National Concrete Masonry Association
an information series from the national authority on concrete masonry technology

STRENGTH DESIGN PROVISIONS TEK 14-4B

FOR CONCRETE MASONRY st 209
Keywords: axial strength, building code provisions., design masonry act compositely to resist applied loads.
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masonry « The maximum masonry compressive stress is 0.80f',, for

both reinforced and unreinforced masonry.
INTRODUCTION e Themaximumusablestrain, e, atthe extreme compression

fiber of concrete masonry is 0.0025.
Concrete masonry elements can be designed using one of  For reinforced masonry, compression and tension stresses

several methods in accordance with Building Code Require- in the reinforcement below the specified yield strength, f,,
ments for Masonry Structures (ref. 1): empirical design, strength are taken equal to the modulus of elasticity of the reinforce-
design or allowable stress design. This TEK provides a basic ment, Es, times the steel strain e;. For strains greater than the
overview of design criteria and requirements for concrete yield strain corresponding to f,, stress in the reinforcement
masonry structures designed using the strength design provi- is taken equal to f,.

sions contained in Chapter 3 of the 2002 edition of Building « Forreinforced masonry, the compressive stressisrectangular
Code Requirements for Masonry Structures (also referred and uniformly distributed over an equivalent compression
to as the MSJC Code) (ref. 1) as referenced and modified in zone, bounded by the compression face of the masonry with
Section 2108 of the 2003 International Building Code (IBC) a depth of a = 0.80c.

(ref. 2). In addition, changes to the strength design method Based on the prescribed design model outlined above,

incorporated into the 2005 edition of the MSJC Code (ref. 3) the internal distribution of stresses and strains is illustrated in
through Section 2108 of the 2006 International Building Code Figure 1 for a reinforced masonry element. A more compre-
(ref. 4) are also reviewed, as are modifications included in the hensive review of the design model is provided in Masonry
2008 MSJC Code (ref. 5). Structures, Behavior and Design (ref. 8).

Forempirical and allowable stress design requirements, the

user is referred to TEK 14-8A, Empirical Design of Concrete
Masonry Walls (ref. 6), and TEK 14-7A, Allowable Stress azr,m:o.OOZSEBw Strain
Design of Concrete Masonry (ref. 7), respectively. Tables, T gy distribution
charts, and additional design aids specific to the design of c
various concrete masonry elements can be found in other ‘L C =0.64f ' bc
related TEK. a=08c " Stress
Strength design is based on the following design assumptions QEe Jw T T=Af, distribution
in conjunction with basic principles of engineering mechanics ul
(refs. 1, 3, 5), as shown in Figure 1 for a reinforced element:
* Plane sections before bending remain plane after bending. L
Therefore, strain in the masonry and in reinforcement, if Z .
present, is directly proportional to the distance from the T
neutral axis. by
 For unreinforced masonry, the flexural stresses in the ma- = Masonry cover
sonry are assumed to be directly proportional to strain. For o Bar diameter
reinforced masonry, the tensile strength of the masonry is | Wall
neglected when calculating flexural strength, but considered width
when calculating deflection. ] Figure 1—Stress and Strain Distribution for Strength
e The units, mortar, grout and reinforcement for reinforced Design of Reinforced Masonry
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2003 IBC STRENGTH DESIGN MODIFICATIONS

The 2003 IBC adopts the 2002 MSJC Code with two
modifications specific to the strength design procedure in IBC
Section 2108. The two modifications are as follows.

* Section 2108.2 introduces a maximum effective compres-
sion width for out-of-plane bending of six times the nominal
wall thickness, not to exceed the reinforcement spacing.
This is similar to limits historically used by the allowable
stress design provisions in the MSJC Code as well as those
adopted into the 2005 MSJC Code for strength design, as
reviewed below.

» Welded and mechanical splices incorporated into masonry
elements designed by the strength design method must also
comply with Section 2108.3 of the 2003 IBC. For welded
splices, the reinforcement to be welded must comply with
ASTM A 706 (ref. 9). Splicing by mechanical connectors
is classified as either Type 1 or Type 2 mechanical splices in
accordance with ACI 318, Building Code Requirements for
Structural Concrete (ref. 10). Type 1 mechanical splices are
only required to develop 125 percent of the nominal yield
strength of the reinforcement being spliced. Type 2 mechani-
cal splices, conversely, must develop the full specified tensile
strength of the reinforcement. Welded and Type 1 mechanical
splicesare not permitted to be used in the plastic hinge region
of intermediate or special reinforced masonry shear walls.

2002 MSJC CODE STRENGTH DESIGN CRITERIA

Using strength design, the design strength of a masonry
element is compared to the required (or factored) strength
(indicated by the subscript u), which includes load factors to
account for the uncertainty in predicting design loads and the
probability of more than one design load acting simultane-
ously. The required strength is based on the strength design
load combinations as required by Section 1605 of the IBC. At
the option of the designer, or when the MSJC Code is used in
conjunction with another building code that does not contain
load combinations, masonry structures are designed to resist
the load combination specified in ASCE 7, Minimum Design
Loadsfor Buildings and Other Structures (ref. 11). Forstrength
design, these load combinations are effectively the same.

The designstrength of masonry is the nominal strength (in-
dicated by the subscriptn) multiplied by an appropriate strength
reduction factor, ¢. The design is acceptable when the design
strength equals or exceeds the factored strength (i.e., when ¢M,
>M,) forall prescribed load combinations. The following sec-
tions cover the general strength design requirements applicable
to both unreinforced and reinforced masonry assemblies, with
the exception of design requirements for anchor bolts and lap
splices. For these topics, the user is referred to TEK 12-3A,
Design of Anchor Bolts Embedded in Concrete Masonry (ref.
12) and TEK 12-6, Splices, Development and Standard Hooks
for Concrete Masonry (ref. 13), respectively.

Strength Reduction Factors

To account for uncertainties in construction, material
properties, calculated versus actual strengths and anticipated
failure modes, the nominal strength of a masonry element
is multiplied by an appropriate strength reduction factor, ¢.

Strength reduction factors are used in conjunction with the load

factors applied to the design loads. The values of the strength

reduction factors for various types of loading conditions are:

« forreinforced masonry elements subjected to flexure or axial
loads; ¢ = 0.90;

» for unreinforced masonry elements subjected to flexure or
axial loads; ¢ = 0.60;

» for masonry elements subjected to shear loads; ¢ = 0.80;

« for bearing on masonry elements; ¢ = 0.60.

Drift and Deflection

When designing for earthquakes, the story drift (the rela-
tive displacement of adjacent stories) must be checked against
the IBC prescribed allowable story drifts. When the MSJC
Code is used in conjunction with a building code that does
not contain allowable story drifts, the provisions of ASCE
7 are used. For masonry buildings with cantilevered shear
walls, the IBC limits the story drift to 0.01h,,, where h, is the
height of the story below the level for which the drift is being
calculated. For other types of masonry shear wall buildings,
except masonry frames, the allowable story drift is limited to
0.007h,. While the IBC includes story drift limits for masonry
frame wall buildings, such structural configurations are rarely
used. When calculating story drift, the calculated elastic deflec-
tion is multiplied by the deflection amplification factor, Cy, as
prescribed in the IBC for the type of structural system being
designed. The deflectionamplification factor approximates the
additional deflection due to inelastic response (if applicable)
of the system during an earthquake. Due to the inherent in-
plane stiffness of masonry assemblies, in-plane deflection and
story driftare rarely a controlling limit unless a relatively large
number of openings is incorporated that reduces the strength
and stiffness along a line of lateral resistance.

Unlike allowable stress design, which permits deflec-
tions to be calculated assuming uncracked sections for both
reinforced and unreinforced masonry, strength design requires
that deflections of reinforced masonry elements be based on
cracked section properties, which are limited to one-half of
the gross section properties unless a rigorous cracked sec-
tion analysis is performed. The deflection of unreinforced
masonry elements, which are required to remain uncracked,
use uncracked section properties.

Because unreinforced masonry elements must be designed
to remain uncracked, deflection is rarely a controlling design
limit for these systems. Reinforced masonry elements, however,
particularly tall, slender walls bending in the out-of-plane direc-
tion, may exhibit excessive deflection even at relatively low
applied loads. As such, the MSJC Code limits the mid-height
deflection, §,, of reinforced masonry elements bending in the
out-of-plane directiondue to service level lateral and axial loads
to 0.007h. Second order effects due to P-delta contributions
must also be taken into account, which is usually accomplished
through iteration until convergence is achieved.

When the applied moment, Mg, is less than the moment
required to cause cracking, M¢;, (Mg, < M,,) then the mid-height
deflection of a masonry element subjected to a uniform out-
of-plane load can be determined using Equation 1.
6 —_ 5Mserh2

= Egn. 1
s 48E, 1, q



Conversely, when the applied moment, M, is greater than
the moment required to cause cracking, M, but less than the
nominal moment strength of the assembly (M., < Mg, < M,) the
mid-height deflection of amasonry elementsubjected toauniform
out-of-plane load can be determined using Equation 2.

_ 5,vlcrhz + 5('vlser — ,vlt:r)h2
) 48E 1, 48E, 1,

The MSJC does not prescribe a method of determining the
cracked moment of inertia, l.;. As such, any rational method
of determining cracked section properties is permitted. TEK
14-1B, Section Properties of Concrete Masonry Walls (ref. 14),
provides typical section properties for various uncracked wall
sections. For use in Equations 1 and 2, the cracking moment
can be taken as:
Mer = Sy f, Eqgn. 3
Where the modulus of rupture, f,, is obtained from Table 1
for the type of mortar and construction under consideration.

Eqn. 2

Material Properties

Duetothe lack of available research data substantiating its
use, the specified compressive strength of concrete masonry,
', designed by the strength design method is required to be
at least 1,500 psi (10.34 MPa), but not larger than 4,000 psi
(27.58 MPa). In addition, when used in a structural role, the
specified compressive strength of grout is required to be at
least equal to the specified compressive strength of concrete
masonry, but not greater than 5,000 psi (34.47 MPa). For each
of these upper limits on masonry assembly or grout compres-
sive strength, the actual tested strength is permitted to exceed
these values: the restriction applies only to specified strengths
upon which the design is based. Note that these provisions are
included in the 2005 MSJC Code as well.

Strength design of reinforced masonry is based on the
specified yield strength of reinforcement, f,, which is limited
to 60,000 psi (413.7 MPa). The actual yield strength of
the reinforcement is limited to 1.3 times the specified yield
strength. The combination of these requirements effectively
precludes the use of bed joint reinforcement to be used as
primary structural steel in masonry designed by the strength
design method, because the nominal yield strength of bed
joint reinforcement exceeds these limits. The compressive
resistance of steel reinforcement is not permitted to be used
unless lateral reinforcement is provided in compliance with
Chapter 2 of the MSJC Code, except as permitted when check-
ing the maximum reinforcement limits as described later.

Unreinforced Masonry

For unreinforced masonry, the masonry assembly (units,
mortar and grout, if used) is designed to carry all applied
stresses. The additional capacity from the inclusion of rein-
forcing steel, if present (such asreinforcement added to control
shrinkage cracking or prescriptively required by the code), is
neglected when designing unreinforced masonry elements.
Because the masonry resists both tension and compression
stresses resulting from applied loads, the masonry must be
designed to remain uncracked.

Unreinforced Nominal Flexural Strength
The nominal flexural tensile strength of unreinforced con-
crete masonry is given by the modulus of rupture as prescribed

in the MSJC Code, which varies with the direction of span,
mortar type, bond pattern and percentage of grouting asshownin
Table 1. These values apply to masonry subject to out-of-plane
bending. For walls spanning horizontally between supports,
the code conservatively assumes that stack bond masonry has
no flexural bond strength across the mortared head joints, thus
only the grout area (for horizontally grouted sections) is used.
For this case, the modulus of rupture of the grout is taken equal
to 250 psi (1720 kPa). Likewise, for masonry subjected to
in-plane bending, the modulus of rupture normal and parallel
to the bed joints is taken as 250 psi (1720 kPa).

For masonry elements subjected to a factored bending
moment, M,, and a compressive axial force, P, the resulting
flexural bending stress is determined using Equation 4.

F, = Mt _R Eqn. 4
21, A

If the resulting value of F, is positive, then the masonry
section is controlled by tension and the modulus of rupture
values of Table 1, reduced by the appropriate strength reduc-
tion factor (¢ = 0.60), must be satisfied. Conversely, if F, as
given by Equation 4 is negative, the masonry section is in
compression and the design compressive stress of 0.80f', ap-
plies. When using axial load to offset flexural bending stresses
as described above, only dead loads or other permanent loads
should be included in P,.

Unreinforced Nominal Axial Strength

When unreinforced masonry walls are subjected to
compressive axial loads only, the nominal axial compressive
strength, P,, is determined using equation 5 or 6, as appropri-
ate. Unreinforced masonry is not permitted to carry net axial
tension forces.
For elements with h/r not greater than 99:

- g
P =0.8|0.8A f'|1-| — Eqgn.5
" A m[ (140rj 1 a
For elements with h/r greater than 99:

2
P,=0.8]/ 0.8A,f, [1—(7—?) J Eqn. 6

Unreinforced Nominal Shear Strength
Shear stresses on unreinforced masonry elements are cal-
culated using the net cross-sectional properties of the masonry
in the direction of the applied shear force using:
Fvu = M
I,b

Equation 7 isapplicable to determining both in-plane and
out-of-plane shear stresses. Because unreinforced masonry is
designed to remain uncracked, it is not necessary to perform a
cracked section analysis to determine the net section properties.
Inturn, the applied shear stresses (factored accordingly for the
appropriate load combination) are compared to the nominal
shear strength, V,, of an unreinforced masonry section, which
is the least of:

1. 3.8A.f, psi  (3.8A,/f, MPa)
2. 300A, psi (0.83A, MPa)

3. a. Forrunningbond notsolidly grouted and for stack bond
masonry with open end units and grouted solid,

Eqn. 7



56A, + 0.45N, psi (0.26A, + 0.3N, MPa)

b. For solidly grouted running bond masonry,
90A, + 0.45N, psi (0.414A, + 0.3N, MPa)

c. Forstack bond masonry with other than open end units
grouted solid,

23A, psi (0.103A, MPa)

Reinforced Masonry

The design of reinforced masonry in accordance with the
MSJC Code neglects the tensile resistance provided by the
masonry units, mortar and grout in determining the strength
of the masonry assemblage. (The tensile strength of the units,
mortar, and grout is considered, however, in determining the
stiffness and deflection of a reinforced masonry element.)
Thus, for design purposes, the portion of masonry subject to
net tensile stress is assumed to have cracked, transferring all
tensile forces to the reinforcement.

Using strength design, reinforcing bars used in masonry
may not be larger than No. 9 (M #29) and bars may not be
bundled. Further, the nominal bar diameter is not permitted
to exceed one-eighth of the nominal member thickness or
one-quarter of the least clear dimension of the cell, course or
collar joint in which it is placed. The total area of reinforc-
ing bars placed in a single cell or in a course of hollow unit
construction may not exceed 4% of the cell area. Note that
this limit does not apply at sections where lap splices occur. At
lap splices, the maximum reinforcing bar area is increased to
8%, in both the 2002 and 2005 editions of the MSJC Code.

Maximum Flexural Reinforcement Ratio

To provide for a prescribed level of reinforced masonry
ductility in the event of failure, the maximum reinforcement
ratio, prax, IS limited in accordance with Equation 8 or 9, as
appropriate. Equation 8 applies to masonry cross sections
that are fully grouted or where the neutral axis falls within the
face shell of the masonry units in partially grouted construc-
tion. When the neutral axis falls within the cores of partially
grouted construction, Equation 9 is used.

0.64f’ & |_P
€, toe, | bd
P = Eqn. 8
1.25f,
0641 | —Em |[Bu) ogofry [PPu) P
g, +oe, )b bd bd
Prax = Eqn. 9

1.251,

The tension reinforcement yield strain factor, o, varies
with the seismic response modification factor, R, masonry
element, and type of loading as follows:

(@) o = 1.3 for walls subjected to out-of-plane forces and
designed using an R value greater than 1.5,

(b) oo =5.0 for walls subjected to in-plane forces, for columns
and for beams designed using an R > 1.5,

(c) o =2.0 for masonry structures designed usingan R < 1.5.

Inthe above set of requirements, ais larger for out-of-plane
loads when R is less than or equal to 1.5, which is contrary
to the underlying intent of providing increased ductility for
systems and elements whose ductility demand may be rela-
tively high. Several updates and revisions to the maximum
have been incorporated into subsequent editions to the 2002
MSJC Code as reviewed below.

Reinforced Nominal Axial Strength

Thenominal axial strength, P,,, of masonry walls, piersand
columns, modified to account for the effects of slenderness,
is determined using equation 10 or 11, as appropriate. The
MSJC Code also limits the factored axial stress to 0.20f',.
For elements with h/r not greater than 99:

P = 0.80[0.80 fr(A-A)+ A [1-(%)1} Egn. 10

For elements with h/r greater than 99:
2
P = 0.80[0.80 fo(A-A)+f,A (%} J

Note that the reinforcing steel area, A,, is included in the
nominal axial strength calculationonly if itis laterally confined
in accordance with Chapter 2 of the MSJC Code.

Eqn. 11

Table 1—Modulus of Rupture Values, psi (kPa)
Direction of flexural Portland cement/lime or Masonry cement or air-entrained
tensile stress and mortar cement mortar portland cement/lime mortar
masonry type MorS N MorS N
Normal to bed joints
Solid units 100 (689) 75 (517) 60 (413) 38 (262)
Hollow units #
Ungrouted 63 (431) 48 (331) 38 (262) 23 (158)
Fully grouted B 170 (1,172) 145 (999) 103 (710) 73 (503)
Parallel to bed joints in running bond
Solid units 200 (1,379) 150 (1,033) 120 (827) 75 (517)
Hollow units
Ungrouted and partially grouted 125 (862) 95 (655) 75 (517) 48 (331)
Fully grouted 200 (1,379) 150 (1,033) 120 (827) 75 (517)
Parallel to bed joints in stack bond 0 (0) 0 (0) 0 (0) 0 (0)
A For partially grouted masonry, allowable stresses shall be determined on the basis of linear interpolation between fully
grouted hollow units and ungrouted hollow units based on amount (percentage) of grouting.
B These values have been modified in the 2005 MSJC: see Table 2.




Reinforced Nominal Flexural Strength

The nominal flexural strength, M,, of a reinforced ma-
sonry element is determined as outlined below. In addition,
the nominal flexural strength at any section along a member
must be at least one-fourth of the maximum nominal flexural
strength at the critical section.

When there are no axial loads, or when axial loads are
conservatively neglected as may be appropriate in some cases,
there are several circumstances to consider when determining
the nominal flexural strength of reinforced masonry walls. For
a fully grouted element, the internal moment arm between the
resulting compressive andtensile forcesisresolved to determine
the resisting capacity of the section. Partially grouted walls
are analyzed in the same way, but with the additional consid-
eration of the possible influence of the ungrouted cores on the
strength of the section. For partially grouted masonry bending
out-of-plane, there are two types of behavior to consider.

1. Inthe first case, when the neutral axis (the location of zero
stress) lies within the compression face shell, the wall is
analyzed and designed using the procedures for a fully
grouted wall.

2. Inthesecond case, whenthe neutral axis lies withinthe core
area, the portion of the ungrouted cells must be deducted
from the area of masonry capable of carrying compression
stresses.

The neutral axis location depends on the reinforcement spac-
ing as well as the reinforcement ratio, p, and the distance between
the reinforcement and the extreme compression fiber, d.

When analyzing partially grouted walls, it is typically
initially assumed that the neutral axis lies within the compres-
sion face shell, as the analysis is more straightforward. The
value of c is then calculated based on this assumption. Ifitis
determined that the neutral axis lies outside the compression
face shell, the more rigorous tee beam analysis is performed.
Otherwise, the rectangular beam analysis is carried out.

Rectangular Beam Analysis

For fully grouted masonry elements and for partially
grouted masonry walls with the neutral axis in the compres-
sion face shell, the nominal flexural strength, M, is calculated
using equations 12 and 13 as follows:

Mn:(&fy+Pu)(d—%j Eqn. 12
P+Af

where: a:“—Asy Eqn.13
0.80f/b

Tee Beam Analysis

For partially grouted masonry walls where the neutral
axis is located within the cores, the nominal flexural strength,
M., is calculated using equations 14, 15, and 16 as follows:

M, =(Af, +P)(d-X) Eqn. 14

b(t,? -t
(zfs )+bw(a_tfs)(tf5+a . fs)
X = Egn. 15
btfs+bw(a_tfs)

P f

azL&y—tfs £—1 Eqgn. 16
0.80f,b, b,

Toaccount for deflection resulting from out-of-plane loads
andthe additional bending moment due to eccentrically applied
axial loads, the factored bending moment at the mid-height of
a simply supported wall under uniform loading is required to
be determined by Equation 17.

2
Mu:Wuh +Puf%”+Pu5u Eqn. 17
where: P, =P, +P, Eqn. 18

Multiple iterations may be necessary to determine the
converging value of the resulting deflection.

Reinforced Nominal Shear Strength
Shear acting on reinforced masonry members is resisted
by the masonry and shear reinforcement, if provided, in ac-
cordance with the following:
Vo=V, + Vs Eqgn. 19
Where V, may not exceed the values given by Equations
20 or 21, as appropriate.
Where M/Vd, is less than or equal to 0.25:

Vv, <6A.[f Eqn. 20
Where M/Vd, is greater than 1.00:
V, <4A [T, Eqn. 21

For values of M/Vd, between 0.25 and 1.00, the maximum
value of V, may be linearly interpolated.

The nominal shear strength provided by the masonry is
determined in accordance with the following.

A {4.0—1.75[\%)} AT, +0.25P
{vm :0.83{4.0—1.75[%ﬂ AT +O.25PJ

Where the value of M/Vd, need not be taken greater than 1.0.
When shear reinforcement is incorporated into reinforced

masonry construction, the shear strength provided by the re-

inforcement is calculated in accordance with the following.

Vv, = o.5[ij f,d, Eqn. 23
S

Eqn. 22

2006 IBC REQUIREMENTS

The following is a brief summary of the changes and modi-
fications adopted into the 2005 MSJC Code as referenced in the
2006 IBC. The majority of the basic design provisions remain
unchanged, with several notable exceptions as reviewed below.

2006 IBC Strength Design Modifications

The same modifications for welded and mechanical
splices previously discussed in the 2003 IBC Strength Design
Modifications section remain in the 2006 IBC. In addition,
Section 2108 of the 2006 IBC has incorporated a limit of 72d,
onthe maximumrequired length of lap splices used in masonry
designed by the strength design method as determined by the
2005 MSJC lap splice provisions. While this limit is typically
not triggered for relatively small bar diameters, it can reduce
the required lap length of large diameter reinforcing bars or
in cases where small cover distances are used. Refer to TEK
12-6 (ref. 13) for detailed splice length requirements.



Other changes to Section 2108 of the 2006 IBC reflect
updates and modifications to the 2005 MSJC Code to remove
redundant or conflicting requirements.

2005 MSJC Code Strength Design Criteria
Bearing Strength

Due primarily to oversight, the 2002 MSJC Code did not
include explicit provisions for determining the bearing strength
of masonry subjected to concentrated loads. The bearing strength
requirements adopted into the 2005 MSJC Code are similar to
those used for allowable stress design, modified as necessary
for use in strength design. The nominal bearing strength of
masonry is taken as the greater of Equations 24 and 25:
C,=06f A Egn. 24

C, :0.6fn;Al\/%

The value of 0.6 in Equations 24 and 25 is a design coef-
ficient, not the strength reduction factor, ¢, which also happens
to be equal to 0.6 for determining the design bearing strength.
For use in Equation 25, the following expression must also
be satisfied:

Ai\/%sza

Where A; is the actual bearing area directly under the bearing
plate and A, is the effective bearing area, defined as a right
pyramid having A; as atop plane and sloping at 45°. For walls
laid in stack bond, the area defined by A; is terminated at
head joints unless a bond beam or other means of distributing
stresses isused. The concentrated stresses are distributed over
a length equal to the width of the bearing area plus four times
the thickness of the supporting element, but not to exceed the
center-to-center distance between the concentrated loads.

Eqgn. 25

Modulus of Rupture

The 2005 MSJC Code incorporated a few modifications
to the modulus of rupture values presented in Table 1 for flex-
ural tension stresses normal to the bed joints of hollow, fully
grouted assemblies, as shown in Table 2. These modifications
recognize that the type of mortar has less of an influence on
the modulus of rupture when the element is fully grouted.

In addition, instead of prescribing a single value of 250
psi (1.72 MPa) for masonry subjected to in-plane bending as
in the 2002 MSJC Code, the 2005 MSJC Code requires the
use of Table 1, as modified by Table 2, for all cases of in-plane
and out-of-plane bending.

Maximum Flexural Reinforcement Limits
The maximum flexural reinforcement requirements in
the 2005 MSJC employ the same strain gradient approach as
reviewed above, with several notable revisions.
 Reinforcement is permitted to carry compression stresses,
with or without lateral confining reinforcement. Further, the
1.25 factor on the nominal yield stress of the reinforcement
asbeenremoved. The resulting equations for the maximum
flexural reinforcement limits are given by Equation 26 for
fully grouted members or members subjected to in-plane
loads, and Equation 27 for partially grouted masonry as-
semblies subjected to out-of-plane loads where the neutral
axis falls in an open cell.

o6af;| fm | P
€, tog, ) bd

= Eqn. 26
pmax fy —EES q
. d’
where ¢ = the minimum of ¢ and| e, ——(emu +ocsy)
d
0.64f| —Em (bij+o.80fn;tfs(b_bW)—£
gy +og, JUb bd bd
Eqgn. 27

max =
fy

* The tension reinforcement yield strain factor, o, is taken
equal to the following values when M /V,d, > 1.0 (indicat-
ing performance is dominated by flexure):

« for intermediate reinforced masonry shear walls sub-
jected to in-plane loads: o. = 3.0,

» for special reinforced masonry shear walls subjected to
in-plane loads: o = 4.0,

» for other masonry elements and loading conditions: o= 1.5.

* For cases where M /V,d, <1.0 (indicating shear dominated
performance) and R > 1.5: o. = 1.5.

» Formasonry memberswhere M /V,d, <1.0andR<1.5,there
is no limit on the amount of reinforcement permitted.

» The axial load, P, for use in Equations 26 and 27, is the
gravity axial load component determined from the following
load combination: D + 0.75L + 0.525Q.

Effective Compression Width per Reinforcing Bar
Section 2108 of the 2003 IBC included limits on the

effective compression width per reinforcing bar, which were

subsequently removed fromthe 2006 IBC, assimilar provisions

were incorporated into the 2005 MSJC Code. For masonry

construction in running bond, and for masonry in stack bond

construction with bond beams space no further than 48 in.

(1,219 mm) on center, the maximum width of the compression

area used is limited to the least of:

* the center-to-center spacing of the reinforcement;

* six times the nominal thickness of the element; or

e 721in. (1,829 mm).

Boundary Elements

New to the 2005 MSJC Code are design provisions for
boundary elementsincorporated into the end zones of masonry
shear walls. Because the MSJC does not include minimum
prescriptive reinforcement detailing requirements for bound-
ary elements, it requires that when used, their performance be
verified by testing. Inaddition, when meeting the requirements
for geometrical symmetry, axial load and flexural performance,
the MSJC Code permits the maximum reinforcement limits
as reviewed above to be waived. This exception may or may
not require the incorporation of special boundary elements,
depending on the design circumstances.

2008 MSJC STRENGTH DESIGN REQUIREMENTS

At the time of publication, the 2008 edition of the MSJC
Code had been finalized, but the 2009 edition of the IBC
had not. In anticipation of the 2009 IBC adopting the 2008
MSJC by reference, following is a brief overview of changes
to the strength design provisions of the 2008 MSJC Code. In
addition to some reorganization, substantive revisions to the
strength design method include:



Direction of flexural
tensile stress and
masonry type

Table 2—Modifications to Modulus of Rupture Values in Table 1, as
Included in the 2005 MSJC Code, psi (kPa)

Portland cement/lime or
mortar cement mortar
MorS N

Masonry cement or air-entrained| ¢,
portland cement/lime mortar F.
MorS

En = modulus of elasticity of masonry, psi
(MPa)

E, = modulusofelasticity of reinforcement,

psi (MPa)

eccentricity of Py in. (mm)

net flexural bending stress due to fac-

N tored loads, psi (MPa)

Normal to bed joints

Fully grouted 163 (1,124) 158 (1,089)

153 (1,055)

145 (999)

T
g
1

shear stress on unreinforced masonry
elements, psi (MPa)

The shear strength check to help preclude brittle failure of a
masonry element during an earthquake was revised to apply
only to special reinforced masonry shear walls. Previously,
this check applied to both reinforced and unreinforced
masonry elements regardless of seismic considerations.
The requirement to provide at least 80 percent of the lateral
stiffness through shear walls was revised to apply only to
Seismic Design Categories C and higher.
Instead of requiring that the deflection of all reinforced
masonry elements be calculated on cracked section proper-
ties, the 2008 MSJC Code simply requires that the design
“consider the effects of cracking and reinforcement on
member stiffness,” thereby permitting more flexibility in
design application.
Amoment magnifier approach was incorporated for unrein-
forced masonry design in determining the influence of P-delta
effects. The magnified moment, M., is determined either
through a second-order analysis, or by the following:
M, =8M, Eqgn. 28
1
P

u

- 70r \
-
fr|—
Am(h)

For members with h/r < 45, it is permitted to take & = 1.0.
For members with 45 < h/r < 60, it is permitted to take &
= 1.0 provided that the maximum factored axial stress on
the element does not exceed 0.72f'..

where: 8 = Eqn. 29

NOTATIONS

A, = net cross-sectional area of masonry, in.2 (mm?)

A; = effective cross-sectional area of reinforcement, in.2 (mm?)

A, = cross-sectional area of shear reinforcement, in.2 (mm?)

A; = bearing area under bearing plate, in.2 (mm?)

A, = effective bearing area, in.? (mm?)

a = depthofanequivalent compression zone at nominal strength,
in. (mm)

b = width of section, in. (mm)

b, = for partially grouted walls, width of grouted cell plus each web
thickness within the compression zone, in. (mm)

C = resultant compressive force, Ib (N)

¢ = distance from the fiber of maximum compressive strain to the
neutral axis, in. (mm)

Cq = seismic deflection amplification factor

C» = nominal bearing strength, Ib (N)

D = dead load, Ib (N)

d = distance from the extreme compression fiber to centroid of
tension reinforcement, in. (mm)

d, = nominal diameter of reinforcement, in. (mm)

d, = actual depth of masonry in direction of shear considered, in.
(mm)

d" = distance from the extreme tension fiber to centroid of com-

pression reinforcement, in. (mm)

— —h
<" =

> O

w = 0

B

<Fg -~ -0

Vi
Vi
Vs

Wy

Prmax

f'n = specified compressive strength of
masonry, psi (MPa)

modulus of rupture, psi (MPa)

specified yield strength of reinforcement, psi (MPa)

effective height of masonry element, in. (mm)

effective height of masonry element below level x, in. (mm)

moment of inertia of cracked cross-sectional area of amember,

in.* (mm*)

moment of inertia of gross cross-sectional area of a member,

in.* (mm*)

moment of inertia of net cross-sectional area of a member,

in.* (mm*)

live load, Ib (N)

unfactored maximum calculated bending moment at the

section under consideration, in.-lb (N-mm)

factored moment magnified for the effects of member cur-

vature, in.-Ib (N-mm)

cracking bending moment, in.-Ib (N-mm)

nominal moment strength, in.-1b (N-mm)

applied bending moment, in.-1b (N-mm)

factored moment, in.-1b (N-mm)

compressive force acting normal to the shear surface, Ib (N)

unfactored axial load, Ib (N)

nominal axial strength, 1b (N)

factored axial load, Ib (N)

factored load from tributary floor or roof areas, Ib (N)

factored weight of wall area tributary to wall section under

consideration, Ib (N)

the effect of horizontal seismic forces, 1b (N)

first moment about the neutral axis of a section of that por-

tion of the net cross section lying between the neutral axis

and extreme fiber, in.® (mm?)

seismic response modification factor

radius of gyration, in. (mm)

section modulus of cross-section, in.* (mmg)

spacing of shear reinforcement, in. (mm)

tension in reinforcement, 1b (N)

specified thickness of masonry element, in. (mm)

concrete masonry face shell thickness, in. (mm)

unfactored shear force, Ib (N)

shear strength provided by masonry, Ib (N)

nominal shear strength, Ib (N)

shear strength provided by shear reinforcement, Ib (N)

factored shear, 1b (N)

out-of-plane factored uniformly distributed load, Ib/in.

(N/mm)

for partially grouted masonry, distance from extreme compres-

sion fiber to centroid of the compression resultant, in. (mm)

tension reinforcement yield strain factor

moment magnification factor

deflection due to service loads, in. (mm)

deflection due to factored loads, in. (mm)

maximum usable compressive strain of masonry

steel strain

yield strain of reinforcement

reinforcement ratio

maximum reinforcement ratio

strength reduction factor
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