 0.24 0.23 0.24
Deviation
Coefficient 0.05 0.07 0.04 0.06 0.05 0.05
of Variation

Mean Values
Tests 1-10 0.94 1.25 0.93 0.88 1.02 0.87
(Shing)
Tests 11-27 0.89 0.82 0.99 1.10 1.13 1.07
(Matsu-
mura)
Tests 27-38 0.65 0.76 0.75 0.80 0.86 0.81
(Okamoto)
Tests 39-62 0.82 0.66 0.91 113 111 112
(Sveinsson)

Alsoincluded in Table C11.7.3-1 are the mean values of the four different sets of tests. Test 1-10
arefromShingetal. (1991), Tests 11-28 arefrom Matsamura (1987), Tests 29-37 arefrom Okamoto
et a. (1987), and Tests 38-62 are from Sveinsson et al. (1985).

TABLE C11-7.3-2

Masonry Component Horizontal Steel Vertical Load
TCCMAR 4-175M @\/T 05p, f, 0250 .
Vg "
Blondet 04-175M @\/T’ 05p, f, v2 s Ynde
Vd m m 15 m
Anderson - [ ;. 05p, f 0.250 .
Shing? ] [f1
(00217p, f ,+0166)y f 0 2d' O (0021700 T,
v v m L- E - 1HT ph f h
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TCCMAR 14-175M %\/T 05ph f h 0.250
Vg "
Matsamura® o d
EEW 0;737 + 0012404p%%), T, EE 53.01575(;)h fyeT = (01750.) T
Ald d d
%_64 2220011+ 176)@& +1o.12 @Edf [0.739(,3N f,)+0739(p, f,) ] T (0.08750 c) n

®These equations are in metric units.

As part of the TCCMaR studies, it was decided to use a combination of the Blondet et al. and
Anderson and Priestley equations. In comparing the manner in which the two methods account for
contribution of the masonry component, it was decided to use the Blondet form. As part of the
Berkeley tests (Mayeset a., 1976, Chen et al., 1978, Hidalgo et al., (1978, 1979), it was concluded
that the M/Vd ratio should be part of the masonry equation rather than just astraight function of 2.9
Vi, as in the Anderson and Priestley equation. Furthermore, there was very little numerical
differencein the values used to account for the vertical load contribution. Asaconsequence, it was
decided to use the more smplified form of 0.250, used by Anderson and Priestley. Thefinal form
of the TCCMaR equation was given as:

V:(4—1.75M/Vd)\/a] + 0.9p,, fyh + 0.250, (C11.7.3-2)

The metric equivalent of Eq. C11.7.3-2is:

v = 0.083(4- L75MNd)yf,, + 0.5p, f,, + 0.250,

Some membersof TCCMaR believed that some contribution of vertical steel should beincluded and
thisissue wasinvestigated. Many of the test specimens only included jamb steel and consequently
two different vertical steel contributions were investigated: 1/4p,f,, and 1/4p,f,,; where p, is the
total vertical steel and p,; is only the interior vertical steel and neglects the jamb steel. The
correlation and the test resultswere not as good when acontribution from vertical steel wasincluded
and consequently it was decided not to include it in the recommended TCCMaR shear equation.

Application of the shear strength equation to partialy grouted masonry was based in part on Fattal
(1993a and 1993b).

11.8 SPECIAL REQUIREMENTSFOR BEAMS:
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11.8.1: Masonry beams may be loaded normal to their plane by wind or earthquake forces. The
beam must have adequate strength to span between support points under the action of the out-of-
plane loads. The arbitrary limits of 50 and 32 were judged to be adequate absolute limits on the
unbraced span to beam width ratios for the conditions listed.

11.8.2: Gravity loading of a masonry beam may be applied eccentrically to its vertical centroidal
plane. Thelateral supportsof the masonry building should restrain the beam from rotation under the
eccentric action of the gravity load.

If the beam is supported laterally at one edge only (top or bottom), then the lateral support should
have the moment capacity to restrain the rotation caused by |oading normal to the face of the beam
that is eccentric to the support point.

11.8.3: A minimum amount of flexural reinforcement in the positive moment zone of the beam is
specified. Thisminimum isspecified asaratio, p, of the quantity of the reinforcement to the cross-
sectional areaof thebeam. The minimum ratio specified isintended to require that the post-cracked
moment capacity exceeds the uncracked moment capacity of the section.

Theserequirementsfor aminimum quantity of positivemoment reinforcement assumesthat cracking
has occurred in zones of negative moment and that the change in beam stiffness has increased the
positive moment. However, if the positive moment capacity of the reinforced section exceeds the
uncracked positive moment capacity, transfer of moment to this zone is accommodated.

If a section of the adjacent concrete floor serves as the compression flange of the beam, minimum
reinforcement is based on the masonry section which isin tension due to positive moment.

11.8.4 Deep Flexural Members. The theory used for design of beams has alimited applicability
to deep beams. Shear warping of the cross section and acombination of diagonal tension stress and
flexural tension stress in the body of the deep beam requires that deep beam theory be used for
design of membersthat exceed the specified limits of span to depth ratio. Analysisof wall sections
that are used as beams generally will result in adistribution of tensile stress that requires the lower
one-half of the beam section to have uniformly distributed reinforcement. The uniform distribution
of reinforcement resists tensile stress caused by shear as well as flexural moment.

Theflexural reinforcement for deep beamsmust meet or exceed the minimum flexural reinforcement
ratio of Sec. 11.8.3. Additionally, horizontal and vertical reinforcement must be distributed
throughout the length and depth of deep beams and must provide reinforcement ratios of at least
0.001. Distributed flexura reinforcement may be included in the calculations of the minimum
distributed reinforcement ratios.

Flexural reinforcement that islumped entirely at the bottom and/or top of a deep flexura member,
however, should beignored when cal cul ating the distributed horizontal reinforcement ratio. Insuch
acase, the lumped flexural steel must provide a minimum flexural reinforcement ratio of 120/f, in
accordance with Sec. 11.8.3. For Grade 60 stedl, this requirement is equivalent to a minimum
flexural reinforcement ratio of 0.002.

Although this flexural reinforcement ratio results in twice the ratio required by Sec. 11.8.4.3, the
flexural steel islumped at the top and/or bottom of the beam and isnot uniformly distributed. Since
the intent of Sec. 11.8.4.3 isto ensure a minimum quantity of uniformly distributed reinforcement
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throughout the depth of the deep beam, the lumped flexural steel isnot considered when calcul ating
the minimum distributed reinforcement ratios.

11.9 SPECIAL REQUIREMENTSFOR COLUMNS:

11.9.1: Maximum and minimum limitations on the area of longitudinal reinforcement for columns
are traditional values that have been in codes for many years. Minimum areas are limited so that
creep of the masonry, which tendsto transfer load from masonry to reinforcing steel will not result
inincreasingthestressinthesteel toyieldlevel. Themaximum arealimitation representsapractical
l[imit on the amount of reinforcing steel in terms of economy and steel placement. No testing or
research has been done to justify changes in these traditional values.

11.9.2: The minimum number of bars in columns aso is a traditional number. It is obviously
appropriate, however, to suit rectangular or square column shapes and tying requirements.

11.9.3: The laterd tie restrictions in this section are aso traditional. The column tie bending
requirements of Part ¢ are to be as shown.

Reinforcement isrestricted to an amount below the arearequired for flexural bending only in order
to preserve a ductile failure condition (i.e., steel will reach ultimate yield strain before concrete
reaches ultimate yield strain which would be defined as a brittle failure). It is therefore important
to keep the reinforcement ratio low.

11.10 SPECIAL REQUIREMENTSFOR SHEAR WALLS:

11.10.1through 11.10.5: Detailing requirementsfor masonry shear walls have been reorganized for
1997 in Sec. 11.10.1 through 11.10.5 to provide direct correlations with those categories given as
lineitemsin Table 5.2.2: ordinary plain masonry shear walls, detailed plain masonry shear walls,
ordinary reinforced masonry shear walls, intermediate reinforced masonry shear walls, and special
reinforced masonry shear walls. Thiswas done so that variable R, Q, and C, factors could be given
for each shear wall category rather than specifying detailing requirements per the Seismic Design
Category aswas donein previous editions of the Provisions. Thisreorganization is more consistent
withtheother material chapters, which areorganized by typeof |ateral-force-resisting elements(e.g.,
ordinary, intermediate, or special moment resisting frames).

The word “plain” refers to the condition when a wall is unreinforced or tensile stresses in
reinforcement, if any, are neglected. The word “reinforced” refers to the condition when tensile
stresses in reinforcement are considered in the design process. “Detailed plain” and “intermediate
reinforced” walls much have minimum reinforcement per Seismic Design Category C whereas
“ordinary plain” and “ordinary reinforced” walls do not need to have any minimum reinforcement.
Reinforcement requirements for “special reinforced” walls follow the requOirements for Seismic
Design Categories D and E. Requirements in each Seismic Design Category that are not germane
to masonry walls have bene retained in Sec. 11.3.5 through 11.3.9. in newly.

11.10.6 Flanged Shear Walls. Testson flanged shear walls (Priestley and Limin, 1990; Sieble et
al., 1992) have indicated that if the conditions of Sec. 11.10.3.1 are satisfied, the flange will act in
conjunction with the web as a part of the flexural member.

The tributary flange widths defined in Sec. 11.10.3.3 and 11.10.3.4 are considered to be values
appropriate for predicting flexural behavior and strength. The values were taken from experimental
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results. Thishas significance when cal culating probable shear force on thewall, which isrelated to
the probable maximum flexural strength. For the cal culation of maximum allowable reinforcement
ratios, the reinforcement in the flange of the width specified in Sec. 11.10.3.4 must be considered
as part of the maximum reinforcement ratio.

11.10.7 Coupled Shear Walls: Coupled shear walls are defined as shear walls in acommon wall
planethat areinterconnected or coupled by spandrel beams. These beamsaretypicaly at each floor
level. The coupling beams can be a section of areinforced concrete floor that has continuity with
the shear walls. Caution should be exercised to distinguish between coupled shear walls and walls
with openings. Inacoupled wall system, theyield limit stateis allowed only in the coupling beam
and at the base of the shear wall. If the flexure or shear yield state occurs in the wall between
coupling beams, the system is awall with openings. This system has very limited ductility and
should be redesigned to prevent yielding in the reinforced wall at points other than the base of the
shear wall.

Conformance with the requirement that the coupling beams reach their moment limit state at or
before the shear wall reaches its moment limit state need not be checked if the ratio of the depth of
the shear wall to the depth of the coupling beams exceeds 3 or more and the length of the coupling
beams is less than one-half of the story height. Linear elastic analyses of the coupled wall system
areinadequate to determine the yield status of the shear wall and the coupling beams. The stiffness
of the shear wall will degrade rapidly inthefirst story. The shear wallsin the upper stories may be
uncracked.

11.10.7.2 Shear Strength of Coupling Beams: The nominal shear strength of coupling beams
must be equal to the shear caused by development of afull yield hinge at each end of the coupling
beams. Thisnominal shear strengthisestimated by dividing the sum of the calcul ated yield moment
capacity of each end of the coupling beams, M, and M, by the clear span length, L.

A coupling beam may consist of amasonry beam and apart of the reinforced concrete floor system.
Reinforcement in the floor system parallel to the coupling beam should be considered as a part of
the coupling beam reinforcement. The limit of the minimum width of floor that should be used is
six times the floor slab thickness. This quantity of reinforcement may exceed the limits of Sec.
11.6.2.2 but should be used for the computation of the normal shear strength.

11.12 GLASS-UNIT MASONRY AND MASONRY VENEER: Chapters11 and 12 of ACI 530-
95/ASCE 5-95/TM S 402-95 have been newly introduced in the 1997 Provisions to address design
of glass-unit masonry and masonry veneer. Direct reference is made to these chapters for design
requirements. Investigations of seismic performance have shown that architectura components
meeting these requirements perform well (Jalil, Kelm and Klingner, 1992, and Klingner, 1994).
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