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ABSTRACT

North American masonry design codes rely on a 45° cracked member assumption and truss
analogy to estimate shear strength of members. Whereby shear strength is expressed as an
algebraic summation of resistance offered by masonry, axial load and shear reinforcement. By
contrast, the Modified Compression Field Theory (MCFT), which has gained a wide acceptance
within the concrete design community, demonstrates that the 45° cracked member assumption
can be overly conservative. Yet the MCFT or similar equilibrium-based approaches have often
been thought of as incompatible with masonry due to the latter’s complex anisotropic behavior.
A methodology is proposed to accurately estimate the angle of inclination of shear cracking and
the shear resistance offered by the horizontal reinforcement and the masonry compression strut
accounting for aggregate interlock effects within a masonry macro-element. A design equation is
proposed and its ability to accurately estimate the shear strength of a structural wall is verified
through a comprehensive review of applicable test results from available literature. The proposed
Normal Strain-adjusted Shear Strength Expression (NSSSE) was found to predict the shear
strength of 57 wall tests reported in literature with a mean ratio of experimental to theoretical
strengths of Vewerimentat | Vineory = 1.16 (C.O.V. = 11.4%) and a 99% percentile of Vigerimental /
Viheory = 0.86 marking a significant improvement over existing design code expressions that is
also firmly grounded in a sound theoretical formulation.
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INTRODUCTION

The study presented herein focuses on addressing what is perceived to be excessive conservatism
as well as a lack of theoretical basis for the current empirically derived masonry shear strength
expressions. This is achieved by developing a mechanics-based approach to solve for force
equilibrium and strain compatibility in cracked masonry macro elements. Thus, an explicit
solution for the angle of inclination of shear cracking and resulting masonry shear strength
contribution via aggregate interlock forces can be determined explicitly, rather than relying on a
constant 45° crack model. Vecchio and Collins [1,2] developed a smeared crack model that could
accurately predict the shear behavior of reinforced concrete (RC). Their Modified Compression
Field Theory (MCFT) utilizes a series of material constitutive relationships, stress-strain
compatibility equations and force equilibrium expressions to quantify the shear strength of RC
elements. The difficulty in consolidating the inherent differences between reinforced masonry
(RM) and RC materials precludes a theoretically sound adoption of MCFT to masonry in its



current form. Nevertheless, the observations from [3,4] indicate that for both RM beams and
shear walls, respectively, the MCFT has a potential for adoption in masonry shear design.
However, a major hurdle to the application of MCFT to RM lies in inherent differences between
RM, which is considered to be anisotropic and RC, which is generally regarded as isotropic. To
overcome this, experimental tests on constituent masonry materials as well as masonry macro
elements subjected to well defined states of stress and strain will be used from existing literature.

A limited number of tests on concrete block panels (macro elements) are reported in the
literature reviewed by the writers, with even fewer results that included steel reinforcement.
Khattab [5] and Drysdale and Khattab [6], tested 36 unreinforced and reinforced concrete block
macro elements under various bi-axial stress states. While, Tikalsky et al. [7] tested eight RM
panels under a simultaneous axial compressive stress applied normal to the bed joints and a
lateral tensile stress applied parallel to the bed joints and Liu et al. [8] tested a total of 86
unreinforced fully-grouted concrete block masonry square panels under varying principal stress
ratios as well different angles. It is this test data that will subsequently be used towards
establishing the necessary stress-strain relationships in masonry to ultimately derive an
expression suitable for design.

EQUILIBRIUM OF FORCES AND STRAIN COMPATIBILITY IN CRACKED
MASONRY MACRO ELEMENTS

A schematic view of a cracked masonry macro element is presented in Fig. 1a subjected to an
average normal stress f, along the axis normal to the bed joint (), an average horizontal stress f;,
along the axis parallel to the bed joint (or normal to the head joint) (%), and a shear stress vj,. In
Fig. 1a, the macro element is divided into identical crack-separated struts inclined at an angle 6
at an average spacing of sp. The masonry struts are subjected to principal tensile stresses (f7),
which are oriented perpendicular to the cracks, and principal compressive stresses (f2), which are
oriented parallel to the struts. In addition, the vertical and horizontal reinforcing bars that are
located along the n and 4 axes, respectively, of the macro element are smeared, resulting in
reinforcement ratios of py, = Asn / Spby and psy = Agi / sub,, where Ay, s, s, and b, are the area of a
single bar (mm?®), the average spacing between the vertical bars (mm), the average spacing
between the horizontal bars (mm) and the width of the masonry unit (mm), respectively.
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a) Macro-Element b) Section A: Stress in a Strut c) Section B: Stress at a Crack

Figure 1: Equilibrium of Equivalent Stresses of a Cracked Masonry Macro Element



Through the assumption of a perfect bond, the state of strain within the macro element pictured
in Fig. 1 can be determined assuming that the angles of principal stresses and principal strains
coincide. This assumption has been experimentally verified [5] for masonry macro elements. The
resulting state of strain of the macro element is expressed with a Mohr’s circle in Fig. 2. The
principal tensile strain (g;) represents the average tension strain acting perpendicular to the
masonry struts and across the cracks, the principal compressive strain (g;) acting along the
compression strut of the cracked masonry and the average strains along the vertical and
horizontal axes are represented by ¢, and ¢, respectively. Finally, the average total shear strain of
the element is given by y;, in Fig 2.
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Figure 2: State of Strain in a Masonry Macro Element

CONSTITUTIVE RELATIONSHIPS FOR CRACKED MASONRY

It should be noted that the inclination of masonry compression struts by the angle 6 means that,
except for the special case of § = 90°, the characteristics of the compression strut is unlikely to
resemble that of the typical uniaxial prism tests, specifically their strength, defined here as
f'm(90°). Therefore, there is a need to consider the anisotropy of masonry construction in altering
the compressive strength of masonry as a function of the load orientation with respect to the bed
joint. To establish a relationship between f”,(90°) and f",(6), the results from tests on large
masonry panels loaded under pure compression with 6 = 0°, 22.5°, 45°, 67.5° and 90° will be
utilized from [6,8]. Based on regression analysis of the data, the writers proposed the
compressive strength-orientation interaction relationships for f°,,(6) given in Eq. 1 and 2.
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The combined effects of simultaneous compressive axial and lateral tension stresses would also
be expected to be present in a compression strut of a masonry macro-element and would have an
influence on f7,,(6). To solve for equilibrium for a given state of stress it is necessary to develop a
set of constitutive relationships that account for the effect of the angle @ as well as lateral tensile
strains ¢; on the masonry compression strut strength f”,(6). It has been shown that RM subject to



axial compression shows a reduction in compressive strength capacity under the simultaneous
application of lateral tensile forces [7] and that in addition to a reduction in strength caused by
lateral tensile stresses, the angle by which the principal stresses are orientated will also cause a
reduction in compressive strength [6]. Therefore, to consolidate this complex behavior into
usable stress-strain relationships, the effect of 8 as well as the lateral tension strains &; must be
considered within the compressive stress-strain relationship of the masonry compression struts
within a macro element. In the first panel of Fig. 3 the stress-strain behaviour of masonry under
pure compression is represented by the Hognestad relationship as it relates to the principal
compressive strain (g2). The principal stress ratios which indicates the reduced compressive
strength of a masonry strut when subjected to lateral tensile stress (g;) from ten RM panels
reported by Drysdale and Khattab [6] (DK) and five RM panels reported by Tikalsky et al. [7]
(TAH) at ultimate conditions are shown in the far right panel of Fig. 3. Whereby, the peak
compressive stress (f,2) reported in the respective studies are normalized by the converted
strength f”,(0) using Eqs. 1 or 2, as applicable. The normalized strength is plotted against the
ratio of ¢; and the strain at peak compressive strength of masonry (g,) taken as 0.0018. This
provides an upper limit to the peak masonry compressive strength when subject to lateral strains.
The best fit curve is shown in Fig. 3 and its equation is given by:
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In the middle panel of Fig. 3 is a representation of the resulting stress-strain relationship of a
masonry strut subjected to axial compression strains and lateral tension strains within a cracked
macro element orientated at an angle 6.
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Figure 3: Stress-Strain Relationship for Masonry Subject to Lateral Tension

To solve for stress equilibrium of the macro elements, the tensile stress capacity of the masonry
strut must also be considered. Prior to cracking, the tensile strength of masonry is assumed to act
linearly elastic, however, the capacity of the uncracked masonry strut to carry the tensile stress
fmi1 1s expected to soften as ¢; increases and cracks form. To account for this effect, Eq. 4 was
proposed by [5], where £, is the strength determined experimentally [6,8] and given in Eq. 5.
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If the average crack width (w) between the compression struts exceeds the size of protruding
aggregates along the crack surface, no contact, and hence no friction, will exist. It can be seen
then that the aggregate interlock contribution of mortar along bed joint cracks, which is
comprised of very fine aggregates, will be dwarfed by the contributions of the concrete block and
grout which are comprised of larger aggregate sizes, when cracks penetrate the grout and the
faceshells of the masonry units. An upper bound (Vi me) to the maximum shear that may be
transferred across an open crack in RC as developed by [2] based on the work presented by [9]
has been adapted for use with masonry as follows:
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Whereby, ag., is taken as a weighted mean of the standard aggregate sizes in constituent
masonry materials. In this context it is also proposed that the weighted mean of the masonry
material bond strength (f;,) based on the volumetric ratio of each material, rather than the typical
uniaxial prism strength f”,,90 for masonry is used. This is due to the fact that prism strength is
not an accurate reflection of the strength of the cement matrix which aggregates are boned within
due to failure mechanisms associated with masonry assemblages. The final term required in the
determination of shear transferred by aggregate interlock is the crack width (w = sg9 x &;). The
average crack spacing within a masonry macro element (sy) can be estimated with Eq. 7
substituting in average crack spacing parameters s and s,., measured along the horizontal and
vertical axes, respectively.

1
S = sin(0) N cos(6d)

She Sne (7)

Whereby, the average crack spacing measured as the vertical distance between horizontal cracks
is given by s;. and the horizontal distance measured between cracks forming normal to the bed
joint is given by s,.. The exact value of the crack spacing sy is a function of the potential planes
of weakness within RM which may be related to the horizontally measured spacing between
vertical reinforcement that runs normal to the bed joint (s,). It also may be related to the
measured space between head joints aligned within a running bond pattern (s;) taken as half the
nominal block length. In the vertical direction these planes of weakness may be dictated by the
spacing between horizontal reinforcement that runs parallel to the bed joint (s;) or the nominal
bed joint spacing (sz) taken as the nominal block height.



SIMPLIFIED NSSSE FOR CODE ADOPTION

Bentz et al. [10] proposed the Simplified Modified Compression Field Theory (SMCFT) as a
relatively simple, but accurate, means to estimate the peak shear strength in RC members with
simple hand calculations and minimal iteration. In a similar manner, the equilibrium equations
derived through NSSSE of a masonry macro element can be put into terms amenable to shear
strength expressions designers are familiar with, with a masonry strength parameter f and a
crack inclination angle 6, where shear strength (v) is comprised of masonry (v,) and
reinforcement (vy) terms:

Vi =Va + Ve = ﬂ\,f'm(%") + pshf;.hy tan @ (8)

With the appropriate substitutions, the masonry strength components considering the shear
transferred at the crack interface can be rearranged to solve for the f parameter which may be
simplified into Eq. 9.
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For design purposes, it would be beneficial to know f,, beforehand as a function of /7,9 since
the latter is typically specified prior to the start of the design process. Therefore a new parameter,
referred to as the homogenized strength factor (J), is proposed. The parameter gives the ratio
between the average material strength of the aggregate interlock mechanism and the prism
strength, and is given by:

o (10)
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The value of f,, should be based on a more thorough analysis considering actual material
properties and material testing. However, adopting typical values for masonry it can be shown
that J would be expected to range from 1.5 — 3.0 or can conservatively be taken as f’909 (J =
1.0) instead. To reduce the iterative nature of NSSSE, a second parameter, defined as the crack
spacing and aggregate size factor, A, 1s necessary and is given by the following:

4= 2860+ 5,) (11)

Ay ot 16

The following values are suggested based on typical masonry construction: dg ., = 7.0 mm (for
RM with coarse grout) and a,,, = 3.5 mm (for RM with fine grout). Finally, it is necessary for
solution to Eq. 9 to have a means of relating shear wall behavior to the needed normal strain (g,).
This may be simplified for walls where flexural deformations are anticipated to be significant
(h./t,, > 1.0), such that the normal strain can be taken directly as the tensile reinforcement strain
in a shear wall, which it can be solved for as:



& = (Vhe /dv)+ (V)_ (O‘sezxial) (12)
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Where, V' is the shear force applied to the wall, P, 1s the axial load, ps, is the vertical (flexural)
reinforcement ratio, b,, is the width of the wall, ¢,, is the length of the wall and E; is modulus of
elasticity for the steel reinforcement. However, in cases when shear deformations are anticipated
to be significant in cantilever walls (4./¢,, < 1.0) it can be shown that Eq. 12 can be modified to

reflect the fact that it is less likely that flexural reinforcement will yield:

(Vh/d,)+()=(05P, ) (13)
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Finally, for walls subject to double curvature Eq. 13 can be modified to account for the increased
influence of the applied axial load as such:

_ (7R, 1d,)+ (V)= (Priar) (14)

2p,b.L L E, (Piers with double curvature)

In cases where the normal strain is determined to be a negative or where members are of a very
low aspect ratio (i.e. piers of A4./f,, < 0.50) such that the plane strain assumption is no longer
valid, ¢, may be conservatively taken to be zero. With the normal strain defined above, a
relationship between 6 and S in terms of level of normal strain ¢, and the parameters A and J can
be derived. Through regression analysis using the range of variables expected within shear wall

design the following relationships have been determined:

g [ 2000 +4000-4 50 (15)
50187 +75) | (1+220s,)
5o 4000 +2000 — A 1 (16)
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Incumbent upon the NSSSE analysis carried out for RM walls was the presumption that failure
occurred upon yielding of the horizontal reinforcement. If failure occurs prior to this, then the
horizontal reinforcement would be assumed to have a tensile strain just below its yield strain
(e.g. &, <0.002 for 400 MPa reinforcement). Similarly, the principal compressive strain could be
conservatively taken as just prior to the peak masonry strength (i.e. &2 = ¢, = 0.0018), then a
relationship between shear strength and normal strain ¢, can be solved for. By also assuming a
normal strain equal to that just prior to yielding of vertical reinforcement (e.g. ¢, < 0.002 for 400
MPa reinforcement) a limiting shear stress of 0.26/”,,09+ can be determined directly. Accounting
for the fact that reinforcement yield strengths may actually vary significantly from 400 MPa and
possible &, deviation from 0.0018, a limit to the maximum design shear stress of 0.15f",00) 18
proposed. This is also consistent with the current maximum shear stress limit of 0.25/°. adopted



by RC design standards considering the reduction in compressive strength of masonry with the
angle 0 (i.e. the minimum masonry strength is approximately 0.6 /99 and 0.25%0.6 = 0.15). In
the next section the preceding simplification of the NSSSE will be verified with the available
database on RM structural wall tests.

SIMPLIFIED NSSSE VERIFICATION: RM WALLS

A survey of the available literature has resulted in a total of 77 reliable RM wall and pier tests all
subject to reversed cycles of quasi-static loading. However, unlike previous design code
expressions, the NSSSE was explicitly derived for use with concrete block masonry and, as such,
brick masonry construction will not be considered. This resulted in a total of 57 tests on concrete
block masonry structural walls and piers collected from seven sources [4,11,12,13,14,15,16]. The
physical parameters for each wall have been used as reported in literature, however, for cases
where material testing data was not available a value of J = 1.5 was used. For each wall, the
predicted shear strength was determined using Eq. 17 and was compared with the corresponding
average peak shear strength from both directions of loading. To account for the fact that # may
deviate from 45°, a check was also necessary to ensure that the assumed height of the crack does
not exceed the height of the wall in determining the shear resistance of the reinforcement
resulting in:

, d, tan@ , ) (17)
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The physical parameters for each wall were first identified based on the reinforcement detailing,
aspect ratio and boundary conditions according to the procedures previously laid out. The shear
strength (V) is solved for with Eq. 17 as part of an iterative solution process, since both & and S
are a function of V, by Eq. 15 and 16. A summary of all the test walls’ ratios of experimental to
theoretical shear strength for existing design code expressions [17,18,19] are presented in Fig. 4
compared with the solutions from NSSSE. It is not an easy task to directly compare each of these
code expressions to NSSSE because of the way they were individually empirically calibrated.
Since the applied axial load, and the steel and masonry experimental strengths were known for
the walls, additional load or material strength reduction factors were not included in calculations.
In addition, the shear strength reduction factors (¢) adopted by the MSJC and the NZS 4230
have also not been used so that the expressions may be compared to the CSA S304.1 and the
Simplified NSSSE.

In general, for each individual test program, the Simplified NSSSE had an average Veserimemar /
Vineory closer to 1.0 as well as a lower the coefficient of variation (C.0.V.) than that of other
expressions. Of particular interest are the results from [12], which have been discounted in some
more recent shear expression derivations simply because of abnormally high strengths. While the
Simplified NSSSE also observed a relatively high average strength ratio of 1.18, it was
substantially lower than the other shear strength expressions. The overall average results from
the concrete block wall specimens indicate that the Simplified NSSSE had the lowest shear
strength ratio of Vierimemat /' Vineory = 1.16 and the lowest C.O.V. of 11.4%. The 99t percentile
strength ratios for the simplified NSSSE expression was 0.86, indicating that no additional
empirical reductions factors are required.
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Figure 4: Comparison of NSSSE to other Design Expressions

CONCLUSIONS

Masonry has historically suffered from overly conservative shear design expressions that have
been developed by empirical curve fitting of a relatively small experimental database. As such,
empirical strength reduction factors were needed to ensure conservatism in design. To overcome
the reliance on empirical reduction factors and arbitrary limits, a rational expression, derived
from first principles, was developed in which constitutive masonry relationships are presented
considering the composite and anisotropic nature of masonry. Overall the Simplified NSSSE
provides a sufficiently conservative, more accurate and more precise prediction for the shear
strength of RM structural walls and piers compared to current code expressions. The Simplified
NSSSE also provides an engineering feel and physical sense of RM walls’ characteristics, which
would subsequently enhance the designers’ confidence in their designs and facilitate better
understanding of the factors influencing RM shear wall behavior.
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