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ABSTRACT

THE BEHAVIOR OF REINF ORCED BLOCKWORK MASONRY
| - COLUMNS UNDER AXITAL COMPRESSION

Reinforced masonry columns are common structural elements which are used for
supporting compressive vertical loads and providing lateral support to masonry walls.
Reinforcement increases the column resistance to axial and flexural loading as long as it is
confined by lateral ties. The reinforcing cage also confines the concrete core of the
masonry columns and increases the ductility of the member. Reinforced masonry columns

have the advantage of eliminating the need for formwork by using hollow block units.

An experimentél and analytical study was performed on the ultimate strength and
failure mechanism of reinforced masonry columns under axial loading. A total of six
columns were constructed as nine course high using 190x190x390 mm two core hollow
- concrete block units. The effect of using variable compressive strength of infill concrete on
the ultimate strength V\;as also investiga'ted. In addition to the experimental study, three-
dimensional nonlinear finite element modelling of the columns was developed in order to
investigate the nonlinear behaviar of reinforced masonry columns under axial ‘loading,

analytically.



OZET

EKSENEL BASING ALTINDA DONATILI BETON BLOK YIGMA
KOLONLARININ DAVRANISI |

Donatili y1gma kolonlar, diisey yiikleri tagiyan ve yigma duvarlara yanal destek
saglayan yapi elemanlaridir. Etriyelerle sarilmis olan donatilar, kolonun basing ve egilme
yiiklerine karsi mukavemetini ve siinekligini artirir. Ayrica, donatih yigma- kolonlar

bosluklu beton bloklarin kullanilmasi ile kalip ihtiyacim: ortadan kaldirir.

Bu tez ¢aligmasimin kapsaminda, donatili beton "blok yigma kolonlarinin eksenel
.,basmg: altinda tagima giicii vev kinlma mekanizmalar1 deneysel ve analitik olarak
~ incelenmistir. DeneyV programi ig¢in, 190x190x390 mm ¢ift bosluklu beton bloklar
kullanilarak dokuz {inite yiiksekliginde alti adetv kolon insa edilmigtir. Ayrica, dolgu betonu
basing mukavemetinin, tagima giicii tizerindeki etkisi aragtirilmigtir. Deneysel ¢alismaya ek
olarak, donatili yigma kolonlarin eksenel basing altindaki nonlineer davranmiginin
incelenmesi i¢in, kolonlar ti¢ boyutlu nonlineer sonlu elemanlar modellenmesi ile analiz

edilmigtir.
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1. INTRODUCTION

1.1. General Remarks

Reinforced ‘masonry columns are structural elements, which are used as separate
assemblages or with other load bearing units such as masonry walls. Main functions of a
reinforced masonry column are supporting compressive vertical loads and providing lateral
- support to masonry walls. In comparison with reinforced concreter columns, masonry
columns have the advantage of eliniinating the need for formwork through the use of
concrete hollow. blocks. Similar to the reinforced concrete columns, reinforcement
increaSes the ultimate load carrying capacity and ductility of masonry column under axial
or eccentric loading provided that lateral ties are placed around the concrete core to confine

vertical reinforcement.

Limited work has been conducted for the purpose of developing strength design
- procedures of reinforced masonry columns. Detailing of re'infdrcement, infill concrete
strength, block unit strength, mortar strength and interaction of concrete core with block
shells are the essential factors determining the strength of a reinforced masonry column.
Although a reinforced masonry column is analogous to reinforced concrete column in
many aspects, they have different characteristics by the means of ultimate strength

equations, detailing of reinforcements and behavior under axial and eccentric loading.

The beha\}ior of the masonry prisms under axial compression has been investigated .
by developing finite element model and conducting linear elastic analysis, previously. The
three dimensional finite element analysis of the masonry prisms was developed adopting
eight-noded isoparametric solid elements by Ramamurthy [1]. The eight-noded elements
were also used for the linear elastic analysis of the hollow block prisms and wall panels by
Hamid and ChukWunenye [2]; Cheema and Klingner [3]; Khalil et al.b [4]; and Afshari and
Kaldjian [S]. Furthermore, Sayed Ahmed and Shrive [6] have developed a'ﬁonlinear finite
element model of hollow xﬁasonry using isoparametric shell elements and the Drucker-

Prager failure criteria. Nonlinear finite element modelling of the reinforced masonry



columns under axial loading is a complex problem but further study on the analytical
model suggests an idea of the overall behavior in addition to the experimental studies on

the reinforced masonry columns.

Research has to be carried out on reinforced masonry columns in order to simulate
the nonlinear behavior analytically and to improve present strength equations by the means
of analytlcal and experimental studies. Thus, better predictions on strength and behav1or

w111 lead to more economical design of masonry structures.
1.2. Objectives and Scope

The objectives of this study are:

o to examine éxperimentally the behavior of reinforced masonry columns that are
constructed with two core hollow concrete bloék units with varying infill concrete
strength under axial loading;

o to study effects of reinforcement and- infill concrete strength on axial load carrying -
capaci’ty of reinforced masonry columns;

. to describe failure modes of reinforced masonry columns under axial compression;

*  todetermine ultimate load and elastic modulus of tested columns and to compare the
| test results with the valués obtained from the equations proposed previously;

. 'to. perform an analytical investigation using three dimensional nonlinear finite
element model of the columns tested;

e to examine the pompression behavior of the reinforced masonry columns by

evaluating the analytical and experimental results.



2. LITERATURE REVIEW

2;1. Introduction

A masonry assemblage is a composition of the constituent materials, which are block
units, mortar, grout and reinforcement. The characteristic behavior of masonry is mainly
dependent on the interactions between the constituent materials and other factors affecting

the physical and mechanical properties of the composite.

The design of masonry structures necessitates compressive strength of masonry, f;,’
which is essential for determination of design stresses and criteria in load bearing
structures. American Society for Testing and Materials (ASTM E447) [7] describe the
procedures of the standard prism tests for determination of the compressive strength, f;,’.- -
The strength characteristics of masonry correlated with the compressive strength, f;,’ are
mainly based on the compression tests made on concrete masonry prisms. The factors
affecting the compressive strength of masonry prisms are déscribed with details in Section
2.2.

The reinforced vma'sonry columns are vertical structural members that support-
compressive vertical loads and provide lateral suppdrt to the masonry walls. Reinforcement
increases the resistance of the column to flexural load as well as to axial load provided that
the longitudinal reinforcements are confined with lateral ties. Lateral ties prevent local
buckling of vertical reinforcement and form a reinforcing cage, which confines the grouted
core, and increases the ultimate strength of the masonry column. Lateral ties are preferably
placed within the grouted core instead of the mortar joints of the masonry units in order to

prevent high concentration of the tensile splitting stresses around the lateral ties [8].

The studies carried out about concrete masonry priéms and factors affecting prism
compressive strength form a basis for the researches investigating behavior and the
ultimate load carrying capacity ‘of the reinforced masonry columns under axial loading.

However, previous studies on the concrete masonry prisms are inadequate to express axial



load carrying capacity and interaction between reinforcement, infill concrete, concrete

block units and mortar of reinforced masonry columns.

The first study on' the reinforced masonry columns was cohducted by Feeg [9] in
1978. The author aimed to investigate the effects of reinforcement details on ’columh
strength. The columns tested were constructed with 1.63 m height. Thirty-four of the tested
columns were fabricated with 200x200x400 mm lightweight two core concrete blocks laid
in running bond. The rerhaining three columns were constructed with 400x400x200 mm
single core lightweight pilaster units laid in stack bond. Vertical spacmg of the lateral ties
was 200 mm due to the restriction of block unit geometry. Types of mortar and grout used

for the test were same for all of the columns. _

Tie diameter and location (either in mortar joints or confining the vertical
reinforcement), percentage (0.7 and 1.3), grade and distribution of the vertical

reinforcements were the variables investigated in this study.

The test results showed that the columns behaved elastically up to 75 percent of the
-ultimate load where the average elastic modulus of masonry was about 800 times the »

masonry prism strength.

Increasing tie ‘diameter resulted in increasihg column strength with decreasing
amount of vertical cracks at failure. Placement of ties had no significant effect on the
strength, but the columns with vertical bars that were confined with lateral ties provided

greater resistance against buckling of the vertical bars.

Increasing vertical bar diameter for a given percentage of vertical reinforcement
resulted with decrease in the column strength due to larger differences of the Poisson’s

ratlo between the different materials.

Another essential study on the reinforced masonry columns was conducted By
Sturgeon, Longworth and Warwaruk [10] with short concentrically loaded blockwork

columns. Column specimens of 1.8 m height were constructedj with 400x400x200 mm



single core pilaster units that were in stack bond. All of the columns were nine course high

with an h/t ratio of 4.58.

The test variables were the placement and detailing of the lateral ties; the percentage
(0.76, 1.30 and 2.60), and grade of the vertical reinforcement and the compressive strength
of the grout. |

The test results showed that;

. Increasing the percentage of vertical reinforcement caused a reduction in the load
contribution of the block masonry shell. However, the load contribution of the
vertical reinforcement exceeded this decrease, thus increased the column ultimate
load. | '

. The lateral ties produced an increase of 8-28 percent in the ultimate strength.

. Addition of lateral ties to the grouted columns incfeased ductility of the column
preventing explosive type of bolumn failure. ‘

) Stress-strain curves of the concentrically loaded reinforced or unreinforced columns

- showed linearity up to 50 percent of the failure stress approkimately.

In addition, the authors proposed an empirical formula expressing the ultimate
strength for short concentrically loaded reinforced columns, which will be discussed in

Section 2.3,

The latest study on reinforced masonry columns forming a basis to this thesis was
conducted by Khalaf, Hendry and Fairbairn [11] in 1993. In this study; the columns were
constructed six course high with 400x200x200 mm, low strength, two core concrete hollow |
blocks with full and half cross sections and 1.27 m height. The variables of the column

tests were;

. Lateral tie diameter, ‘

o Percentage of vertical reinforcements (0.6 to 4.26).



" The test results showed that;

e  $8 mm deformed lateral ties gave more consistent results for strain values than other
lateral ties. »

\.‘ The strength of columns remforced with $6 mm and ¢8 mm lateral ties was hlgher
compared with the unrelnforced filled columns, which was a result of the conﬁmng
stresses reducing harmful tensile stresses exerted on the block shells by the infill
concrete. 4 '

e  Ultimate load of the columns reinforced with $8 mm lateral ties increased uniformly
with increasing percentages of vertical reinforcement similar to reinforced concrete

columns.

The authors also proposed an émpirical formula for the ultimate load of the

reinforced blockwork masonry columns, which will be diécussed in Section 2.3.

2.2. Concrete Masonry Prisms and Factors Affecting the Prism Compréssive

Strength

Masonry prisms are small-scale fnasonry assemblages, which reflect the behavior of
full scale masonry structural asserhblages. The behavior of reinforced masonry columns
under uniaxial loading resembles the behavior of grouted masonry prisms tested for the
determination of cqmpréssive strength, fy’ in many ,aspe-cts., The standard prism tests
described in ASTM E447 [7] a’ré generally conducted for the estimation of compressive

strength of masohry prismé, .

Failure mechanisms, compressive strength and ultimate load capacity of reinforced
masonry columns are analogous to grouted masonry prism properties with the difference '
that the effect of reinforcemenf on the column behavior and capacity should be studied in

addition to the other constituent materials of the masonry.

Furthermore, Khalaf, Hendry and Fairbairn [11] have attempted to express the
ultimate strength of the concentrically loaded reinforced masonry columns in terms of

specified masonry prism compressive strength, fm’




A summary of the factors effecting the compressive strength of masonry prisms is
described briefly in Section 2.2.1 to 2.2.7.

2.2.1. Unit Geometry and Type of Mortar Bedding

Unit geometry of the block directly determines the mortar bedded area, which is
subjected to compressive vertical stress and the minimum vertical section resisting lateral
tension. Unit geometry has a major effect on the compressive strength of masonry prisms
because vertical cracks in prisms are related to development of lateral stresses in the block

units:

Prism tests made on hollow blocks having 4 web shells and 3 web shells showed that

the strength of prisms with 4 web shells was 13 percent higher than the strength of prisms

-having 3 web shells [12]. Also, the study of Hamid and Chukwunenye [2] has included
comparison of stack bbnded»hollow prisms with face shell mortar bedding and fully mortar

bedding. Tensile stresses develop at the center of the webs by a mechanism analogous to

deep beam bending in face shell bedded masonry prisms. Lateral stresses created in the

‘webs for face shell bedded hollow prisms are larger than stress créated for fully bedded

hollow prisms With highly nonuniform stress distribution compared to fully bedded prisms.
2.2.2, Prism' Height and Effective Height to Minimum Thickness Ratio (h/d)

Prisms with h/d around 2 do not exhibit the failure modes of observed structures.
Decreasing strength with increasing height is observed which is associated with having
sufficient ﬁortion of prism away from confining effects of bearing platés to allow the

characteristic vertical splitting to take place [13].

Building Code Requirements for Masonry Structures (ACI 530/ASCE 5/TMS 402)
[14] limit effective height to minimum thickness (h/d) of a column to 25. Effective height

of a column depends on the boundary conditions at top and bottom blocks of the column.



2.2.3. Compressive Strength of Mortar |

The study of Hamid and Drysdale [15] ahd Khalaf, Hendry and Fairbairn [16] show
that prism strength increases with increasing mortar strength up to a level, which is not
valid forb higher strength mortar. Use of the mortar with highef strength is not required due
to the fact that workability of the fresh mortar and deformation of mortar to accommodate
differential movement under axial compression are much more important for the

performance of masonry.

Test results of Hamid and Drysdale [15] indicate that grouting reduces the effect of

mortar on masonry strength because of the continuity provided by the grouted cores.

/ According to the test results of Khalaf, Hendry and Fairbairn [16], mortar joints of
Jow strength contribute greatly to .strength of fhe grouted prisms, whereés above certain
strength of mortar (9 megaPascals (MPa)), the effect is negligible verifying the study of |
Hamid and Drysdale [15] as well. k | |

2.2.4. Block Unit Strength

The compressive strength of block units directly affects masonry prism strength.
However; it is.not sufficient to explain failure mechanism of the masonry prism. Masonry
prisms under axial loading fail i in the case of propagating of cracks and weakenlng of block
units which indicates that failure mechanism of masonry prisms or columns i is dependent

on both compressive and tensile strength of block units and unit geometry.
2.2.5. Bearing Plates

The thickness of steel bearing plates used for axial compriessiontest has a major
effect on the behavior and failure mode of masonry prisms and columns. ASTM E447
provisions [7] state the thickness of bearing plates to be equal to at least one half of the

distance from edge of bearing plate to the most remote corner of the prism’s cross section.



The study of Ganesan and Ramamurthy [17] indicates that insufficient thickness of
bearing plates induces large lateral tensile stresses at the top block unit causing premature

failure of the prism or the column.
2.2.6. Thickness of Mortar Joints

- The experimental studies on grouted and ungrouted masonry prisms investigating the
effect of mortar joint thickness on prism strength [1 5] have shown that mortar joint
thickness has a negligible effect on the compressive strength of masonry prisms. This
effect is much reduced for grouted prisms or columns due to the continuity of the grout
[18].

2.2.7. Infill Concrete Strength

The study of Hamid and Drysdale [15] indicates that the failure loads of grouted
~ prisms are lower than the superposition of the capacity of infill concrete area and the

capacity of mortared area.

| Also, the grouted prisms show a significant decrease in strength based on gross area
compared to unfilled prisms, based on net area accordlng to the study of Khalaf, Hendry
and Fairbairn [16] The strength of the infilled prlsms 1ncreases uniformly with increasing

infill concrete strength.
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2.3. Elastic Modulus of Constituent Materials and Concrete Masonry

2.3.1. Reinforcing Steel
Elastic modulus of the reinforcing steel to be used for masonry design is given as;

Es =200 000 MPa

by ACI 5‘30/ASCE 5/TMS 402 [14] unless it is determined experimentally. In addition,
grades 300 and 400 reinforcing steel (minimum speciﬁéd yield strength in MPa) are
generally used for masonry design where the allowable tensile design stress is 140 or 165

MPa and the allowable axial compressive stress is limited to 40 percent of the yield
strength or 165 MPa [19].

2.3.2. Concrete Block Units

Typical stress-strain curves of hollow concrete blocks under axial compression are
similar to those of concrete, which reveals a nonlinear behavior up to 25-50 percent of the
maximum compressive strength. The elastic modﬁlus for concrete block units can range
between 500 to 1000 times the unit compressive strength. Also, the Poisson’s ratio used for
masonry design is generélly taken as 0.2. |

2.3.3. Grout

ACI 530/ASCE 5/TMS 402 [14] recommends the elastic modulus of grout as;
E,=500x f, 7 2.1

where {; is the compressive strength of grout.
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2.3.4. Mortar

Mortar among the constituent materials of masonry has the main function to bond
individual fnasonry units into a composite assemblage that will withstand the imposed
conditions of loads and weather. Mortar types are mainly defined by M, S, N, O and K
letters classified according to the volumetric proportions of cement, lime and sand. ASTM
C270 [20] identifies mortar types by either proportion or property specification. The most
applicable typc;,s of mortar for engineered masonry are M, S and N; type M having higher
7 strength and poorer workability, type N having lower strength and good workability and
type S having strength and workability properties between M and N. |

The ratio of elastic modulus of block unit to morta'r; Eu/Emr has an effect on the.
masonry compressive strength and behavior. An increase in the ratio, Ep/En; causes an
increase of the lateral tensile stresses in the blocks due to the increase of the degree of
deformational incompatibility between stronger blocks and weaker mortar, which is not
' valid for the practical mortar types M, S and N [2]. Thus, it can be concluded that the

higher ratio of Eyi/En has a negative effect on the compressive strength of the masonry.

2.3.5. Concrete Masonry

The stress-strain curve of the concrete masonry uﬁder axial compression shows
nonlinear behavior \'\beyond the stress level of 50 percent of the maximum compressive
strength. ACI 530/ASCE 5/TMS 402 [14] defines the elastic modulus of concrete masonry
as the chord modulus estimated from a stress value of 5 to 33 percent of the compressive
strength (Figure 2.1). Alternatively, the provision proposes the elastic modulus of concrete

masonry to be determined from Table 2.1, which is recreated from the code.



Compressive Strength
Y
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——=0.33 x Compressive
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n ] :
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n Em= AStrain
q .
———0.05 x Compressive
A Strain Strength
Strain

Figure 2.1. Chord mddul_us of elasticity of mésonry [14].

Table 2.1. Elastic modulus for masonry concrete [14]

NET AREA COMPRESSIVE MODULUS OF ELASTICITY E,* (GPa)
STRENGTH OF UNITS
(MPa) TYPE N MORTAR TYPE M AND S MORTAR
41.5 or greater - - - 240
34.5 19.5 _ 22.0
27.5 180 20.0
20.5 16.0 17.0
17.0 15.0 o 165
14.0 125 » 15.0
10.5 10.5 . 110

*Linear interpolation permitted

12
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' Another formulation [21, 22] expressing the elastic modulus Ey, is given as;

1 R | " ‘ 5\ .
E, = 5 , 1 2.2)

. |
(A-mE +nE, (-mE,+nE,

where;

m: Ratio of ungrouted‘ area of masonry to gross area

d: ty/ (tp + t;) ,

tp, 12 Height of block unit and thickness of mortar joint, respéctively

Eg, Ey, Ej:  Elastic modulus of grout, block unit and mortar joint, respectively

This expression is derived using the strain compatibility, equilibrium and the linear

elastic zone of the constituent materials.
Building Reséarch Station [23] reported an approximate relatipnship as;
En=850%f, - | 2.3)

In 1978, Hatzinikolas, Longworth and ,Warw.aruk [8] recommended the elastic

modulus of concrete masonry as;
En=750xf,; | ey

using the test results on masonry walls. Feeg et al. [9] suggested the following expression

for the elastic modulus of masonry;
E,,=800xf,’ a (2.5)

'which was based on his study of reinforced block columns. Canadian Standards [24]

. recommended the elastic modulus of concrete masonry as;
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Ey=1000 f,” <20 690.MPa o @6

Eventually, Sturgeon, Longworth and Warwaruk [10] have proposed the following

‘ expressibn according to the experimental results of their study;

_ O‘SEc(Ac - As) + EshellA ut EsAs

shel

Em ) (2.7)
where;.
E.: Elastic modulus of the concrete core
Ac: Core area .
Es: .Elastic modulus of the vertical reinforcement -
A Area of the vertical reinforcement |
| S Elastic modulus of the masonry shell |
Asheir: Area of the masonry shell |
Ag: Column gross area |

2.4. Ultimate Strength Analysis of Concentrically Loaded Reinforced Masonry

Columns

 The principles of reinforced concrete column ultimate strength design have been
applied by the designers to evaluate failure loads for masonry columns. The ultimate
strength of the concentrically loaded reinforced concrete columns as determined by Lyse et

al. [25, 26, 27] and Richart et al. [28, 29] is given by;

P, =0.85((Ag- A5) + f,4s - (2.8)
where; »
Py: Ultimate load for a tied column _
Ag: Gross cross sectional area of column perpendicular to the applied load
Ag: Cross sectional area of longitudinal reinforcement

i S - Standard concrete cylinder strength
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fy: Yield strength of longitudinal reinforcement

The formulation above, which is valid for reinforced concrete columns, suggests that

“the ultimate strength is considered to be made up of:

. Ultimate strength of the concrete core area defined in terms of the standard cylinder

strength of the concrete and,

° The load required for stressing the longitudinal reinforcement up to its yield point.

However, for reinforced masonry columns the load contribution of block shell,

concrete core and vertical steel is not the same with reinforced concrete columns.

- Sturgeon, Longworth and Warwaruk [10] have suggested the following formulation
for the ultimate strength of the concentrically loaded short, reinforced concrete blockwork
masonry columns. The expression has been proposed depending on the test results of nine
~ course high reinforced masonry columns that were constructed us1ng 400x400x200 mm

smgle core pllaster units and tested under axial loading.

P,=0.85"(4.— 4s5) + E,A/700 2.9
where; -
As: Column core area
E;: Elastic modulus of longltudmal steel

Moreover, British Standards [30] define the ultimate load as;
P, = (fr44)/1000 , ' ) (2.10)

where;
fx: Characteristic compressive strength of masonry

Ag: - Gross cross sectional area of column
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Another expression recommended by ACI 530/ASCE 5/TMS 402 [14] for the

evaluation of the ultimate load is given as;

© Py=(0.225f, Ag + 0.654£)/1000 | 2.11)

where;
S Specified compressive strength of blockwork masonry prism
fs: Allowable compressive stress of the reinforcement [19]

Khalaf, Hendry and Fairbairn [11] claimed that the ultimate load evaluated using the
equations given by British Standards [30] and ACI 530/ASCE 5 [14] underestimated
ultimate strength of reinforced masonry columns in the light of their experimental study.
The authors proposed the following equation for the ultimate strength, which was derived
by testing six course high reinforced concrete masonry columns. The tested columns were

constructed using 400x200x200 (full and half) concrete hollow blocks.
Pu= ' (Ag—45) + f2(4)/1000 2.12)

The term 0.85f;’ in Equation (2.9) was substituted by prism compressive strength, f,’
derived from te‘sting three course high full and half block prisms. The contribution of the
vertical steel to the ultimate strength was assumed to be based on half the yield strength, f;

of the vertical steel according to the test results.

Consequently, examining the proposed equations estimated for the calculation of
ultimate strength, it can be deduced that the load contributions of block shell, infill
concrete and reinforcing steel are the variables constituting the ultimate strength of the

reinforced concrete blockwork masonry columns.



3. EXPERIMENTAL PROGRAM

3.1. Materials
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_The materials used for the construction of the column specimens are readily available

on the commercial market like those used in general-purpose masonry construction. The

concrete block units were supplied from a local manufacturing company.

3.1.1. Infill Concrete

Three mix designs of concrete had been prepared for the column specimens. Mix

designs coded as M1, M2 and M3 were produced using the same mix proportions of

aggregates but with varying water:cement (w/c) ratio ‘in order to provide different -

compressive strengths (Table 3.1).

Table 3.1. Mix designs for infill concrete

WEIGHTS PER 1 M3 CONRETE (kg/m®)

SPECIFIC

- COMPONENTS v(slfg}fng)T M "z M3
(Columns C1, C2) (Columns C3, C4)| (Columns CS, C6)

NS (Natural Sand) 258 509 509 490
CSS (Crushed Stone Sand) 2.60 - 312 312 300
NO1 (Crushed Stone) 2.60 458 458 441
NO2 (Crushed Stone) 2.60 550 550 529
{Cement (PC 42.5) 3.15 300 300 270
Water 1.00 180 225 216
" TOTAL 2309 2354 2246

The maximum particle size of aggregates Dy, to be used for concrete should be less

than 1/5 of the minimum dimension of the concrete cross-section and 3/4 of the distance

between two reinforcements according to Turkish Standards (TS 500) [31]. Dpax of the

- aggregates used for the experiment was 16 mm which satisfied TS 500 [31].
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The mix propoﬁions of the aggregates given below were arranged sﬁch'vthat the
grading curve of the aggregate mixture lied between the limiting curves A¢ and Cj6 for

maximum particle size, Dyax of 16 mm in TS 706 [32].

Grading curve of the aggregate mixture given in Table 3.2 conformed the
requirements of TS 706 for aggregates of maximum particle size 16 mm except for sieve
size 0.25 mm. Although the minimum value of percent Passing for sieve size 0.25 mm
exceeded the value of the mixture, grading 'curve mix was satisfactory for the infill
concrete which should have higher workability than ordinary structural concrete (Figﬁre

3.1).

Table 3.2. Sieve analysis for concrete aggregates

% PASSING
SIEVESIZE NS css No1 | Noz AGGREGATE
. MIXTURE* -
0.25 mm 2 4 0 0 12
0.5mm 98 | 9 0 0 29.0
1 mm 99 13 0 0 29.9
2mm 100 57 0 0 377
4mm © 100 08 6 0 46.2
8 mm 100 100 71 1 63.1
16mm 100 | 100 100 100 | 1000
Fineness Modulus 201 4.19 6.23 699 | so4
(m)
* Aggregate proportions of the mixture by volume is; 28 percent NS, 17 percent CSS, 25 percent
NO1 and 30 percent NO2 :




100,0

0,10 1,00
. Sieve Size (mm)

90,0 iy /4 ::g:gregate Mix.
80,0 § / , ~-B16
i —-C16
70,0
> 60,0 : // / _
% 500 * /4
X 40,0 Ny //5 /.
Sp,o- ’ . /
20,0 / /f /
10,0 ——— y :
0,0 k ,
10,00 100,00

- Figure 3.1. Grading curve of aggregate mixture and TS 706 requirements [32]
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Volume of each .mix design of concrete used for two columns and cylinder

~ specimens, was 125 dm®. Three cylinder specimens of D = 15 cm and H = 30 cm were cast

for each mix design which had been cured under the same conditions with the column

specimens for 28 day strength test. Concrete was prepared in a concrete mixer of 250 dm>

capacity and slump of each mix design was measured by Abrams Cone at the same time

(Figure 3.2 and Figure 3.3). Table 3.3 gives w/c ratios, slump values and experimental

~ average cylinder compreésive strengths of mix designs M1, M2, M3.

Table 3.3. Mix design characteristics of the infill concrete

MIX DESIGN CHARACTERISTICS M1 M2 M3
water/cement ratio - 0.69 0.77 0.73
Slump 2cm 15cm 2cm
Cylinder compressive strength fc' (28 Days) 31.48 MPa 21.96 MPa | 28.23 MPa

| Column numbers ’ C1,C2 C5, C6

C3,C4
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The grout prepared for masonry construction must have high slump values (e.g. 20
cm) in order to ensure the necessary workability and complete filling of the voidé of
. concrete masonry units, in contrast to normal concrete [13]. The mix designs produéed for
the test had varying slump values, which were dependent on. w/c ratios and the aimed -
‘ strengths. Table 3.4 presents 28 day standard cylinder comprgssive strength values of the

infill concrete specimens.

Table 3.4.. Compressive strength of concrete cylihder specimens

- SPECIMEN NO. MAXIMUM LOAD (kN) COMPRESS(SE)STRENGTH
1 : 570.10 3226

© 2 - - 544.99 3095

S ‘ .

— 3 S 55396 3123
AVERAGE - 556.35 - 3148

~ 1 360.80 . | 20.42

3 | 20

5 2 1419.90 23.76

~ 3 383.40 - 21.69.
'AVERAGE 388.03 21.96

" 1 | 464.60 26.29

S ' : -

Y 2 | 562.10 31.81

= '3 ' T 469.60 26.58

g -
AVERAGE : - 498.77 2823

3.1.2. Concrete Blbck_Units_ :

The concrete block units are normal weight hollow loadbearing blocks manufactured
by the prefabrication factory according to ASTM C90 [33]. The physical and dimensional
properties of the two core hollow concrete block units and the bond beam units are given in

Table 3.5, Figure 3.4 and Figure 3.5.



Table 3.5. Physical properties of concrete block units
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: STANDARD HOLLOW o |
PROPERTIES CONRETE BLOCK BOND BEAM UNIT
’ UNIT
L (mm) 390 390
IB (mm) 190 190
et (mm) ) 190 190
.. [BLOCK WEIGHT (kg) 17.70 16,95
[DENSITY (kg/dm®) 2.33 227
IMAXIMUM WATER ABSORPTION 5.81 5.76
390
20 26 ‘w | 26 26 20
' 36 : e 0
| —l 1 | 136 l‘-" > 19
i @« ‘ w cfo
|8l - S P 7
A 5 A ’ rmn
(9]
P
[01]
w
g g W T
. 26 20
202 o~ 26 16—
AL SRS S S —
2 *Dimensions are
S given in mm
________________________________________ %
2~6>~30 128 34 128 30 50
SECTION A-A

Figure 3.4. Dimensions of hollow concrete block units |
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s il 390 _ .
A A | §
|—§ N | R w—150—2 g
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/////////

SECTION A-A

061
051

wo',-'

Figure 3.5. Dirhensions of bond beam units

- Additionally, the compressive strength tests of concrete block units had been carried
out by the manufacturer in accordance with ASTM C140 [34]. The results are glven in
Table 3.6. The compresswe strength of the concrete block unit is important because of the

following reasons;

° Higher strength gives better durability,
. Unit strength tests together with mortar strength tests can serve as the basis for:

determining the masonry compressiVe strength [13].

Concrete masonry products are defined as solid or hollow depending on whether they
contain more or less than 75 percent net solid horizontal cross sectional area [13]. The
concrete block units used in this experiment were hollow concrete units depending on the

classification given by ACI 530/ASCE 5/TMS 402 [14].
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Table 3.6. Compressive strength test results of block units-

7 Day 28 Day .
compressive compressive
load (kN) strength (MPa) load (kN) strength (MPa)

7 Day ultimate 28 Day ultimate

BLOCK TYPE

Standard hollow

concrete block unit 603.70 ,15-0? . 687.65 17.11

Bond beam unit 570.83 14.21 650.21 - 16.19

The bond beam units used in this study are manufactured for the purpose of
constructing lintels or beams in general masonry structures. The bond beam concrete units
were placed under each column that was composed of totally nine blocks in this study. The
function of the bond beams for column construction was to enable to fix the reinforcements

and to clear the mortar dropping in the column as the rest of the blocks were laid.

3.1.3. Mortar

Two mortar batches, H1 and H2 were prepared for column construction taking
requirements of TS 2848 [35] and TS 2717 [36] into account. TS 2843 [35] classifies the
mortar to be used for mésonry in five groups according to volumetric proportions of the
materials as given in Table 3.7. The mortar prepared for the experiment was Type A which
had cement:sand fatio by Sfolume as 3. Also, masonry sand used for moftar production
conformed the granulometrical requirements of TS 2717 [36] as given in Table 3.8. The
mésonry sand falls into coarse sand group as a result of the sieve analysis according to TS

2717 [36] (Table 3.8)..
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- Table 3.7. Mortar types classified with respect to types and proportions of components

[33]
MORTAR COMPONENT AND NUMBER
' Masonry | . Powdered
Sand Cement Lime Putt .
MORTAR TYPE (13)* (1.2)* Cement 1.3)" Y Lime
| (1.0)* ‘ ©0.6)*
1 2 3 4 5
A - 3 1 - - -
1 4 1 - - -
2 4 1 0.5 - -
B :
3 4 1 - - 0.5
4 4 1 - - 1
1 7-9 1 2 - -
c 2 5 g} - - -
3 5 1 - r -
1 6-8 1 - 2 -
D 2 6-8 1 - - 3
3 2-3 - 1 - -
E - 3 - - 1 -
*Volume Weights in kg/dm’
.. Proportions are given in volumes
Table 3.8. Sieve analysis of masonry sand
SIEVE SIZE | 8 mm 4 mm 2 mm 1 mm 0.5mm | 0.25mm |0.125 mm
% PASSING 100 94.3 78.8 41.1 15.3 4.7

o Boﬁazici'Universitesi-Kﬁtﬂphanesi O



Table 3.9. Granulametrical requirements for masonry s‘and [36]
TYPE % Passing by Weight
Fine Sand 0/2 Medium Sand 0/4 Course Sand 0/8
8 - - 100
4 - 100 90100 -
8 2 100 90-100 70 -95
o 1 90— 100 40-85 35-75
% 0.500 * * 25-55
0.250 * * 10-30
0.125 10-25 10—25 2-10
Fineness Modulus 1.40 -2.30 1.80-2.90 -
* Not Limited
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Two mortar batches of 30 dm?® were prepared using the mix proportions given in

Table 3.10. Each batch was used within 3 hours to insure the necessary workability of the

mortar being used.

Table 3.10. Mix proportions by weight and volume

Weight per 1 m® (kg) Volume (m*) Density (kg/dnf")
Cement 400 333.33 ~1.20
Sand 1300 1000 130
Water 250 250 1.00

Six 4.00 x 4.00 x 16.00 cm® specimens were cast. for each mortar batch in order to

obtain 28 day compressive strength of the mortar. TS 2848 [35] specifies minimum

compressive strength for mortar Type A as 14.71 MPa, which was conformed by mortar

batch, H2. Compressive strength of Hl1 mortar specimens was lower than minimum

strength for mortar Type A (Table 3.11). The twelve specimens of mortar were stored in

steel moulds for 24 hours and then were cured in water. All of the mortar specimens were
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- tested at the 28" day after they had been cast. The compressive strength of mortar batches

are _li_sted in Table 3.12.

Table 3.11. Minimum compressive strength of mortar [3 5]

MINIMUM COMPRESSIVE STRENGTH
MORTAR - -

kgf/cm® N/em?

A 150 1471

B 110 1079
c 50 490
D 20 196
E 5 49

Table 3.12. Compressive strength of mortar specimens

SPECIMEN NO. COMPRESSIVE STRENGTH, f,..’ (MPa)

1 11.65
2 11.65 .

8 3 12.26
k3 4 14.72
c':): 5 18.39
| 6 15.94
AVERAGE 14.10
1 15.33
2 15.94
e 3 15.94
23 4 17.78
E:): 5 19.01
6 19.01
AVERAGE 17.17
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3.1;4. Reinforcement

4(1)10 vertical bars and ®8 lateral ties were used for the construction of columns
which were all deformed reinforcing bars with the minimum yield strength value of 420
MPa. '

According to ACI 530/ASCE 5/TMS 402 [14], the percéntage of vertical column
reinforcement should not be less than 0.0025A, nor exceed 0.04A, and the minimum
number of bars should be 4. Vertical reinforcements of 4010 deformed bars confbrm the
stated requirements which also enable a comparison of strength characteristics with

reinforced columns.

* Lateral ties of ®8 deformed bars were bent to 135° degree turn with an extension of 6
bar diameters at the free end of the bars conforming ACI standards [14]. Lateral tie"

detailing of masonry columns is given in Figure 3.6 and Figure 3.7.

- 390 ' :
K
I:I X
’ ..... A
1 = -
o -
______________ 1298
L
y

*Dimensions are
given in mm

Figure 3.6. Lateral tie detailing of the columns
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Filgure.3.7. Placement of lateral ties into the hollow blocks

- Lateral ties were embedded into the cores of the standard blocks whose mldwebs
were cut out by dlamond saw to enable the lateral ties to be placed into the blocks. Thus
matching of mortar joints and the lateral ties was avoided [11] and lateral tie spacing was
kept a constant distance of 190 mm throughout the height of each column. Additionally,
vertical bars and lateral ties were connected to each other with wires. A previous study had
shown that placihg lateral ties at the mortar joints causes a high concentration of tensile
splifting stresses around the ties, resulting in a reduction in the compressive strength of the

masonry column [8].

The reason of reinforcing the columns with vertical bars was to increase the axial
load carrying capacity of the columns. Also, lateral ties were used to provide confining

effect to the infill concrete.
3.2. Column Fabrication

The reinforced blockwork masonry columuis were constructed as fully’bedded (entire
cross-section of the concrete block units were covered with mortar) and stack bonded
(placement of units is such that head joints in successive courses are vertically aligned) by
an experienced mason. Six column specimens were prepared for the experiment by using

190 x 190 mm x 390 mm cross section standard load-bearing concrete hollow block units
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and bond beam ‘units. The reinforced masonry columns had mortar joints of 10 mm
thickness and they were all 9 course high with an h/d ratio of 9 42 This value was
satlsfactory to ensure that the slenderness would not effect the test to be carried out under N

axial loading.

_ Each base block of the columns was a bond beam that did not have end shells and the
midweb. The geometry of the bond beams made it possible to clear any morta.r dropping
during column construction and to fix the vertical bars to the first lateral tie.. The rest of the -
blocks were standard two core hollow block units whose midwebs were cut 20 mm deep
and 20 mm wide grooves. These grooves were necessary to fix lateral ties into the cores of

the hollow blocks and to avoid lateral ties to match with the mortar joints [11].

The mortar used for the construction of the nine course high reinforced blockwork
masonry columns was prepared as two identical mortar batches, Hl and H2 according to
TS 2848 [35] with the details being described in Section 3.1.3.

Before adding the water needed for mortar paste, sand and cement had been mixed
until obtaining a dry homogeneous mixture. The water was then added to the dry mixture
gradually to obtain the consistency of the mortar paste. Block surfaces were prewetted in -

order to reduce water suction and to prevent premature stiffening of mortar [13].

After fixing the vertical bars and the first lateral tie into the bond beam, thé mortar
was laid on the end shell of the bond beam. The remaining eight hollow block units were

. laid one on other by;

. passing their cores through the fixed vertical bars,
. fixing the lateral tie into each block and to the vertical bars,

e laying the mortar with 10 mm thickness onto each block.



Figure 3.8. Construction of the columns

as given Figure 3.8. The lateral ties and the vertical bars were attached to each other with
wires before the placement of the following block onto the other block units. The details of

the reinforcements were as described in Section 3.1.4.

After construétion‘ of the nine r’c.ourse high reinforced hollow block columns, they
‘were. cured under ambient conditions for 7 days to allow the mortar joints to gain their

strength.

The columns were then filled with 3 different types of infill concrete which were
prepared in a 250 dm® capacity concrete mixer. After wetting the cblumns, the infill
concrete being prepared according to TS 706 standards [32], was cast into the cores of the

corresponding columns and compacted in layers within the hollow blocks.



32

- While casting the infill concrete, U shaped steel bars were placed onto each column
in ofder to assist the mobilization of the heavy columns by the crane. These steel bafs were
then cut off after placing each column under the testing pump. After castihg, the columns
~ were cured by water for 7 days and left under ambient laboratory conditions for the

remalmng 21 days.

Consequently, six reinforced blockwork columns were constructed with varymg
mortar and concrete properties but with the same relnforcement details. Configuration of
each column is described in Table 3.13 briefly. A brief sketch of column specimens and

: d1mens1ons are shown in Figure 3.9.

Table 3.13. Column conﬁguratidn

' COLUMN NO. 1 : | S I | o
PROPERTIES C1 C2 | c3 , (':4. | c©s C6
INFILL CONCRETE R I '
TYPE M1 Ml M2 M2 M3 M3
MORTAR TYPE. H1 H1 H1 H2 H2 H2
VERTICAL : '
401 1
REINFORCEMENT 4010 4010 4010 4010 Ao 4910
LATERAL TIE @8 @8 o8 @8 - @8 @8
LATERAL TIE :
: 190 190 mm 190 mm 190 mm
SPACING 190 mm 190 mm 90 mm
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Figure 3.9. Column specimen dimensions
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3.3. Instrumentation

The vertical deflections of the columns under incremental loading were recorded by

the linear variable differential transducers (LVDTs) at every second. These transducers

were fixed on pin supports, which were attached on midheight of third andk seventh blocks

with thin steel pipes about 80 cm in length. LVDT1 was mounted on the end webs and
LVDT?2 was mounted on the face shells of the block units. o

After positioning the column under the testing machine with the help bf the crane,
- the U shaped steel bars that were embedded on the top surface were cut using a-disc
grinder. A steel plate with 50 mm thickness was placed onto the column in order to provide

the uniform distribution of incremental loading.

- Vertical load was applied by two heads of 1000 kiloNewtons (kN) capacity hydraulic
testing machine. Testing machine was operated through the hydraulic pump for which 20
bars of pressure corresponded to 70.70 kN of loading. At each level of load increments, the

data collected by LVDTs were filed in computer.

To prevent any possible damage to the instruments, LVDTs were removed just
before column failure. Test mechanism related to the experimental procedure is shown in

Figure 3.10 and Figure 3.11.
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Figure 3.10. Test mechanism of the columns
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4. NUMERICAL MODELLING OF REINFORCED CONCRETE
BLOCKWORK MASONRY COLUMNS

4.1. Introduction

Nonlinear ﬁmte element modelling of the remforced concrete masonry columns has |
been developed by using LUSAS 13.3 [37] which is an assoc1at1ve feature based modeller
program. The model geometry is implemented in terms of features, which are subdivided

 into finite elements in order to perform the analysis by the program. [37].

The computer program used for modelhng has the advantage of a preprocessor for
meshing the system, assigning the materlal properties and models; and defining the loading

conditions; and a postprocessor for graphical presentation of results.

The constituents of reinforced masonry column concrete block, - 1nﬁll concrete :
mortar and reinforcement were represented by different elements wh1ch enabled material -

properties to be assigned separately within the model.

The generation of the finite element mesh was conducted with the assumptions that
the fillets at the edges of cores were squared off and tapering of the block cross section was

negligible in order to simplify the complexity of the geometry.

Three dimensional nonlinear finite element modelling of the columns was based on
the failure models representing the nonlinear behavior of constituent materials that were
available in the compnter program. Actual behavior of concrete materials depends on the
physical and mechanical properties of aggregates and cement paste; and nature of loading.
- Complicated mathematical models are necessary to describe the strength' of real materials

under various loading conditions. Section 4.2 describes the failure criteria of isotropic

materials under various stress conditions.
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4.2. Failure Surfaces and Models

The strength of concrete under multiaxial stresses is a function of the state of stress.
The interaction of various components of state of stress should be considered in order to

determine strength of concrete elements.

Failure criteria of isotropic materials based on state of stress are defined by functions

of principal stresses, which are independent of the choice of coordinate system.
f(Gl,GZ,Q'3)=O . . o (41)

Equation (4. 1) is inadequate to establish failure criteria coﬁceming multiaxial state of |
stress due to the difficulties to supply a geometric and physwal explanatlon of fallure
Prmc1pal stress invariants Il, J» and J; are used for expressing pr1n01pal stresses o1, 63 and
o3 in order to formulate various failure criteria of materials. Thus Equatlon 4.1 can be

replaced by;
S J5,J5)=0 ' (4.2)

‘The principal-stress invariants can be expressed by the following equations;

L=c+ oyt o= @3)
= %(512 +55+53) = -]6-[(0-1 -0,)" +(0,~ ) +(05— 0'1)2] 4.4)
Js i%(sf +s; +53) = S1S2.§3 4.5)

General shape of a failure surface for an isotropic material is described by its cross
sections perpendicular to hydrostatic axis with &=constant and ‘ghe intersection curves
between failure surface and the meridian plane containihg hydrostatic axis with

=constant. Hydrostatic axis d is tﬁe diagonal axis making equal angles with the principal

axes in the principal stress space (Figure 4.1).
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The diagonal d axis is the hydrostatic stress state and the planes perpendicular to the

d axis represent the pure shear state of the stress named as deviatoric planes. 0 is the angle

of similarity defining the projection of the deviatoric plane on o, axis as shown in Figure

4.2.

o

/

G

Play,ay, 1)

Figure 4.1. Representation of stress in principal stress state [38]

Figure 4.2. Deviatoric plane in the principal stress space [38]
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Using the fact that the cross sectional shapes of the failure surface have threefold

symmetry due to the material isotropy, it is necessary to perform experiments between 6=0

and 0=60° sectors.

0=0° and 6=60° sectors are the two extreme conditions corresponding to tensile
meridian and compressive meridian, respectively (Figure 4.3). The failure curve is nearly
triangular for tensile and small compressive stresses (corresponding to small values of &
near the © plane). It becomes increasingly more circular for higher compressive stresses

(corresponding to high hydrostatic pressures or increasing ).

T T 1 5

\ . ) qs ’

B N Compressive meridian
\

"~ 6=60° 14

Tensile meridian \ X |,
=0° . \ \ 1
\\\\
N
~8 -7 -6 -5 —4 -3 -2 —f
: S Mean values

-t

Figuré 43 General character of meridians based on the experiments of Launay et al. [39]

4.2.1. Shearing-Stress Criteria

The effect of hydrostatic pressure on the yield value of the material is negligible for
metals and concrete under high pressure. This condition causes the shearing stress to play

the major role on yielding of the metals. Tresca and Von Mises are the failure criteria

based on the key variable “maximum shearing stress”.
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Tresca yield criterion states that the yielding of the material starts when the
'maximum shearing stress at a point reaches a critical value k, which is determined

experimentally as half of the yield stress oy for reinforcing steel. Mathematical definition

of the criterion is given as;

max(3[o; - ;. 4|0, — o3.4loy — o) = & - (4.6)

The k value is the yield stress in pure shear, which can be éxpfessed as;

% _ %\/T2 [(cosé’ —cos(d '+2—3’5)} -k @

for 0° <0 < 60°. Also, Tresca criterion can be expressed as;

[(J58) =T, sin(@ +%)’—k =0  or (4.8)
£(r,0)=rsin(@ +%) 2k =0 | 4.9)

The maximum shear stress criterion corresponds to a prism whose cross section is a
hexagon in three dimensional stress coordinate system as shown in Figure 4.4. Also, the.
projection of 'Tresca failure surface on (01-02) coordinate plane is the hexagon

circumscribed by Von Mises ellipse as given in Figure 4.5.

Von Mises yield criterion differs from Tresca Yield Criterion that the critical value k

is defined as;

r =JEJ, =2k and a—fk 1732k (410

f)=, =0 » (@4.11)

Von Mises yield curve is given by Equation 4.12).



Inner bound

QOuter bound

/ Mises’ circle .
Vi F(Jy,J3)

Tresca's hexagon

FJy, 73y =03 22503 — k5 =0

Figure 4.4. Shearing stress criteria on deviatoric plane [38]

42

The general yield criterion of an isotropic material on the deviatoric plane (Figure

4.4) is defined by the equation;

f (U, Jy)=J; =225J2 ~k° =0

G2

/ Mises’ ellipse

FU,,93)

Tresca's hexagon

o1

FUy, 05 =03 - 2255 - k6 =0

Figure 4.5. Shearing-stress criteria on the coordinate plane o3 = 0 [38]

(4.12)
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4.2.2. Mohr-Coulomb Criterion
Mohr’s criterion states that the failure is governed by the relation between the
limiting shearing stress T and the normal stress . The simplest form of Mohr’s failure

envelope is the straight line, given in Figure 4.6. The equation for the envelope is given by

the general expression;
|r|=c—0'tan¢b . (4.13)

where c is the cohesion and ¢ the internal friction angle of the material. Equation (4.14) is

identical with the equations (4.15) and (4.16) which can be derived from Figure 4.6 for

G1 = 03 = 03,
o_ll+sm¢_o_31—sm¢=1 ‘ | (4.14)
2ccos¢ 2ccosg
&% (4.15)
A2 ,
. o2
where: fc=2cc?s¢ d f= cc?s¢
1-sing 1+sing

Mohr-Coulomb failure criterion can be described by the following equations, alternatively;

o |
f(II,JZ,H)=%Ilsin¢+\[._];sin(9+%)+\/—:cos(9+—;£)sm¢—ccos¢=0 (4.16)

N

f(&,r,0) =ﬁfsin¢+ﬁrSin(a+§')+"COS(9+Z3T‘)Sin¢“‘/g"°°S¢= 0 (“.17)

with 0° < 0 < 60°
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e

Figure 4.6. Mohr Coulomb criterion [38]

P

Teo

(@)

3—sing

®)

Figuré 4.7. Mohr-Coulomb criterion: (a) meridian plane, 6 = 0° (b) = plane [38]
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0,/f%

os/f;

Figure 4.8. Mohr-Columb failure curves on the deviatoric plane [38]
The characteristic lengths r, and ., on the = plane corrésponding to 0 = 0% and 60° in

Figure 4.7 can be derived from Equation (4.17) for £ =0,1=r1,0,0 =0%and £ =0, r = re, 0

= 60° as given by the following equations;

.o 2\/€ccos¢ _ \/gfc'(l—sinqﬁ)

: . : (4.18)

©  3+sing 3+sing

. =2\/gccos¢=\/gfc'(1—5in¢) (4.19)

% 3-sing 3—-sing :
_’7L=3?Sin¢ (4.20)
r.  3+sing

G

A family of Mohr Coulomb cross sections in the 7 plane for several values of ¢ is
shown in Figure 4.8. For ¢ = 0 (f;’ = f;") the hexagon becomes equivalent with Tresca’s

hexagon.

Mohr-Coulorhb criterion can be combined with tensile strength cutoff for a better
approximation in the tensile stress zone. In such a case, the maximum tensile strength, f;

(experimental uniaxial tensile strength) for cutoffs is not the same with the fictitious tensile

strength identified by Equation (4.16).
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4.2.3. Drucker-Prager Criterion

Drucker-Prager criterion eliminates the difficulty and complications’ of numerical
solutions of Mohr-Coulomb criterion which is caused by its hexagonal corners forming an
outer bound to the general failure surface. The hexagonal pyramid shaped Mohr-Coulomb

failure surface turns into a smooth conical shape for Drucker-Prager criterion in the

deviatoric plane as shown in Figure 4.9. Equations expressing Drucker-Prager criterion are

given as;
fUpJy)=al +\JJ, k=0 or (4.21)
fE& ) =6as+r-2k=0 . (4.22)
where;
& =‘f] /3 and r =2J,
O3 Drucker -Prager

Mohr-Coulomb

Figure 4.9. Drucker-Prager and Mohr-Coulumb criteria [37] |
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Drucker Prager criterion has mainly two shortcomings in connection with concrete
modgling, the linear relation between € and r and the independence of the angle of
similarity 0 (Figure 4.10). Mohr-Coulomb hexagonal failure surface is approximated to
'Drucker-Prager cone by in_tersecting the failure curves along the compression meridian or

the tensile meridian. The positive constants of Drucker Prager surface, o and k are derived

as;

o= 231n€15 k= 6ccos.,¢ (4.23)
V3(B-sing) J3(3-sing) :
for compressive meridian r., where 6 = 60° and
o= 2sing = 6ccos.¢ (4.24)
33 +sing) V33 +sing)

. . g 0
for tensile meridian r;, where 0 = (",

Ve J70 = V2

- Figure 4.10. Meridian plane for Drucker-Prager criterion [38]
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The previous experimental dafa [40, 41] show that the reil.at'ior'l between & and r is
nonlinear for the compression and tensile meridians. The internal friction angle of the
-concrete materials in the compression zone, ¢c has been stated to vary between 30° and 40°
,by plotting alternative slopes to the compressive meridian given in Figure 4.11 [42, 43].
Cohsequently, O = 33.5° has been used as the intemal friction of the cdncrete blocks and

the infill concrete for the implementation of the Drucker-Prager material model.

Both Mohr-Coulomb and Drucker-Prager failure criteria are applicable models for

- materials that exhibit volumetric plastic strains, such as concrete, rock and soils.

rife
_ s
T T T T T T T T2
O -
g s A
TR ‘ - 10
n > . |
)
' . \)“\ Compressive meridian g
B < o=60"" -8 .
N
- -~ _
o
- { 1
o . - Uniaxial
Ny .
B Tensile meridian, § = 0° S compressive
| R mer T~a - O\W\ strength
<2
Y o ~4
- -
— ’ ) Equal biaxial compressive strength -
IR IR NSNS AN NN NN SN NN NN B —-tife
—-18 ~16 ~14 -12 -10 -8 -6

Figure 4.11. Test results along the tensile and compressive meridians [40, 41]
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4.3. Solution Methods for Nonlinear Finite Element Analysis . -

- Nonlinear analysis of materials for which the relation between the external load and
the displacement is in the form of a first-order differential equation, involves a series of

load i increments {AR}n and corresponding displacement increments, {Ad}.

The combination of the incremental method, in which the structure is loaded in small
increments with an iterative process, is an optimal approach in order to satisfy the
equilibrium conditions. Thus, for each incremental load on the system, the actual tangent
stiffness matrix, [K]; is estimated by using the material elastoplastic tangent stiffness

matrix [D]® which is derived from the flow theory of plasticity. The relation is given by;
{AR}=[K ]l {AS} ‘ | (4.25)

After the completion of each incrementation, the residual force is calculated in order
to evaluate whether the solution is completed or not. The residual force is the unbalance
between internal force and the external load wh1ch can be regarded as the part of the load

that has not yet produced any displacement [37]. The residual force vector is calculated as;

{p@)}=[[B] (v - (R} @426)

The evaluation of the residual force vector and the correction of the solution are
named as equilibrium iterations. The iteration procedure is carried out up to the point that

the residual force is smaller than a presdribed negligible value.

Newton-Raphson iteration is one of the most favorable methods in order to achieve
the convergence of each incremental load. During the iterative process, reevaluation of the

stiffness matrix depends on the nonlinearity of the problem at given inc‘rementation.
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4.3.1. Solution Algorithm for the Nonlinear Finite Element Analysis

The solution of the nonlinear finite element problems consist of a series of load
increments {AR}n ‘corresponding to the incremental displacement {A8}, with the tangent
stiffness matrix [K;]. First incremental displacement {A8}; is estimated by solv1ng the
system with a representative linear tangent stiffness matrix [K:] which does not conform

the equilibrium state. within the incrementation. The stress vector {G}, and the hardening
parameters &) and k" are obtained at the end of the n" loading increment. Each incremental
process involves a number of iterations, which must be performed for the determination of

the next pomt on the equ111br1um path.

The evaluation of the stress vector {G}n; is summarized briefly by the following

steps.

1. Incremental displacement {A8},.; is estimated by using the preceding tangent

stiffness matrix [Ki], and the incremental loading {AR}+1 with the relation;
s, =[] @8, (4.27)

The corresponding strain vector {A€}+; is calculated as; |

{Ag}nﬂ [ ]{Aa}nﬂ (428) ’

where [B] is the strain matrix.

2. The incremental elastic stress {Ac’}1 and the current elastic stress {0’} is

calculated as;

{Ab—c}n+] = [D] {Ag}nﬂ ‘ (429)
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0%}, ={0}, +{Ac"},., (4.30)
where [D]° is the elastic material stiffness matrix.

bThe stress invariants Iy, J, J3 and 6, and the yield function f({c}, &p, k) are evaluated
for the stress vector {®}n+. Using the hardening parameters &) and k", the yield

function is expressed as;
f{ Y60 k") = 1, @31

The vnegative values of the yield function fi, indicate the elastic state of stress
whereas the positive values of the yield function correspond to the plastic.sta'te. The

- function being equal to zero defines the general form of yield surface. -
If £,<0, the system is :in the elastic zone meaning that:

{867},, =0 (4.32)

{O'}‘"H = {Ge}n+l : (433)
The incremental (n+1)" solution is completed.

If £;>0, the solution is followed by sfep 7 setting f<0.

The scaling factor r is a tool for the initiation of the iteration process involving the
transition of the stress state from elastic to plastic. Figure 4.12 is a geometric

interpretation of the transition. The stress state at C can be denoted as;

{o°}={c"}+r{Ac"} o (439
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for which r{Ac*®} is the portion of the stress increment where the plastic behavior is

first taken into account. The simplest approximate value of =T iS;

Jy | ‘
R=——"0_ (4.35)
L h-A
Evaluation of the yield function gives;
f({o"’}+r,{Ac7“},£;,k")=f2 #0 (4.36)

" A better ap‘proximationv of the scaling factor can be expressed as;

‘r=r]+Ar,=r1——#— | | | @37
B
oo

If f;=0, the scaling factor r is set to zero and r is calculated as;
K=1-r=1 ‘ (4.38)

The solution is continued from step 8.



33

f(a{j: €p$ k) =0
—

Figufe 4.12. Transition from elastic to plastic state [38]
7. Scaling factor is evaluated according to equations (4.35) and (3.37).

- 8. The iterative value of the stress {c}; is calculated as;
{o},={c},+r{ac} (4.39)

Sub-incremental stress and strain vectors are estimated by the division of the elastic

stress and strain vectors into m smaller intervals as given by the following equations;

{de}, =(1_—rJ{A8}n+] (4.40)
m .

e 1-r e

{ao*}, =(—m—){A‘f b (4.41)
"9, The stress invariants for {c}; and the hardening parameter H =do, lde, are

calculated by using €, from the uniaxial stress-strain curve.
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The plastic material stiffness matrix [DY? is calculated using the elastoplastic material

model in order to evaluate the plastic portion of the iterative stress state.

Using the plastic material stiffness matrix [D)P;

{do}, ={do*} -[DT {as}, (442)
is calculated and the stress vector is updated as;
{0} =10}, +{do}, - (443

The plastic work done per unit volume and the plastic strain increment are calculated

. for the current stress value.

The stress vector {o} is corrected by the stress correction vector {60} which is

given as;

{60} =- (4.44)

f3 is the final value of the yield function which is the small deflection from the yield
surface. The correction vector {do} prevents the cumulative increase of deflection

from the yield surface at the forward steps of the analysis.

The consecutive steps starting from 9 up to 14 are reevaluated for {c}+1. This loop is

carried out up to the stress value {o},+1 where the iteration is finalized for the (r+1)™

incremental load.
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5.0 -~ Adhu o), ={ad},,  @4)

is the total change in the stress vector for the (n+1)™ incrementation. The change in

plastic stress vector {f}n1 is evaluated by;

The 15 steps described above are reapphed to the next 1ncremental loadmg until the
“total load {R} is completed. For every load step, the residual force vector {0(d)} is also
evaluated up to the level where the residual reaches to the neghg1ble value for the

termination of the total nonlinear solution.

4.4. Description of the Finite Element Model

- 4.4.1. Meshing Elements

- The three dimensional column geometry was generated by meshing the constituent
niaterials; blocks, infill concrete, mortar and reinforcement. Meshing of the three
dimensional materials; blocks, infill concrete and mortar was developed by using eight
noded isoparametric solid continuum elements. Vertical and lateral reinforcements were

meshed by using two noded three dimensional isoparametric bar elements [37] (Figure

4.13)."

Figure 4.13. Eight noded hexagonal element and two noded bar element
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Eight noded three dimensional continjum elements are generally applicable to the
cases where the stress field is fully three dimensional, that is, it cannot be approximated
with two dimensional elements. Eight noded hexagonal continium elements enable the
- solution of normal and shear stresses and strains in three dimensional global system..

Moreover, principal stresses and strains with their corresponding direction cosines may be

obtained.

Two noded bar elements are suitable for modelling reinforcements and truss
elements. Two noded isoparametric bar elements utilize the solution of ax1al stresses and

- strains, Wthh are the main solution parameters of the remforcement

Combination of eight noded continium elements with two noded bar elements is

attained through matching of the nodes facing one another.

Modelling of the cohceritrically loaded reinforced masonry column was developed
- by constituting one forth of the column geometry using the advantage of symmetry and
uniform loading of the system (Figure 4.14). Nodes of the surfaces on the planes of
symmetry perpendicular to x and y directions were restrained for x and 'y displacements,
respectively. Top surface of the column was subjected to incremental distributed loading in
—z direction. Degrees of freedom on the bottom surface of the column were fully restrained

- in all directions whereas tran_sllation in vertical direction of top surface was kept free..
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Figufe 4.14. Column and block geometry




4.4.2. Material Properties
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Material properties of constituents were defined and assigned to the corresponding
‘meshes by using the material characteristics listed in Table 4.1. |

Table 4.1. Material characferistics used for nonlinear modeling -

(MPa)*™*

MATERIAL INFILL , | REINFORCING
CHARACTERISTICS | CONCRETE | BLOCK MORTAR STEEL
, 500f,” * 5008, * 500f,,’ * :
Elastic modulus E (MPa) 1000£! *+ 1000, ** 1000F,,' #* 200 000
Poisson's ratio v 02 0.2 0.2 0.3
Plastic material model | Drucker Prager | Drucker Prager | Drucker Prager Von Mises
Initial yield strength of ) i ) 420
reinforcement f, (MPa)
Initial cohesion ¢ (MPa)* 0.251 0.25 0.25 f, -
Initial friction angle ¢ 33.5 33.5 1.519 £, -

¥ The expressions for ¢ is based on the previous studies [44]

™ The expression for ¢ is based on the previous studies [42, 43]
* Elastic modulus for model columns M3b and M4b

** Elastic modulus for model columns M3a and M4a

where;

fc’: Specified cylinder compressive strength of infill concrete

fy’:  Compressive strength of concrete block

fme’: Compressive strength of mortar
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Isotropic plastic materia] models, Drucker-Prager and Von Mises were used for
npnlinear analysis of the column [6, 38]. Drucker-Prager model was applied to the eight -
noded solid elements corresponding to infill concrete, block and mortar whereas Von

: Mises model was used for the two noded bar elements referring to vertical and lateral
reinforcement. As previously discussed in Section 4.2.3, Drucker-Pragér criterion is
applicable to materials which exhibit volumetric plastic straining such as soil, concrete and
rock. The yield surface defining Drucker-Prager criterién was expressed by Equation |

(4.22) with the positive material constants aand k where;
2 Sin ¢
V3(3-sing)

i = 6ccosi¢
-~ \BB-sing)

for the materials under compression. Therefore, the internal friction angle, ¢ and the
cohesion, ¢ are the main parameters necessary for the implementation of Drucker-Prager

| isotropic material model.

~ Von Mises criterion discussed in Section 4.2.1 is the most universally accepted yield
criterion for metals. The yield surface defined by the ériféridn was expressed by Equation
(4.10) with the const_ant k, which is the yield stress in pure shear. Yielding of metals under
uniaxial tension occurs when 61 = 6y and o, = o3 = 0. Thus, substitution of the principal

stresses in equation (4.8) results with the expression;
o, = NeY

where oy is the tensile yield strength of the metal. The reinforcement elements of the

columns were modelled using Von Mises criterion.
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4.5. Application of the Model

MOng masonry columns tested under axial loadmg, column specimens C3 and C4
were modeled by using the nonlinear finite element analysis program. The model columns
named as M3a, M3b and M4a, M4b had the same type and percentage of vertical
reinforcement with 190 millimeters (mm) constant tie spacing as described in the
experimental program. Lateral ties were meshed at the top surface of each concrete block,

also having contact with the bottom surface of each mortar layer.

Model columns M3a, M3b and M4a, M4b had the same material properties with C3
and C4 columns, respectively. Elastic modulus of the infill concrete, the concrete block

and the mortar was defined by;

E, =500£
Ey = 5QOfbl’ :
Epr = 5007,

for fhe column models, M3b and M4b. The lower bound of the stress strain curves
obtained from the experimental data are developed by the column models M3b and M4b.

Columns M3a and M4a were modelled by using the elastic modulus;

E, =100
Ey = 10007
Epy = 10007,

which form the upper bound of the stress strain curves. Details of the model columns M3a,

M3b and M4a, M4b are described in Table 4.2.



Table 4.2. Description of the mode] columns M3a, M3b and M4a, M4b

MODEL PROPERTIES

0.3

M3a M3b Mda M4b
ﬁ?:k[;resswe s_trengt.l' ofconcrete | oo | ey | 17.01 17110 | 17 | 17
conpressive strength of nfil i | ™Pa) | 2196 | 2196 | 2196 | 2196
Compressive strength of moftar for' | (MPa) 14.10 14.10 17.17 17.17
reinforcmens 5" oo | a0 | a0 | a0 | a0
Area of lateral ties Au (mm?) | 5027 50.27 5027 | 5027
Area of vertical reinforcement. Ay | (mm?) 78.54 78.54 78.54 78.54
Elastic modulus of concrete blocks | Ey (MPa) | 17110 8555 17 110 8555
Elastic modulus of infill concrete E. | (MPa) | 21960 10980 21960 10980
Elastic modulus of mortar Ene | (MPa) | 14100 7050 17 170 8585
Elastic modulus of reinforcements _ Eg [ (MPa) | 200000 | 200000 | 200 000 _ 200 000
Initial cohesioh of concrete blocks ¢y | (MPa) 4.28 4.28 4.28 4.28
Initial cohesion of infill concrete ¢ | MPay| 549 5.49 4.49. 4.49
Initial cohesion of mortar Cmr | (MPa) 3.53 3.53 4.29 4.29
Internal friction of concrete blocks O | "~ 33.50 33.50 33.50 33.56
Internal friction of infill concrete * | 4, 350 | 3350 | 3350 | 3350
Internél friction of moftar Oear - 21.42 21.42 26.08 26.08
Poisson's ratio of concrete blocks Vol 0.2 02 0.2 0.2
Poisson's ratio of infill concrete Ve 0.2 0.2 0.2 0.2
Poisson's ratio of mortar Var 0.2 0.2 0.2 0.2
Poisson's ratio of reinforcements 0.3. 0.3 0.3

61



62

5. DISCUSSION OF ANALYTICAL AND EXPERIMENTAL
RESULTS

5.1. Failure Behavior of Columns Tested under Axial Loading

The concentrically loaded masonry columns were observed to fail in various modes
depending on the concrete core strength characteristics and degree of compaction during
filling process. Detailed observations of failure modes of each column are explamed as

: below

Column C1: Before reaching the failure load, fhinor cracks were observed at first and
third block end webs which propagated through the fourth block shell up to the fallure load
level. The column failure was dominated by splitting and separation of face shells of
second and third blocks from concrete core. The concrete core was observed to crush under
the separated block shells at the failure load (Figure 5.1). Althdugh the concrete core-
possessed the highest strength among the conerete specimens, the column C1 exhibited
premature failure. The tapering of the block cross section changlng through the block
height prevented the penetration of fresh concrete within the cavities causmg the premature

column failure.

Also, buckling of vertical reinforcements could be observed between lateral ties
Wlthln the second block unit. Addmonally, crushlng of upper parts of block shells were

observed under the steel loading plate

Column C2: Failure of column C2 took place by complete splitting of the face shells and
. the end webs from sixth block to ninth block. Minor cracks initiating from lower block
shells propagated through the fifth and sixth blocks up to 50 percent of the failure load.
These cracks widened and caused sudden splitting of block shells at the failure load. Local
crushing of block shells was observed under steel loading plate for e_olumn C2. Extensive

buckling of vertical reinforcements could be clearly seen between the lateral ties of seventh
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block causing sudden splitting of face shells. Crushing of the concrete core inside could be

1nspected clearly.

Both columns C1 and C2 having low slump values of concrete exhibited premature
failure. The penetration of the fresh concrete within the reinforcement and the blocks was

prevented by the block geometry causing the premature failure.

Column C3: The vertical cracks of the block shells initiating about 65 percent of the
failure load were observed to propagate through the fourth block shell before reaching the
ultimate load. Failure mode was dominated by complete spllttmg of face shells and end
webs from second block to fifth block (Figure 5.2). It is noted that the block” shell, concrete
core and reinforcement interface bond was best achleved in this column Buckling of the
~ vertical reinforcement was observed at the fifth block region for whlch crushing of the

concrete core could be seen under the block shells (Figure 5. 3).

~ Column C4: Failure of the column C4 occurred with splitting of face shells of eighth and ,
ninth blocks. At 70 percent of the failure load, vertical cracks were formed at the corners of
seventh block shells, which widened and propagated through the eighth block shell causing
the failure of the column. Buckling of vertical reinforcement was observed between lateral
ties ineide the eignth block unit (Figure 5.4). Similar to the observations from column C3,

concrete core and block shell interface bond was successfully achieved for this column.

Column C5: The column failure was caused by splitting of face shells and end webs from
second block to fourth block. Extensivebuckling of vertical reinforcement was observed at
the region of fourth block shell. The vertical cracks originating from the first and fourth
block shells propagated and joined vertically causing the separation of intermediate block
shells from the concrete core. Concrete core and block shell interface bond could not be
achieved successfully at the region of the block shells that split outwards (Figure 5.5). This
behavior is a foreseeable result of tapering of the web shells that hinder the penetration of

the infill concrete between the reinforcement and the_ block shells.
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Figure 5.1. Vertical cracks at the block shells of column C1
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Figure 5.4. Splitting of shells and vertical reinforcement buckling (column C4)
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Figure 5.5. Failure of column C5
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Column C6: Vertical major cracks on the face shell corners of second block forming at
about 90 percent of the failure load propagated at upward direction. Failure was caused by
complete separation of the sixth to the seventh block shells from the concrete core. Also,
vertical reinforcement- buckled extensively at the region of 'seventh block. Similar to

column C5, 1nterface bond between concrete core and block shells could not be achreved

successﬁ.llly for this column (Figure 5.6).
General remarks on the failure modes of columns can be summarized as below;

o The major crack propagation on columns under axial loading was observed at block -
shell corners along the vertical reinforcement. The. main reason for this type of crack
formation is the differences in stiffness and Poisson’s ratio between the steel and the
masonry As the cracks propagate, the localized lateral tensﬂe stresses in masonry

" shells are relieved. ‘
. Failure modes of columns were dominated by simultaneous separationl of the block
| shell and the grout; and buckling of vertical reinforcement between lateral ties at the
region of splittingbblock shells. Thus, it can be deduced that sudden splitting of the
block shells was also caused by bnckling of reinforcement at outward directions and
~ the lateral tie spacing of 190. mm was not adequate to prevent'blickling of vertical
re1nforcement ' | |

e  Ultimate load reached by the columns C3 and C4 was hlgher than the load levels .
reached by the other column specimens, even though they possessed the lowest
strength ‘of inﬁll concrete with the maximum slump value of 15 cm. among the
column specimens. The failure load results underline the effect of the concrete slump
on the failure behavior and strength of the columns besides the. effect -of infill
concrete strength.i | - . .

. The concrete block units were manufactured with a tapering cross section through

the height of the unit preventing the full penetration of the fresh concrete in the voids

especially for the columns C1, C2, C5 and C6.

o Most of the column block shells had the tendency to split along the end webs causing

separation of the face shells from the concrete core. -
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e  Even for the columns exhibiting premature failure, no complete collapse of the
columns was observed at ultimate load.
° Penetration of the concrete between vertical reinforcement and block shell could be

best achieved by 15 cm slump concrete which was used for C3 and C4 columns.
5.2. Ultimate Strength of Concentrically Loaded Reinforced Masonry Columns

Ultimate load carrying capacity of a reinforced concrete masonry column matinly
depends on the infill concrete, the block unit and the mortar dompressive strength and the
percentage of vertical reinforcement within the masonry column. The contribution of the
lateral ties was not included directly to the previous equatit)ns expressing the ultimate
strength. However, previous studies on reinforced masonry columns [10] show that the
lateral tie detailing and existence of lateral reinforcement confining the longitudinal bars
have increasing effects on the ultimate strength and ductility of the concentrically loaded

~ reinforced masonry columns:

Compressive strength of the infill concrete being used in this study was the main
_ variable of the experiments. The masonry columns were classified in three categories with

respect to the infill concrete compressive strength varying from 21.96 MPa to 31.48 MPa.

The ultimate. strength equations proposed by Khalaf, Hendry. Fairbairn [11] and
Sturgeon, Longworth, Warwaruk [10] suggest that increasing infill concrete compressive
strengthk results in increased ultimate load cartying capacity of reinforced masonry '
columns. However, the column test results contradicted with this statement since the

highest ultimate strength was achieved by C3 and C4 columns which possessed the lowest

infill concrete compressive strength value (Table 5.1).



- Table 5.1. Column test results
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ColumnNo. | s;film Al;%a (S:fr':];ett: 'Ultilxjna(tlfNI;bad Ultimate Strain|Ultimate Strain
£ (MPa) ) &, (LVDTI1) | &, (LVDT2)
ct 314.16 31.48 760.03 0.0018 0.0028
2 314.16 31.48 1201.90 0.0019 0.0033 -
c3 314.16 21.96 1325.63 0.0021 0.0036
‘C4 314.16 21.96 1307.95 0.0020 0.0038
Cs | 31416 2823 95445 0.0012 0.0024
cé6 314.16 2823 848.40 0.0016 0.0018

Column specimens C3 and C4 having the lowest strength concrete and the highest

slump gave the most consistent results with the ultimate strength values obtained using

empirical formulas given in Table 5.2. Thus, the nonlinear numerical analysis of reinforced

masonry columns was conducted using the material and physical properties of C3 and C4

columns in order to simulate the column behavior under axial loading.

Table 5.2. Ultimate strength of the reinforced masonry columns

Ultimate Load P, (kN) ci Cc2 c3 C4 C5 C6
ACI 531/ASCE 5* :388.35 | 388.35 | 350.59 |-400.59 | 425.45 | 425.45 -
Khalaf, Hendry, Fairbairn** 1634.28 | 1634.28 | 1467.24 | 1688.44 | 1798.46 | 1798.46
Sturgeon, Longworth, Warwaruk*** 995.19 | 995.19 | 721.38 | 721.38 | 901.72 | 901.72
Experimental Result 760.03 | 1201.90 | 1325.63 | 1307.95 | 954.45 | 848.40

* ACI531/ASCE 5 [14], P, =(0.225f 'A  + 0.65A.f,)/1000 where, f;= 166 MPa
** Khalaf, Hendry, Fairbaim [11], P, = (f,"(A, - A,) + (f,A,)/2)/1000 where, f, = 420 MPa
***Sturgeon, Longworth, Warwaruk [10], P, =[0.85f (A, - A,) +E,A,/ 709]/ 1000
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Figure 5.7. Ultimate strength of the reinforced masonry columns

Table 5.2 and Figure 5.7 summarize the results obtained using three different
ultimate strength equations. Ultiniate strength equation given by ACI 531/ASCE 5 [14] is
mainly based on the specified prism cofnpressive strength of the blockwork masonry, f,’
and the allowable axiél compressive sfréss of the vertical ‘reinforcement, f; [14]. By
comparing the test results with the values calculated from the equation given by ACI- 531/
ASCE 5 [14], it can be deduced that the propoéed equation underestimates the ultimate
strength of the columns tested. Ultimate strength values obtained by the equation proposed
by Sturgeon, Longworth and Warwaruk [10] correlate with the experimental results of C1,
C2, C5 and C6 but the equation underestimates the ulﬁ,imate strength of the columns C3
and C4. The ultimate strength equation proposed by Sturgeon, L’ongworth and Warwaruk -
[10] mainly depends on the compressive strength of the infill concrete omitting the

compressive strength of the mortar and the block unit being used.
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Ultimate strength predicted by Khalaf, Hendry and Faifbaim [11] is mainly a
function of the specified compressive strength of masonry prism, f;,’. The experimental
study did not include the estimation of compressive strength -of masonry prisms, fy,’
experimentally. Thus, prism compressive strength, f,,” values were obtained by the
expression proposed by Khalaf, Hendry and Fairbairn [16]. Although test results of
masbnry columns filled with high strength concrete do not correlate with the predicted

results, the results of the columns C3 and C4 are in good agreement with the values

calculated by the proposed equation.

Load deformation curves created by the data collected from LVDT1 (which was

~ fixed at the end webs of the columns) and LVDT?2 (fixed to thé face shells of the columns)

are given in Figure 5.8, Figure 5.9 and Figure 5.10. The curves based on LVDT?2 data

indicate that the nonlinear behavior of masonry columns starts about 40 percent of the

ultimate load in spite of the premature failure observed during the tests of columns Cl1,C2,
C5 and C.

The mean value of strains obtained from LVDT]1 just before failure is 0.0018; which

_ is lower than the mean strain value calculated from LVDT?2 data; which is 0.0030. The
_load glefonnation curves plotted from the results of LVDTl,V which was fixed at the end
webs show linear behavior up to higher load levels than the curves plotted using the results

of LVDT?2 that was fixed to the face shells of the columns.
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5.3, Elastic Modulus of Reinforced Masonry Columns

Using the experimental data obtalned from LVDT1 and LVDT?2, stress strain
curves of each column are plotted as shown in Figure 5.11, Figure 5.12 and Figure 5.13.
The stress strain curves of the columns plotted using LVDT! data are generally linear up to
the fallure point or the curves deviate back at some load levels, which is not the expected
behavior of the tested columns. Major cracks of the columns causing the separation of the
block face shells were observed to originate and propagate along the centerline of the end
webs through the height of each column. LVDT1 was also fixed along the centerline of the
end webs coinciding with the direction of the crack propagatlon which could be the main

reason for the deviations of the collected data.

“However, stress strain curves obtained from LVDT2 data exhibit the Aexpect'ed
behavior of masonry columns under axial loading. The linear behavior can be observed up
to about 40 percent of the compressive strength, f,,’ and the plastic zone exists from 40

_ percent of the compressive strength up to the column failure.

- Therefore, it can be deduced that stress strain curves and elastic modulus obtained
from LVDT2 data are more representative of the reinforced masonry column behavior

under axial loading.

The experimental, theoretical and proposed values of the column elastic modulus are
 listed in Table 5.3. Elastic modulus of each column was obtained by calculating the slope
of each stress strain curve below the stress value of 0.33f;’, where f,,° was the

experimental value of column compressive strength.

Theoretical and proposed elastic modulus values were calculated for upper and lower
bound elastic modulus values of the constituent materials, Ec, Ey and E;j. Upper and lower

- bound values of E., Ey and E; were estimated by multiplication of each material

compressive strength with 500 and 1000, respectively.
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Table 5.3. Elastic modulus of reinforced masonry columns

Column Em Em Em Em Em Em

No. | @VDTD | (LVDT2) | (Theo)* | (Theo)** | (Prop)? | (Prop)®
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
0 | 57829 4076.6 11994.08 23988.17 11471.50 22051.76

>C2_ 7030.5 . 6930.1 11994.08 23988.17 11471.50 22051,76
C3 8325.9 7615.9 9687.69 19375.38 9525.16 18159.08
C4 7293.2 6452.3 9730.44 19460.88 9525.16 18159.08
Cs 4276.3 7128.1 11249.04 22498.07 10807.04 20722.85
Cé6 6310.9 6543.4 11249.04 22498.07 10807.04 20722.85

* **Theoretical elastic modulus calculated using lower and upper 1 -

bound elastic modulus of concrete, mortar and block, respectively m=3 (1= E, +nE ]+ /[(1-M)E, +1E|]

[21,22] o ‘

$ Elastic modulus proposed by Sturgeon, Longworth, Warwaruk g = 085E(A —A)+EA, +EA,

[10] calculated using lower and upper bound values of concrete, " A

mortar and block. i : )

Comparing the experimental results with the values obtained from theoretical [21,
22] and proposed formula [10], it is noted that the experimental values obtained from
LVDT?2 data are even below the lower bound estimations. Elastic modulus results of the
theoretical and proposed equations are in good agreement with each other. Examining the
values calculated from the experimental data, an expression of the column elastic modulus

can be suggested as;
En=422 G0

where f,,’ is the compressive strength of masonry columns tested (Figure 5.14). The

correlation coefficient; R of the predicted relation is 0.60; which indicates that the

reliability of the predicted linear relationship is not high. ‘

Elastic modulus calculated from LVDT1 data: were closer to the lower bound

theoretical and proposed values of elastic modulus, which varied between 4276.3 MPa and

8325.9 MPa.
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Figure 5.14. Predicted elastic modulus (Equation (5.1))
5.4. Discussion of the Analytical Results

In this study, the experimental behavior of reiﬁforcéd masonry columns under axiai '
loading was simulated by nonlinear finite element modeling of columns C3 and C4 which
exhibited the expected behavior of masonry columns compared with the previoﬁg
investigations. The model columns M3a and M3b were developed using the same material
properties with C3. The behavior of column C4 was simulated by the analytical models,
M4a and M4b. As it was discussed in Chapter 4, analyses of column models, M3b and
M4b were performed using the lower bound values of elastic modulus of the materials

composing masonry column. The models, M3a and M4a were developed by implementing

the upper bound values of material elastic modulus.

Nonlinear finite element analyses of the models M3a and M4a were performed in

eleven load increments whereas the solution of the models M3b and M4b were performed

in eight and nine load increments, respectively.
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Observing the analytical results, model column M3a has with an ultimate load of
-1508.72 kN whereas ultimate load of mode] column M3b is -1501.65 kN. Similarly, the
column models M4a and M4b reach the ultimate load values of - 1519.84 and -1509.56 kN,
respectively. Despite variable elastic modulus of the constituent materials for each column

model, the ultimate load values attained by the columns are nearly the same.

Maximum vertical deformation values of the column models are observed at the
center of the top column cross section, which decrease at the lower block levels as given in
Figure 5.19 and Figure 5.20. Also, lateral deformations of the columns m X and y
directions reach the maximum values at the center of end webs and face shells of the sixth
and seventh block units. The observations imply that the failure of column models would.
result with the splitting of the seventh and the sixth block shells in outward direction under

actual loading (Figure 5.15 to Figure 5.18).

'V_ertical stress of the three dimensional hexagonal elements reaches to its maximum
value of —28 MPa approximately at the concrete core center regions within the eighth block
shells. It is observed that the block shells and the concrete core within the lateral ties are
. exposed to lower vertical stress values varying from -8 to -22 MPa (Figure 5.21 and 5.22).
In addltlon maximum vertical shortening is observed at the mortar joints of the columns as
given in Figure 5.23 and Figure 5.24. The lateral tensile stresses of the columns reach to

the maximum values at the block face shells of the seventh to ninth block units.

The veftic’al bars of the columns are under compression with the -average value of
streés varying from -406 to -415 MPa. The strain results of the vertical bars show that most
of the bar elements have yielded espeéially at the region of the sixth and seventh lateral tie.
elements (Figure 5.25 and Figure 5.28). The lateral ties of the column models.are under
tension with the maximum of average stress values varying from 366 to 400 MPa which

occurs at the seventh lateral tie. The stress on the lateral ties decreases at the lower block

units as given by Figure 5.29 and Figure 5.30.
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Increment 11 Load Factor = 0.108E+01
RESULTSFILE= ¢
DISPLACEMENT

CONTOURS OF DX

-1-0.0975819
0

Max 0.3706E-02 at Node 100
Min -1.558 at Node 4168

LOADCASE = 8
LOAD CASE 1 Inc. 8
RESULTSFILE= 0
DISPLACEMENT
CONTOURS OF DX

1 -0.99843

-0.936028
-0.873626
-0.811224
4-0.748823
-0.686421

-0.624019
-0.561617
-0.499215
-0.436813
-0.374411

-0.312009
71-0.249608
-0.1872086
-0.124804
-0.0624019

Max 0.0000E+00 at Node 1
Min -0.9984 at Node 4168

Figure 5.16. Lateral deformations in x direction for M4a and M4b
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LOADCASE = 11 )
.Increment 11 Load Factor = 0.107E+01
RESULTSFILE= ¢
DISPLACEMENT

CONTOURS OF DY

-1 l-.0.164496
771-0.109664
11-0.0548319

0
0.0548319

Max 0.5878E-01 at Node 242
Min -0.8185 at Node 4208

LOADCASE = 9
LOAD CASE 1Inc. 9
RESULTSFILE= 0
DISPLACEMENT
CONTOURS OF DY

-0.490628
-0.446025
-0.401423
-0.35682
1-0.312218
-0.267615
-0.223013 -
F5 0.17841
: " 1.0.133808
'1-0.0892051
-0.0446025

0
10.0446025

Max 0.5730E-01 at Node 242
Min -0.6563 at Node 4208

Figure 5.17. Lateral deformations in y direction for M3a and M3b
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LOADCASE = 11

Increment 11 Load Factor = 0.108E+01
RESULTS FILE = 0
DISPLACEMENT

CONTOURS OF DY

-0.794696
B8] -0.737932
o] 0.681168
£1.0.624404

Min -0.8491 at Node 4208

LOADCASE = 8
LLOAD CASE 1 Inc. 8
RESULTSFILE= 0
DISPLACEMENT
CONTOURS OF DY

0.516754
¥i .0.479843
7] 0.442032
-0.406021
0.36911

1-0.332199
-0.295288
0.258377
i 0,.001466
[ -0.184555
L-0.147644
. 10.110733
~1-0.073822
'] 0.036911

0
'§0.036911

Max 0.5483E-01 at Node 242
Min -0.5357 at Node 4398 - -

Figure 5.18. Lateral deformations in y direction for M4a and M4b
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LOADCASE = 11

Increment 11 Load Factor = 0.107E+01
RESULTS FILE = 0
DISPLACEMENT

CONTOURS OF DZ

A

Max 0.0000E+00 at Node 1
Min -6.893 at Node 5352

LOADCASE = 9
LOAD CASE 1 Inc. 9
RESULTSFILE= 0
DISPLACEMENT
CONTOURS OF DZ

Max 0.0000E+00 at Node 1
Min -7.614 at Node 5352

Figure 5.19. Lateral deformations in z direction for M3a and M3b
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LOADCASE = 11

Increment 11 Load Factor = 0.107E+01
RESULTSFILE= ¢
DISPLACEMENT

CONTOURS OF Dz

-2.58474

" 1-1.72316
-1.20237
1-0.86158
-0.43079

Max 0.0000E+00 at Node 1
Min -6.893 at Node 5352

LOADCASE = 9
LOAD CASE 1Inc. 9
RESULTSFILE= 0
DISPLACEMENT
CONTOURS OF DZ

-0.951711
:1-0.475856

Max 0.0000E+00 at Nods 1
Min -7.614 at Node 5352

F igure 5.20. Lateral deformations in z direction for M4a and M4b
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LOADCASE = 11
Increment 11 Load Factor = 0.107E+01
RESULTS FILE = 1
STRESS
CONTOURS OF SZ
=

11,9466
i 1-9.95552
| 17.96442
1-6.97331
1-3.98221
1.9911
0

Max 1.086 at Node 3698
Min -30.77 at Node 3925

LOADCASE = 9

Increment 9 Load Factor = 0.107E+01
RESULTS FILE = 1

STRESS

CONTOURS OF Sz

I 1-13.6205
©-11.918
1102154
~|-8.51284
"]-6.81027
1-6.1077

Max -3.748 at Node 3698
Min -30.99 at Node 4889

Figure 5.21. Vertical stress results for M3a and M3b
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LOADCASE = 11

Increment 11 Load Factor = 0.108E+01
RESULTS FILE = 1

STRESS

CONTOURS OF S2

-30.529

-28.4937
-26.4585
i 1-24.4232
{ {-22.3879

g2
Max 1.244 at Node 3698
Min -31.32 at Node 4938

LOADCASE = 8
Increment 8 Load Factor = 0.107E+01
RESULTS FILE = 1
STRESS
CONTOURS OF 52
213 S

t]

Max -5.004 at Node 4950
Min -30.84 at Node 4889

Figure 5.22. Vertical stress results for M4a and M4b
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LOADCASE = 11

Increment 11 Load Factor 0.107E+01
RESULTS FILE = *
STRAIN

CONTOURS OF EZ

-0.013004

<0.0121912
-0.0113785
-1-0.0105657

31 -0.00812748
-0.00731473
-0.00650198

1 -0.00568923
i 1-0.00487649

{ -0.00406374
§7"1-0.00325099

-0.00243824

Max -0.2125E-03 at Node 5078
Min -0.1322E-01 at Node 3091

LOADCASE = ¢

Increment 9 Load Faclor- 0.107E+01
RESULTS FILE =

STRAIN

CONTOURS OF EZ

-0.0115029
-0.0107839
0.010065
-0.00934608
-0.00862715
-0.00790822
-0.00718929
-0.00647036
-0.00575143
0.0050325
1-0.00431357 °
£-0.00359465
“"1.0,00287572
~-0.00215679
-0.00143786
*1-0.000718929

Max -0.6152E-03 at Node 4950
Min -0,1212E-01 at Node 3091

Figure 5.23. Vertical strains for M3a and M3b
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LOADCASE = 11

Increment 11 Load Factor = 0.108E+01
RESULTS FILE = 1

STRAIN

CONTOURS OF EZ

-0.0114094

. 1-0.00927011
1 -0.00855702
-0.00784394 -
4 -0.00713085
-0.00641777
1-0.00570468
-0.0049916
-0.00427851
-0.00356543
] -0.00285234
]-0.00213926
1-0.00142617
-0.000713085

Max -0.1862E-03 at Node 5078
Min -0.1160E-01 at Node 3136

LOADCASE = '8

Increment 8 Load Factor = 0.107E+01
RESULTS FILE = 1

STRAIN

CONTOURS OF EZ

-0.00829988
-0.00781165
-0.00732342
-0.0068352
-0.00634697
-0.00585874
0.00537051
-0.00488228
-0.00439405
. -0.00390583
I |-D.0034176

£-0.00202937
' 1.0,00244114
1000195291
~1.0.00146468
27+]-0.000076456

Max -0.6295E-03 at Node 4950
Min -0.8441E-02 at Node 3691

Figure 5.24. Vertical strains for M4a and M4b
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LOADCASE = 11
Increment 11 Load Factor = 0.107E+01
" RESULTS FILE = 1
STRESS
CONTOURS OF Fx
-30992.2

T 275486

72179
-13774.3 .
-10330.7

-3443.58
0

3443.58
 6887.16
10330.7
TTT3774.3

72179
20661.5

Max 0.2157E+05 at EIVGP 760/1
Min -0.3353E+05 at EWGP 711/1

LOADCASE = 9
Increment 9 Load Factor = 0.107E+01
RESULTS FILE = 1
STRESS
CONTOURS OF Fx
-30983.7
-27541.1
-24098.5
T -20655.8
72132
-13770.6
-10327.9
-6885.28
" -3442.64
o
3442.64
~ 6885.28
10327.9
- 77713770.6
172182
20655.8

‘Max 0.2145E+05 at EIVGP 760/1
Min -0.3364E+05 at EIWVGP 711/1

Figufe 5.25. Forces on the reinforcement elements for M3a and M3b
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LOADCASE = 11
Increment 11 Load Factor = 0.108E+01
RESULTS FILE = 1
STRESS

-30987.4
-27544.3
-24101.3
-20658.2
-17215.2
-13772.2
-10329.1
-6886.08
-3443.04

1]

3443.04
7" 6886.08
10329.1
T 37722
T 72152
20658.2

Max 0.2160E+05 at EIVGP 760/1
Min -0.3349E+05 at EIVGP 711/1

LOADCASE = 8
Increment 8 Load Factor = 0.107E+01
RESULTS FILE = 1
STRESS
CONTOURS OF Fx
-30831.6
-27405.9
© -23980.2
-20554.4
T -17128.7
-13702.9
-10277.2
-6851.47
©-3425.74
....... -9
3425.74
6851.47
T10277.2
""" 13702.9
- 17128.7
T 20554.4

Max 0.2135E+05 at EIVGP 755/1
Min -0.3347E+05 at EIVGP 833/1

Figure 5.26. Forces on the reinforcement elements for M4a and M4b
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LOADCASE = 11 :
Increment 11 Load Factor = 0.107E+01
RESULTSFILE= 1 "
STRAIN !
CONTOURS OF Ex : .
~ -0.00643963 it
-0.00551968
. -0.00459973
"""" -0.00367979
,,,,, -0.00275984
-0.00183989
-0.000919947,
0

0.000919947

77 0.00183989

0.00275984

. 0.00367979 . ST
0.00459973 S

" 0.00551968

0.00643963

0.00735957

Max 0.8100E-02 at EIV/GP-760/1
Min -0.6619E-02 at EIVGP 711/1

LOADCASE = 9 :
Increment 9 Load Factor = 0.107E+01 . -
RESULTSFILE= 1 T
STRAIN :
000699508
-0.0061207
-0.00524631
7 -0.00437193
-0.00349754 1.
-0.00262316 o+
T -0.00174877
~-0.000874385

0

"~ 0.000874385
0.00174877 )
0.00262316 L

0.00349754 ol
7 0.00437193
0.00524631
0.0061207

Max 0.6432E-02 at EI/GP 760/1
Min -0.7559E-02 at EIVGP 711/1

Figure 5.27. Strain results of the reinforcement elements for M3a and M3b




LOADCASE = 11
Increment 11 Load Factor = 0.108E+01 -
RESULTSFILE= 1 e
STRAIN
CONTOURS OF Ex .
-0.00554298 P
~-0.00461915
-0.00369532
" -0.00277149
. 0.00184766
3).00092383

0.00092383 .
0.00184766 N
0.00277149 0
0.00369532
7 0.00461915 .
0.00554298 i
T 0.00646681
~7770.00739064
0.00831447 i

Max 0.8477E-02 at EIVGP 760/1
Min -0.6305E-02 at EIVGP 71111

LOADCASE = 8 oy
Increment 8 Load Factor = 0.107E+01 .
RESULTS FILE = 1 .
STRAIN .
CONTOURS OF Ex "
-0.00560053 .
-0.00490046 * -
-0.00420039 DR
-0.00350033 o
-0.00280026
-0.0021002
777.-0.00140013
~-0.000700066
0
" 0.000700066 -
0.00140013 . Traget
0.0021002
0.00280026
7777000350033
0.00420039
0.00490046

Max 0.5106E-02 at EWVGP 755/1
Min -0.6096E-02 at EIt/GP 833/1

Figure 5.28. Strain results of the reinforcement elements for M4a and M4b
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Figure 5.29. Average stress results of the lateral ties for M3a, M3b, M4a and M4b
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Examining the results of the model columns, it is observed that locations of
maximum displacements, stresses and forces; deformed shapes of the entire columns and
reinforcements at the end of the solution process are very similar with each other.
According to the analytlcal results, the failure of the masonry columns occur by crushing
of concrete core yielding of the vertical and lateral reinforcements and splitting of the
block shells as a result of the concrete core expansion at the seventh to ninth block unit
- regions which correspond to the upper part of the masonry columns. However, the location
of the column failure was observed at various block levels for the columns tested under

axial loading. The failure modes of the tested columns still resemble with the conclusions

derived from the analytical case.

Results of the analytical mbdel of the columns are summarized in Table 5.4 which
reflect the nonlinear analytical solutions of the full cross section of the reinforced masonry
. columns. The nonlinear solution of the analytical models is compared with the

experimental results in Figure 5.30 and Figure 5.31.

Table 5.4. Summary of the analytical results

ANALYTICAL RESULTS M3a M3b Mda Ma4b

Ultimate load of the column v P, kN | 1508.72 [ 1501.65 | 1519.84 | 1509.56

itudinal b ’
Average stress on the longitudinal bar 6o |Mpa| 40594 | -415.16 | -40636 | 4168

elements
i itudinal b
Average strain on the longitudinal bar . 00038 | -0.0042 | -0.0037 | -0.0037
elements ‘
Maximum stress of the lateral ties O, | MPa 398 378 400 366

Maximum vertical deflection of the 5, i 6.85 761 6.97 6.84

column

Average vertical stress of the column Oy (MPa| -18.46 | -18.42 -18.74 -18.64
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Figure 5.30. Load deformation (axial shortening) curves of the columns |
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Table 5.5. Experimental and analytical results of columns

Column No. Elastic Modulus E, (MPa)| Ultimate Load P, (kN)
Experimental column C3 (LVDT1) 8325.9 1325.6
Experimental column C3 (LVDT2) 7615.9 1325.6
Model column M3a 20410.0 1508.7
Model column M3b 10662.0 1501.7
Experimental column C4 (LVDT1) 7293.2 1308.0
Experimental column C4 (LVDT2) 6452.3 1308.0
Model column M4a 20490.0 1519.8
Model column M4b 10701.0 11509.6

As a whole, the analytical models reproduce the nonlinear behavior of the actually

loaded masonry columns. It is noted that the ultimate load values derived from the

analytical model columns are in good agreement with the experimental results. But the

elastic modulus and vertical deformations derived from the analytical results exceed the

experimental values. However the elastic modulus of the masonty columns which are

obtained from analytical models are in good agreement with the values calculated

theoretically in Section 5.3. The experimental stress strain curves of the columns C3 and

C4 are even below the lower bound model curves, M3b and M4b but the curves obtained

from LVDT1 data are much closer the lower bound curves of the analytical solutions.
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6. CONCLUSIONS AND RECOMMENDATION S

6.1. Conclusions

The results and discussions of the experimental study and analytical modelling lead

to the following conclusions;

. Observed failure of columns tested under axial loading occurred by simultaneous
" vertical splitﬁng of face shells and buckling of vertical reinforcement between lateral
ties within one of the blocks that separated from concrete core. |

) Vertical cracks were observed to originate at block shell corners and propagate
vertically up to the failure load. Vertical crack propagation at block shell corners is
caused byv the differences of stiffness and Poisson’s ratio between reinforcing steel
and masonry. Localized tensile stresses in masonry shells are relieved by propagation
of major cracks along the vertical reinforcement.

. Buckling of vertical reinforcement was generally observed over one course of block
where pulling of lateral tie hooks did not occur at the region of buckling; This shows
that, 135° degree lateral tie detailing is sufficient to restrain vertical reinforcement
but 190 mm constant spacing of lateral ties is insufficient to prevent buckling of-
4410 vertical reinforcements. |

J Columns C1, C2, C5 and C6 that had higher strength of infill concrete but lower
slump valﬁe's exhibited premature failure behavior. Columns C3 and C4 with lowest
concrete strength and highest slump resulted with highest ultimate load among the
columns. This is a reéult of tapering of the block unit, which has been manufactured
with variable cross section through the block unit height. The block geometry
prevents penetration of the concrete within the cavities between the block shells and
the reinforcement for the columns that possess lower slump infill concrete.

» None of the columns collapsed completely at failure load. This is a contribution of

the reinforcements forming a cage to the concrete core and supporting the intact form

of the masonry column even after the failure.
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The ultimate load results of the analytical solution are in good agreement with the
experimental results whereas the elastic modulus of the column models is higher than
the experimental values. Therefore, Drucker Prager failure criterion, being used for
- nonlinear modelling of concrete, mortar and concrete block units, is a representative
material model for.the estimation of reinforced masonry column ultimate strength. \
The analytical results indicate that reinforced masonry_columns under axial loading.
fail with splitting of block shells and buckling of reinforcement at the upper block
units exhibiting the maximum lateral deformations at the outward directions.
However, the location of block shell splitting of tested columns was observed at
various block units. |
Ultimate load of the columns werealso calculated using equations given by ACI
530/ASCE 5 [14]; Khalaf, Hendry and Fairbairn [11]; and Sturgeon,‘Longworth and
Warwaruk [10]. Both experimental and analytical results show that equation given
by ACI 530/ASCE 5 [14] underestimates ultimate load of a reinforced masonry
column. In addition, ultimate load values calculated using the equation proposed by
» Khalaf, Hendry and Fa1rba1m are in good agreement with the experimental andA
analytical results obtained from columns C3 and C4.

Equation (5.1) was proposed 1n order to represent the elastic modulus of the

- reinforced masonry columns tested under axial loading in this study.
6.2. Recommendations

The concrete block unlts used for the column construction have a tapering geometry
which prevent the full penetration of the infill concrete between reinforcement and
block shells. It is suggested that high slump value of infill concrete be used for
experimental studies on reinforced concrete block masonry columns in order to
ensure the necessary workability and flowability of fresh concrete. In addition, the
concrete block units being used for this study should be manufactured with uniform
cross section and special reinforcement grooves in order to provide proper concrete
filling process and placement of reinforcement w1th1n the block umts

Further study on concentrically loaded reinforced masonry columns should be

carried out wrth,varymg percentage of vertical reinforcement and lateral tie diameter,
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Which will lead to define the effects of vertical and lateral reihforcement on strength
more accurately.

Drucker-Prager material model which is used for the nonlinear finite element
analysis of the columns provides representative results for the ultimate strength but it
overestimates the -deformations .of the columns tested. Therefore, further research
should be conducted on nonlinear finite element modelling of reinforced masonry
columns in order to simulate the nonlinear behavior of columns under axial loading
and to obtain more consistent formulations expressing elastic modulﬁs and ultimate

load of reinforced masonry columns.
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