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INTRODUCTION

L oadbearing concrete masonry walls can be designed
using one of several methodsin accordance withBuilding
CodeRequirementsfor Masonry Structures(ref. 1): empiri-
cal design, strength design or allowable stress design.
ThisTEK providesabasic overview of design criteriaand
requirements for concrete masonry structures designed
usingthestrength design provisionscontainedin Chapter
3 of Building Code Requirementsfor Masonry Structures
(ref. 1). For empirical and allowable stress design provi-
sions, the reader is referred to TEK 14-8A Empirical De-
sign of Concrete Masonry Walls (ref. 2) and TEK 14-7A
Allowable Stress Design of Concrete Masonry (ref. 3),
respectively. Tables, charts and additional design aids
specific to the design of various concrete masonry ele-
ments can be found in other related TEK.

Strengthdesignisbased onthefollowing designassump-
tions in conjunction with basic principles of engineering
mechanics (ref. 1):

- Plane sections before bending remain plane after bending.
Therefore, strain in the masonry and in reinforcement, if
present, is directly proportional to the distance from the
neutral axis.

- For unreinforced masonry, the flexural stressesin the ma-
sonry areassumed to bedirectly proportional to strain. For
reinforced masonry, the tensile strength of the masonry is
neglected when calculating flexura strength, but consid-
ered when calculating deflection.

- The units, mortar, grout and reinforcement for reinforced
masonry act compositely to resist applied loads.

- The nominal strength of masonry cross-sections for com-
binedflexureand axial |oadisbased on applicableconditions
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Structural

of equilibrium.

- Themaximummasonry compressivestressis0.80f¢ for both

reinforced and unreinforced masonry.

- For reinforced masonry, the maximum usable strain, e, at

theextremecompressionfiber of concretemasonry is0.0025.

- For reinforced masonry, reinforcement stresses below the

specifiedyield strength, f , aretakenequal tothemodul usof
elasticity of thereinforcement, E, timesthesteel straire,. For
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Figure 1—Stressand Strain Distribution for
Reinforced Masonry
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strains greater than that corresponding to fy, stressin the
reinforcement is taken equal tof,.

- For reinforced masonry, thecompressivestressisrectangu-
lar and uniformly distributed over an equivalent compres-
sionzone, bounded by the compressionface of themasonry
with adepth of a =0.80c.

Based on the assumed design model outlined above, the
internal distribution of stresses and strains is illustrated in

Figure 1 for areinforced masonry element.

DESGN CRITERIA

Using strength design, the design strength of a ma-
sonry element is compared to the required strength (indi-
cated by the subscript u), which includes load factors to
account for theuncertainty in predictingdesignloads. The
required strength is based on the strength design load
combinations of the applicable building code. When the
building code does not contain such load combinations,
masonry structures are designed to resist the combination
of loads specified inMinimumDesign Loadsfor Buildings
and Other Structures(ref. 4).

The design strength of masonry isthe nominal strength

Table I—Modulus of Rupture, f , psi (kPa) (ref. 1)

Mortar types
Direction of Portland cement/ Masonry cement o]
flexural limeor mortar  [air entrained portland
tensile stress cement cement/lime
& masonry type | MorS | N M orS| N

Normal to bed joints (walls spanning vertically) in running
or stack bond:

Solid units 100(689) | 75(517) | 60(413) |38 (262)
Hollow units?
Ungrouted 63(431) | 48(331) | 38(262) |23(158)
Fully grouted | 170 (1,172)| 145(999) | 103(710) | 73 (503)

Parallel to bed joints (walls spanning horizontally) in
running bond :

Solid units 200(1,379)(150 (1,033) 120(827) | 75 (517),
Hollow units

Ungrouted &

partidly grouted 125(862) | 95(655) | 75(517) | 48 (331)

Fully grouted | 200(1,379)| 150 (1,033)| 120(827) | 75 (517),

Parallel to bed jointsin stack bond:
| 0@ | 0@ | o0© | 00
2 For partially grouted masonry, . is determined by linear
interpolation between fully grouted hollow units and
ungrouted hollow unitsbased ontheamount of grouting.

(indicated by the subscript n) multiplied by an appropriate
strength reduction factor f. Thedesignisacceptablewhenthe
design strength equal s or exceeds the required strength (i.e.,
when fM_>M).

Strength Reduction Factors
To account for uncertainties in construction, material
properties, calculated versus actual strength and anticipated
failure modes, the nominal strength of a masonry element is
multiplied by an appropriate strength reduction factor, f. The
strengthreductionfactorsareusedinconjunctionwiththeload
factorsappliedtothedesignloads. Thevaluesof thestrength
reductionfactorsfor varioustypesof |oading conditionsareas
follows:
- Forreinforced masonry elementssubjectedtoflexureor axial
loads; f = 0.90.
- For unreinforced masonry elements subjected to flexure or
axia loads; f = 0.60.
- For masonry elements subjected to shear loads; f = 0.80.
- For bearing on masonry elements; f = 0.60.

UNREINFORCED MASONRY

For unreinforced masonry, the masonry assembly (units,
mortar and grout, if used) is designed to carry all applied
stresses. Theadditional capacity fromtheinclusionof reinforc-
ing steel, such as reinforcement added for the control of
shrinkage cracking or prescriptively required by the code, is
neglected. Because the masonry resists both tension and
compression stresses resulting from applied loads, the ma-
sonry must be designed to remain uncracked.

Unreinforced Nominal Flexural Strength

Thenominal flexural tensilestrength of unreinforced con-
cretemasonry isgiven by themodulusof ruptureasprescribed
in Building Code Requirements for Masonry Structures(ref.
1), which varies with the direction of span, mortar type, bond
pattern and percentage of grouting as shownin Table 1. For
walls spanning horizontally between supports, the code con-
servatively assumes that stack bond masonry has no flexural
bond strength across the mortared head joints, thus only the
grout area (for horizontally grouted cores) is used.

For masonry elements subjected to a factored bending
moment, M, and a compressive axial force, P, the resulting
flexural bending stressis determined using Equation 1.

_Mt P

u

u ZIH'K Egn. 1

TEK 14-1 Section Properties of Concrete Masonry Walls
(ref. 5) providestypical valuesfor net moment of inertia, |, and
cross-sectional area, A, for variouswall sections. If thevalue
of thebending stress, F , given by Equation 1ispositive, then



the masonry section iscontrolled by tension and the modulus
of rupture values of Table 1, reduced by the appropriate
strength reduction factor, must be satisfied. Conversely, ifF
asgiven by Equation 1 is negative, the masonry sectionisin
compression and the design compressive stress of 0.80f ¢
applies. When using axial load to offset flexural bending
stresses, only dead load or other permanent loads should be
included inP,.

Unreinforced Nominal Axial Strength

When unreinforced masonry walls are subjected to com-
pressive axia loads only, the nominal axial strength, P, is
determined using equation 2 or 3, as appropriate.
For elements with h/r not greater than 99:

p = o.sogo.so A 198- (me)%'

Egn. 2
For elements with h/r greater than 99:
- s 70r/fu
P = o.aogo.ao A fn¢( A)zg Eqn. 3

Unreinforced Nominal Shear Strength

Shear stresses on unreinforced masonry elements are
calculated using the net cross-sectional properties of the
masonry in the direction of the applied shear force using the
following relation:

FoVQ
TS Egn. 4
Equation 4 is applicable to the determination of 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
cross-sectional areaof themasonry. Thenominal shear strength,
V , of an unreinforced masonry section is the least of:

1. 38A.[f" psi (0375 A/, MPa)
2. 300A, psi (0.83A, MPa)

3. a For running bond not solidly grouted and for stack
bond masonry with open end units and grouted

solid,

56A, + 045N, (0.26A, + 0.3N,MPa)
b. For solidly grouted running bond masonry,

90A, + 045N, (0.414A + 03N, MPa)

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

2A, (0.103A, MPa)

REINFORCED MASONRY

The design of reinforced masonry in accordance with
Building Code Requirements for Masonry Structures (ref. 1)

neglectsthetensileresistance provided by the masonry units,
mortar and grout in determining the strength of the masonry
assemblage. Thus, for design purposes, the portion of ma-
sonry subject to net tensilestressisassumed to have cracked,
transferring al tensile forcesto the reinforcement.

Strength design of reinforced masonry is based on the
specified yield strength of reinforcement, f , whichislimitedto
60,000 psi (413.7 MPa). The actual yield étrength of therein-
forcement is limited to 1.3 times the specified yield strength.
The compressive resistance of steel reinforcement is not per-
mitted to be used unless lateral reinforcement is provided in
compliancewith Chapter 2 of Building Code Requirementsfor
Masonry Structures (ref. 1).

Using strength design, reinforcing bars used in ma-
sonry shall not be larger than No. 9 (M #29). Further, the
nominal bar diameter is not permitted to exceed one-eight
of thenominal member thicknessor one-quarter of thel east
clear dimension of thecell, course or collar jointinwhich it
isplaced. Theareaof reinforcing barsplacedinacell orin
acourse of hollow unit construction shall not exceed four
percent of the cell area.

Maximum Reinfor cement Per centage

To provide for a prescribed level of ductility in the
event of failure, the amount of reinforcement permitted in
reinforced masonry construction islimited. The maximum
reinforcement ratio, r ., is limited in accordance with
Equation 5 or 6, as appropriate. Equation 5 applies to
masonry cross sectionsthat are fully grouted or where the
neutral axis fallswithin the face shell of the masonry units
in partially grouted construction. When the neutral axis
falls within the cores of partially grouted construction,
Equation 6 should be used.

o6afge Om 2 P
r.= e *aey 5 bd Eqn. 5
" 1251,
2 e, 5B0 ab-b,6 P
0.4fc—m e =+0.80f we_ _u
. ”@éemwaey%g RN
" 1251,
Eqgn. 6

Wherethetensionreinforcement yield strainfactor,a, shall be

asfollows:

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

(b) a =5.0for walls subjected to in-plane forces, for columns
and for beams designed using anRvalue greater than 1.5.

(c) a =2.0for masonry structures designed using anRvalue
egual to or lessthan 1.5.



Reinforced Nominal Axial Strength

Thenominal axial strength, P, of masonry walls, piersand
columns, modifiedto account for theeffectsof slenderness, is
determined using equation 7 or 8, as appropriate.
For elements with h/r not greater than 99:

®& xh ¢0
P =0.80[0.80 f¢(A - A )+ f -c—+ T
n [ m(Al s) y(&)]g 3140['@6 Eqn7

For elements with h/r greater than 99:

2
P, =080 [080 f.g(A, - A)+ f, A]TOLO
ehg

The areaof reinforcing steel, A, isto be included in the
calculation of nomina axial strength only if it is laterally
confined in accordance with the provisions of Chapter 2 of
Building Code Requirementsfor Masonry Structures(ref. 1).

Eqgn. 8

Reinforced Nominal Flexural Strength

The nominal flexural strength, M, of a masonry ele-
ment is determined in accordance with the following re-
quirements. In addition, the nominal flexural strength at
any section along a member shall not be less than one-
fourth of the maximum nominal flexural strength at the
critical section.

Whenaxial loadsarenot present, or areconservatively
neglected as may be appropriate in some cases, there are
several circumstances to consider in determining the
nominal flexural strength of reinforced masonry walls. For
afully grouted element, the internal moment arm between
the resulting compressive and tensileforcesisresol ved to
determine the resisting capacity of the section. Partially
grouted walls are analyzed in the same way, but with the
additional consideration of theungrouted cores. For partially
grouted masonry therearetwotypesof behaviortoconsider.
1. Thefirst caseapplieswhentheneutral axis(thelocation

of zerostress) lieswithinthecompressionfaceshell. In
this case, the wall is analyzed and designed using the
procedures for afully grouted wall.

2. The second type of analysis occurs when the neutral
axislieswithinthecorearea, rather thanthecompression
face shell. For this case, the portion of the ungrouted
cellsmust be deducted from the areaof masonry capable
of carrying compression stresses.

Thelocation of theneutral axisdependsonthespacing
of thereinforcing steel aswell asthereinforcementratio,r ,
and the distance between thereinforcement and the extreme
compression fiber, d.

When analyzing partially grouted walls, itistypically
assumed that the neutral axis lies within the compression
faceshell, astheanalysisismorestraightforward. Based on

this assumption, the resulting value of ciscalculated. If it
is determined that the neutral axis lies outside the
compressionfaceshell, themorerigorousteebeamanalysis
isperformed. Otherwise, the rectangular beam analysisis
carried out.

Rectangular Beam Analysis

For fully grouted masonry elements and for partialy
grouted masonry wallswiththeneutral axisinthecompression
faceshell, thenominal flexural strength,M ,iscal culatedusing
equations 9 and 10 asfollows:

ao
Mo = (AT, +R - 22 Eqn. 9
e o
Where
P +Af
a=—4 SV
0.80f b Eqgn. 10

TeeBeam Analysis

For partially grouted masonry wallswheretheneutral axis
is located within the cores, the nominal flexural strength, M, ,
is calculated using equations 11, 12, and 13 asfollows:

M, =(Af,+P )d- X) Eqn.11
2 ..
b(tzfs )+h/v(a' tfsé?fs + a'ztfsg
- 2 Egn.12
btfs +hN(a_ tfs)
— u & fy _ %ﬂ _ 19
0.80f b, fs b, 3 Egn.13

To account for deflection resulting from the applica-
tion of out-of-plane loads and the additional bending
moment due to eccentrically applied axial loads, the fac-
tored bending moment at the mid-height of asimply sup-
ported wall under uniform loading isrequired to be deter-
mined by Equation 14.

w,h?
Mu =— +Puf%+ Pudu Eqn- 14
Where
P,=P, +P, Egn. 15

Reinforced Nominal Shear Strength

Shear acting on reinforced masonry membersis resisted
by themasonry and shear reinforcement, if provided, inaccor-
dance with the following:



V=V +V, Eqn. 16

Where V,_ is not permitted to exceed the values given by
Equations 17 or 18, as appropriate.

Where M/Vd, isless than or equal to 0.25:

Vn £ 6A1 v f |m Egn. 17
Where M/Vd, is greater than 1.00:
V, E4A LT Eqgn. 18

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

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

é &M
V. =a.0- 1.7 iy f¢C+0.25P
m 24 SngV%AW p Eqn. 19

e é 0
Cretric:V,_ =0.83 4.0 - 1.75%‘3&% AJTE+025P%
& é Vd, & o

Where the value of M/Vd need not betaken greater than 1.0.

When shear reinforcement is incorporated into rein-
forced masonry construction, the shear strength provided
by the reinforcement is calculated in accordance with the
following.

V,=05(A/9)f d, Eqn. 20

NOTATIONS

A, = net cross-sectional area of masonry, in2 (mrn¥)

A, = effective cross-sectional areaof reinforcement, in?
(mne)

A, = cross-sectional areaof shear reinforcement, in.2(mm)

a = depthof anequivalent compressionzoneat nominal
strength, in. (mm)

b = width of section, in. (mm)

b, = forpartially groutedwalls, width of grouted cell plus

each web thickness within the compression zone,
in. (mm)
C = resultant compressive force, |b (N)

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

d = distancefromtheextreme compression fiber to cen-
troid of tension reinforcement, in. (mm)

d, = actual depth of masonry indirection of shear consid-

ered in. (mm)
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modulus of elasticity of reinforcement, psi (MPa)
eccentricity of P, in. (mm)

net flexural bending stress, psi (MPa)

shear stress on unreinforced masonry elements
specified compressivestrength of masonry, psi (M Pa)
modulus of rupture, psi (MPa)

specified yield strength of reinforcement, psi (M Pa)
effective height of masonry element, in. (mm)
moment of inertia of net cross-sectional area of a
member, in# (mm)

unfactored maximum cal culated bending moment at
the section under consideration, in.-lb (N-mm)
nominal moment strength, in.-Ib (N-mm)

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

compressive force acting normal to the shear sur-
face, Ib (N)

unfactored axial load, Ib (N)

nominal axial strength, Ib (N)

factored axial load, b (N)

factoredload fromtributary floor or roof areas, |b (N)
factored weight of wall areatributary to wall section
under consideration, Ib (N)

first moment about theneutral axisof asection of that
portion of the net cross section lying between the
neutral axis and extreme fiber, in3 (mmn¥)

seismic response modification factor, determined
using ASCE 7 (ref. 4)

radius of gyration, in. (mm)

spacing of shear reinforcement, in. (mm)

tension in reinforcement, Ib (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, |b (N)

out-of-planefactored uniformly distributed | oad, | b/
in. (N/mm)

for partially grouted masonry, the distance from
extreme compression fiber to the centroid of the
compression resultant, in. (mm)
tension reinforcement yield strain factor

deflection due to factored loads, in. (mm)
maximum usable compressive strain of masonry
strain in the reinforcement
yield strain of reinforcement

mex— Maximum reinforcement ratio

strength reduction factor
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