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ABSTRACT

Slender, masonry loadbearing walls made with coacbétcks are one of the most
frequently used masonry structural systems in North America. They are commonly found
in commercial and industrial singgtorey construction, such as warehouses, and in

school gymnasiums, auditoriums, and retail buildings.

Tall, masonry loadbearing walls subjected to-aofuplane (OOP) loads are often
governed by flexure, as the shear demands are small compared to the flexural moments
they experience. Due to their slenderness, these walleesyesusceptible to second

orde effects, which translate into additional moment demands caused by the presence of
axial loads and the wall deflections. Research has shown that to develop rational design
procedures and achieve safe and economical desmigatcurateestimationof second

order effectss required

Leading provisions in masonry design in North America, such as the ones in the U.S. and
Canada, have similarities and differences that warrant investigation and require an

assessment to achieve a unified design method.

This regarchhasseveral goals: (1) to compare the current strength design and second
order effects provisions for OOP loadbearing masonry walls from North American
standard¢CSA S30414, TMS 40216), with an emphasis on the provisions related with
moment amplications due to secondrder moments; (2) to evaluate the influence of
different parameters such as reinforcement ratio, slenderness ratio, compressive strength
("Q and axial loading, in the flexural rigidity and effective stiffness;t¢3)omparehe

design provisions with numerical models developed using the finite element method; and



(4) to conduct regression analyses using a data set developed using the numerical model

and proposed expressions for effective stiffness suitable for code inclusion.

Overall, it is expected that this research will identify the key differences in current design
standards and lead to recommendations for further harmonization between the US and

Canadian codes.
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1 INTRODUCTION

1.1 Background

Masonry has proven to be one of the most durable and reliable construction
materials since the beginning of human civilization. The earliest masonry structures were
very conservatively designed, using massive esestions such thaheir designwas
govened by gravity load. The design of masonry structures was greatly overhauled with
the introduction omodernreinforced masonrin 193Q in which steel reinforcementas
used to takeéhe tensile stresses that masonry materials (concrete and stone) dannot.
North America, modern provisions for reinforced masonry form the basis of the Canadian
Masonry Design StandardCSA S30414) and the Building Code Requirements and
Specification for Masonry StructuresNIS 402/602).

The outstanding virtue of masonaldbearing walls in structural applications is
its capacity to resist the combined effect of eccentric axial loadingoarof-plane
(OOP bending by offering a robust axial capacity and bending stiffnéésile squat
walls are susceptible to shear facthe design of tall walls often governed by flexure,
as the shear demands are usually small compared to the flexural moment. To design
slender masonry elements, special attention must be given to saclemanoments (i.e.
additional moments caused Itlye presence of compressive axial load and the wall
deflections due to lateral load). Determination of seamadr effects heavily relies on
an accurate estimation of an effective flexural stiffness. Underestimating the flexural
stiffness would lead taonservative moment amplification factors, resulting in an
unnecessary amplification in the design mome
provisions for slender walls are developed based on a small set of research programs.
Due to the insufficientest data, these structural members are usually overly conservative

in design if the North American provisions are followed (Clayton 2020)

Research on masonry slender walls began in 1970. Yokel et al. (1970) tested sixty
reinforced and unreinforced mamsyg walls, axially loaded using different eccentricities

and slenderness ratios. The analysis established the foundations for the development of



rational design methods for eccentric axially loaded masonry walls. It was observed that,
due to the developemt of a strain gradient on the eccentricétigded section, they could
sustain greater compressive stresses in comparison to concentrically loaded walls. The
walls in this study were pin supported and had slenderness ratios ranging from 15.7 to
42.7.

In 1976, Cranston and Roberts investigated the viability of the Allowable Stress
Design method (ASD) as applied to Reinforced Masonry Walls (RMW). They tested a
series of 2.6 m high specimens, with slenderness ratios of 18.7, under combined axial and
lateral loads. It was demonstrated that the allowable stress method, prominently used up
to that point, results in uneconomical designs for RM walls. Current versionsTidVithe
402-16 still offer provisions to design RMW using the ASD method while the Canadian
standard decided to provide recommendations only for strength design approaches.

One of the most influential research programs in those early days was conducted
by the Structual Engineers Association of Southern California (SEAOSC) and the
Concrete Institute (ACI) in 1979. A total of 7, hsitale reinforced masonry walls
subjected to eccentric axial loading and a uniform distributed pressuref{olaine)
were tested. Diffant slenderness ratios ranging from 30 to a maximum of 48 were
evaluated under pinng@inned boundary conditions. The experimental results suggested
that there was minimal evidence to provide a fixed slenderness limit. Additionally, no
stability effectswere appreciated when the axial loading was limited to 10% of the pure
axial capacity. It was also noted the severity of seanddr effects as the slenderness
ratio increased, in which, in some cases, it accounted for approximately 25% of the yield
momer (SEASC 1979). The findings in this experimental study formed the basis of
current masonry design provisiofws tall masonry wall§CSA S30414, TMS 40216).

As the research data incredsenultiple authors recommended strength design
approaches sucls the UltimateLimit State DesignJLSD), rather than the ASD method
for further designs of iplane and oubf-plane masonry element§Vith the ULSD the
use of taller and slender walls in North Amenzas expanded, and a need arose for more

refined metlods to account for the moment demands.



Developing rational design procedures has been an endless and challenging task,
as many researchers have proven (Colville 1979; Hatzinikolas et al. 1980; Hamid and
Drysdale 1980; Sulwaski and Drysdale 1986). Angrafit to predict the OOP behaviour
accurately in RMWappearedo be impossible if material and geometrical nonlinearity
are not considered. Hatzinikolas et al. (1978) conducted an experimental program to
study the geometrical nonlinearity with specimeasging in slenderness ratio from 13.8
to 24 and subjected to eccentric loading. The samples were tested usingponmeed
boundary conditions. The study proposed a new method adopting the Moment Magnifier
(MM) method from reinforced concrete, introdugi an Effective StiffnessqO
concept, which attempts to predict the flexural rigidity of masonry walls based on the
estimated extent of cracking in the crasgtion of the specimen. The concept of effective
stiffnessOO s still used irthe current Canadian Standard. TS 40216 committee
adopted a different alternative, accepting the MM procedure, while the flexural rigidity
is calculated based on the cracked modulus of inédti&) . Both solutions@QO and

'O "O) have proven to be conservative (Liu et al. 1998; Dona et al. 2015) in predicting
the flexural rigidity for RMWs.

Results from this study showed that both countries rely on the mamegles of
strength of material® compute thexial and bending resatce P-M) of masonrywalls.
However, provisions such as (a) maximum axial capacity, (b) maximum reinforcement

ratios (c) reduction factors, and others, affect tiM apacities considerably.

Regardingsecondorder effects both North American standasdoffer similar
methods to compute these effects. The main discrepancy between the countries is the
expressions proposed to calculate the flexural rigidity of the watomparison with a
validated finiteelement model, presented in Chapter 5, showatthie code provisions
were vastly conservativén both standards for calculating moment amplifications
produced by the secormtder effectsFor instanceamplifications factors calculated with

the standards were up to 11 times higher than those produdkd numerical models.



1.2 Problem Statement

Loadbearing masonry walls are one of the most common structural systems used
worldwide, however, the flexural OOP behaviour of this structure is still relatively
uncertain in most circumstances. Current design standards in North America have been
developd from the same studies. Although they have been updated independently, there
are still many questionsegarding the levels of conservatism and accuracy of the

procedure proposed by the Canadian and the U.S. Committee.

Despite their proximity and the sirarities between the construction materials used in
the two countries, the Canadian standards for masonry dé3&h $30414) and the
Building Code Requirements and Specification for Masonry Structdifds (40216
402/602) have adopted different designvisimns for OOP loading. Consequently,
similar structures subjected to comparable conditions, such as loading, material
properties, and support type will be designed differently in Canada and the U.S. Multiple
key differences are identified in both theeghiction of the loadbearing capacity under
flexure and the alternatives for calculating the additional moments associated with the

secondorder effects, especially for very tall walls.

This study aims to identify the key differences in OGf@Rited designprovisions
described in th&€SA S30414 and TMS 40216, and assess the different methods to
estimate secondrder effects. The two codes will be compared to each other and also to
a detailed numerical model. These results could be used to develomlraigsign
procedures for loadbearimgalls and reduce the conservatisnCiBA S30414 andTMS
402-16. Additionally, this study aims to propose a new expression to calculate the rigidity

of masonry walls. These expressions could be included in fuanmdasts
1.3 Objectives, Scope and Methods

The main objective of this study is the assessment of current design provisions from the
Canadian Standar€€SA S30414) and thdJ.S. Standard TMS 40216) for loadbearing
masonry walls subjected to eof-plane bendig. To achieve this outcome, the following

specific objectives must be addressed.



1. Comparison of the strength design provisions for -afglane walls,
recommended by tHeSA S304.4 and TMS 40216.
Theoretical comparison of provisions related to the strength design-of out
of-plane walls.
Identify and quantify the differences relatedthe strength design using
parametric analysis based o#MRnteraction diagrams.
2. Comparison of the secoratder effect related provisions for eaf-plane walls,
recommended by th@SA S304.4 andTMS 40216 .
Theoretical comparison of provisions retht® the secondrder effects
of outof-plane walls. Comp#&on of thethe methods to compute these
effects and the effective stiffness expression recommended on each
standard.
Identify and quantify the differences related to the effective stiffness
expresion proposed by each standard using paransatatyses
3. Evaluate the effectiveness of the provisions related to the secded effects
using a FE model.
Develop and validate a finite element model for loadbearing reinforced
masonry walls usingxperimental data.
Study the effect of some independent parameters in the evolution of
secondorder effects.
Compare the moment magnification effects from the FE results against
those estimated by the North American standa@&A( S30414, TMS
402-16).
4. Develop equations to estimate the -@fHplane stiffness of reinforced masonry
walls through regression analysis.
Calculate an analytical effective stiffness using the strain readings from
the FE results.
Develop a regression model using the data set obtdmoen the FE

results.



Measure the performance of the regression models generated and the
current existing equations to calculate the effective stiffness.
Compare the performance of the generated equations with the available

alternatives.

This study is linted to the LS design and strength design methodologies prescribed in
CSA S30414 andTMS 40216. A set of independent parameters were selected to study
their influences in the #®1 resistances and establish key differences between the
standards. The ndependent variableshosen consisted of: (a) Rebar separation, (b)
Compressive strength, (c) Reduction factors, and (d) Height of the structure.

Parametric analyses regarding the seeomr effects provisions were limited to
studying and comparing thdfective stiffness expressions proposed by each country.
The following independent parameters were selected: (a) Compressive strength, (b)

Reinforcement ratio, (c) Axial Load, (d) Reduction factor, and (e) Creep effects.

An investigation of the shear strength was not conducted, as the focus of this work is
walls that are governed by flexure rather than shear (e.g., tall, loadbearing masonry walls).
Shorter walls may be governed by shear and an assessment of both #éfaats ys.

shear) should always be conducted in the analysis of a masonry wall.

Reliability analyses, the last step before inclusion of new expressions and results in a

standard, were not part of the scope of this work.

1.4 Organization of the Thesis.
This study is composed of 6 chapters.
Chapter 1 introduces the research and discusses the objectives and the scope.

In Chapter 2, the literature review is presented, including an experimental program and

numerical modelling of loadbearing masonry walls.



In Chapter 3, the strengtttesignrelated provisions from tHéSA S30414 and theTMS
402-16 are compared. Parametric studies compared the design provision tiging P
interaction diagrams and quantified the influences of some independent parameters.

In Chaper 4, seconarder effects related to provisions for loadbearing masonry walls
are compared. Parametric studies compared the effective stiffness expressions proposed
in theCSA S30414andTMS 40216, and quantified the influences of some independent

parameters.

In Chapter 5, a FE model for reinforced fully and partially grouted walls is developed.
The influence of multiple parameters such as slenderness ratio, compressive strength,
reinforcement ratio and slenderness ratio in seavddr effects of RMVs is discussed.
Moment amplification factors calculated using the moment magnifier method are
calculated as prescribed@8A S30414andTMS 40216, and compared against the FE
results. Three equations to estimate the effective stiffness developgdrempiassion
analysis are proposed. The performance of the regression model is compared against the

available equations.

Chapter 6 summarizes the conclusions of the study and provides recommendations for

future research.



2. LITERATURE REVIEW
2.1 Introduction.

Loadbearing masonry walls are a widely used structural solution to resist a combination
of axialloadsand OOP bending moments. In the past, these elements were built without
steel reinforcement (termed as unreinforced masonry). Nowadaggnt practice
encourages the use of steel rebar placed and grouted into the cells of the masonry
assembly (referred to as reinforced masonry). With the introduction of reinforced
elements, masonry walls are a competitive alternative to other matadhlasconcrete

and steel.

Current North American design standar@SA S30414, TMS 40216) are developed

mainly from the same research pool. The earliest research programs investigated the
capacity of loadbearing masonry walls using the allowablesstiesign approach (ASD).

The focus shifted rapidly to the ultimate limit strength design (ULS) approach in later
programs. Using allowable stress to design masonry elements, the calculated design
stressesQ are compared to the copgesscribed maximunallowable stresseSQ The

design is considered acceptable when the calculated stresses induced in the element are
less than or equal to the allowable stress prescribed in the ¢@de¥( Allowable
stresses limits prescribed by the codes are keptnatibeir linear range of the structure.

In the new alternative (ULS), the strength of the masonry is evaluated at its ultimate
failure state rather than under service loads. Design loads are factored in proportion to
the degree of uncertainty using &eta factor| 8The strength of the structure is reduced

by a factor,h hin proportion to the level of confidence in the material strength and
uncertainties related to its failure mode. The design is considered acceptable when
reduced resistance of thements is greater or equal than the factored specified load
DYQI QI 0 O EYRQ O ARPLRe ultimate limit state of OOP masonry walls is
defined by the crushing of the masonry under compression, and in more severe cases (i.e.
slender wall under high axial load levels) by the instability of the structure. This method
permits the structure to incursion on its fimear range, therefore, sections designed

under this method are usually more economical than the ASD.



To date,TMS 40216 permits both the ULS and the ASD methods to compute flexural
resistanceCSA S30414 presents the ULS as the only alternative available. Although
the basis of the ULS design methods is similar in both countries, the flexural and axial
capacities caputed by each standard are generally different. This can be attributed to
multiple factors such as differences in nominal compressive strength, reduction factors,
compressive width limit, axial capacity limits, ductility limits, ultimate compressive
strans, nominal block dimensions, and additional provisions, which are explored in this
study. The differences between the two codes in regard to the strength design method is
the focus of this study.

Slenderness effects (also termed seemmigtr effects) wer identified as a major effect
influencing the design of tathasonrywalls in the 1980s. The influence of secader

effects can be assessed by determining the total moment experienced by the wall. This
flexural moment is composed of two componentspfamary moment and (b) secondary
moment. In a conventional building, the primary moments are produced from an
externally applied load such as wind load, the mass of the wall and its attachments
subjected to earthquake acceleration, soil pressure, eccamtric gravity load. The
secondary moment arises from the wall-ofsplane deformation created by the primary
moments and the presence of the gravity loads. Masonry walls are generally susceptible
to these secondrder effects due to the large deflens experienced during loading.
Secondary moments have been reported to be up to 30% of the total moment for slender
elements (AGISEASC Task Committee on Slender Walls 1982). This phenomenon
leads to the development of special provisions for slenddls defined by theCSA
S30414 andTMS 40216 as elements with a slenderness ratio greater than 30) in North

America, such as ductility limits and axial force limits.

North American design standards provided two methods to account for these slenderness
effects in masonry walls: (a) | (load displacement method) and (b) the moment
magnifier method. While the first method relies on computing seoahel moment as a
product of the total deflection and the gravity load, the latter proposed a single equation

to magnify the primary source of moments. Both methods rely on an accurate prediction



of the flexural rigidity © 'O Experimental results demonstrated that loadmditions,

tensile bond strength, and the type of the wall must be taken into account to compute
accurate prediction of slenderness effects (Hatzinikolas et al. 1978). As calculating the
flexural rigidity is a fundamental aspect of computing seeontdr effects, multiple

authors have attempted to propose equations based on regression analysis developed on
the basis of experimental and analytical data (Liu et al. 1998, Liu and Dawe 2003, Mohsin
2005). However, estimating the flexural stiffness for @ioéd masonry walls has
proven to be rather complex, as it requires accounting for phenomena such as tensile

cracking, plastic strain, and nonlinear degradation (Pettit 2019).

This chapter presents a review of available literature related to the expatjmen
analytical and numerical research program of loadbearing masonry walls. Techniques
implemented for numerical analysis are discussed, and proposed equations to estimate

the flexural rigidity of masonry walls are presented.
2.2 Experimental Programs and Béaviour of Masonry Walls.

Experimental programs of loadbearing masonry walls began in the 1970s. Yokel and
Dikkers (1971) tested 192 brick and concrete block specimens under eccentric axial load,
out of which 28 were reinforced concrete masonry wallspli® soncrete masonry walls,

and 48 unreinforced specimens. The specimens were 1.2 m and 0.6 wide and up to 6 m
high. Free rotation at the top of the wallettes was allowed while it was restricted on the
base. The same program includes experimental gesfiprisms. The prism test result
suggested that the flexurabmpressive strength increases with a gradual increase of the
strain gradient. Interaction diagrams curves with axial compressive strength and flexural
capacity were presented. The results sstgd an increase in the accuracy of the
interaction diagrams if the effect of the strain gradients is considered. Computing second
order effects with the moment magnifier method drove conservative predictions
compared to the experimental results. The esaypar, Yokel (1971) proposed a
differential equation for deflections of walls with prismatic cresstions assuming an
elastic material without tensile strength. The exact solution of this equation was used to

derive an expression to calculate an edeaivicritical loadd given in equation 2.1

10



2.1)

CA

Where, O is the modulus of elasticityj is the eccentricity, an®is the height of the

wall.

The beancolumn concept was explored by Chen and Atsuta (1973) to inviestiga
behaviour of loadbearing walls. The study developed axial strength curves for multiple
materials. It was concluded that the tensile strength of plain concrete or masonry walls is
a significant parameter influencing the strength of the walls, whiak previously

neglected.

Cranston and Robert (1976) investigated the validity of using the British Standard (CP
111-1970) to predict the behaviour of reinforced masonry walls. A total of 38
eccentrically loaded concrete block walls were tested. It Wwas/s that the method
described in the British Standard based on the working stress method tends to produce
conservative results when compared to experimental results. Based on the test results,
stresseccentricityrotation curves were plotted, which cam@d the behaviour of the
structure satisfactorily. The study concluded that limit state design procedures

outperformed working stress procedures to design reinforced masonry walls.

A few years later, a comprehensive testing program consisting of 68&t®measonry

walls was developed (Hatzinikolas et al. 1978). All the specimens were tested under
pinnedpinned conditions and variable eccentricities to evaluate structures under single
and double curvature. Slenderness ratios ranging from 12 to 22 vwauated. The
flexural rigidity of the walls was analyzed as a function of the cracking of the-cross
section. An increase in the capacity of the specimen was found when tested under double
curvature compared to single curvature experiments. Resultsidlsate a reduction of

the axial capacity due to the presence of the joint reinforcement. The author proposed
the moment magnifier method to evaluate the slenderness effects of reinforced masonry
walls, which are still used today. Evaluating the seemdér effects from the

experimental results and comparing them against those calculated by the moment

11



magnifier method suggested that loading conditions, tensile bond strength, and type of
wall (reinforced or unreinforced) must be taken into account ifrateypredictions are

expected.

Until 1982, most experimental programs focused on short masonry walls, in which P
Delta effects were not significant. Nevertheless, the demand for taller structures grew in
the early 1980s with economic stability and the stnrction of warehouses and
commercial buildings. The American Concrete Institute (ACI) and Structural Engineers
Association of Southern California (SEASC 1982) developed an experimental program
to study fully grouted reinforced masonry walls subjecteduiof-plane bending and
eccentric axial loading. They tested 9 walls, 1.2 m wide and 7.5 m high. Different
slenderness ratios were evaluated: 30.6, 38.8, and 52.6. All walls were subjected to a
combination of eccentric gravity load and uniformly disitdd lateral pressure. The
eccentric axial load was applied through a pulley system using a drum of water. Once
the peak axial load was reached, a uniform distributed pressure was applied to one side
of the walls using an airbag (Fig. 2.1). The maximapplied axial load was 15.3 kN,
which represents 24% of the full section strasst§ for the walls with a block
thickness of 246 mm, as the average compressive strength of the maspnwyas

reported to be 18.7 MPa.
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Figure 2.17 Side Elevation of Test Setup (ASEASC Task Committee on Slender
Walls)

Once the desired axial load was reached, the lateral uniform pressure was monotonically
increased. Due to safety proposes, the lateral load was dtye® it was judged that

the masonry would reach its crushing strain. Although it was reported that from the 9
panels, only 2 reached the crushing of the masonry, yielding of the rebar was achieved in
all the cases before the loading was stopped. Themaxmidspan displacement was
reported to be approximately 415 mm (Fig. 2.2). Seemdér effects were described to

be more prominent in the thinner specimens (143 mm), accounting for about 20% of the
total moment when the reinforcement began to yieResults from this test formed the
basis of current design provisions in North America, such as maximum and minimum

reinforcement clauses, axial load limits, and midspan deflection limits.
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Figure 2.217 PushOver Curves (AGISEASC Task Committee on Slender Walls)

The studies referenced above showed that moment amplification due to slenderness
effects were important for the design of tall walls. Maksoud and Drysdale (1993b)
explored the possibility of using a moment magnifiatiactor to design slender
masonry walls. It was found that geometrical and material nonlinearity were important
parameters for their response. Additionally, high compressive stresses in the cross
section were found to influence the ultimate responséefaalls due to the effect of
stiffness degradation.  Further parametric analyses demonstrated rapid stiffness
degradation in slender walls compared to stocky specimens. These effects were attributed
to the coupling action of the geometrical and matewatimearity. Attempts to predict
flexural stiffness based on an elastic tangent or secant modulus of the masonry material

were reported to be unconservative.

The MM method became popular in North America due to its simplicity. However, the
method largsl depends on an accurate calculation of the flexural stiffness. Therefore,
further research focused on evaluating the flexural rigidity of reinforced masonry walls.

Liu and Dawe (2001) tested 36 reinforced masonry walls subjected to a combination of

14



axid loading and lateral loads through gdint bending method. Strain recorders were
provided in the tension and compression faces of each specimen. A flexural rigidity was
obtained using the strain readings, and it was compared against the resultssdomput
using the expression proposed by the Canadian Standamés concluded that the
standard produced unconservative results for structures under low axial levels, but as the

loading is increased, the expression becomes conservative.

Mohsin (2005) condued an experimental program to evaluate the flexural rigidity of
masonry walls when considering rotational stiffness at the base. The study consisted of
8 reinforced masonry walls tested under eccentric axial loading. All the walls were 1.2
m wide with 20 cm nominal thickness blocks. Two slenderness ratios were evaluated:
29 and 34. The rotational stiffness was simulated using a steel shape at the base for which
flexural rigidity was equivalent to commonly used foundations for loadbearing masonry
walls. Experimental results show that as the rotational stiffness increased, the axial and
flexural capacity were enhanced, while the seeomfdr effects were reduced. An
analytical flexural stiffness was calculated and compared agéhiesCSA S304€4
expression. It was found that the effective stiffness calculated usingS8@&04
expression produced conservative results for structures with and without base rigidity.
The difference was more pronounced whenever a rotation stiffness was present.y he stud
proposed an effective stiffness equation based ofinear regression analysis, which

considered the effect of the base rigidity and slenderness ratio.

Further studies assessed the capacity of the American stand@ 40208) of
estimating the flextal rigidity of masonry walls. Popehn et al. (2009) tested 4
unreinforced walls under eccentric axial loading. The walls were 0.8 m wide and 3.5 m
high. The specimens were tested under simply supported conditions. Results indicated
that moment amplificabin factors calculated as per thiMS 40208 were up to 1.85

greater than those obtained in the experiment.

Isfeld et al. (2018) investigated the effect of base support conditions on the deflected
shape of partially grouted walls subjected to eccentral dpading and an OOP line load.

Three panels were tested under simply supported conditions and what was referred to as
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pinnedfixed boundary conditions. The specimens were 1.2 m wide and 2.4 m high with
a slenderness ratio of 12. The three walls wardh éested with both the pinnéged

and pinneepinned boundary conditions. The axial load was applied through two
actuators in displacement control up to a maximum of 250 kN, while the OOP line load
was applied at mitheight by using a box beam connectedsteel cables (Fig. 2.3).
Experimental displacement profiles were compared with calculations based ©84he
S30414. The authors concluded that the current standard is overly conservative,
resulting in displacement 26 times greater than the expetain& he researchers also
proposed that the design of slender walls shouldlegaeined.
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Figure 2371 Test setup (Isfeld et al. 2019)
More recent studies were conducted by Pettit (2019) at the Univergitparta. A fulk

scale test of four identical partialiyrouted reinforced masonry wetiteswas developed.
All the specimens were subjected to a combination ebbptane bending and 250 kN
of axial loading. The specimens were 1.2 m widecdrse(2.4 m)high, and standard
20 cm nominal thickness blocks were used. A control specimen was evaluated under pin

end conditions, while the other featured an active, reactive support to simulate the base
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rigidity as Mohsin (2005). It was shown that the ldteyad capacity of walls with base
rigidity is up to 92.7% higher than equivalent structures under pinned conditions.

Although the experimental studies have grown in both quality and quantity in the past
years, there are still many challenges regardinderstanding the rather complex
behaviour of reinforced and unreinforced masonry walls. This assumption is reflected in
current North American design standards. Despite the Candatit#h $30414) and the
American TMS 40216) standards havingeen developetased on the same research
pool, each committee mandates different provisions to compute the flexural and axial
resistances of masonry walls. It is evident from the experimental data that-sedend
effects are a critical aspect in the design of slemo@sonry walls subjected to OOP
bending. However, the above studies have proven that current methods specified in both
the American and the Canadian standards to compute seode&rdmoments produced

moment amplifications up to 2 times higher than the exntal results.
2.3 Numerical and Finite Element Modelling.

It is clear from the literature above that experimental testing has formed the foundations
of our current knowledge of the behaviour of reinforced and unreinforced masonry walls.
However, physical @sting programs are often limited by economic and practical
constraints. The development of comprehensive experimental programs is expensive and
time-consuming, as they might require buildingfsdiale masonry walls and mechanisms

to simulate loading coritibons on which these elements are often subjected. Finite
element analysis has arisen as an excellent alternative to overcome this constraint by
providing accurate and cesfficient predictions of the behaviour of the masonry, which

are validated basedch@revious experimental results. Numerical models can be used to
investigate complex phenomena such as stiffness degradation, buckling analysis,
earthquake simulations of fedcale masonry, which might not be feasible for an

experimental evaluation.

In a broad manner, numerical modelling using the finite element method (FEM) in a

structural engineering context could be divided into macro and micro modelling. In the
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macro modelling approach (Fig. 2.4a), a homogeneous behaviour of masonry with no
distinction between units and mortar is assumed. The masonry is modelled as a series of
continuum elements. These models are an effective alternative to analyze the global

behaviour of reinforced masonry walls, but are unable to capture detailed failure modes.

Micro modelling is more computationally expensive, however, it is usually adopted when
the local behaviour of the masonry walls is of interest. In a detailed -micde! (Fig.
2.4Db), the masonry crosgction is modelled as a continuum element, and thenmiar
interfaces as a discontinuum element. Migrodels can provide accurate and precise
results but are limited to simulating relatively small members due to their computational
intensity.

Unit-mortar Homogenous
Mortar interface material

@ (b)

Micro-modelling Macro-modelling

Figure 24 - Finite ElemenfApproaches (Adapted from Kurdo et al. 2017)
2.3.1 Micro modelling

Early FE micremodels were introduced by Page (1978) for walls made with masonry
bricks subjected to tplane loading. The author used and@le plane stress continuous
element assuming isotropalastic properties to describe the masonry unit. Nonlinear
linkage elements were used to model the mortar joints. The stiffness matrix was derived
based on relative displacement vectors in the normal and shear direction. The equilibrium
of the element ishown in 2.2. Unfortunately, the failure criteria was not defined and the

ultimate load could not be captured.

0 QO (2.2)
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Where,

The force vector:O = 0O

The stiffness matrixQ= QnmQ

The displacementvectod = 0 0N U0 WEOOBAOENDV DEOOE A

Ali et al. (1986) created a nonlinear FE micnodel for brick wall subjected to-plane

loading which implemented a local failure criterion for both the joint and brick elements.
The model was developed using 2D plane stress elements. Thess@esglationship

of the brick and the joint elements were adopted from several experimental studies. Three
failure criteria were defined: (a) fracture of the mortar under terarpression or
tensiontension state of stress, (b) crushing of the brick und@poessive stresses, and

(c) bond failure at the interface of the joint and brick elements. The authors utilized a FE
mesh consisting of four noded quadrilateral elements. The results of the numerical model
of the brick wall subjected to-plane loads wereompared against experimental studies

and showed a decent agreement.

A more rigorous FE model was developed by Saykeohed and Shrive (1994) of- 7

course high masonry wallettes. The interaction between blocks and mortar joint was
simulated using a 3D cdntious FE model. Geometrical and material nonlinearity was
considered using an-i®de shell element. Elaspastic behaviour of mortar and
masonry was assumed. The solution algorithm is based on an iterative process using arc
length method. Comparison wiexperimental results obtained ktdurse high wallettes

under concentrated load shows a decent correlation. Different from previous research,
this model was able to capture the failure of the specimens based on the appearances of

cracks and instabilitgffects.

Lofti and Shing (1994) developed a micro FE model of unreinforced masonry walls. The
mortar joints were modelled using interface elements, while the masonry assemblage with
a smeared crack approach. It was found that the model was able td gredsbear

behaviour of the mortar joints accurately. Cracking initiation and propagation under the
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tension and shear state of stress were also included through the material constitutive
relationship. Using an interface element was reported to be aremff@pproach in
predicting the loadbearing capacity of masonry walls and identifying local failure modes

in the masonry elements.

Yi and Shrive (2001) developed &ZBFE micro model for unreinforced masonry walls.

The authors attempted to model masomnits, mortar joints, and grouted cores
separately. The mortar joints and masonry block were described usipgrésuetric

shell elements. Solid elements were used for the grouted cores. Cracking propagation was
modelled with a smeared crack approache mbnlinear behaviour was traced using an
iterative process. It was reported that the numerical model was able to capture failure
modes related to the progressive cracking propagation;splgbng and crushing of
mortar joints. Verification of the numeal evaluation showed a moderate agreement

with the previous experiments.

2.3.2 Macro Modelling

A macromodelling approach for slender masonry walls with cavity was attempted by
Wang et al. (1997). The model was created using tmdnmn elements available ihe
commercial software ABAQUS. The masonry element was treated as a homogenous
single unit. A predefined concrete material from ABAQUS was implemented. This
material had the ability to capture tensile cracking with a linear tension softening branch.
The @mpressive behaviour of the element was defined using results from prism testing,
while the tensile properties were defined based on the bond strength between the block
and the mortar joint. A NewteRaphson iterative procedure was used with load control
protocol until the peak load was reached. For the-peak behaviour, the analysis was
shifted into a modified risk algorithm to capture the softening of the structure. According
to the authors, the model was able to predict the masonry behaviour agowtaelit

was compared against experimental results.

A homogenous masonry element was proposed by Lopez et al. (1999) to account for the

anisotropic nature of the material. The main feature of this model was that it could predict
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cracking in all directias with greater computational efficiency than other mroamels.

The theory of mapped spaces was used to transform the anisotropic behaviour of the
masonry into an isotropic space based on a modified {@olfomb criterion. The
authors suggested that theoposed approach considerably reduced the computational
effort required for mesh generation. The model was validated using previous
experimental programs, and it was reported to have an excellent correlation with the
results. Although the model was rematto be unable to identify the fracture mechanism

of the masonry, this publication formed the basis of practical modelling approaches for
large scale masonry structures, which are impractical for micrdel approaches.

Another homogenization technique hodel masonry elements was proposed by Ma et

al. (2001). The authors introduced a representative volume element (RVE), which intends
to capture the equivalent elastic properties, strength, and failure patterns of a masonry
assembly. This approach was dige simulate the masonry unit and joint materials as a
whole. An equivalent stresgtrain relationship for the RVE was proposed based on
constitutive relationships of masonry units and mortar. The numerical model defined
three modes of failure: (a) teresifailure of the mortar, (b) combined shear failure of the
brick and mortar and (c) crushing failure of the brick. Although this technique was
reported to be an excellent alternative for masonry walls subjecte¢ptana bending,
unfortunately, it was norecommended for OOP behaviour. It was shown that for

intensively variable stresstrain fields, the homogenization technique was not applicable.

Liu and Dawe (2003,b) investigated the flexural behaviour of loadbearing reinforced
masonry walls using a FlBacremodel. The authors idealized the masonry walls-as 2
node, 4 degrees of freedom (DOF) beawmtumn elements. Material and geometrical
nonlinearity were accounted for through a morr@anvature analysis of the cressction

(Fig. 2.5. The stresses at each fibre of the cremstion were calculated with the stress
strain relationship given in equation 2.3. An iterative process was selected to apply
gradual increments in the loading combined with a reduced stiffness matrix. For every
load increment, the momeatrvature relationship was traced, the material failure was

checked to compare the total bending moment with the maximum flexural capacity. The
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maximum axial load was obtained using eigenvalue analysis. Parametric analyses
demonstrate an excellent correlation with the experimental data (Fdy. This
publication demonstrated the effectiveness of developing simplified versions of
numerical modeldbased on mometurvature relationships for RMWs. The same FE
model was later used to assess the design method proposed@fyAHe30414 to

guantify seconaébrder moments in RMWs.

G- -
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Figure 25 - Crosssection evaluation (Liu and Dawe 2003)
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Figure 261 Comparison of results for singlayer reinforced walls with two No. 10
reinforcing bars and h/t = 8.6 under combined axial and ldtarding (Liu and Dawe
2003)

Dona et al. (2018) developed two cantilevers fibmsed models of reinforced masonry
walls using the Operource software framework (OpenSees). The model accounts for
spread of plasticity through a forbased element availbin the OpenSees Library
(NonlinearBeamColumn). Geometrical nonlinearity is considered by implementing a
geometric corotational transformation. The homogenized masonry behaviour was
modelled usingConcrete02 which is based on the KeBtott Park Model urve. The

failure criterion was based on reaching the maximum masonry strain. Parametric studies
demonstrated almost a perfect correlation between experimental results and the numerical
evaluation Fig 2.7. This study showed the effectiveness of fibesed sections to

evaluate the flexural behaviour of RMWSs.
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Figure 2.717 Model Validation. Pust©Over Curves (Dona et al 2018

Pettit (2019) presented a mechabased model to predict the behaviour of loadbearing
walls under pinneghinned conditions, including the presence of base rigidity. Material
and geometrical nonlinearity was accounted for through a-$décdon approachlhe

model is based on the differential equation governing the displacement of elastic beam
column under axial load and distributed lateral load. Moment curvature analyses were
used to calculate the strestsain relationship from the masonry creestion. A
maximum crushing strain of 0.003 was defined, andrib&bility of the structurgvas
analyzed using eigen value analysis. The analysis model process is desdFilged.8

Load displacement response of previous experimental analysis showed a good agreement
with the numerical evaluation response. Further applications of the model, such as

development of interaicin diagrams assuming slenderness effects, are presented.
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2.4 Flexural Rigidity review

The earliest expressions to calculate -agplane rigidity of masonry walls were
presentedby Yokel (1971a; 1971b). The authors proposed an equation to estimate the
rigidity of a wall as a function of the stress level and cracking of the -sems®n
subjected to vertical and transverse loading. For structures under eccentric loading, an
apprximation expression is suggested for unreinforced masonry (Eq. 2.4) and another
for reinforced masonry (Eq. 2.5)

00

00 — 2.4
oow (2.4)
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00
00 — 2.5
00 — (2.5)

Where,O is the tangent modulus of elasticity afthe gross moment of inertia of the

uncracked section.

A different alternative is suggested for walls susceptible to excessive cracking (Eg. 2.6):

0000 18] m§00 (2.6)

S ¢

In whichd isthewal | 6s axi al 0 ie thel apglied g@mpressive,loada n d
Factors such as slenderness ratio and load eccentricity were not considered in Eq 2.5. The

factor & — intends to include the cracking effects in the cression.

Hatzinikolas €al. (1978) realized that the cracked inertia of loadbearing masonry walls
is influenced by the mortar penetration, mortar overhand and even the type of masonry
unit. Consequently, the authors suggested performing experimental testing to determine
an accuate flexural stiffness. Based on the available concrete standard, it was suggested
to incorporate factors relating the effects of loading eccentricity to calculate the flexural
rigidity. The research was concluded by proposing an expression to estienstiéless

of the wall (Eq. 2.7).

Q
000 0m 3 ™0 O (2.7)

Where,O is the modulus of elasticity of the masoryis the gross moment of inertia,

‘Qis the load eccentricity ans the thickness of the block.

In 1995 an experimental program was conducted by Aridru and Dawe (1995) to
investigate the flexural rigidity of the masonry walls exclusively. Multiple parameters

were studied, such as reinforcement ratio, loading eccentricity and slenderness ratio.
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Reinfarced and unreinforced partially grouted walls were tested. The authors concluded
that the measurement of the strain at the surface was a reasonable strategy to estimate the
flexural rigidity. Additionally, it was suggested that the bending moment antethedl

stiffness could be exponentially related.

Aboud et al. (1995) defined an upper and lower bound flexural rigidity based on the
momentcurvature relationship. An expression to calculate the flexural stiffness as a
function of the oubf-plane defleton and the term Effective Flexural stiffness was

introduced, accounting for possible variations of modulus of elasticity and the moment

of inertia, as given in 2.8.

00 '00Y 00 O Y (2.8)

‘00 is the cracked stiffness aitis a function of the moment rati@O is a modified

sectional stiffness given by:

)
O

—x
cC:

00

(2.9)

D«

Where! is a proposed factor to related the effect of the loading condition and the
boundary conditions) is the cracking moent,0i s t he st rYuisther e 6 s
cracking displacement, an@® is a modified gross inertia considering an uncracked

section.

A comprehensive experimental program was conducted by Liu et al. (1998) of-72 full
scale concrete masonry wallsxder eccentric axial loading, with the purpose of
calculating the flexural stiffness. An experimental morrmnt/ature was developed
from the strain readings to calculate the Effective Stiffness of the sections, as given

below:
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00 5 (2.11)

%0

(2.12)

In which - is the strain at the tension face of the masonry-and the strain at the

compression face.

A reduction of the flexural stiffness was reported whenever the axial loading was
increased. The same modulus of elasticity was obtained throughout the linear phase of
the stresstrain relationship. At higher loads, the flexural rigidity was reducedaltieet
nonlinear evolution of the masonry material and the development of cracking. Two

equations were proposed based on the experimental results.

Q
00 TO'O Qti M <

™ Y (2.13)
(0]6) OO ®” 00 Q| 5 ™ Y (2.14)
Where, O is the modulus of elasticityQ is the cracked moment of inertig is the

gross inertia, anfis the loading eccentricity.

Liu and Dawe (2003) studied the flexural rigidity of reinforced masonr{swaling a
numerical model. The influences of multiple parameters in the rigidity of the walls were
investigated: reinforcement ratio, load eccentricity, end eccentricity and slenderness ratio.
Comparison of the numerical results with the flexural rigiditlculated using the
Canadian standard showed that provisions underestimate the wall stiffness under a broad
range of conditionsHig. 2.9 andFig. 2.10).
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Based on the numerical results, a regression analysis was performed, and the following

equation as a lower and upper bound approximation were defined:

lO’O ,Q D

Mohsin (2003) used a numerical model to develop a data set of flexural stiffness values
for 300 wall specimens. The key parameter from this study was identifying the influences
of based rigidity on the OOP stitss of reinforced masonry walls. A nrlbmear
regression analysis was performed to obtain an expression for flexural rigidity,

considering the effect of base rigidity and slenderness ratio.

90 W~ minoa  Teip @ - 8d
90 v Cc‘) Trogo p QY U C
(2.17)
P g
Fore/t<0.33 &h/t 42 &r 0.26.
00 T8t 2 T8t o T8t 8 -
30 P T G5 TOTU 63T X WX o
(2.18)
P& i p ¢

For 0.33 e/t<0.42&30 hit 42&0 r 0.26.
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For 0.33 e/t<0.42&30 h/t 36&0 r 0.051.
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3. STRENGTH DESIGN COMPARISON

3.1 Loadbearing Reinforced Masonry Walls under axial load and Out of Plane
Bending

Masonry buildings rely on the inherenbmpressive strength, lateral strength, and
stiffness of masonry walls to transfer gravitational and lateral loads to the foundations
and to guarantee the stability of the structures. Masonry walls resist eccentric or
concentric axial loading, owdf-planeloads normal to the surface, andpiane loads
(Drysdale 2005). Walls subjected to the combined effect of axial compressive forces and
out-of-plane (OOP) bending momerttig. 3.1) are termed loadbearing walls and are the
subject of this study. Generally, the design of loadbearing walls against lateral loads relies
on simple principles of mechanics, such as strain ctbiltg and internal force
equilibrium, as the length of a wall is typically much larger than its thickness and
Bernoulli theory is applicable. However, the inclusion of the axial loading in the system

makes the analysis and design more complex.

=3

OTTTTTITTTTITITTITTTITTIT77T]

2

Figure 3171 Loadbearing OOP wall loading condition. Eccentric axial loading.
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Masonry walls can be constructed either as fully groutegl 8.23) or partially grouted

(Fig. 3.20) walls. In fully grouted (FG) walls grout is poured on every cell. FG walls
could be used for seversdasons. For instance, FG walls are -eff&ctive when the
longitudinal reinforcement is placed close enough that not pouring grout in every cell
becomes impractical, or when it is required to increase the gross area to resist high axial
forces. FG wali may be required when the combination of gravity and lateral load
require a deeper compressive block in the masonry to balance the tension forces in the

steel reinforcement. It may also be done to satisfy seismic detailing requirements.

On the other hangartially grouted (PG) walls, where only cells with rebars are grouted,

are a coseffective option for most designs. This style of construction reduces the cost
and the weight of the structural elements if the loads on the building are relatively low.
In PG walls, the compressive block fits within the flange of the masonry units and it is

enough to balance the tension in the steel reinforcement.

Fully -Grouted

T I T T I

Partially -Grouted

B0 JC 100 JC 00 0 o0 I Jir e

(b)

Figure 3.217 Masonry section. (a) Fully grouted wall (b) Partiajhputed

3.2 Comparison of strength design provisions.

This section compares the key design provisions fronC8® S30414 andTMS 402
16 related to the strength design of -@line reinforced masonrwalls. First, the

provisions are compared in terms of the code equations and underlying principles, and
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later parametric studies are used to quantify the differences numerically. In this chapter,
Canadian related equations are named und8rXCe.g C-3.1) while the American
related as U.8.X (e.g- U.S3.1). Expressions that are common in both standards are

named as 3.Xe.g. 3.1)

3.2.1 Masonry Assembly Compressive Strendj (.

The compressive strength of the masonry refers to the ability of a masonry assembly to
withstand compressive loads. TH&SA S30414 and the TMS 40216 allow the
determination of the compressive strength of the masonry by testing prisms or using
tabulated alues. Most designers prefer to use the tables due to their simplicity of use,
while prism testing is rarely conducted. The tabulated values of the masonry compressive
strength assembly from tl&SA S30414 and theTMS 40216 are shown inrable 31
andTable 3.2 respectively.

lP

] Mortar Joints
P

Figure 3.317 Masonry Assembly
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Table 317 Specified compressive strength normal to the bed .;n,t,for concrete
block masonry, MPa, Adapted from Table 4

Specified Type S Mortar Type N mortar
compressive
strength of unit Solid units Solid units or
Ungrouted Ungrouted
(average net _ or grouted _ grouted hollow
hollow units _ hollow units _
area)*, MPA hollow units units
30 or more ** 17.5 13.5 12 9
20 13 10 10 7.5
15 10 7.5 8 6
10 6.5 5 6 4.5

*Linear interpolation may be used ** For concrete block units with a spec
compressive strength greater than 30 MPa, Clause 5.1.2 may be used to detel

"Q that could exceed the values given in this table.
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Table 3217 Compressive Strength of Masonry Based on the Compressive Strength of
Concrete Masonry Units and Type of Mortar Used in Construction, AdaptedTiksn
402-16 60216 Table 2

. Net area compressive strength of ASTM C90
Net area compressive

concrete masonry units, psi (MPa)
strength of concrete masonry,

ps (MPa)!

Type M or S mortar Type N mortar

1,750 (12.07)

2,000 (13.79)

2,250 (15.51)

2,500(17.24)

2,750 (18.96)

3,000 (20.69)

2,000 (13.79)

2,600 (17.93)

3,250 (22.41)

3,900 (26.89)

4,500 (31.03)

2,000 (13.79)

2,650 (18.27)

3,400 (23.44)

4,350 (28.96)

For units of less than 4in. (102 mm) nominal height, use 85% of the values lis

As seen on the tables above, both countries define two types of mortar used in
construction. Type ASO mortar is implemente
mostly used in nostructural elements. Canada specifies the compressive strength of the

block units, whereas in the US, the compressive strength of the masonry assembly.

CSA S30414 makes a distinction between the compressive strength of ungrouted hollow
units"Qy , and grouted hollow units or solid elemeftds , while TMS 40216 does

not make such distinction and a unique valu&ois used throughout the design.

Using interpolation,TMS masonry strengthialues are approximately 15% higher than

their counterpar in for the same block strengtiithe implications of the diffent
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interpretations ardiscussed in this worlor both the strength design and calculations of

the seconarder effects.

3.2.2 Modular Block Dimensions and Net Area Definition.

Minor differences are appreciable in the dimensions of the typical block used in Canada
and the United States. Overall, the Canadian blocks are slightly smaller than in the U.S.
Table 3.3 and Table 3.4show the equivalent block used in each country with its
respective dimengns. Nominal height and length are 10 mm higher than the actual
values in th&€€SA S30414 to account for the mortar joint, which is approximately 10mm

thick. Fig. 3.4shows a typical masonry block with two hollow cells.

Webs

1'0? '

Minimum Web Minimum Face
Thickness shells Thickness

Figure 341 Nominal block dimension definitions
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Table 3371 Canadian Modular Blocks dimensions.

- Minimum
Block Nominal  gquivalent U.S  Actual Minimum Web
Width _ _ Faceshell )
Block Nominal ~ Width, mm ) Thickness, mm
_ ) _ Thickness, )
Canada, mm (in)  Width, mm (in) (in) mm (in) (in)
100 (3.94) 101.6 (4) 90 (3.54) 20 (0.78) 20 (0.78)
150 (5.90) 152.4 (6) 140(5.51) 29 (1.14) 25 (0.98)
200 (7.87)* 203.2 (8) 190 (7.48) 30 (1.18) 25 (0.98)
250 (9.84) 254 (10) 240 (9.44) 35 (1.38) 28 (1.10)
300 (11.81) 304.8 (12) 290 (11.41) 35(1.38) 30 (1.18)

*Most commonly used.
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Table 3471 United States Modular Blocks dimensions.

Block Equivalent Minimum o
_ _ Minimum Web
Nominal Canadian Actual Faceshell
_ _ _ _ Thickness
Width U.S,  Block Nominal Width (mm) Thickness (mm)
mm
mm (in) Width (mm) (mm)
101.6 (4) 100 (3.93) 92.1 (3.62) 19.1 (0.75) 19.1 (0.75)
152.4 (6) 150 (5.90) 142.9 (5.62) 25.4 (1) 19.1 (0.75)
203.2 (8) 200* (7.87) 190 (7.48) 31.8 (1.25) 19.1 (0.75)
254 (10) 250 (9.84) 240 (9.44) 31.8 (1.25) 19.1 (0.75)
304.8 (12) 300 (11.81) 290 (11.41) 31.8(1.25) 19.1 (0.75)

*Most commonly used.

TheCSA S30414s peci fies
the strength of the walls using hollow masonry blocks. SimilarlyT& 40216 uses
t he

the usseofi amaliedfezd i ve
t er ms é oti o wAltHouglaseaach standard provideslamhtly different

term for his conceptthe physical interpretation ike same

Net crosssectional aread( or effective crossectional area( refers to the total area
of masonry, including the area of the voids filled with grout, but excluding the webs of
ungrouted cellsTo illustrate thisFig. 3.5shows the net crossectional area for a PG and

FG cases.
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Fully Grouted Partially Grouted

I Length | Length

, |
Equivalent Thickness
Grouted Area
Net Area = Length x Thickness Net Area = Faceshell Area + Equivalent Grouted Area

(@) (b)

Figure 35 - Net Area and Effective Area (a) Fully grouted section (b) Partially Grouted
Section

For a fully grouted section, the net area becomes the gross area of the cross section
essentially. However, for@gartially grouted sectiqrihe area is the summation of the total
area of the face shells and the equivalent grouted area (excluding wehgradted

cells).

3.2.3 Slenderness Definition

This section compares the slenderness definition adopted by each standard. Depending
on the slenderness ratio of the structure, each standard requires particular provisions to
satisfy the design. These requiremeans discussed isection 3.2.4The limitations in

the wall capacity as a function of the slenderness ratio are descristion 3.2.5.

The CSA S30414 describes 3 types of walls based on their slenderness ratio. For all the
type, the slenderness @at— depends on the effective length fadtpthe wall lengthh,

and the width of the block Table 3.5shows the slenderness definition @3A S304
14
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Table 357 CSA S30414 Slenderness definition

Clauses Equations Comment

— pmnody — (C3.1)

Where,(p is the smaller virtual eccentricit  Non-slender wall.

10.7.3.3.1 occurring at the top or bottom of a vertic SecondOrder effects
member at lateral support agxithe largest

negligible
virtual eccentricity. gig
pnod — — omn(C3.2) Slender Walls.
10.7.3.3.2 Calculate Second

Order Effect

Slender Walls.
— o1(C-3.3) Calculate Second
Order Effect + Extra

10.7.3.3.3

provisions

TMS 40216 proposed a different definition for the slenderness limitlS 40216

defines the slenderness ratio as the ratio between the structurehheigtithe radius
of gyrationr, (-). Two simple definitions are provided, if h/r < 99, the wall should not

beonsi dered as a sl ender structur e, and
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slender and more strict provisions and details must be Tiabte 3.6summarizes the
slenderness definition p&MS 40216

Table 367 TMS 40216 slenderness definition

Clauses Equations Comment
9.3.5.4.2 - wwU.S-3.1) Nonslender wall.
9.3.5.4.2 - ©dU.S-3.2) Slender Walls.

Although TMS 40216 uses the radius of gyration to define the slenderness ratio instead
of the block thickness as ti@&SA S30414, numerically, both expressions are relatively

similar for a pinnegbinned conditionK = 1). For solid rectangular sections, the radius of

gyration is approximately 0.3t (Eqg-13.

2

o 92
i = BS —=x mQ mo 31
0 WwQ  Wp ¢

The A23.3 standard to design concrete structure allows assuming the radius of gyration

of for solid rectangular crossection agi@o.

Substituting this approximation in tAéMS 40216 expression,
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% Q)Oﬁtx omn

Consequently, in most cases, the slenderness definition adopted to design a wall is
relatively similar in the US and Canada. Only for some partially grouted specimens with
widely spaced reinforcement, the approximation proposed by the A23.3 might not be
necessarily accurate. The approximation is based on rectangular sections (which for
masonry walls implies fully grouted sections). Partially grouted walls do not enhela
rectangular crossection. In a wall in which the bars are widely spaced, the 0.3t

approximation becomdsss accurate

3.2.4 Reduction Factors

The limit states design approach used by both standards requires that the design strength
(factored resistance) be greater than the required strength (factored loads). Design
strength refers to theduced value of the actual resistance of a material or-seasi®n

affected by safety factors or reduction factors. Required strength is the total load
multiplied by a certain safety factor. These factored loads are specified in other regulatory
documers for both countries, the NBCC and ASCE 7 for Canadians and US design,

respectively.

Each country has different load combinations to calculate the required strength, although
the philosophy to amplify the loads is similar (for instance, greater ampbfictctors

are used for live loads than for dead load).

The design strength is computed following different approac®®s S30414 applies
reduction factors to the material strength to calculate factored resistance, while in the
TMS 40216the factorsare applied to the nominal resistance based on the expected mode

of failure. Table 3.7summarizes the reduction factor applied by both standards.
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Table 371 Reduction Factors

Standard Reduction factor Comments

Masonry Strengtin T
Material strength

CSA S30414 Steel Strengtlt  T@® U
reduction factors

OOP wall stiffness? T U

Flexurl Capacity?  T@o Nominal Strength

Axial capacity:? T80 reduction Factor

TMS 40216

As shown inTable 3.7 CSA S30414 mandates a reduction to the material strength by a
factor depending on the type of material. To compute the compressive stress of the
masonry0 , the material strength has te keduced by 40%, while the tensile capacity
provided by the steel reinforcement by 10%. Additionally, the standard requires to affect
the OOP stiffness calculation by a 25% reduction which is used to compute-sedend
effects(this isthe focus of a majodiscusgon in Chapter 4. On the other han@MS

40216 does not reduce the strength of the material but rather decided to affect the
nominal capacity by a single factor for fleal(0 n) and axial 0 1O

behavioral respase. The wall stiffness remains unaffected.

3.2.5 Provisions related to the flexural capacity {M interaction development)

The strength of a wall against the applied axial load and the bending moment in
loadbearing walls is typically represented asM mteraction diagram (Fig 3.6). The P

M interaction line is a visual representation of the possible combisationoments and

axial loading that are equal to the strength of the wall. Combinations of axial load and
moment that are outside the region encldsgdhe line are unsafe, and those that fall

inside are safe.
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To create a MM interaction diagram, one strategy is to vary the depth of the neutral axis
in a crosssection. For each value of the neutral axithe forces in the materials, such
as the comgession in the masonty , and the tension in the reinforcemént are
computed. Equilibrium must be satisfied. The net foraepresents the amount of axial
load that the crossection can resist (Eq. 3.1). The moment caused by the fbr¢é¥,

andD , is the moment resistance of the wall

5 Y O (3.1)

For ultimate limit state design, the axial load resistancg,corresponds with the

equivalent applied load, such tiiat 0 .

TMS 40216 andCSA S30414 provide limitationfor the maximum allowed in the

element. The limitations are further discussed in section 3.2.5.2.

To calculate the compressive forcés,, carried by the masonry, its nonlinear stress
strain relationship should be simplified into a wadfined shpe that provides a
reasonable estimate of the magnitude when the strain reaches its ultimate value, which is
defined differently by each standard. As prescribe@3A S30414 (Clause 11.2.1.6)
andTMS 40216 (Clause 9.3.2), both committees allow the afan equivalent stress

block approach to determine the compressive strength of masonry elements. The

equivalent stress block assumptions at ultimate conditions are sh&ign3ra
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Figure 361 Equivalent Stress Block assumptions.

Table 3.8 shows the equation proposed by each standard to calculate the compressive

strength of the masonry based on the equivalent stress block approach.

Table 3871 Masonry Compressive Strength

Standard Masonry Compressive Stength o
CSA S30414 6 %o . T ¢ o C-3.4
TMS 40216 6 ™ & o US-3.3
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In terms of the crushing strain of the masonry materials, each standard recommends a
different value CSA S30414 allows reaching a maximum strain of 0.003, whereas the
TMS 40216 sets a limit of 0.0025.

CSA S30414 adopts a coefficient of 0.85 for theurgalent compressive block during

the force equilibriumi@ JUQ), versus 0.80 suggested by fhelS 40216 committee.

At ultimate conditions, this represents a 5% difference in the compressive strength of the
masonry if the equations are directly congehrAlthough the smaller size of the U.S.
compressive block would seem to be the conservative option, the Canadian committee
provides a material reduction factor to the masonry stremgthof 0.65, which is

ultimately translated to a reduction of the coagsive strength of the masonry of 35%.

Additionally, the Canadian standard include:
direction of compressive stress in a masonry member relative to the direction used in the

determination ofQ, neverthelss, for the design of OOP walls this factor is taken as 1.

The variability in théQ relative to the position of the neutral axis in the determination

of the flexural strength is also to be notgdSA S30414 allows using different values

of "Q depending on where the neutral axis is located with respect to the block faceshell
and groted cell. If the compressive zone is placed at the faceshell, designers have the

option to select the compressive strength of an ungrouted pif@m , which is
typically greater than the effectiv@ of the grouted masonryQ . TMS 40216 does

not establish a similar condition, and the use of a conargt encouraged throughout

the design.

The tensile forcedY carried by the steel reinforcement in Bdl at yield is calculated as

shown inTalbe 3.9
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Table 397 Tensile Strength Equations

Standard Tensile strength™Y
CSA S30414 Y n o0 C35
TMS 40216 Y 00 US-34

Similar triangles can again be used with the strain distribution to determine the

reinforcing steel strair, , which may be expressed as

I Qe 3.2
W

The elastic force in the reinforcement could then be determinesubstituting the

stressQfor'Qin Eq 3.2

Q 30 3.3

As noted inTable 3.9 both standards rely on the same approach to calculate the tensile
force carried by the steel reinforcemeBEA S30414 mandates to include the material
reduction factor T8y wheread MS 40216, as commented before, does not require

to reduce the material strength but instead reduces the nominal capacities.

The flexural capacity of the crosection can be calculated by solving the resulting
internal moment about its depif2, Most conventional walls in North America are built
using a single layer of reinforcement located at the centre of th&xelbfc , which
coincides with the line of action arising from concentric loads. Therefore, the moment
resistance under this condition can be directly calculated using the compressive strength
of the masonry as shown in E®.4. The moment equilibrium can be calted about

any point of the crossection, as long it involves the interaction between the three forces
on equilibrium 0 A'Y . TMS 40216 mandate to use the nominal capacity fagtor

Ti8oto reduce by 10% the moment resistarice ( " 0 ). On the other handZSA S304
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14 does not appts any equivalent factor to the nominal capacily ( 0 ), as the
material strength are already affected’byand by .
I @

e 3.4
C

C
o
N| o

Figure 3.7and 3.8 illustrate a generic 1 interaction diagram for a PG cressction
developed using theéSA S30414 and theTMS 40216. These curveare calculated for

a 4 meters high wall, reinforced with 10M bars spaced at &#0using a nominal
compressive strength of 15MPa (Canadian values). No reduction factors are applied.
Factored axial load resistancés)(are plotted in the vertical axishile its corresponding
factored moment resistanceé along the horizontal axis. The area surrounded by the
solid line represents the allowed combination of factor axial loads and moments. These
diagrams are developed following the mechanics descabede, and there are not
affected by any additional provisions (i.e. Axial loading limits). In the following segtions
the additional requirements to consider when developing the interaction curves as
mandated by th€SA S30414 andTMS 40216 are explaned. For each provision (i.e.

axial loading capacity limit) it is shown the same interaction diagrams developed above,
but affected by its respective requirements. The curves are only affected by one provision
at a time. At the end of the theoretical comgan, interaction curves affected by all the

provisions are shown.

The following points of interest are depictedHig. 3.7 and3.8

Point A (Pure axial compression) = Largest axial compressive load. All the fibres

of the sections are under full compression.

Point B (Compression with minor bending) = The secti@ntstto experience

bending forces. All the fibres are under compressive strains.

Point C (Steel develops tensile strain) = Tensile strain is developed in the rebar

fibres. The tensile strength of the masonry is neglected.
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Point D (Balance point) = Masonmngaches its crushing strain, and the tensile
reinforcement achieves the yielding strain simultaneously. Failure of the masonry

occurs at the same time as the steel yields

Point E (Tension Controlled resistances) = The vyielding strain of the
reinforcementvill be exceeded before the masonry reaches its crushing strain.

Point F (Pure Bending point) = The section is under pure bending (P = 0). The
tensile strain in the rebar exceeds the yield strain.

] —CSA S304-14

-JA

B,a, Qcompression) ¢
M, = Pr(g)

Axial Load Capacity (Pr)
(@)
2

Moment Capacity (Mr)

Figure 3.71 Typical PM interaction diagram for reinforced masonry wall as @8A
S30414
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Figure 381 Typical PM interaction diagram for reinforced masonry wall asTHeiS
40216

Figure 3.7and 3.8 it is important to notice the distinction between the compression
controlled (between point A to E) and tensmontrolled region (between point E tp. F
Summarizing, in compressiarontrolled regions, # resistances are mainly governed

by the magnitude of the compressive strength of the masonry. On the contrary, ir tension
controlled regions of the interaction diagram, the response is primarily dedtbyl the

tensile strength of the reinforcement. Both zones are described in greater detail below.

Between point A up to point C, the section is considered entirely in compression, as not
tensile strains are yet developed Q. If the neutral axis depth crosses the centroid of

the reinforcementd, it will not be subjected to tensile stresses. To compul¢ P
resistances under this region, both B8A S30414and TMS 40216 neglect the
contribution of the steel reinforcement.séatially, the masonry wall can effectively be
considered as an unreinforced specimen for its design since the reinforcement is no longer
being relied upon to carry tensile stressedd IPesistances in this region are purely
governed by the compressiveestgth of the masonry. An area of discontinuity in the
CSA S30414 curve appears due to restriction of the standard for Unreinforced Masonry
Walls (UMWSs).CSA S30414 limits the virtual eccentricity of the sectiob (0 to a
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maximum of t/3 for UMWSs.This limit intends to impede instability effects due to
excessive cracking propagation. Therefore, applying this restriction is a requirement even
for RMWs if the steel is not yet activated in tension, as the section is effectively an

unreinforced specinme up to this point. Before the steel is activated, the moment
resistances should not excaed - . No discontinuity is seen on tiéMS 40216 402

curves, as the committee does not offer a similar provision.

At point C, tensile strains are developedtbe reinforcement fibres. The section is no
longer considered under a state of pure compression. Both standards assumed no tensile
strength of the masonry, therefore, flexural stresses are carried entirely by the steel
reinforcement. Since the maximum téastrain of the rebar has not yet been reached

- - NO -0, the flexural capacity is still mainly dependable on the masonry
compressive strength magnitude rather than the yield strength of the reinforcement.

Failure of the wall will be reded before the yielding of the rebars is achieved.

At point D, the rebars reach their yield strain, and thé f@sistances are computed using

the rebar yield strengtfQQ. For design purposes, no strain hardening of the reinforcement
should be consided. The value of the yield strength should be used as a maximum
induced stress on the rebars. For instance, for a specimen reinforced with rebars which
yield strength is 400 MPa, from point D to F, thMRcapacities are computed using a
maximum value of @0 MPa, independently of its strain levels. Therefore, under this area
the response is primarily controlled by the yield strength of the reinforcement and to a
lesser extent by the masonry compressive strength of the masonry, as it is used to compute

the depth of the equivalent masonry compression block.
3.2.5.1 Axial Compressive Force Limit (Pr)

Both standards present similar approaches to calculate the maximum resistance axial
forces. This is calculated based on the net area (grouted and ungrouted) of thg masonr

and the compressive strengi@ . Table 3.1Gshows the equation used on each standard.
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The RM interaction curves presentedsaction 3.5 affectel by their respective axial
limit are illustrated irFig 3.9 and 3.10On each figure, the axial loading limit for both
nonslender { o nand slender{ o n walls are shown. The height of the structure

was not modified for the axial limit calculations.
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Table 31071 Axial Compressive Force Clauses

Standard Clauses Equations Comments
For — om
Didd® T T o QO
(C-3.7) CSA S30414
10.4.1, mandates two
CSA S30414 _
10.4.7.4.6.4 expressions based o
For — ot slenderness limits.
0 6o % QO
(C-3.8)
For - ww
bidho Mm@ ine p — TMS 40216
(U.S-3.6) provides two
equations that
consider the
slenderness ratio.
TMS 40216 9.34.1.1 For - ww

Additionally, for

. i caseswhere ww
v or fQ" —_—
VIO ww T TTE O Q shall not excee8%
of the gross axial
(U.S-3.7) -
capacity

0 4w 18N

(U.S-3.8)
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ComparingFig. 3.7and3.8 (P-M curves unaffected by any provision) wiig 3.9 and

Fig. 3.10(P-M curves affected by the axial limit provisions), it is shown that the North
American standards do not allow toh&eve a pure axial compressive limit state for
reinforced masonry walls. Axial capacities are capped, and this limit seems to be more
restrictive for higher slenderness ratios.

F P.(max) = 0.80(0.85¢,,£.4,) (G3.7)

1 P.(max) = 0.1¢fh4, (G3.8)

Axial Load Capacity (Pr)

——CSA S304-14

Moment Capacity (Mr)

Figure 391 P-M interaction diagram for reinfoed masonry wall as p@SA S30414
. Affected by axial compressive limit.
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Pr(max) = 0.80(0.80£.,4,,) (1 - (L)z) (U.S:3.6)

140r

Pr(max) = 0.80(0.80£,A,) ((%)j (U.S:3.7)

Axial Load Capacity (Pr)

Pr(max) = 0.05f;,4, (U.S-3.8)

—TMS 402-16

Moment Capacity (Mr)

Figure 3.107 P-M interaction diagram for reinforced masonry wall asTHeiS 40216
. Affected by axial compressive limit.

Table 3.10shows that th@MS 40216 expressions proposed two equations that are a
function of the height and rag of gyration. For structures with a slenderness ratio of

less than 99, the expression is affected by the faptor— . Instability effects in

structures with-  w woinder typical axial loads are not expected, as the mode of failure

is expected to beontrolled by material failure, such as the crushing of the masonry blocks

in compression and yielding of the reinforcement. For the same Heitfitkness ratio,

CSA S30414 recommends an equation independent of the h/t ratio. Thus, for a given
crosssection, the axial limit will be the same while the slenderness ratio does not exceed

the threshold value of 30.

Walls with a higher slenderness ratio are expected to be more susceptible to instability
= G
effects. For these cases, th®IS 40216 proposes a me rigorous factor % to

calculatethe axial limit, as showin Fig. 3.9. Althoughthe same height was used to

compute this limit,using U.S-3.6 led to a lower capacity. Additionally, the standard
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requires that the compressive forces do not exceed 5% of thevtathtapaiy (U.S-

3.7).

The Canadian committee mandates a single additional restriction for slender walls. This
restriction ensures that the applied axial compression load in the wall must not exceed

10% of the gross capacity based on the compresserggsh of the masonry unit {g€.8).
3.2.5.2 Effective Compressive Width Limit.

When a wall is subjected toraxternalbending momentit is resisted by an internal

couple is created in the steel and masonry materials. Tensile stresses are generated in the
steel reinforcement, and compressive stresses are created in the masonry materials. If the
steel bars are widely spaced, the compressive stresses sgambémear thdocations of

the steel bars, so that the compressive stress can more efficiently lladaigcesile stress

(Fig. 311-a1). If the steel bars are closely spaced, the distribution of compressive
stresses are mostly uniform along the width of the wall (Figl-B.1). The difference

between the two distributions cbmpressive stress is knowasshear lag.

To capture the effects of shear,ltge standards introduced the concept of effective width

(0 . This is the maximum width of masonry in which compressiopeisnitted to

occur tobalance the tension in the steel reinforcement and preserve the coupling of the

two actions Fig. 3.11-a.2)
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Figure 3.117 Shear Lag Effect in RMW¢ga.1) Widely Spaced reinforcement stress
distribution (a.2) Standard simplificatiofb.1) Closely spaced reinforcement stress

distribution.(b.2) Standard simplification

The effective width limit is only applicable for combinations of axial load and moment
on which the steel is assumed to carry tensilesses. It does not apply for load

combinations in which the steel is not in tension.
CSA S30414 limits the effective compression zone to a minimum of

M1 4timesthewall thickness

1 the spacing between bars.

While TMS 40216 allows the designers to set the compression zone width to the
minimum of:

6 times the wall thickness,

the spacing between rebars,
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or 72 inches (1828.8 mm).

Table 3.11summarizes the effective compressive width limit imposed by the North
American standards.

Table 3117 Effective Compressive Width equations.

Standard Compressive Width Limit
CSA S30414 @ G "Qetch 'Q idn o o T@E3.
TMS 40216 & G Qe QGion O diQeEmi U.S-3.5

Theoretically, theCSA S30414 offers a more conservative provision, where for some
circumstances, the effective width used could be 40% lower than a design developed
using theTMS 40216 approach. For instance, for a rebar spacing of 1400 mm (or 55
inches), and block size thickness1®0 mm (or 7.48 inches), the calculated using

U.S- 3.5 is governed by the 6t limit, and the total width to assume in the design is 1140
mm (or 44 inches). For the same conditions,ihe computed usingCSA S30414 is
governed by the 4t lihi which results in a maximum width of 740 mm (or 29 inches).
Additionally, the limit mandated b€SA S30414 could be triggered for a lower rebar
spacing compared fbMS 40216 (6t vs 4t). Such reduction translates into a decrement

of both the flexural ash axial capacity of OOP walls.

The effect of this provision is graphically shownkig. 3.12andFig. 3.13 The RM
interaction curves developéd section3.2.5 are affected by their respective reductions
due to the compressive width limits (dashed curve). On each figure;Mheegistances

neglecting this limit (solid curve) are also presented.

In both diagrams, the M capacities decreased due to the redudaifdhe effective width

used to compute the resistances once the steel starts to develop tensile strains.
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Additionally, it appears that due to the stricter limit proposed by , 4llecBpacities are
reduced by a greater proportion than that ofTiS 40216 curves.

—— CSA S304-14 - No Width Limii
- - - CSA S304-14 - Width Limit

Axial Load Capacity (Pr)

Moment Capacity (Mr)

Figure 3.127 P-M interaction diagram for reinforced masonry wall as@8A S304
14. Affected by effective compressive width limit.
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——TMS 402-16 - No Width Limit
- = =-TMS 402-16 - Width Limit

Axial Load Capacity (Pr)

Moment Capacity (Mr)

Figure 3.137 P-M interaction diagram for reinfoed masonry wall as p&MS 40216
. Affected by effective compressive width limit.

3.2.5.3 Maximum axial load capacity related to ductility

TMS 40216 provides a maximum flexural reinforcement provision (Cl. 9.3.3.2) which
has the purpose of maintaining an adegdaictility level by specifying a minimum strain

in the flexural reinforcementp®- ) under an axial load combination based’®@n

™ O T® ¢W. This requirement is expressed in terms of a maximum reinforcement
ratio, ” , above which the wall ¥ not meet this ductility requirement. By limiting

the amount of steel in the wall, the capacity of the wall is effectively reduced.

For fully grouted members with only concentrated tension reinforcement, the maximum

reinforcement is given by:

(U.S- 3.8)

The| parameter in U.$3.8 is specified as follows:
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3.0 for reinforced shear walls (Intermediate seismic detail required)
4.0 for reinforced shear walls (Special seismic de¢gjlired)

1.5 for all other cases.
If there is concentrated compression reinforcement with an area equal to the concentrated

tension reinforcemend, , the maximum reinforcement IS 40216):

w iQ — -
pi ™I |- w0 (U.S-3.9)

For partially grouted sections where the neutral axis lies in the flanges, the maximum
reinforcement is determined as a fully grouted member with tension reinforcement only

(U.S- 3.9). If the neutral axis is located at the web, ii@ximum reinforcement is

determined as:

) 0Ol
®0
. - ) I AR 0 (U.S-3.10)
Y 1Q —— E ) @ 12 0 50 50

Q

While CSA S30414 does not have a ductility limitation for natender walls (kh/t < 30),
for walls with— ¢ 1the tension steel is required to yield before the crushing strain of

the masonry is reached. To achieve this objective, Cl 10.7.4.6 and 10.7.4.6.5 present an

equation derived based on a steel yield strain of 0.002 and a yield strength of 400 MPa.

@ TU T

] (¢3.9)

@
Q

Where,®is the depth of the neutral axi§,is the distance from the masonry fibre of

maximum strain to the centroid of the steel rebar, &tthe yield strength of the steel

reinforcement.
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To illustrate the differences between the two codekle 3.12compares the c/d ratio
required by each standard based on the strain profile for typical yield strength of 400
MPa. Largerc/d ratios imply deeper compressive blocks that are able to balan@ mor

steel reinforcement in tension. More reinforcement allowed in the -segsi®n is

generally indicative of more capacity.

Additionally, The PM interaction curves presented in sect®2.5 affected by their
respective ductility limits are illustrated Fig. 3.14andFig. 3.15 On each figure, the
TMS 40216 and theCSA S30414 limit are shown. No dter provisions are applied to

the figures (i.e. Axial limit or compressive width limit)

Table 3127 Comparison of maximum reinforcement provisions.

OYOSTmTpT YO YTTCp @ 5 VS
- T T O - TEITC U Yoy

@ prn @ ? m@ v 1.32

Q oemnmQ T Q pPdJ '
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CSA Ductility Limit

TMS Ductility Limit

Axial Load Capacity (Pr)

—CSA S304-14

Moment Capacity (Mr)

Figure 3.147 P-M interaction diagram for reinforced masonry wall as@8A S304
14. Affected by ductility related limits.

CSA Ductility Limit

Axial Load Capacity (Pr)

TMS Ductility Limit

—TMS 402-16

Moment Capacity (Mr)

Figure 3.157 P-M interaction diagram for reinforced masonry wall as TS 40216.
Affected by ductility related limits.
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From Fig. 3.143.15and Table 3.12 it seems that higher axial loaslallowed by the
Canadian commitee when both standards require satisfying ductility limits. However,
such limitations are only required for structures with hetghthickness ratios greater
than 30 by theCSA S30414, whereas th& MS 40216 mandates this provision for all
values of sleneirness Additionally, it is essential to consider tiat mandated by the
TMS 40216, shall be satisfied for a loading combinatiof®of & & 1@ ¢ W, while

the CSA S30414 equivalent provisions should be verified for all the ULS load
combinatias as per the NBCC. Thus, the ductility limits provision mandated y$ide
S30414 is typically revised for higher loads than th®1S 40216 (e.g. 1.5D + 1.5L vs
D+0.75L+052 ). This might be translated into more robust designs in Canada to satisfy

this provision.
3.2.5.4 P-M interaction diagrams summary

This section shows a sample of a typical moment interaction diagram designed as per the
CSA S30414 (Fig. 3.16 and TMS 40216 (Fig. 3.17). The discussed provisions are

included in these 1 curves.
The following references points are depicteéig 3.16

Point G1 = Maximum axial load capacity as per Clause 108ett{on3.2.5.)

Point G2 = Steel develops tensile strain. Effective compressive width limit is

triggered.
Point G3 = Ductility limit as per Clause 10.7.4.6 (Sect®2.5.3

Point G4 = Maximum axial load capacity for slender walls (Sec8¢h5.)
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Pr(max) = 080(085¢mf;;1Ag)(G37)

CSADuctility Limit (U.S: 3.9) 4t istriggered

Pr(max) = 0.1£,4, (G3.8
———————— G4 —CSA S304-14

Axial Load Capacity (Pr)

Moment Capacity (Mr)

Figure 3.1671 Typical RM interaction diagram as p&SA S30414

The following reference points are depictedrig. 3.17.

Point US1 = Maximum axial load capacity as per Clause 9.3.4.11 (Section
3.2.5.)

Point US2 = Steel develops tensile strain. Effective compressive width limit is

triggered.
Point US3 = Steel reaches yield strain.
Point US4 = Ductility limit as per Clause 9.3.3.2. (Sect®2.5.3

Point US5 = Maximum axial load capacity for slender walls (Sec8c¢h5.)
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Pr(max) = 0.80(0.80£,4,) (1 - (L)Z) (U.S:3.6)

1407

usS-

TMS Ductility Limit (U.S- 3.10)

Axial Load Capacity (Pr)

Pr(max) = 0.05f,,4, (U.S:3.8)

—TMS 402-16 - Width Limit

Moment Capacity (Mr)

Figure 3.1771 Typical RM interaction Diagram as p@MS 40216

3.3 Parametric Studies

To quantify the differences between the Canadian standz®d S30414) and the
American standard TMS 40216) in a systematic way, parametric studies were
conducted to evaluate the impact of isolated parameters on the capacity of fully and
partially grouted walls loaded with axial compressive forces and out of pmding.

The capacity of the walls is represented by axiament (PM) interaction diagrams.
Throughout the discussion;N? curves computed using tiESA S30414 are presented

in red and those usingMS 40216 in black. A standardizedall width of 1.0 m was
selected and magnitudes are presented as kN/m or KNm/m for axial loads and moment,
respectively. The parameters of this study are classified as fixed, independent, and

dependent, which are described as follows.
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3.3.1 Fixed parameters

The fixed parametersere not changed in the study and were constant for all-tle P
diagrams For a direct comparison between both standards, the same block sizes, rebar
size, and steel yield strength were used unless specified otherwise. The values of the
fixed parameterabove were set to those used for typical wall construction in Canada.
All the calculations are done for anietre width of wall. The fixed parameters are

summarized imable 3.13

Table 3137 Fixed parameters summary.

Parameter Value
Block thickness 190 mm (7.48 in)
Yield Strength of Steel* 400 MPa (58 ksi)
Rebar Size (10M)* 11.3 mm (0.44 in) diameter
Height of thewall** 4 m (157.48in)

* Canadian value used for consistency. **Independent parameter for se&idrt

3.3.2 Independent parameters

The independent parameters were varied to investigate their effects on the dependent
parameters. The study had four independent parameters consisting of the rebgr spacin
the compressive strength of the masonry, the material and strength reduction factors, and
the height of the wall.

Variation of the rebar separation would trigger the maximum effective width provision
described on each standard. This parameter isedlerstudy the effect of this provision

in reducing the capacity of the walls.

In section 3.2.1, it was commented that nominal compressive strength values used in the
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United States are consistently higher than those in Canada for the same block strength.
The compressive strength is selected as an independent parameter to evaluate the
implication of the differences in nominal compressive strength, and to compare the

sensitivity of each standard from the variation of this parameter.

The nature of reductidiactors mandated by each standard is different. V@la S304

14 provides reduces the capacities of the materiah(i.dor masonry for steel)TMS

40216 specifies a strength reduction factor to affect nominal capacities. The reduction
factor isselected as an independent parameter to study the implications of the different
approaches in the-M resistances.

Variation of the height of the wall would impact the axial capacity of the walls.
Additionally, it would trigger requirements related to ttesign of slender walls.
Therefore, this parameter is selected to understand its effect on the axial loading

capacities of OOP walls.

3.3.3 Dependent parameters

The dependent parameter is the strength obbptane loadbearing masonry walls in
terms of thelexural and axial capacity. The strength of the walls is evaluated udihg P

interaction diagrams.

3.3.4 Effects of Independent Parameters on the Strength of the Walls

3.3.4.1 Effect of rebar spacing.

The spacing between the rebar leads to two design scenarios. First, both standards limit

the maximum allowedvidth of the compression zon€) , as described in section

3.2.5.2 Increasing the rebapacingcould trigger this limitation. Second, increasing the
rebar spacing would often decrease the grouted area per meter assumed during the design.

Less grouted are@aduces the flexural and axial resistance of the walls.
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To study these effects, 4N® interaction diagrams of walls, 4 meters high reinforced with
10 M rebars, 20 cm blocks with a nominal strength of 15 MPa are shokig. i8.18
Table 3.14ummarizes the parameters uselim 3.18

The rebar spacing is increased by 400 mm in each scenario, starting from 200 mm (for a
spacing equal to 200 mm, the wall is fully grouted) up to 1400 mm. This rebar
arrangement is selected to trigger the effective compressive width limitation in both
standards. Table 3.13 shows the respectivemandated by each standard for the rebar
arrangements used in the diagrams. The effective compression width for a 28ckm bl

is triggered for the rebar spacing of 1000 mm and 1400 % S30414 andTMS 402

16 provisions, respectively. The solid red and black lines representithéteraction

curves considering the compressive width limitation, while the dashed lindbeare
equivalent curves assuming that no such limit exists. In all the graphs, the maximum axial

compressive load related to the ductility limits in TS 40216 standard is also shown.
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Table 3141 Effective Compressive width for a nominal block thickness of 200 mm

Block thickness . @ per meter
- @ (mm)
multiplier (mm) (mm/m)
Rebar Spacing
(mm) CSA CSA TMS
TMS 402 CSA T™MS
S30414 S304 402
16 (6t) S30414 40216
(4t) 14 16
200 760 1200 200 200 1000 1000
600 760 1200 600 600 1000 1000
1000* 760 1200 760 1000 760 1000
1400** 760 1200 760 1200 5429 857.1

*CSA S30414 provision is triggered* TMS 40216 provision is triggered
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Table 31517 Summary parameters usedHig. 3.18

Parameters CSA S30414 TMS 402-16

Wall Height (m) 4 4

Q ™ 0 O Q ™ 0 O
Compressive Strength of P P

The Masonry "Q 0 x®0 0 & 0 o1 0@
Block Thickness (mm) 190 190

Rebar Size (Canadian

10M 10M

Nomination

Rebar Separation (mm)*

Reduction Factors

200, 600, 1000, 1400

400, 800,1200, 1400

*Variable Parameter
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Figure 3.181 Effect of rebar spacing. Rebar spacing of 200 mm (Fully grouted)

In Fig. 3.18 the compressicnontrolled region moment resistances (i.e. 800 kN/m)
computed using thefMS 40216 are shown to be up to 45% greater than the
correspondin@CSA S30414 values. This dissinlrity is attributed to the differences in

grouted compressive strengt ( ) utilized by each standard. As discussed in section

3.2.1, CSA S30414 prescribesa grouted and ungrouted compressive strength, while
TMS 40216 does not make such distinction. Between 150 kN/m and 1000 kN/m of axial
loading, the neutral axis lies on the grouted core. Therefdo®® S30414 P-M
resistances in this range are computsithgia™Q value of 7.5 MPa. Th@MS 40216

curve is developed using a compressive strength of 10MPa for all the axial loading levels.

From an axial load range of 0 kN/m up to approximately 150 kN/m the response of both
curves are almost identical. Ati$ range, the response is primarily controlled by the
tension reinforcement, and to a lesser extent by the masonry compressive strength. At
this range of loads, the neutral axis lies on the faces hell of the block, and bG®4he

S30414andTMS 40216 resistances are calculated using the s&mand’Q values of
10 MPa and 400 MPa, respectively.
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Figure 3.197 Effect of rebar spacing. Rebar spacing of 600 mm (Partially grouted)

At a rebar spacing of 600 mnfi¢. 3.19 the wall becomes partially grouted. The
differences in the compressigontrolled region (i.e. 500 kN/m) decrease considerably
in contrast tahe fully grouted wall of Fig 3.10. In this region, the moment resistances
computed usingMS 40216 provisions are up to 20% greater thanG8A S30414

(15% less than the fully grouted wall). This can be attributed to the reduction of the
grouted aea per meter assumed during the design, compared to the wall with 200 mm
spacing. For a rebar spacing of 600 mm, the grouted area per meter is 41,968 mm
whereas for a spacing of 200 mm (fully grouted section) is 126,0Ghm@ompatibility

and equililbium in the crossection show that the neutral axis lies on the grouted core
only between 700 kKN/m and 425 kN/m in Fig 3.10: therefG®A S30414 resistances

are computed using smaller values'@f (7.5 MPa). Not only a lowelQ is used for a
smaler range of axial loading, but the contribution of the grouted area in the strength of
the wall is reduced considerably. At 400 kN/m of axial, an area of discontinuity in the
CSA S30414 curve appears due to the restriction of the standard for unreidforce

masonry elements. The Canadian committee limits the virtual eccentricity of the section
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(0 70 to amaximum of /3 for UMWSs. Moreover, because less grouted area is involved

in the design, the tensiarontrolled region is extended. At much higherad¥oads the
response is dominated by the yield strength of the steel. The steel is activated sooner as
less masonry area is used during the force equilibrium. TMer&sistances are almost
identical up to 250 kN/m. More importantly, both curves are cdetpusing an effective

width of 1 meter as no compressive width limit is yet active in any of the standards.

Additionally, the maximum axial capacity due to the ductility limit mandated by &
402-16 is increased by approximately 100 kN/m in contrasthie curve with a rebar
separation of 200mm. Less masonry area is assumed in the design with a rebar spacing

of 600 mm. Thus, the yield strain is achieved at higher axial loads.

1000 < . .

; —— CSA S304-14 - Compressive Width
= 90t ~ - —~CSA S304-14 - No Compressive Width
> 800 ¢ —— TMS 402-16 - Compressive Width
~ o
> 700 ';

S 600 £ CSA 10% higher
@
8 E
T 400 £
o
= 300 F TMS py limit
8 - 4tistri d
X - - ggere
% 200 f 3 -
100 | Rebar Separation 2000 mm
(I e e S ———————S— S ———
0 10 20 30 40

Moment Capacity (KNm/m)

Figure 3.2071 Effect of rebar spacing. Rebaraging of 1000 mm (Partially grouted)

For a rebar spacing of 1000 miid. 3.20, the grouted area is reduced considerably to
25200 mm¥m. Both interaction curves are similar between 400 kN/m to 500 kN/m of
axial loading. After 400 kN/m the flexural capacity of tB8A S30414 curve is limited

to a maximum oD z - up to 350 kN/m axial loading (and the section is considered

unreinforcel). If the loads increase, the steel reinforcement becomes active in tension and
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the CSA S30414 compressive width limit is triggered. THEVMS 40216 interaction
diagram is not affected by this limit, as the 6t bound is not yet exceeded. The solid red
line in Fig 3.12 represents theN? curve of the wall affected by the compressive width
limit, while the dashed red line corresponds to a case in which the limit is not applied.
The reduction of the capacity of the section in@®A S30414 calculations coipared

to those ofTMS 40216 between the range of 200 kN/m and 350 kN/m is noticeable.
After 350 kN/m theCSA S30414 P-M resistance is calculated using a compressive width

of 760 mm/m (240 mm/m less than with 600 mm of rebar spacing).

The axial loadimit related to the ductility effects increased by approximately 70 kN/m
in contrast to the trial with a rebar spacing of 600 mm.

1000 T —— CSA S304-14 - Compressive Width
_ 900 ¢ - = =CSA S304-14 - No Compressive Width
£ goot ——TMS 402-16 - Compressive Width
< : - - -TMS 402-16 - No Compressive Width
— 700 +
2>
© 600 + .
© 2 CSA 10% higher
o C
S 500 £ o —

g 400
= 300 £ TMS pigy limit =
< 6t is triggered
0 F_ -~ . RebarSeparatior 1400 mm
0 10 20 30 40

Moment Capacity (kNm/m)

Figure 3217 Effect of rebar spacing. Rebar spacing of 1400 mm (Partially grouted)

At the highest spacing studied (1400 niig,. 3.21) the influence of the grouted core area
on the strength of the wall is less significant. At this spgdihe grouted area is reduced
considerably. Therefore, bothN? curves are identical in the compressmmtrolled
zone up to 400 kN/m of axial loading, where the discontinuity due to the URM limit
imposed by th€SA S30414 appears. At 330 kN/m of axilmlad, the reinforcement starts
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carrying tensile stresses, and the compressive width limits are triggered in both standards.
The reduction in the capacity of the section is more pronounced G3AeS30414

curve than its counterpart, as illustrated in the bottom right portion of Fig 3 B3
difference can be attributed to the effective compressive width used by each standard for
the development of these curv&sSA S30414 restricted the maximum compedge

width to 542 mm/m, whereda&MS 40216 uses 857 mm/m for its design. The moment
capacity for purely flexural dominated response (i.e. low axial load levels) do not change
significantly. Although lower compressive width will result in greater depthhef t
equivalent compressive blocks,this region is predominantly dominated by the tension
strength of the rebars.-M curves developed neglecting the compressive width
limitations would result in two perfectly aligned curves as shown by the dashedlines i
Fig. 3.21

An additional figure is presented in this section to demonstrate the reduction of the
capacity of the section due to the decrease inringted areakig. 3.22shows the PV
interaction diagrams of two walls with two reinforcement arrangements: 10M bars
separated at 400 mm and 20M barsspaevery 1200 mm. Both arrangements represent
the same reinforcement area per meter of wall (25&mmAssuming that only the cells

that contain rebars are filled with grout, at higher rebar spacing, less masonry area is

considered during the designtbe wall with the rebar spaced every 1200 mm.
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Figure 3.2271 Equivalent reinforcement area, different rebar spacing aSparS304
14.

From Fig. 3.22the reduction in the strength of the walls in the compressiotrolled

region is noticeable. A section with the rebars separated every 400 mm is designed
assuming a total masonry area (gealt ungrouted) of 131200 mim. For 1200 mm of

rebar spacing, the total area of the masonry is 92008/mnAs in compression
controlled regions, the response is dominated by the compressive strength of the masonry,
so less grouted area results in smdié resistances. The axial cap of t68A S304

14 diagram with a spacing of 1200 mm of is 560 kN/m versus 720 kN/m for the 400 mm
spacing version, representing roughly a 22% reduction in capacity compared to the wall
with the lower rebar separation. Theximum allowed axial forces from tAeMS 402

16 curves decreased 32% (From 660 kN/m to 550 kN/m). Under medium axial load levels
(between 350 kN/m and 100 kN/m) the compressive width limit is triggered in both
standards, reducing the flexural capacity byr@at margin. As commented before, the
reduction due to this limitation is more pronounced in@$A S30414 diagrams than

in the TMS 40216 version. At lower axial load levels, the resistances of all the curves

presented in Fig 31 start to align witleachother in the tensicgontrolled domain.
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3.3.4.2 Effect of the Compressive Strength of the Masonry

As mentioned in sectioB.2.1, the nominal compressivgrength values specified in the
TMS 40216 402 are consistently higher than those prescribed €8 S30414 for
the same block strength.

The Canadian standard makes a distinction between ungrouted and grouted compressive
strength. Depending on theurtral axis location during the compatibility analysis and the
desired level of detail in the calculations, designers can opt for either grouted or ungrouted
strength values. For instance, for a 15 MPa nominal block strength, if the neutral axis lies
beyord the faceshell and within the grouted core, the strength of the masonry is taken as
7.5 MPa Table 3.16. The American standard does not make such distinction, and a
consistent value of 13.29 MPa is used for a 15 MPa block strength, independently of the
neutral axis location.

Table 31671 Equivalent Compressive Strengthalues

CSA S30414 "Q (MPa)

Nominal Block Strength TMS 40216
(MPa) Q Q "Q (MPa)

15 10 7.5 13.29

20 13 10 16.31

To study the effect of the differences in masonry compressive strenljthnt@raction
diagrams of fully grouted walls, 4 meters high, reinforced with 10M bars spaced at
200mm (i.e. effective width is 1 meter) were developed for 15MPa and 20MPa nominal
strength blocks using each the respective properties of each standard. No strength

reduction factors are applied.
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The geometrical and material properties are summariz€dbte 3.17 The blue circles
in the RM curves represent the inflection point where the steel is activated in tension,
and the response is no longer controlled entirely by the compressive strength of the

masonry.
Table 3171 Summary pamaeters used ifig. 3.23
Parameters CSA S30414 TMS 402-16
Wall Height (m) 4 4
15 MPa Nominal 15 MPa Nominal
Q pTO O D Q P& b U O
Compressive Strength ol 0 X®0 0 6 0 D& d 5o
The Masonry "Q *
20 MPa Nominal 20 MPa Nominal
Q PO ® Q P& @O D
Q pTO O @ Q P& @O D
Block Thickness (mm) 190 190
Rebar Size
10M 10M
(Canadian Nomination)
Rebar Separation (mm) 200 200
Reduction Factors® n pdthh  pdt N op8t

*Variable Parameter

80



=
[0}
o
o
1
1

~1600
> 1400 + IZS% Dif ference
4 =" -==
‘? 1200 1 i 42% Dif ference
81000 - ¥_ __ __
S
< 800 +
< s —— CSA S304-14 - 20 MPa
S 600 £ Steel T - - -CSA S304-14 - 15 MPa
€ 400 f activated —¢ —— TMS 402-16 - 20 MPa
< A - = =TMS 402-16 - 15 MPa
200 + () Steel develops tensile strain
2 TMS ppmax limit
0 : ey
0 20 40 60 80

Moment Capacity (kKNm/m)

Figure 3.23 T Variation of the Compressive Strength.

From Fig. 3.23 seemghat the masonry compressive strength significantly impacts the
response in the tensioand compressienontrolled regions. These dissimilarities seem

to be more pronounced for the 15 MPa block than the 20 MPa block, as the differences
in the masonry stregth values are higher for 15 MPa blocks. For instance, the grouted

compressive strengtiQ  prescribed inTMS 40216 strength for a 15MPa block is
4.26 MPa higher than that of t@SA S30414, while for a 20 MPa is 3.31 MPa.

In the tensiorcontrdled region, the response is primarily dominated by the tension in the
steel rebar and to a lesser extent by the compressive strength of the masonry, thus the
influence of the masonry compressive strength is reduced. At pure bending (P = 0 kN/m),

this influence is negligible: the ratio of the moment resistance fromt#® 40216 over

theCSA S30414 —— for a nominal strength of 15MPa and 20 MPais 1.15 and 1.03,

respectively

For the compressiecontrolled region, the differences are momernmunced as the
compressive strength of the masonry governs the response. Up to the blue circles

highlighted with a blue dashed circle;MPresistances are computed entirely using the
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masonry strength, as no tensile strains are yet developed. Howewdg the higher
compressive stresses allowedTyS 40216, in Fig. 3.23 the maximum axial capacity

of TMS 40216 designs are 42% and 25% higher for 1'eMPa and 20 MPa blocks,
respectively, in comparison to those calculated withGB& S30414 code. The point
where the maximum bending moment occurs in each diagram is also an interesting
reference for this study. The maximum bending moments fror @ 40216 curves

are 61% and 50% higher for the 15 MPa and 20 MPa blocks, respectively, compared to
those calculated using ti@SA S30414 magnitudes code.

The axial capacity limits governed by the ductility limits imposed'™M& 40216, are

also affectediue to the increment of compressive strength. The axial limit in the 15 MPa
curve is approximately 60 kN/m higher than that of the 20 MPa diagram. Using higher
compressive strength would require less axial force to reach the yield strain of the rebar

due b the force equilibrium.
3.3.4.3 Effects of reduction factors$ .

The principle of mechanics used to calculate tHé Resistances of masonry walls are
relatively similar in both countries. However, each standard specifies reduction factors to
decrease the resistance of the walls. These factors intend to account ftainine in
materials or possible design and construction errors. As discussed in 8eZi#pGSA
S30414 mandates material reduction factorsttidends to affect the strength of the
masonry f @ and the steeln 1@ v independently, whil@MS 40216 opt to
decrease the nominal resistances of tiv iRteraction curves using a single factor

IO .

To evaluate the effects of these factorsthe strength of the wall,-M interaction
diagrams of walls, 4 meters high reinforced with 10M rebars, 20 cm blocks with a
nominal strength of 15 MPa are developEw). 3.24represents a fully grouted section
with rebar spaced at 200 mm, whitey. 3.25shows a partially grouted wall with the

rebarspacing set to 1400 mm. For each wall, tHd Burve with its nominal capacity (no
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reduction factors) and the alternative with the reduction factors applied are shown.
Canadian blocks dimensions and material properties were Tabkt 3.18)

Table 3181 Summary parameters usedHig. 3.24and3.25

Parameters CSA S30414 TMS 402-16
Wall Height (m) 4 4
. 15 MPa Nominal 15 MPa Nominal
Compressive Strength of
The Masonry "Q 0 pTO OO Q pTOO®
(Canadian Values) "0 x®0 0 & "0 p1d 0 &
Block Thickness (mm) 190 190
Rebar Size
10M 10M

(Canadian Nomination)

200 Figure 3.23 200
Rebar Separation (mm)

1400 Figure 3.2% 1400
Reduction Factors" * n plh  p noop

*Variable parameter
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Figure 3.247 Reduced vs Nominal-Rl interaction diagrams. 200 mm rebar spacing.

800 - = =-TMS 402-16 Reduced
~700 + ——TMS 402-16 Nominal
£ s - - —~CSA S304-14 Reduced
E 600 F 10% Reduction

—— CSA S304-14 Nominal

0 5 10 15 20 25 30
Moment Capacity (KNm/m)

Figure 3.257 Reduced vs Nominal-Rl interaction diagrams. 1400 mm rebar spacing.

As depicted in the above figures and previous analyses, the ndb8#a530414 and
TMS 40216 resistances are quite similar. However, the differences become significant

when overlaying MM interaction curves affected by reduction factors and those with
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nominal capacitiesSCSA S30414 reduced resistances are noticeably different from the
nominal capacities. In th& MS 40216 curves, although are also influenced by its
reduction factors, the reduction seems to be less pronounced thanGisat 830414

For the fully grouted wall shown ifig. 3.24 the influence of the reduction factors in the
compression controlled region is more prominent thatexufal dominated regions (i.e.

at low axial loads). It is important to note that between 900 kN/m and 120 kN/m nominal
capacities computed using tAd1S 40216 are greater than those calculated with the
CSA S30414. On this rangeTMS 40216 flexural andaxial resistances are computed
using a stronger compressive strength than th&@3% S30414 (10 MPa versus 7.5
MPa), as explained in sections 3.2.1 and 3.3.4.1. The pure axial response (M = 0) is an
excellent reference to assess the effect of this inukgpe variable in the strength of the

wall.

The CSA S30414 axial cap is decreased by 40%, whereadti& 40216 by 10% due

to reduction factors. InterestinglZ.SA S30414 nominal axial caps were 5% greater
than that of th@MS 40216, however, when dith curves are affected by the reduction
factor theTMS 40216 resistances at pure axial response become 25% higher than the
Canadians values. This difference is attributed to the notably lower material resistances
factorn = 0.6 used by the€CSA S30414 compared to the behavicbased factor
proposed in the MS (" =0.9. WhileTMS 40216402 directly reduces the axial capacity

("0 ), the expression proposed BBA S30414 to compute the maximum compressive
force is proportional to the strengtf the masonry, which is affected by . Axial
capacities from the ductility limits are also affected by the reduction factors. This limit

decreased by approximately 10%.

For all the other MM resistance combinations, theSA S30414 magnitudes are
calcuated using the 60% of the masonry compressive resistance. Before the steel
reinforcement develops tensile strains, the Canadian curves are only affected by the
decrease in the strength of the masonry. In the tewsintmolled response (i.e. at low

axial loads) the nominal 1 resistances are identical from 0 kN/m to 100 kN/m of axial

load. However, when the factors are used in the design, tB8A S30414 moment
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resistance is approximately 18% less thanmmii& 40216 at pure bending (P = 0). While

the American standard decreases the nominal flexural capacity by 10GS/A&304

14 resistance is being affected by a reduction of the strength of the masonry and steel
simultaneously. Although this region is mainly governed by the tension in the steel
(decrased by @) v, to a lesser extent is affected by the compressive strength of
the masonry, as it is used to compute the depth of the equivalent compression block. As
explained before in section 3.3.4.1, the smaller the neutral axis depth, the lower the

moment resistance.

In the partially grouted section frofig. 3.25 the compressienontrolled region from

the nominal PM curves is identical betweef80 kN/m to 400 kN/m. However, the
decrement of the -M capacities in the compressigontrolled region seems to be as
impactful as for the fully grouted wall. Maximum axial capacities decrease at the same
proportion as in Fig 3.1 SA S30414 maximum axal resistances are outperformed by
theTMS 40216 when the reduced curves are compared. Different from the fully grouted
wall, the tensiorcontrolled region is less affected by the reduction factors. For a rebar
spacing of 1400 mm the masonry area is cedwconsiderably, therefore, the influences
of the reduction of the masonry strength due to the factor is not quite impactful.
Although not readily noticeable fig. 3.25 the TMS 40216 moment resistance is 3%
greater than th€SA S30414 magnitudes at pure bending. This discrepancy can be

attributed to multiple reasons. Partially, it is due to the lower value (4t vs 6t) used

by theCSA S30414 standard to computel® resistances once the effective compressive
width limit is triggered. As commented repeatedly (section 3.2.5.1, 3.3TM8,402

16 prescribes higher compressive width dimensions than the Canadian standard. This,
combired with the reduction of compressive strength of the masonry due to the factor,
increases the depth of the equivalent compression block used during the force
equilibrium. Therefore, the moment arm in the internal equilibrium is reduced, and

consequently,dwer moment resistances are computed.
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3.3.4.4 Effect of the Variation of the Height of the Wall.

The previous PM interaction diagrams were developed assuming a constant height of 4
meters. To evaluate the efteof increasing the wall height on the strength of the wall, P
M interaction curves for a 20 ciml5MPa masonry wall reinforced with 10M bars spaced

at 400 mm are shown inThree wall heights were used, 4 meters (¢ @t v, 5 meters

(- ¢@ pand 6 meers -— o @ X. These slenderness ratios were intentionally

selected to investigate the effect on slender aneslemterness walls. The ductility limits
mandated by each standard are included in thedRrves. It is important to note that
moment amplitcations due to secoratder effects are not included in this analysis. These
effects are extensively studied in the next chapter. This section only investigates the

strength of the wall in terms ofM interaction curves.
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Table 31917 Summary parameters usedHigy. 3.26

Parameters

CSA S30414

TMS 402-16

Wall Height (m)*

Compressive Strength of
The Masonry "Q

(Canadian Base Values)

Block Thickness (mm)

Rebar Size

(Canadian Nomination)
Rebar Separation (mm)

Reduction Factors

3.8,4.75, 5.7

15 MPa Nominal

0

0

p 1O

X® 0

190

15M

0 ®

p8t

3.8,4.75, 5.7

15 MPa Nominal

Q p 1O

Q p 1O

190

15M

400

U

Ca

&

*Variable parameter
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Figure 3.261 Effect of the height variation in-R! interaction curves.

As shown inFig. 3.26 theaxial cap resistances in thi®&S 40216 curves progressively
decrease as a function of the slenderness ratio. Increasing the height from 4 meter to 5
meters decreased the axial cap by 15%, whereas from 5 meters to 6 meters, the resistance
decreased by 23%. As discussed in section 3.2.5.ZMI$e40216 standards prescribed

two equations to compute the maximum allowed axial forces in the section as a function
of the height of the structure and the thickness of the block. Slender meifiiers¢

are susceptible to instability effects, therefdlee equation proposed by the standards

(U.S- 3.21) to calculate the axial cap for this type of wall becomes stricter.

The variation of the height of the structure does not affebt iteraction curves
developed using theSA S30414 as it does for thse derived with th€MS 40216. The
expression mandated by tl$30414 to calculate the axial cap limit (8.7) does not

depend on the slenderness of the structure, except when kh/t exceeds 30. In this case, the
CSA S30414 axial caps are limited by claa 10.7.4.6, which required that the yielding

of the rebar is achieved before the crushing of the mas@8p 830414 ” a Qa Qo
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in Fig. 3.26). It is essential to note that the limit mandated by th€SA S30414

ought to be satisfied for all the ultimate limit state load combinations applicable.

In TMS 40216, the maximum reinforcement requirement must be satisfied for any wall,
independently of its slenderness ratio. A@216 equivalent provision is verified only
underO T 6 T® . Typical factored axial loads computed using the load
combinations described in the NBCC are greater than those compute@usingy 0

™ cW.

Both standards imposed an additional restriction of the axial capacity for slender
membersCSA S30414 mandates that the applied compressive load in the wall should
not exceed®%. "Q0 . Due to these provisions, the maximum axial load forGB&
S30414 curve is reduced by 65% compared to the capacity restricted By theP-M
American curves are affected by a similar provision, however, the axial load is limited to

a 5% of the maximum axial capacif9o .

Consequently, it is cledne pronounced decrement of the axial capacity in Fig 3.26. The
maximum compressive load decreased from 220 kN/m to 60 kN/m, which represents a
reduction of 114%. It is important to remember that no reduction factors are applied to
these curves. If theSA S30414 expression would have been influenced by the reduction
factorn , the maximum axial capacity would have risen to 65 kN/m, which is almost
equivalent to th@ MS 40216 magnitude. These limits often govern the design of slender

masonry walls in bin Canada and the United States.
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3.4 Summary

The findings of the theoretical and numerical comparison of the flexural capacity, axial
capacity from the North American standards are summarizédhle 3.20

Table 3207 Comparison of the parameters investigated. Flexural and Axial Capacity.

Parameter Validation Comments

Increasing the rebar spacing implies I
grouted area if only the grouted is pourec
cells with rebars. Therefore, the capacity
the masonry is reduced considerak
especially in compressiecontrolled zones

At higher spacing, the difference the P
Rebar Spacing M resistances between standards decre

_ _ in the tensiorcontrolled regions.
and Compressive  Medium

, . The compressive width limit suggested
Width Limits the CSA S30414 s triggered earlier tha
the TMS 40216 . For 200 mm concret

blocks, the compressive width will &

limited & 800 mm spacing, while thHEMS

402-16 provision is triggered at 1200 mm

Not only the compressive width limit fror
the CSA S30414 s triggered earlier, bu
it is stricter.

Masonry compressive strength vall
specified in the TMS 40216 are
significantly higher than those prescrib
Different O by theCSA S30414 for the same blocl

strength.

values prescribet High : .
Compression controlled regions are |

in each standarc most affectedby the different’Q values.
Tension controlled regions are affected b
minor margin.

The dissimilarities are more prominent {
the 15 MPa block than the 20 MPa block
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The Canadian committee introduc
strength  reductio factors for the
compressive strength of the masonty |
and the yield strength of the rebar (8
However, theTMS 40216 mandated &
unique behavioubased factor of 0.9.

Reduction factors imposed by thHeSA
S30414 are more severe than tho
proposed by th& MS 40216 .

The comparison of the nominal -N?®
interaction curves shows an excelle
correlation in the overall capacity of tt
wall.

Variation of the height will only affect th
maximum allowedhxial force.

Increasing the height from 4m to 5
decreased the axial cap by 15%, wher
from 5 meters to 6 meters, the capacity \
reduced 20%, due to the more st

provisions for walls with with- o 1

The RM interaction curves from thESA
S30414 are only affected if the
slenderness ratio is greater or equal to
The clause 10.7.4.6 is triggered, and
walls are required to achieve yielding in t
rebars before the ultimate strain of t
masonry. Any gradual increment of tl
height will notaffect this provision.

Reduction _
High
Factors
Variation of the
R Low
Wal | 6s
Maximum

reinforcement

A  maximum reinforcement limit i
mandated by theCSA S30414 for
slenderness ratios greater or equal to
whereas for th& MS 40216 is required for
any slenderness ratio.

The maximum reinforcement qvisions
from both standards are very stri
Although in theory, theTMS 40216
prescribe a more severe restriction {1.5
than theCSA S30414 - . Thereduction
factor n from the CSA S30414
decreases the compressive strer
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capacity cosiderably, and consequent
yielding is achieved at lower axial forc
than theTMS 40216 .
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4. SECOND-ORDER EFFECTS COMPARISON.

4.1 Introduction

In essence, as the slenderness ratio (defined b§3eS30414 as™(X¥o, and by the
TMS 40216 as ‘(Y0 increases, the axial capacity decreases due to the potential for

instability effects as illustrated iig. 4.1

fl N
.
|
|
3 |
I [
~
~ |
&
5 |
% |
g
; |
K= |
X
< | l
I I
. | : |
Axial Strength Inelastic | Elastic
Limit | Stability [ Stability
| |

Slenderness Ratidh/t)

Figure 4.1 - Effect of slenderness in the axial capacity of masonry walls.

For most severe cases (i.e. very slender walls), this decrement in the axial compressive
capacity can be associated with buckling. However, neithe€8% S30414 nor the

TMS 40216 considers such failure mode explicitly for the design of masonry walls.
Slenderness effects in RMWs subjected to weak axis bending are accounted for by

calculating moment amplifications arising from the deflection of the structure.

Masonry walls subjected to eaf-plane bending could be discretized in two types of

flexural manents: (a) primary momeni, hand (b) secondary momenis,. The primary

moments originate from the loads applied to the wall, such as eccentrimagsivind,
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soil pressure or applied moments. Secordker moments arise as a consequence of the
deflections due to the primary sources of moments. An axial eccentricity is created, which
ultimately increases the bending moment experienced by the element. Therefore, the
resulting factored momend, , is then composed of both the primary and seaoddr

moments Fig. 4.2).

Pf1 Cjé ,
T fe
§ A Pr(A, + )

& °
Loadingand 1) pPrimary moment  c) Secondary moment
primary deflection

+O

Figure 4.217 Bending moment in masonry walls.

Both theCSA S30414 and theTMS 40216 provide two alternatives to compute the
total factored moment) , accounting for slenderness effects: tfg P-Delta method

(01 and the Moment Magnifier Method (MM). These methods require using the
effective stiffnessgO , of the wall to alculate the moment amplification effects. Each

standard specifies its approach to estimating the flexural rigidity of the elements.

The moment magnifier method was introduced in the 2013 edition dgiMiise40216 .

As it is relatively new, the preferrathoice is to use the-Belta method in the U.S. In
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Canada, the most common method is the moment magnifier due to its simplicity. Both

approaches are explained in detail in section 4.3.

This chapter compares the design methods propoe84nS30414 andTMS 40216

to calculate secondrder effects in RMWSs subjected to OOP bending moment. The
provisions are presented, and key differences are identified. Parametric analyses quantify
the influences of independent parameters &xal load, compressivestrength of the
masonry, reinforcement ratiand strengthieduction factor) in the rigidity of the walls

calculated using the standards procedures.
4.2 Effective Stiffness Calculation

This section describes and compares the procedure proposed by each staradieuthte

the stiffness of the masonry walls against OOP bending. The rigidity of the walls is
calculated as the product of the modulus of elasti€ty (defined by theCSA S30414

as 850Q and theTMS 40216 as 900Q and the moment of inertia of the section.
Nevertheless, the nonlinear strasg®in nature of the masonry, cracking propagation and
yielding of the steel reinforcement make it impossible to determine a moment of inertia
value. The gross moment of iner{i® is only applicable if a lineagelastic behaviour is
expected. Therefore, an effective stiffne€5@Q concept is introduced to adequately
describe the momemurvature relationship and compute deformations using linear
elastic methods. Althah both standards rely on calculating the rigidity to anticipate the
secondorder effects, each country offers a different alternative to calculate the effective

stiffness.

4.2.1 TMS 40216

TMS 40216 offers two expressions to compute the effective stiffnebghnwdepends on
whether the acting moment ( exceeds the cracking momeit ( . The equations are

presented as follow:

00 Om LML O US.-4.1
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00 O0LMD 4] US.-4.2

WhereO is the modulus of elasticity computed as@D00is moment of inertia of the

uncracked section, ari® the cracked moment of inertia.

The cracking moment is calculated using the following expression {4.8), which
depends on the modulus rfpture of the block™Q , the section modulus blockY, and
the applied axial force.
s o D
v 5 7 U.S.-4.3
The standard assumes that if the cracking moment is not exceeded, the wall is still on its
linearelastic range, and tlgross inertia properties could be used to compute deflections

and seconarder effects. For cracked elements, cracked properties should be used

instead.

The American committee proposed an equation to calculate the cracked moment of
inertia, O (U.S-4.4). This equation accounts for the nonlinear nature of the masonry and
the effect of the axial loading in the rigidity of the element.

0 ¢ b Q ®

0"Y A
o U.S.-4.4

Whered is the reinforcement ared, is the axial load’Y the thickness of the block)

is the steel yield strengti®is the compressive width ardis the neutral axis depth

calculated as:

. 0'Q0 0

m U.S.-4.5
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According to clause 11.3.5.5.5 ITMS 40216 , the procedure described above only
applies if the neutral axis is located within the face shell. For other cases, the rigidity
should be calculated byfeomprehensiv@analysis.

4.2.2 CSA S30414

The Canadian comittee proposed an equation to calculate the effective stiffness based
on a combination of the cracked and uncracked sections properties as displayed in C
4.1.

Q

(ON© O i mg i O 0

C-41

Where,O is the modulus of elasticity computed as8500is the moment of inertia of

the uncracked sectioi) is the cracked moment of inerti@js the virtual eccentricity
computed as— , Q is the kern eccentricity determined as theisactodulu$'Y,

divided by the crossectional arefd

The maximum and minimum limits of the effective stiffness are giverdr2CThe value
of OO0 must be betwee® O and 2m& © O

OO0 00 ] © O C-4.2

CSA S30414 permits the determination of the effective stiffness by alternate methods
that shall account for the influence of the axial loading, variable moment of inertia and

nonlinear stresstrain distribution.

The CSA S30414 does not provide an equatido calculate th&, but current design
practices in Canada gebn calculating théO using a linear stress distribution and a

transformed section defined-@&.3.

O®0Q »QQ0Q
P q G
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Where for single reinforceshasonry,

NQQ g &7 &7, " — C.4.4

Alternativdy, the neutral axiskd) can be calculated using transformed section analysis

4.2.2.1 Rigidity Coefficient

The Canadian standard requires that the effective stiffi@8s ( must beaffected by
the rigidity coefficient Eq. C - 4.5) from Clause 10.7.4.2.2. This clausandates the
application ofa reduction factor T Y which intends to account for the effects of
variability of materials on the deflections and bucklzajculations to the theoretical
value of the flexural stiffnes®\dditionally, the rigidity coefficient includes the effect of
the longterm deflections of the masonry by introducing a creep fatttosyghdividing

the flexural stiffness by a quantity 7@

. %0 00
c0o o @ C-45
Wheregl s the ratio of factored dead load moment to total factored moment.

4.2.3 Comparison Discussion.

The TMS 40216 offers two alternatives that depend on whether the cracking
moment calculated using U.$4.3 is exceeded or not. In contrast, @A S304

14 provides an equation with an upper and lower bound limit.

The TMS 40216 provides an equation to compute theoked moment of
inertia(U.S:=4.4). This expression intends to consider the axial load antimear
nature of the masonrZSA S30414 does not offer an alternative to calculate this

parameter. However, as commented in section 4.2.2, cracked inectansaly
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calculated assuming a linear stress distribution and a transform section approach

without considering the axial loading effects.

Although theTMS 40216 does not provide an upper bound limit explicitly,
uncracked cases should be computed using @b8e gross moment of Inertia
(U.S-4.2). If this is compared against the upper bound limit provided bg $ife
S30414 (g © O, the American values will always be 200% higher than that
of the Canadian.

The CSA S30414 introduces a rigidity coeffient which mandates to affect the
effective stiffness by a reduction factorrof 1§ uvand the inclusion of creep
effects. TheTMS 40216 does not offer any equivalent provisions, nor is it
required to affect the stiffness by a reduction factor or creep effects.

4.3 Methods to calculate moment magnifications due to secormtder effects.

4.3.1 Load Displacement Method|f #

Theloaddisplacement method intends to allow the direct calculations of the secondary
moment based on the deflected shape of the wall, as these moments are produced by the

eccentricity created from the total deflection.

Figure 4.3 illustrates the case for ingly supported wall subjected to a uniform
distributed pressure and concentric axial load. The primary moment due to the uniform
pressurev can be approximated using a parabolic shape. The deflection-aeight of

the wall due to this moment is defihasy . This deflection can be calculated either from
principles of mechanics using beam theory or any other method as it arises from the
known pressurev . Due to the primary deflection, there is now an eccentricity created
with the top applied load, vich defines our first source of secondary moment, as

0 Y (Fig. 4.3a). However, a secondary deflecti¥n, is introduced from the second
order moment originated by the initial deformatidh. Consequently, the total

deformation of the system amanting for primary and secondary sources of moments is
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Y ¥ asindicated in Fig. 4.3b. Although both standards rely on the same assumption
and derivation of equation, each country defines different alternatives to compute the
deflections induced ithe system.

The total factored moment can then be expressed as:

4.1

o
-
/-\
()

EEEEEEEEEEEEEEEEEEEEE
>
Qo

w A,+Aq
My, + Ps A, My, + Pr (Ao+41)
o) ° [
t/:\\\ [ ] [
a) Primary moment: Uniform pressurePra, b) Total Moment= Primary+ Seconday

Figure 4371 Load Displacement method for simply supported conditions.

4.3.1.1 TMS 40216

The loaddisplacement method proposed in TiMS 40216, relies on the same principle
explained in section 4.3.1. The standard mandates determining the total moment at mid
height of the wall using U.S.4.6.

0o —- 0 0 U.S.-4.6

wQ 0Q -
p q
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Wherew is the factored uniform lateral loadl, is the applied axial load) is the axial
loading eccentricityD is the seHweight of the structure at migeight, and is the

mid-span deflection.

This method is only allowedylthe American standard when:

T8 TIQ U.S.-4.7

O=| C

The American committee offers two expressions to compute the ultimate deffection,
based on the cracking moment of the walls (U4&8, and U.S- 4.9). These equations
are given forsimply supported conditions. For other support conditions, moments and

deflections shall be calculated using established principles of mechanics.

For0 0

vb Q
' Teo U.S.-4.8

For 0 0

vd Q v 0D 0 Q
T 0 TP O U.S.-4.9

Wherel is the factored momen), is the cracking moment calculated using U.S.
4.3,'0 is the modulus of elasticity of the masonry d@dis the cracked moment of

inertia.

4.3.1.2 CSA S30414

TheCSA S30414 mandates two equations to calculate the total moment of the structure
using the loadlisplacement method depending on the slenderness C&#.S30414
permits to neglect the influees of the selfveight for structures with a heighd-
thickness ratio lower than 30 (G1.6).
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For— o

0 0 0w C-4.6

Wherel is the primary moment due to the lateral loading and eccentric axial force,
is the factored axial load, and is the deflection at midpan including secororder

effects ¥ Y

CSA S30414 does not mandate an expression to calculate the primary and secondary
deflections. However, Canadian designers usually opt to compute these magnitudes based
on an iterative approach. For the simple support condition in Fig 4.3, the primary

deflection,Y , can be calculated as:

o vw Q

o Wao C-ar

Wherew is the factored uniform lateral loa@js the height of the structure, aatD

is the effective stiffness affected by the rigidity coefficient from secti@r.1

The secondary deflectiol, , can be calculated as:

D«
@)
N
(0]

T @0
Where0 is the applied axial loadis the height of the structure.

As indicated in G 4.8, this creates an iterative process since the secondary moment,

0 Y ¥ ,isused todetermine secondary deflections.

For walls with slenderness ratios greater than@BA S30414 prescribes in lause
10.7.4.6.6 that the total factored momant, shall be determined at the nhigight of

the wall and shall be calculated as:

For— ot
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®Q 0Q . .
b — —= 9 0 C-4.9
W C
Wherew is the factored uniform lateral load, is the factored axial loa) is the axial
loading eccentricityp is the factored weight of wall tributary at rdieight of the

structure, andy is the midspan deflection, including the seceontier effects.

Equation G 4.9 is adapted from the Uniform Building Code (NBCC), which is based on
the loading conditionsf a wall under a uniform distributed pressure and eccentric gravity
load.

4.3.1.2.1 Comparison discussion
For — o 1 the Canadian standard does not specify any means to calculate the

primary moment or deflection. It also does not require to include theveajht

of the structure in the calculatiors {4.6). Hence, the loadisplacement method
could be implemented for any loading condition as long as the primary
moment) his correctly calculated. For the same slenderness T8, 40216

mandates thenclusion of the seliveight of the walls in the calculations.6. -
4.6). For — o mtboth theCSA S30414 and TMS 40216 expressions are

derived for simply supported conditions, in which maximum bending moment and
deflections occur nearly at mitkight For different boundary conditions,
deflection and primary moment need to be calculated using principles of
mechanics or other methods.

TMS 40216 recommends expressions to calculate deflections based on beam
theory and the cracking moment for simply pogied conditionsy.S. - 4.3 and

U.S.- 4.4). No equation is mandated by tB88A S30414, but it is required that

the method selected consider additional deflections due to secdedeffects.

Common design practices in Canada relies on an iterativeoth&d obtainw (C

-4.7).
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TMS 40216 restricts the use of the loalisplacement method for certain axial

stress levels- m& 11Q . Canada permits to compute secander effects

with this method regardless of the conditions.

4.3.2 Moment Magnifier Method

The moment magnifier approach is a method developed originally for slender reinforced
concrete structures and later adapted for mgsehements. This method offers a
simplified approach to compute the total moment of the strudiuregy amplifying the
primary moment using an amplification factor instead of calculating the secded
moments as the product of the gravity load amel maximum displacement of the
structures. The MM equation is given by:

0 0 2640 QQOAHOEE e 4.2

A simply supported wall loaded with an eccentric axial Igadjs used to illustrate the
development of the MM. This caseshown in Fig. 4.4. The total deflected shape and the
secondary moment diagram are assumed to be defined usingsabdlinction, where

Y is the deflection due to the primary sources of moment (i.e. lateral pressuné) and
the deflection from secoady moments. Therefore, the total deflection at mid he¥ght,
isthenY Y ¥ (Fig. 4.49) and the secondary momeiit,,0 0 Y Y (Fig
4.4b).
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Figure 4417 Moment Magnifier derivation.

Knowing that the curvature of the section is defined by 0 7O "Dand using the same
sinusoidal shape assumption as before, the curvature profile can be then defined as

Y 7§ "9&'Qe— . The secondary deflection at rhigight, Y , can be then

calculated using the momeatea method, where the area of the-bahvature (from the

top to midspan) inFig. 4.4, is calculated as:

0y Vv “ o 0y Y Q
o \ e 1 3 ) 4.3
0 00 i Q¢ Qe?2 Qw —; 00

Calculating the centroid of this hafea A,
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The deflection at miheight can be computed as,
o Q
Y o -
- o 4.5
¥ LY Y'QQ vQ _ ¥
“ 00 “ “ O
Recognizing that thEulerbuckling load , is defined as
0 - 00 4.6
¥ o :
ThenEq 4.6becomes
e o o 0
Yy Yy Y 4.7
0
Rearranging,
y y o7
p 0T

Since the total deflection is the sumdfandy , it can be expressed in termsYfas,
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Knowing that the total momeni, , can be computkas the summation of the primary
source of momend

0 ‘Qand the product of the axial loading,, and the total
deflection,Y ,.

4.9

Where for a rectangular moment diagr#mcan be calculated as,

y VX 4.10
Teke

Substituting this back into the total factored moment yields:

. - . 0 'Q
U LQ v

411
U
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The termm& o0 70 is a function of the shape of the primary moment diagraifd (
For a parabolic moment diagramsuch as that caused by uniform lateral presgee
wind load) this term becomes nearly zero. Therefore, the total momenis,computed

as follows:

P
V) V) 5 4.12
P o
4.3.2.1 TMS 40216
The magnified moment according to thelS 40216is calculated as:
o0 U.S-4.7

Where 0 is the factored moment from the fimtder analysis. The moment

magnification factor is calculated using:

P
U
P U.S-4.8

Where,0 is the applied axial load and the critical buckling load calculated as

. “ 'O "O
U 0 U.S-4.9

WhereO is the modulus of elasticity of the masori@, is the stiffness of the wall, and
"Qis the height of the structure.

4.3.2.2 CSA S30414

The expression 4.12 is derived for symmetric single curvature situations. For cases of
unequal end eccentricitie®and’Q, the CSA S30414 propose an equivalent moment
factor,0 . Thus, theCSA S30414 expression is given by €4.10.
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C-4.10

Whered is the factored moment from the fistder analysisd is the applied axial

load and) is the euler buckling load, and tBe is calculated as:

g0

6 ™ —— @ C-4.11

Wherel is the smaller factored end moment taken as a negative for double curvature

and0 is the larger end moment always taken positive. The +atinay be taken as 1.0

if both end eccentricities are less than 0.1t or when lateral loads contribute more than 50%

of the primary moments.

The Euler buckling load, , is modified to include the rigidity coefficient as indicated in
C-4.12

V' T C-4.12
4.3.2.3 Comparison discussion

The moment magnifier equations recommended by both committees are essentially the
same. Only minor differences are identified, such aé thiactor and the effective length

factor (Q.6 Relates the moment diagram to an equivalent uniform momeribdtson.

The American committee does not require such factor as in most cases, the applied lateral
load consists of uniform pressure, leading t0 avalue of 1. For cases with largely
concentrated end moments this factor could introduce a signifiearation between the

standards.
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The effective length factorQ proposed by th€SA S30414 could introduce some
deviation if different boundary conditions are assumed. TisA S30414 allows
designers to take advantage of the boundary conditions, vsigpically done by
Canadian designers for nstender structures. However, for very slender structures, a
common practice is to design the element assuming a ppinedd condition’Q p h
ignoring any attribute from the base rigidity. Only for thise;ahie terms(Qin CSA
S30414and™Qin TMS 40216 are equivalent.

4.3.3 Parametric Studies.

This section investigates the influences of some independent parameters in the effective
stiffness formulation provided by each standard through parametric andllgsesection

only evaluates and compares the procedure described@s#h&30414 andTMS 402

16 to compute the effective stiffness. Thus, the effectiveness of their formulations is not
assessed. The parameters in this study are classified as épeddént and independent,

which are described as follows.
4.3.3.1 Fixed parameters

The fixed parameters were not changed in this study and were constant for all the OOP

walls. The thickness, mild steel properties, length and rebar spacing were the fixed
parameters of this study. The thickness of the walls was set to 190 mm, whichntsprese

a 20 cm nominal block commonly used in Canada. Canadian mild steel properties were
used with a yield strength of 400 MPa and a
the wall was set to 1000 mm, as the analyses were done for equivalent 1m seations. T

rebar spacing were selected. For fully grouted walls the spacing was set to 200 mm, which
represents a rebar per cell. For partially grouted trials the rebar spacing was set to 800

mm.
4.3.3.2 Dependent parameters

The dependent parameter of the study consisfethe OOP stiffness of reinforced

masonry walls using the effective stiffness formulations as pe€C8#% S30414 and
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TMS 40216. This parameter is studied under different values of the independent

parameters
4.3.3.3 Independent parameters

The independent paramees were varied to investigate their isolated effect on the
dependent parameter. This study had four independent variables consisting of the
compressive axial loading, reinforcement ratio, compressive stréfygthtije reduction

factor 1, and thecreep factor?

The axial loading was selected as an independent variable to evaluate its effect on
enhancing the flexural stiffness and quantify the differences between the standards as this
parameter is increased. Five reinforcement ratios werestige¢ed in this study,
consisting of 0.5, 1, 1.5, and 2.5. The increment was set to 0.5 to evaluate the influence
of this parameter in the effective stiffness calculation and establish a comparison between
the standards based on a gradual increment akthircement area. The effect of the
reduction factor described in section 4.2.2.1 and mandated by®a S30414 was
guantified and compared against TS 40216 alternatives to compute the stiffness of

the wall, and th&€CSA S30414 curve negledhg this factor. Four compressive strength
levels were selected for this study, 7.5 MPa, 10 MPa, 15 MPa, 20 MPa, and 25 MPa to
study the sensitivity of both expressions against the increment of this parameter and

guantify the differences under multiple &s of compressive strengths.
4.3.3.4 Effects of the Independent Parameters on the Effective Stiffness.

4.3.3.4.1 Effect of Axial Loading (/g

This section investigates the effects of axial loading in the effective stiffness formulation.
It should be expected that highmompressive forces reduce the curvature of the section

subjected to bending stress, enhancing the stiffness of the element.

To study this effecti-ig. 4.5 and4.6 shows the influence of the axial loadirig) {n the
flexural stiffnress'© O calculated as per the North American standards for a fully

(Fig. 4.5) and a partially grouted-{g. 4.6)trial. The material and geometrical properties
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are summarized ifable 41. The axial load{{ , was normalized by a 10% of the
nominal axial capacity of a fully grouted trial with a 20 cm blocks with a nominal strength
of 15 MPa (@®™Q0 . The effective stiffness@ O ) was normalized by the gross

moment ofinertia of the fully grouted section described above times the modulus of
elasticity O O.

Table 417 Summary of properties. Effect of Axial Load

Parameters CSA S30414 TMS 402-16
Compressive Strength of The w v n . 7
P g Q pwWOLW Q pwWLW
Masonry "Q
Modulus of Elasticity youa w TR
Block Thickness (mm) 190 190
Rebar Size (Canadian
o 10M 10M
Nomination)
Fig. 4.5 Fig. 4.5
. 200 200
Rebar Separation (mm) _ .
Fig. 4.6 Fig. 4.6
800 800
Reduction Factors n p
Creep Factorf ( f O**

** A value of 0 is used to neglect the influences of this factor.
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For partially and fully grouted walls, the behaviour is consistent. The description and
comparison below are valid for both cases. TW®A S30414 and TMS 40216
procedures are discussed first, and a comparison is established at the end of this section.

As seen irfrig 4.5 and 4.6the influences of the axial loading on the Canadian formulation
can be summarized in 3 phases. From point C1 to C2 the lower bound limit42C

(O O s used to compute the stiffness of the wall. Low axial loadingddgw®duces

high virtual eccentricities@ 0 70 . When the virtual eccentricity is 3 times higher
than the kern eccentricit{) , the masonry section is considered cracked. In these cases
the stiffness is calculated usig O, and asO # 1& depends only on the material
properties and the geometry, it will remain constant throughout any axial load level that
leadstoQ o . For any case whei® o (From point C2 to C4 on Fig. 4.5 and 4.6),

the effective stiffness is computeding C- 4.1, which considers the influence of the
axial loading based on the virtual eccentricly At this range, higher axial loads will
lead to a gradual increment of th@ “O . Finally, at lower levels of eccentricity (i.e.
High axial load), he structure is considered uncracked, and the upper limit is used instead
(0.250 0. If the axial load is applied concentrically, an accidental eccentricity

equivalent to 10% of the thickness of the block should be assumed.

In contrast to th€SA S30414, theTMS 40216 offers two alternatives to compute the
rigidity of the element based on a simple condition. In cases in which the applied moment
exceeds the cracking momeit ( computed using U.S.4.3, the cracked moment of
inertia should beused to compute the stiffnes® (O 5&88 18 . For the other case

(O 0  theTMS 40216allows using 75% of the gross inert@ & OKBB8 1§

to compute the rigidity of masonry walls. It is important to note that the equatizidguio

by the TMS 40216 to calculate the cracking moment explicitly considers the axial
loading. This relationship is illustrated kig. 4.7 where the cracking moment increases
almost linearly relative to the applied axial load. Thus, the higher theleading, the

bigger is the moment required to exceed the cracking moment.
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Figure 4.71 Axial loading versus cracked moment of inerfidS 40216 .

By evaluating~ig. 4.5and 4.6, the relationship between the axial loading and the stiffness
of the wall calculated usingMS 40216 procedure can be seen. From point US1 to US2,
the stiffness of the wall is compmd using the cracked moment of inert@ (O . As

noted before, the proposed equation in TS 40216 explicitly considers the
interaction of the axial loading. Higher compressive forces in the element enhance the
OOP rigidity of the wall. In unciked cases where the acting moment does not exceed
the cracking moment (From point US3 to US4), the stiffness of the wall is not affected
by any variation of the axial loading, as in this range where it is calculated using the gross

moment of inertia.

To quantify and compare the influence of the axial loading in both standards, three points
in Fig. 4.5and4.6were selected. The first point is C2. Up testhosition, the rigidity of

the wall is computed using the cracked moment of inertia in both standards. While the
CSA S30414 curve is constant through all this range (From C1 to C2)Tk8 402

16 counterpart is being enhanced by the compressivesiondach results in differences
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of up to 59%. After C2, although the effective stiffness from @®A S30414 is
calculated using €4.1, which considers the effect of the axial loading, the influence of
this parameter seems to be more notorious in therissn expression. Up to US2 the
wall is considered cracked according to TMS 40216 (GO O O , at this point
values calculated using ti&1S 40216 standards are 114% higher compared t&X84
S30414 . Finally, at axial loading rangeghere the wall is considered uncracked by both
standards (After C3 in th€SA S30414 and after US3 in th& MS 40216 curve), the
TMS 40216 stiffness value will always be 200% higher than @®A S30414 . Both
committees rely on the gross moment of iiaeait this range, nonetheless, while ThéS
402-16allows using 75%@0 O 1§ O of the inertia, th€SA S30414 is limited

to a maximum of 25%J0 O mg O

4.3.3.4.2 Reduction Factom -

One of the major differences between the standards is the adoption of a reduction factor
N in Canada. ThESA S30414 mandates to apply a reduction factor equal to & v

to account for the variability of materials on the deflections and bucklinglatdmns.

This factor translates directly to a reduction of stiffness by 25%. The American committee
does not mandate any equivalent factor. Although concrete design provisions in the
United States recommend a similar decrease to account for uncertaintiesstiffness

of the wall, TMS 40216 does not include it for masonry elements. According to the
commentary version of the MS 40216, the committee considers unnecessary the
additional conservatism that this factor would bring to the stiffness conguutktcould

be argued that theMS 40216 implicitly introduces a reduction factor for uncracked
masonry sections as the gross moment of inertia is reduced by 25%411)S.However,

it is essential to note that the factor is mandated by th€eSA 30414 in both

uncracked and cracked cases.

Figure 4.8shows the influences of this parameter on the stiffness of the wall. The
parametric analysis in secti@n3.3.4.1was repeated but it was adde€8A S30414

curve affected by the reduction factor, which is represented using a dashed red line.

117



)

!
m

Axial Load ( B,/0.14.f,

—— CSAS304149, = 1
——TMS 402-16
- —. CSAS304149, = 0.75

0.30 0.40 0.50 0.60 0.70 0.80 0.90
EmIeff/Emlo

Figure 481 Effect of the reduction factor

As seen inFig 4.8 the stiffness of the wall in both the cracked and uncracked cases is
reduced by 25% if th€SA S30414 calculations are affected by the factor. Thus, the
percentage of difference between both standards increases by the same amount as the
reduction. he necessity of this additional conservatism is not evaluated by the parametric
analysis presented in this section. However, an apparent decrease can be seen in the
stiffness of the wall that ultimately increases the amplification of the primary moment.
These results are not yet compared with experimental or analytical data. Parametric
analysis in chapter 5 gquantifies the consequences of applying the reduction factor

N compared with finite element models.

4.3.3.4.3 Effect of creep factor /im

In sectiord.2.2.1the rigidity coefficient mandated by tikSA S30414 was introduced.

This coefficient considers the effect of additional deformations producednigtdrm
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exposure to persistent mechanical stresses (creep effects) using the creép fadibe(
TMS 40216 does not mandate a comparable provision, and the creep effects are not
considered in the stiffness calculation.

The CSA S30414 calculate his factor as the ratio between the factored dead load
moment, which is the moment produced by the eccentric axial load from the dead load

combination § 'Q, and the total factored momeht ( —— Thus, a creep factor of

0 would irdicate that the primary moment is only induced by the lateral loading, while a
factor of 1 is only possible if the only source of the primary moment is due to the axial
eccentricity loading.

Table 4.2shows the variation of the flexural stiffness due to the addition of the creep
effects in theCSA S30414 equation. As a reference for this study, an accidental
eccentricity of 10% of the block thickness is selected to calculate the moment due to dead

load (0 0 Q. The axial loading was increased by a ratio of 10 kN. The same wall

properties as section 4.3.3.4.1 were adopted for the analysis.
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Table 42 - Influence of the creep factdrm from theCSA S30414

Axial
lTI:-IilTIE Fo = <» DeZd Creep leiliﬁlg Creep Decrement
Load Factor Included * (%)
No Creep Included *  (kN/m) (m)

0.15 5.00 0.01 0.15 0.63
0.15 10.00 0.01 0.14 1.27
0.15 15.00 0.02 0.14 1.90
0.15 20.00 0.03 0.14 2.53
0.15 25.00 0.03 0.14 3.17
0.15 30.00 0.04 0.14 3.80
0.15 35.00 0.04 0.15 4.43
0.17 40.00 0.05 0.16 5.07
0.18 45.00 0.06 0.17 5.70
0.19 50.00 0.06 0.18 6.33
0.20 55.00 0.07 0.19 6.97
0.21 60.00 0.08 0.20 7.60
0.22 65.00 0.08 0.20 8.23
0.22 70.00 0.09 0.20 8.87
0.23 75.00 0.10 0.21 9.50
0.23 80.00 0.10 0.21 10.13
0.23 85.00 0.11 0.21 10.77
0.24 90.00 0.11 0.21 11.40
0.24 95.00 0.12 0.21 12.03
0.24 100.00 0.13 0.21 12.67
0.24 105.00 0.13 0.21 13.30

*Values normalized as section 4.3.3.4.1

As seen inTable 4.2 the additional deformations originated by the creep effects are
accounted for in th€SA S30414 by imposing a reduction of the effective stiffness as
the creep factor increases. For the reference selected in this study, lolwaadséle. 5

20 kN/m) represent a reduction of ti@O by approximately 3%, while higher
compressive forces couldad to a decrease of up to 13%. It is important to notice that
the eccentricity selected for this analysis represents the smallest axial eccentricity for a
20cm nominal block (accidental eccentricity). Greater loading eccentricities could lead

to highermoments produced by the dead load and consequently higher creep factors. For
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structures loaded with only eccentric axial load, the reduction is quite significant. This

case results onfa a factor of 1, which is translated to a reduction of@f®@ of 50%.

4.3.3.4.4 Effect of the Compressive strengl}, and modulus of elasticity -

Although there are differences in the commonly used prism compressive Segs (
values between countries (secti®.]), all the parametric studies in this section were
done using identical values. This analysis studies the influence of the variation of the
compressive strength in the formulations proposed ®Z8A S30414 andTMS 402

16 to compute the OOP stiffness of masonry walls.

This document presents only one of the multiple cases, as the behaviour is consistent in
all the circumstances evaluatdtlg 4.9shows the variation of the compressive strength

vs the normalized effective stiffnes® O ¥O “O. The stiffness is normalized as in
section4.3.3.4.1 The material properties are summarizedable 4.3 No axial loading

is considered for comparison purposes. Therefore, any differences between the standards

can only be attributed to the independent variable studied in this section.
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Table 43 - Summary of properties. Effect of Compressive Strength

Parameters CSA S30414 TMS 402-16
Modulus of Elasticity Yua w R
Block Thickness (mm) 190 190
Rebar Size (Canadian

o 10M 10M

Nomination)

RebarSeparation (mm) 200 200
Reduction Factors n p
Creep Factor ( f 0**

** A value of 0 is used to neglect the influences of this factor.

As shown inFig 4.9 both formulations are influenced by the compressive strength of the
masonry assembly. Higher compressive strength leads to stiffer walls. HowevénlShe
40216 expression seems to be more sensitive to the variation of this parameter. As
despite in the figure, for a compressive strength value of 10 MP@@he calculated

using the American procedure is approximately 8% greater than that of the Canadian,

while for a compressive strength of 20 MPa, TS 40216 is 20% higher than of the
CSA S30414 .
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Figure 491 Effect of the compressive strength.
It could be expected that the increment of the effective stiffness could leitetlr
entirely to theO as it is a function of thé& (i.,e. O Y "R in the CSA S30414).

Higher compressive strength will lead to a lar@er, but it will alsolead to a smaller

cracked moment of inertia. Although each standard has a diffememulation for'O,

this parameter is proportional to the modular ratio — . IncreasingO decreases the

modular ratio and the cracked moment of inef@a ( This is shownn Fig 4.1Q where

the variation of the compressive strenggisus the normalized cracked moment of inertia
is depicted.
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Figure 4.107 Variation of the cracked moment of inertia.

However, the influence of the modulus of elasticity is negligible when the section is

considered crackedlTo demonstrate this assumption, fiklS 40216 equations to

compute the flexural stiffness is used. Neglecting the term(Which is typically

smaller) and the axial loading in th@ expression from th& MS 40216, leads to a

modified version of equation U.S4.4, as shown below:
0 £ Q ® U.S.- 4.12
Thus, when calculating tf®@ "O the equation will take the following form:

OO0 00 Q @ U.S.-4.13

The modified expression no longer considers@heand the only variable affected by a

variation of théQ is the compressive deptt ( Increasing the compressive strength of
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the masonry decreases the compressive depth length, thus enhancingesteéfitess.

Fig. 4.11illustrates the evolution of the compressive depth versu$tlas per th&eCSA
S30414 andTMS 40216. This figure illustates that higher compressive strength leads

to a smaller neutral axis depth, as a smaller masonry area is needed for the internal
equilibrium of forces. For typical) values (525 MPa) a variation of 10 MPa in the

compressive strength could lead to @b 15% of increment in the stiffness of the wall.
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Figure 4.117 Neutral Axis Depth Evolution.

4.3.3.4.5 Effect of the Reinforcement Ratio

In this section, the influences of the variation of the reinforcement ratio in the OOP
stiffness of reinforced masonry walls is evaluated. It is expected that increasing the area
of steel enhances the stiffness of the element. Mechanically, the morthstsettion

has, the bigger is the transformed area section. Thus, the section is able to resist higher
tensile forces, which ultimately increases the cracked moment of inertia of the cross

section.
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To evaluate this assumptioRig. 4.12 shows the variation of the normalized effective
stiffness calculated as per thHEMS 40216 and the CSA S30414 versus the
reinforcement ratio. The same normalization usedection4.3.3.4.1was used. The
materials and geometry properties are summarizetialrle 4.4 No axial loading is

assumed for comparison purposes, as the intention is to evaluate the isolated effect of the
reinforcement area.

Table 447 Summary of propertein Fig. 4.11.

Parameters CSA S30414 TMS 402-16
Compressive Strength of The Q P Wb QO oD@
Masonry "Q
Modulus of Elasticity Yua w R
Block Thickness (mm) 190 190
Reduction Factors® n p
Creep Factor ( I O**

** A value of 0 is used to neglect the influences of this factor.
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Figure 4.127 Effect of the Variation of the Reinforcement Ratio.

This analysis is valid for both the fully and partially grouted sectibr@n Fig. 4.12 it

seems that the OOP rigidity of the wallets is enhanced due to the increment of the area of
steel. In both expressions, the rate of increment seems to be proportional. Doubling the
reinforcement ratio (from 0.5% to 1.0%) increases the stiffness of diketsv by
approximately 60%. However, under the parameters showabte 4.4 the expression

to calculate the cracked moment of inertia framlS 40216 is not applicable for
reinforcement ratios greater than 1.8%, as the neutral axis calculated using.4 l&s

beyond the face shell of the element. It is expected that for axially loaded members, the

relative difference between the standards inceeasasiderably.
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4.4 Summary

A mapped summary of the influences of the independent parameters in the flexural
stiffness compute using the North American equations is presented in Table 4.5

Table 457 Comparison of thparameters investigated. Secebder Effects.

Parameter Influence Comments

TheCSA S30414 does not account fo
the axial loading in the cracked mome
of inertia (O while the TMS 40216
does it. As the axial load is increased,
difference between both standar
becomes more pronounced. Flexu
High stiffness calculated according to tGSA
Axial Loading S30414 are more conservative in all tf
conditions.
For cracked walls, th&e MS 40216 was
demonstrated to be up to 59% higher t
that of theCSA S30414. For uncrackec
cases, the American stiffness is 3 tin
greater than that of tHeSA S30414 .
As the reinforcement ratio increases, °
effective stiffness according to bo
standards is enhanced by simi

Variation of the

o proportions.
Variation of the Doubling the reinforcement ratio (frol
Reinforcement Low 0.5% to 1.0%) has proven to enhance
. flexural stiffness by approximately 60%
Ratio The TMS 40216 expression to calculat

the depth of the neutral axis is or
applicable for reinforcement ratios low
than 1.86, under the compressiy
strength evaluated.
Although increasing the compressi
strength of the masonry decreased
cracked moment of inertidO), due to
Low the effect of the modular ratio. Increasi
Q. the™Q enhance the effective stiffness.
The TMS 40216 expression is mor
sensitive to a vaation of the compressiv
strength. Thus, at higher values, 1

Variation of the
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differences between the stande
increases.
Between 10 MPa and 25 MPa t
increment is more pronounced (Abc
25%). After 25 MPa the increment
negligible.

Reduction

Factorm

High

The Ganadian Committee proposed
reduction factom which decreased b
25% theOO directly. TheTMS 40216

committee finds such factol
unnecessary.

Applying this factor to th€€SA S30414

calculation results in a decrease of 25%
all the axial bading ranges.

Creep factor

f

Low - High

The TMS 40216 does not consider th
effect of the creep in the calculations
the effective stiffness. However, tRSA
S30414 accounts for it through a cree
factor |

Depending on the loading condition, t
effect of the creep factor can |
negligible. Neverthiess, if the source ¢
the primary moment is mainly due to t|
eccentric axial loading, the creep fac
could reduce the flexural stiffness by
to 50%
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5. FINITE ELEMENT MODEL FOR FLEXURAL RIGIDITY EVALUATION
5.1 Introduction.

In Chapter4, the methods to calculate secendder effects according to the North
American standards (i.€SA S30414, TMS 40216) were introducedit was found that

both committees offer two alternatives to calculate the moment amplifications; (a) P
Delta method and (b) Moment Magnifier MethodAlthough minor differences were
identified in the adoption of the MM according to each standardo{i.@ndk factors).

the mostsignificant discrepancy between both countriglates to lie expressionsised

to calculate the effective stiffness in RMWS§.0 assess the accuraoy the effective
stiffness equations in both codestlwe absence of an experimental data set, numerical
analysis validated based on previous experimental programs (e.g., SEASC and Mohsin
2003)are a viable alternative.

In this chapter, a fibrbased model for reinforced fully and partially grouted masonry
walls subjected to otdf-plane bending and concentric axial load is developed using the
Open System for Earthquake Engineering Simata(lOpenSEES}¥oftware package
Material and geometrical nonlinearity are included. The numerical model is validated
using experimental programs of fully and partially grouted walls (SEASC 1987, Mohsin
2003).

This study selected four independent paramsdteevaluate their isolated effects on the

secondorder effects in RMWSs. These parameters consisted of masonry compressive
strength "Q , slenderness ratie , reinforcement rati§() and axial loading {( 8

Analytical moment amplification factors weecalculated and compared WESA S304
14andTMS 40216. The data set created consisted 885fully grouted walls and03

partially grouted trials.

Using the strain information obtained with the model, three expressions for the effective
stiffness wee developed and compared against the design provisionsIiit®m0216

andCSA S30414. These equations were derived using multilinear regression analysis.
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5.2 Finite Element Model

A fibre-based model was created using the Open System for Earthquake Engineering
Simulation (OpenSEES) platform. OpenSEES was developed within the Network for
Earthquake Engineering Simulation (NEES) and serves as an-obguied, open
source softwarerdmework dedicated to finite element modelling and analysis. This tool

is extensively used in the research community due to its efficacy and accuracy in
predicting complex structural behaviours. Although the source code of OpenSEES is
written in C++, alloving users to create new classes, materials, elements, etc. The
numerical model is created using TCL scripts language that includes the structural model

geometry, section, analysis type, recorders and solvers.

This software has proven to be an excelleal tioat accurately predicts the behaviour of
masonry walls subjected to-plane and OORBadsusing a fibresection approach. (Dona
et al 2018, Entz 2018, Alonso et 2019)

5.2.1 Fibre Modelling Approach

The fibre model sectional approach is a widely used technique in finite element analysis
due to its ability to produce excellent predictions using fewer computational resources
than continuous models. In this approach, the sectional-strass state othe elements

is obtained through integrating the uniaxial st&sain response of individual fibres in
which the section is divided (Casarotti and Rui 2006). Structural members are represented
by a series of elements with finite length and an assigrea$®ection. The OpenSEES
framework provides a library with multiple elements and classes. Two elements are
typically adopted to model nonlinear structures (i.e., Fbesed elements and
displacemenbased elements). These elements allow the incorpomaitithe spread of
plasticity along the member length and the interaction between the axial forces and
transverse deformation of the section. Thus, using enough elements permits the
reproduction of plastic hinges along the entire length of the member witising

localized plasticity elements as other modelling techniques. (Casarotti and Rui 2006).
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The fibre section adopted in this study is illustratedrig. 5.1. The crosssection is
composed of masonry fibres, and a lumped rebar fibre located at the centre of the cross
section to simulate the total area of steel in a masonry wall. The material constitutive
relationships are explained in section 5.2.2, while the elefoamulation used is detailed

in section 5.2.3.

1 Z
Lumped
Rebar Fibre
z ¥ J,‘
==
= . Masonry
e Fibre

Figure 5.17 Fibre Section model. (Bilotta et al 2021)
5.2.2 Material Properties.

5.2.2.1 Masonry

Uniaxial stressstrain laws material from the OpenSEES library wamglemented. The
homogenous behaviour of the fullyouted masonry was recreated usi@gricrete02

based on the KefcottPark model. A parabolic strestrain relationship is assumed up

to the maximum compressive stress of the masonry, followed bgaa Boftening branch
stopping at the maximum crushing strain. The material also assumes a linearly tensile

strength increment, followed by a linear tension softening branch to failure.
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The model proposed by Priestley and Elder (1983) to evaluate the hooasdeehaviour

of the masonry assemblage was adopted in this study to calculate the ultimate and
crushing stress of the masonry fibres, the maximum compressive strength is assumed to
happen at a strain of 0.002 (Drysdale and Hamid 208§) %.2). This material model

has demonstrated excellent results on fully and partially grouted specimens (Mohsin
2003, Clayton 2020). The model also presents an ertetlerrelation with the
"Concrete02" parabolic stresfrain distribution and can be expressed as:

. q T
? @ TSI T8I T G I
MIn@Ep O T8¢ 8t m¢i (5.
T g, Qe T T
Where:
. ™
© T m® (5.2)

pTQ P TITITT TB T C
"@hh ©&Q are the grouted masonry strength, grouted masonry strain, grouted
masonry tensile stress and modulus of elasticity of the masonry. The maximum tensile

strength of the masonry was assumed to be 0.65 MPa, linear elastic until cracking and

with a linear tesion softening.
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Figure 5.21 Behaviour of Masonry under Compression accordingrtestley and
Elder model andConcrete02.

5.2.2.2 Steel reinforcement

OpenSEESSteel02"a uniaxial material model with isotropic strain hardening based on
the GiuffreMenegottePinto model, was used to simulate the longitudinal reinforcement.
From the available models in the librargteel02demonstrated to have the best
equilibrium betweeronvergence and correlation rates during the parametric analysis of
this chapter, therefore, it was selected from all the other steel models avé&ighte3

illustratesthe stresst r ai n rebaeeb@8&8hodop of i
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Figure 531 Steel 02 Material Model.

5.2.3 Element Formulation

5.2.3.1 BeamColumn Element

For nonlinear analysis using a fibre section approach, a numbkemeénts are available

in the OpenSEES framework, including elastic, inelastic, nonlinear, displacbassd

and forcebased el ement s. For this study, t he
implemented. This element is based on a-itemative or iterativeforce formulation,

which considers the spread of plasticity along the element (OpenSEES)

Forcesbased elements rely on the availability of an exact equilibrium solution within the
basic system of a beaoolumn element. Thus, equilibrium between the eléamand
sections should be exact in the range of constitutive nonlinearity. The section forces are
determined from the basic forces by interpolation. Principles of virtual forces are used to

formulate the compatibility between the section and the elemefasmhtions Fig. 5.4)
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Figure 5.4 - Principle of virtual forces (Terzic 2011)

5.2.4 Failure Modes

Two failure modes ardefined in the model:

1. Crushing of the masonry fibre: Triggered when the strain in the masonry exceeds
the specified crushing strain in compression based on the Priestley and Elder

2. Rupture of the reinforcement: Triggered when the tensile seateeds the
specified rupture strain based on the GiufffenegottePinto model

5.3 \Validation.

To evaluate the performance of the model, two experimental programs with different
loading scenarios were used. The first campaign correspondsdrpiiemental ésults

of slender masonry walls from the AGEASC Task Committee on Slender Walls
(SEASC 1982), which have formed the basis of current design standards in Canada and
the United StatesThe second ithe experimental program conducted by Mohsin in 2003

atthe University of Alberta.

5.3.1 Experimental program 1. Fully-grouted walls subjected to a monotonic
uniform lateral pressure and eccentrically axial load (SEASC 1982)

5.3.1.1 Experimental Setup
The experimental program consisted of 9 reinforced masonry panels sdbject
uniform lateral pressure and an eccentric axial load. All panels were 1.2m wide, but with

different block thicknessed @ble 51). The boundary conditions for all the specimens

were pinneepinned. Multiple slenderness ratios were evaluated, starting from 30 up to
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53 (Table 51). The eccentric>aal load was applied through a pulley system using a
drum of water, and it was held constant during the lateral loading application.

Once the axial load reached the peak value, a uniform lateral pressure was applied
monotonically using an airbag alongtivthe wall height and width. The displacement at
mid-span was read as rapidly as possible and recorded manually. Due to safety concerns,
the lateral load was stopped when it was judged that the crushing strain of the masonry
would be near to occur. Frorhe nine panels tested, only 2 reached the crushing of the
masonry. Different thicknesses of concrete masonry units were used: 6 in (143 mm), 8in
(194 mm), and 10 in (246 mnd}ig. 5.5andFig. 5.6 depicts the test setup and specimen
details.

VERTICAL LOAD _
LEVER SYSTEM
E

ROLLER BEARING

LEDGER
ANGLE
8 TIE |
PLYWODD AND
TRUSS JOIST
BACKING FOR
AIR BAG-———

ADJUSTABLE
SUPPORTS

TUBULAR
STEEL FRAME —,

Figure 5517 SEASC Experimental&up (SEASC 1982)
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Figure 5617 SEASC Specimen detail (SEASC 1982)

Table 51 - Masonry Wall Panel Summary (SEASC 1982)

Block . .
Panel Thickness ~ /i@l Load  Eccentricity hit Failure Mode
(KN/m) (mm)

(mm)
1 246 4.67 198.5 30.6 Stopped Test
2 246 15.3 198.5 30.6 Stopped Test
3 246 15.3 198.5 30.6 Stopped Test
4 194 15.3 97.07 38.8 Stopped Test
5 194 15.3 97.07 38.8 Stopped Test
6 194 5.7 97.07 38.8 Stopped Test
7 143 5.7 71.57 52.6 Crushing
8 143 5.7 71.57 52.6 Crushing
9 143 5.7 71.57 52.6 Stopped Test
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5.3.1.2 Material properties

Material properties of the walls are showrTiable 5.2andTable5.3 respectively. The
compressive strength and the modulus of elasticithefmasonry were calculated-on
site through prism testing.

Table 527 Masonry Material Properties (SEASC 1982)

Masonry Unit  compressive Modulus of
i ’ Strength Elasticity
Thickness (mm) (MPa) Pa)
246 17.0 14,962
194 17.9 11,859
143 22.0 10,963

All the panels were reinforced with five #4 bars, Grade 60 steel (Fig. 5.6). The steel rebar
properties are shown ihable 5.3 The distance from the aart face of the wall to the
centerline of the steel was measured after pouring the grout into the masonry cells. Table

5.4 shows the rebar positioning summary.

Table 537 Rebar Material Properties (SEASC 1982)

. Ultimate Elastic
YleldMS;rength Strength Modulus

(MPa) (MPa) (MPa)
483 758 197,190
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Table 547 Placement of Steel reinforcement (SEASC 1982)

Distance "d" from Outer Face of Wall to

Thickness Centerline of Steel (mm)
Panel (mm)

Bar 1l Bar2 Bar3 Bar4 Bar5 Ave.d
1 131.8 131.8 1254 1285 1254 1285
2 246 106.4 106.4 119.1 106.4 119.1 1115
3 133.3 130.3 133.3 133.3 136.6 133.3
4 105.6 105.6 105.6 107.6 98.5 104.1
5 194 119.3 111.7 109.2 111.7 985 1127
6 83.8 83.8 812 812 787 817
7 71.8 749 810 810 810 77.9
8 143 55.3 56.8 56.3 548 612 56.8
9 76.2 80.0 759 759 779 772

5.3.1.3 Loading Protocol

The eccentric axial loading was applied using a load control integrator and held constant
during the analysis. The loading eccentricity effect was simulated by applying an
equivalent moment at the top of the structure. Theveeifht was modelled as a fmim
distributed load equivalent to the weight of each specimen according to its block
thickness. Displacement control was used to apply the distributed lateral load that
simulates the effects of the airbag. For the validation, the lumped rebar appr@sach wa

used. The lumped rebar was placed at the average "d" location specifadulerb.4
5.3.1.4 Validation.

Graphs illustrating the uniform distributed lateral pressure as a function of the midspan

deflection for all the panels are shown fréig. 5.6to0 5.15

Panel 3,4,5, and 6 showed a satisfactory correspondence before the yielding of the
reinforcement. After the yielding point, the strain hardening effects were not accurately
captured by the numerical evaluation. One possible explanation is that tharlstiess

strain behaviour assumption used for the steel material did not accurately capture the
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strain hardening effect of the rebar. Additionally, it is possible that the rebar position
provided in the report was not measured correctly, and the aveastgecd was used.

This is very frequently observed even in supervised construction. Incorrect rebar
positioning can be translated into an increment or decrement of the moment arm of the

crosssection, which can significantly impact the behaviour at-presting.
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Figure 5.717 Comparison of analytical model prediction to results of SEASC
experiment panel 1
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5.3.2 Experimental program 2. Slender partialgrouted walls subjected to
monotonic increasing eccentric axial load (Mohsin 2003).

5.3.2.1 Experimental description and Setup

Eight partiallygrouted walls were tested under an eccentric axial load using different
suppot conditions. The experimental program was developed to study the influences of
base rigidity in slender masonry walls. The eccentric axial loading was monotonically
increased up to the failure point. From the eight specimens, two panels were tested under
pinned conditions in both endBable 5.5summarizes the specimens used for the model
validation.Figure 5.16llustrates the experimental setup.

Table 557 Test Specimen Summary (Mohsin 2003)

Block
Specimen Thickness hit
(mm)
W3 190.10 28.6
W8 190.10 33.9

Lateral Bracing N

MTS Head

Rotation Meter
C-Shape Cradle

_15M (16mm)
Steel Bars

Masonry Wall

Steel Column

r Bottom Pin Assembly

r Simulated Support Stiffness

Rotation

Mo ~Rotation Meter

Load Cell

Figure 5.16 7 Experimental Setup (Mohsin 2003)

146



5.3.2.2 Masonry Assemblage

All the specimens had an identical crsgstion(Fig. 5.17). Two 15M reinforcing steel

bars grade 60 with a nominal yield strength of 400 MPa were used. The compressive
strength of the masonry and modulus of elasticity were determined through itige dést
hollow and grouted prisms. The material properties of the walls are sholabie 5.6
andTable5.7.

~15M Steel Bar

| 390 |
|
B mm .
| 627 ‘
1190

Figure 5177 Specimens CrosSection (Mohsin 2003)

Table 561 Masonry Material Properties (Mohsin 2003)

Prism Type Compressive Strength  Modulus of Elasticity

(MPa) (MPa)
Hollow 14.6 14,335
Grouted 10.2 7,379

Table 5.7 7 Reinforcing Steel Properties (Mohsin 2003)

Yield Strength Ultimate Elastic
(MPa) Strength Modulus
(MPa) (MPa)
423 568 215,000

5.3.2.3 Numerical Evaluation Loading Protocol

The eccentric axial loading was applied using a displacement control protocol integrator

until material failure or convergence issues were obtained. The loading eccentricity effect
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was simulated by simultaneously applying an equivalent moment at the tthe of
structure with the axial load (the axial load and the bending moment increase at the same
ratio). The selweight was modelled as a uniform distributed load equivalent to the

weight of each specimen based on the thickness of the block.

The fibre seabn was created using the lumped bar approach. The masonry block webs
were neglected. Only the face shells and an equivalent grouted cell were modelled, as

shown inFig. 5.18 An effective compressive strengfl2f  value was used for both

the face shells and the grouted core.

Faceshell Thickness
I | |32
m < Lumped Rebar
[ | |32
a0

Figure 5.187 Fibre Section. Mohsin 2003 experimental program.

5.3.2.4 Validation.

Figures 5.19 and 5.20present the forecdeflection curve for panel W3 and W8,
respectively from Mohsin (2003) experimental program. excellentcorrelation was

found between the numerical evaluation and the experimental data in both panels during
the elatic response. The peak eccentric axial load was captured accurately in both cases.
The largest discrepancy appears after the peak load is reached. After the peak load, the
stiffness degradation from the numerical evaluation is more significant than the

experimental data.
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Figure 5.20i Experimental and numerical forceflection curves. Mohsin Panel W8.
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5.4 Parametric Studies.

The fibre model described above was used to evaluate ttod-plaine behaviour of fully
grouted RMWS subjected to concentrically axial load and uniformly distributed lateral
pressure under pinned conditigisg. 5.21). Multiple simulations were held. Fully and
partially grouted walls were studied. The parameters of this study are classified as fixed,
independent, and dependent.

Additionally, this section evaluates the effectiveness of the moment magnifier method
proposed in the North American Standards (C&A S30414, TMS 40216). The
evaluation is held by comparing the amplification effects calculated using the existing

equationsifom the standards against the numerical evaluation.

Axial Load Axial Load
~A T T T !

S

™

Height

Wind Pressure
YV - YV uonogeg

LA

Figure 5217 Parametric Analysis Model.
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5.4.1 Analysis description and Loading Protocol

The concentric axial load was applied at the top node using a load control integrator and
was held constant throughout the analysis. Thengaljht was later applied as a uniform

load distributed along the height of the structure equivalent to the welgbtusing a

load control integrator.

For the uniform distributed pressure, a third load pattern Yeigment load'type was
applied to each element through a displacement control integrator. The control node was
set to the middle node (Midspan). Thesglacement increased monotonically, and
consequently, the equivalent distributed load rose at the same rate.

Fully grouted elements were modelled as a rectangular-segsisn, as explained in
section 5.3.1.1. For partially grouted trials, a rebar spadieg7 mm was assumed, with
only grouted poured of cells with reinforcement (Mohsin 2005, Clayton 2019).

As the lumped rebar approach was validated (sechich%and5.3.2), all the numerical
evaluation used an equivalent steel fibre placed aghier of the crossection. For fully
grouted trials, an equivalent rectangular section was used to model the homogenized
behaviour of the masonry and grout as described by Priestly and Elder. For partially

grouted trials a simplified equivalent sectiashown in sectiob.3.2.2

All the data points were obtained using a consistent criterion. The max crushing strain of
the masonry was set to 0.00% the CSA S30414 recommends. The values were
obtained at the maximum applied moment due to the lateral pressure (i.e. ultimate load).
If a maximum applied moment was not achieved before the crushing strain of the
masonry, the values at crushing were uskay simulation that did not achieve a

convergence before reaching the crushing strain of the masonry was discarded.

5.4.2 Fixed Parameters

These types of parameters were not changed throughout the study and were constant for

all the walls modelled. The thickresf the block, the yield strength and modulus of
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elasticity of the steel, the boundary conditions, and the grouted cell arrangements were
the fixed parameters of this study.

A thickness of the block of 190 mm was selected, which is equivalent to a 20 MPa
nominal block thickness used in Canada. The typical yield strength of the reinforcement
in Canada is 400 MPa, while in the United States 416 MPa (60 ksi). For consistency, a
yield strength of 400 MPa with a modulus of elasticity of 200 GPa was seledit¢ue A
walls were investigated under pinapthned conditions.

The fixed parameters are summarizedatle 5.8

Table 587 Fixed Parameters Summary.

Parameter Value

"Q(MPa) 400

Steel Modulus of Elasticity (GPa) 200
Block Thickness (mm) 190

Wall Width (mm) 1200

6/6 For Fully Grouted

Number of Grouted Cells
2/6 For Partially Grouted

5.4.3 Dependent Parameter

The dependent parameter of this study consisted of the OOP stiffness of the reinforced
masonry walls. This parameter is investigated using the ratio between the primary source
of moment induced in the system and the total moment accounting for geometrical

nonlinearities (M1/Mt) at the ultimate load.

5.4.4 Independent Parameter

The independent parameters were varied to investigate their effects on the dependent

parameter. This study had four independent parameters consisting of the compressive

strength of the nsonry (Q) the reinforcement hitaand o () ) ,

the axial loadR).
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Table 5.9and5.10summarizehe variation of the panaeters used per simulation for the
fully grouted and partially grouted trials, respectively.

Table 597 Model simulation MatriXor Fully-grouted trials

Variation per

Parameter Range . . Total Variations
simulation
Axial load (kN/m) 5-105 5 kN/m 21
Slenderness ratio
(hft) 20-60 10 5
Steel reinforcemen .
) 0.5271 2.63 0.52 5
rati o
"Q (MPa) 10-30 10 3

Table 51071 Model simulation matrixor partially-grouted trials

Variation per

Parameter Range . . Total Variations
simulation
Axial load (KN/m) 5-100 10 kN/m 11
Slenderness ratio
(hft) 20-60 10 5
Steel relnfqrcemen' 0.175i 0.52 0.175 3
rati o |
"Q (MPa) 10-30 10 3

The axial loading was selected as an independent parameter to investigate both its effects
on the flexural stiffness of the cressctions and the overall stability of the element. The
variation range was chosen based on discussions with practicing eagmdédberta.

Typical axial loads for loadbearing masonry walls in Canada range between 50 kN/m and
70 kN/m. In this study, it was expected to develop a regression analysis for fully grouted

elements. Therefore, a more extensive data set was creatatlyfgrduted trials.

Multiple slenderness levels were selected to compare the evolution of the-sedend
effects as the slenderness ratio increases. With a constant block thickness throughout the

simulations, the wall height was increased by 1.9nst@y. The minimum ratio selected
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(i.e. 20) corresponds to a relatively short wall on which secoddr effects might not
be significant. The maximum height is 11.4m (i.e. h/t = 60), representing a very tall wall
where the secondrder effects are expectemgovern the design.

Three levels of compressive strength of the masonry were adopted. Low (10 MPa),
medium (20 MPa) and high compressive strength levels (30 MPa). This parameter was
selected to understand the evolution of the flexural stiffness unifieredt levels of
compressive strength. For this study, nominal masonry capacities were used.

For the fully grouted walls, the minimum re
the analysis is equivalent to 10M(11.3 mm) rebars spaced every 200h@maximum

| (i . e. 2. 63 %) represents a highly reinforc
Although this amount of steel might not be feasible for some solutions, future standard

versions might start accepting higher reinforcement ratios with miaweeckeprovisions.

For the partially grouted trials, the reinforcement ratio was selected based on a rebar

spacing of 600 mm. Thus, the minimum ratio studied (0.25%) represents a reinforcement
arrangement of 10M bars every 600 mm, while the highest is agqnivto 20M bars

every 600 mm.

From the total of 1575 fully grouted simulatiod® were discarded due to convergence
issues. From thd95 partially grouted trials, the total number of valid simulations were
403

5.4.5 Effects of the Independent Parameters.

To evaluate the effect of the independent parameters in the sexmrdeffects of

RMWs, M1/Mt versus Axial Load graphs were developed. M1 in the graph refers to the
maximum applied moment due to the lateral pressure, while MT is the total moment in
the éement, which includes the primary and secondary moments. M1/Mt refers then to
the inverse of the moment magnification factor. This is the factor the primary moment
must be multiplied by to obtain the moment capacity or design moment of the wall. Thus,

thesmallest the ratio M1/Mt is, the larger the seconder effects are. These figures are
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presented for all the reinforcement ratios and compressive strength levels gtudied (

Fig. 5.22 to 5.9).
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h/t=20 —— h/t=40
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0 25 50 75 100 0 25 50 75 100 0 25 50 75 100
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Figure 5227 M1/Mt vs Axial Load. Partially groutetl 18 X L P
f'm=10 MPa f'm=20 MPa f'm=30 MPa
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—— hft=40
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Figure 5237 M1/Mt vs Axial Load. Partially groutetl 1@ L P
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Figure 5247 M1/Mt vs Axial Load. Partially gro@d” 1@ ¢ b
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Figure 5257 M1/Mt vs Axial Load. Fully grouted 1 ¢ P
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Figure 5267 M1/Mt vs Axial Load. Fully grouted p8tp b
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Figure 5277 M1/Mt vs Axial Load. Fully grouted p® x P
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Figure 5297 M1/Mt vs Axial Load. Fully grouted ¢& b
5.4.5.1 Effect of the Axial Load

As illustrated in the above figures, the secamder effects are influenced by the axial
loading induced in the structural system. The axial load has a significant role in both the
flexural stiffness of the crossection and the instability effects induced in thebgl
system. As commented before (Secto8.3.4.), increasing compressive axial forces is
known to decrease the curvature of the csexgion and hence enhance the flexural
rigidity (EIl) of the crosssection. However, it simultaneously increases the geometrical
nonlinearity induced in the systedoie tothe seconarder effectdeading to a decrease

in the global stiffnesgk).

To illustratethis phenomenorkig 5.30andFig 31are presentedrig 5.30illustrates the
normalized total lateral loag (¥'Q0o versus the normalized mipan deflectionxo)

for a fully grouted specimen with a slenderness ratio of 40, subjected to concentric axial
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loads of 40, 60, 80 and 100 kN/Fig. 5.31shows the evolution of the total, the primary
and the secondrder moment for the same wall under a 100 kN/m @fl dsad.

0.010 T
0.008 1
., 0.006 1
-.E 1
=
< |
© 0.004 1
] — P =40 kN/m
0.002 1 —— P—60KkN/m
| —— P=80kN/m
| — P =100 kN/m
o000 —moHHm—-?f--"-"--+—"19b——"""“+¢""""—+——+—+—++++
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Aft

Figure 5301 Normalized Lateral pressure versus normalized-spiah deflection’
p P Variable Axial Load.
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In Fig. 5.31 the decrease in the applied pressure due to the higher axial forces is shown.
Between 0.1 to 0.¥70, the enhancement of the flealrigidity due to the compressive
forces is evident. A greater later pressure is required to achieve the same deformation for
walls with higher axial loads. However, as the applied pressure rises, geometrical
nonlinearities become predominant, leadingattower capacity at ultimate load. The
reduction in the lateral load capacity indicates that the proportion ebfiulst moments

from the total moment decreases. This behaviour is clearly shofig.iB.30 At low
deformation levels, the total moment is mainly due to the lateral applied pressure. Since
the structure keeps deforming, the secorder moment grows gradually, while the
increment rge of the primary moment starts to decline. An inflection point is eventually
reached at approximately ¥4 where the proportion of secomadder effects becomes

dominant, and the primary source of moments drops.

It is essential to notice that the axiahd also modifies the mode of failure on which the

ultimate load is reached. At low axial load levels (e.g. 5 kN/m to 35 kN/m), the material
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failure governs the ultimate load. Due to the strain hardening of the steel, the lateral
applied load kept risintp the maximum crushing strain 0.003 was reached. The ultimate
load is no longer achieved at the crushing strain for higher axial load levels (e.g. 40 kN/m
to 105 kN/m). The secororder effects become more predominant, and the ultimate
condition dependsn the stability effects rather than the material behaviour.

For all the conditions evaluated in this study, the critical buckling load was never reached.
However, as the instability condition is amplified due to the axial loading, higher forces
would pralucepronounce instability effect® the M1/Mt ratio. Although the structure

did not buckle under the applied axial load, the system reached an instability condition,
where a small pressure translated into a rapid increment of the deformation. Thus, it
becomes difficult to develop significant bending stresses in the section at ultimate load.
This effect is more notorious in partially grouted elements as their gross inertia is lower
than fully grouted sections. Revision of the data showed that the axdaidadrastically

shifted the failure mode in some patrtially grouted trials.
5.4.5.2 Effect of the Slenderness Ratio

As the slenderness ratio increases, the structure becomes more susceptible to moment
amplifications due to secoratder effects. However, it is gantial to point out that the
slenderness ratio does not modify the flexural rigidi®y@of the crosssection but
decreases the global stiffness matkx due to the geometrical nonlinearities. This can

be shown by comparing two walls with identicabgssections subjected to the same

axial load levels. For instance, kig. 5.25a wall with a compressive strength of 10 MPa
under an axial load of 50 kN/m and a heitgithickness ratio of 40, has an M1/Mt ratio

of 0.72, while the same section for @relerness ratio of 50 the M1/Mt is 0.49. This
represents an increment of 47% of the seamaér moment from increasing the height

of the structure by 1.9 meters.

Additionally, the slenderness ratio modifies the failure condition on which the ultimate
load is reached. For smaller ratios (e.g. 20), the secoter effects might not be
significant, therefore, the failure is usually governed by crushing of the masonry even

under high axial forces. For higher ratios, the ultimate load is reached due tdiipstab
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Partially grouted elements seem to be more susceptible to slenderness effects as the gross
inertia is smaller than fully grouted trials. Instability effects were presented under any
axial load level for the partially grouted trials with 1 X v & slenderness ratio

greater than 40.
5.4.5.3 Effects of the Reinforcement Ratio.

FromFig 5.22 to 5.29t seems that structures with higher reinforcement ratios are less
susceptible to slenderness effects. Based on transformed section principles, the area of
sted is transformed into equivalent masonry area through the modularmatith(s, the

more steel in the section, the greater the cracked moment of inertia.

Additionally, it should be noticed that increasing the reinforcement area sacrifices the
ductility of the walls. For heavily reinforced walls, the seconder effects are less
significant, and the ultimate load is mainly achieved at the crushing strain of the masonry,
while the rebars do not reach the yielding strain. In lower reinforcement ratios, the
yielding of the rebar is achieved, and the stiffness of the section is affected by the yield
strain developed. The more ductility the system experiment, the higher the stiffness

degradation at ultimate load will be.
5.4.5.4 Effect of the Compressive Strength

The modulus of elasticity of the masonry rises whenever the compressive strength is
increased. Consequently, highi@e will often translate in a clear enhancement of the
stiffness if the ultimate load is achieved when the structure is still in its linege & in
moderate ductility levels. However, if the strength of the masonry increases, less masonry
area would be needed to equilibrate the tension forces from the steel in the internal
equilibrium. The neutral axish is then reduced, and by compaiiyilanalysis, more

strain could be developed in the steel reinforcement. For instance, at reinforcement ratios
greater than 1.5, the yield strain of the rebar was achieved only under compressive
strength levels of 20 and 30 MPa. In cases where a high stiglish is developed, the

stiffness is degraded due to the ductility effects.
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5.4.6 Comparison and Evaluation of the Secoratder Effects Calculated using the
North American Standards.

In section5.4.5it was discussed the effect of the independent parameters in the-second
order effects of RMWSs. This section compares the moment amplificatitor fabtained

by the Canadian standar@3A S30414) and the American standardNIS 40216)

against the results from the numerical evaluation. The methods are evaluated using the
same simulations presented in section 5.4.5. The influence iotig@endent parameters

on the percentage of error produced in the MM method is discussed.

These factors are calculated using the moment magnifier method as described in section
4.3.2 For all the data sets created in this section, the effective Idkptand the

o afactors mandated by th€SA S30414, are taken as 1. Thus, the conditions used to
calculate all the amplification factors are identical. The expressed in this section is

given by equation 5.1.

B an & QQOGEDEE e pb 5.1

V)

Wherel is the applied axial load ad is the critical buckling load assumingdk éactor

equal to 1.
Two sets of graphs are shownpeach r ei nf orcement ratio, set

Set "A" corresponds to contour plots that illustrate the percentage of error between the
moment magnification factor calculated by each standard and the numerical analysis. A
constant scale is used for all tigeoups to facilitate the comparison under different
reinforcement ratios. The contour is generated using cubic interpolation between the
available values. The blank spaces in set "A" represent points where the critical buckling
load is exceeded according the standards, and consequently, an amplification factor

cannot be calculated. This set of graphs can be used as an estimation to determine at
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which range of value the moment amplifications calculated are within an acceptable

margin of error.

Set "B" f1ows the ratio of NYMT versus the axial load, similarly to section 5.4.5. M1/Mt
refers then to the inverse of the amplification factors calculated using equati@83.1.
S30414 expression neglecting the reduction factoris also included to evaluatbe
consequences of reducing by 25% the cracked moment of inertia. As commented in
sectiond.2.1, the equations to calculate the effective stiffness proposed ByviSed02

16 are only valid if the neutral ax{¥).S. 41) is within the face shells. If the neutral axis

is beyond the face shell, the standards mandate to compute the stiffness usiethanly
rooted in strength of materials and equilibritforthose cases, in this study, the effective
stiffness was calculated using the following equati&ng #nd5.3), which are derived
based on transformed section analysis of cracked sections. This approach considers the
axial loading in both the calculatiorf the depth of the neutral axis and the cracked

moment of inertia.
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Whered is the applied axial loag, is the modular ratic is the area of steal) s

the effective width, aniis the stress in the steel calculatedHoy o k kead and should

not exceed the yield strength.
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