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Abstract
E———

Masonry is a construction system that has been used since the beginning of civilization and is still used throughout the world. The finite element
method is a recent development that allows complex problems, including structural masonry problems, to be solved. A vast amount of literature
exists on finite element modeling, using software such as ABAQUS, to represent experimental masonry models. Based on this established pattern,
an experimental and analytical research program was designed and implemented. Thus, a set of tests was conducted to determine the compres-
sive and tensile strengths of the masonry components, i.e., block, mortar, and grout. Bond wrench tests, diagonal tension tests, and horizontal joint
shear tests were conducted to characterize the interface between the blocks and the mortar. A finite element model was then developed to repre-
sent the physical models and the general conclusion is that the finite element model was able to represent reasonably well the physical models.

Keywords: masonry, concrete block, mortar, finite element analysis, block-mortar interface.

Resumo
E———

A alvenaria € um sistema construtivo que tem sido usado desde o inicio da civilizagao e ainda € usado em todo o mundo. O método dos elementos
finitos € um desenvolvimento recente que permite resolver problemas complexos, incluindo problemas de alvenaria estrutural. Existe uma vasta
quantidade de literatura sobre modelagem de elementos finitos, usando software como o ABAQUS, para representar modelos experimentais de
alvenaria. Com base nesse padrédo estabelecido, um programa de pesquisa experimental e analitica foi projetado e implementado. Assim, um
conjunto de testes foi realizado para determinar as forgas de compressao e tracao dos componentes de alvenaria, isto é, bloco, argamassa e
graute. Foram realizados ensaios tipo bond wrench, de tragéo diagonal e cisalhamento de juntas horizontais para caracterizar a interface entre os
blocos e a argamassa. Um modelo de elementos finitos foi desenvolvido para representar os modelos fisicos e a conclusdo geral é que o modelo
de elementos finitos foi capaz de representar razoavelmente bem os modelos fisicos.

Palavras-chave: alvenaria, bloco de concreto, analise em elementos finitos, interface de bloco-argamassa.
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1. Introduction

EE

A substantial volume of knowledge has been established with
respect to individual masonry components (units, mortars and
grouts) as well as the interaction between these components. For
example, Barbosa (2005) investigated the shrinkage of concrete
masonry units and of masonry walls constructed from those units;
Santos (2014) examined the effects of the elastic properties of the
block-grout interface on the stiffness of masonry walls; Izquierdo
(2015) studied the interface between block and grout under direct
compression and flexural compression; Barbosa (2000) and Madia
(2012) studied the behavior and interaction of infill masonry walls
and the surrounding concrete elements; Capuzzo Neto (2000),
Maluf (2007) and Lopes (2014) investigated the behavior of ma-
sonry walls under compressive loadings; and Silva (2014) deter-
mined the distribution of vertical loads on masonry walls using
experimental and numerical models. Studies have also been con-
ducted on the behavior of masonry structural elements. Examples
include Landini (2001) and Contadini (2014) where the behavior
of masonry beams under flexural loads was studied, while Landini
(2001) and Pasquantonio (2015) studied the behavior of masonry
beams under shear loads.

Masonry has been used in the construction of tall buildings and in
this application, masonry elements are subjected to high compres-
sive stresses. Fortes (2017) determined the properties of masonry
constructed with high strength units, which can be used when ma-
sonry is subjected to high compressive stresses. While there is a
large body of literature on experimental research on structural ma-
sonry components and elements, there is a distinct lack of research
and thus understanding, on the interaction between masonry ele-
ments, e.g., a masonry beam connected to a masonry wall.

The increase in computational capability over the last forty years
has led to a large base of numerical modeling of masonry struc-
tural elements together with increasing sophistication in the mod-
eling. To capture the capacity and behavior of masonry accurate-
ly, these sophisticated models require many material parameters,
which are extracted from experimental research endeavors. Due
to a lack of standardization in testing, differences in the manu-
facture of local masonry components from local materials, and
differences in local construction techniques and skills, there is a
large dispersion worldwide in the values of the material param-
eters of interest for numerical modelling. This is especially true for
the parameters that control the behavior of the interface between
blocks and mortar in concrete masonry and the parameters that
control the post-peak behavior.

Herein we present a summary of three tests, namely, the bond
wrench, diagonal tension, and horizontal joint shear as conducted
on masonry constructed with half-scale (1:2) concrete blocks with
dimension of 203 x 102 x 102 (length x width x height) mm and
type S mortar (1:0.5:4.5 PC:Lime:sand by volume); some masonry
specimens were hollow while others were grouted. In addition to
the results of these masonry tests, results of tests conducted to the
determine the compressive strength of the masonry materials are
also presented.

Results from the tests are used to extract the parameters
that are required for accurate numerical modeling of masonry

elements and structures constructed from these materials. In
addition to the results obtained from the tests described herein,
the results obtained by other authors, who conducted similar
tests, are also presented.

2. Tests to characterize the masonry

and materials
EE
In this section, the three tests that were conducted as part of this re-
search to characterize the behavior and capacity of the block-mortar
interface are described. The difficulty in representing the masonry
behavior accurately lies in representing properly the block-mortar
interface (Oliveira 2014, Bolhassani 2015, Santos 2016).
The tests that were conducted to determine the compressive
strengths of the masonry materials are also described.

2.1 Flexural strength test (bond wrench test) —
AS 3700 (2001)

The objective of this test is to determine the flexural tensile strength

of the mortar-block interface. The tests are performed on stack-

bonded prisms of masonry constructed as follows:

1. Set the first block on a firm, clean, flat surface.

2. Place a mortar bed on the face of the block. Use full bedding

for solid or cored units and face-shell bedding for hollow units.

Wait 30 sec. before placing the next block on the mortar.

Repeat steps 2 and 3.

5. Strike off excess mortar with a trowel without disturbing
the blocks.

n cases where grouted prisms are used, the following extra re-

quirements must be observed:

1. Clean out the cores so that no mortar extrusions remain on the
internal surfaces and the cores are free of mortar droppings.

2. Fill the cores with grout and compact in layers during filling by
rodding, finishing to a height 25 mm above the top surface of
the prism.

3. One hour after filling, strike the surplus grout off level with the
top surface.

After construction, the prisms are to be fully wrapped in a single

vapor-proof sheet and left undisturbed until transported for test-

ing. Testing of the prisms is conducted 7 days after construction

Hw

/~Loading handle

AS 3700 (2001) - Adapted

Figure 1
Bond wrench - plan view
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AS 3700 (2001) - Adapted

Figure 2
Bond wrench - elevation

or as soon as practicable after 7 days: grouted prisms are tested
28 days after filling the cores. Specimens are be transported to
the testing location no more than 24 hours before the testing time.
The testing apparatus or wrench, must be able to do the following:
m  Apply a bending moment to the joint to be tested in the prism;
B Have a retaining frame into which the prism is clamped;

B Have the means of applying and measuring the load to determine
the flexural stress at failure to an accuracy of within 0.01 MPa.
Sketches of a typical bond wrench apparatus are shown in Figures
1 and 2. The flexural moment is applied to the test joint by means
of four gripping points at the quarter points along the length of the
masonry unit on both the tension and compression faces. The

wrench must have the following parameters calibrated:

B The mass of the wrench (m,) to within £25 g;

B The distance from the inside face of the tension gripping block
to the center of mass of the bond wrench, d,, to within +£2 mm;

B The distance from the inside face to the tension gripping block

BS EN 1052-3 (2002) - Adapted

Figure 3
Precompression loading

to the loading handle (d,) to within 2 mm.
The tensile strength of the specimen is calculated using Equation 1.

Mg, Fg
e8)-(2)
Where:
fsp — Flexural tensile strength of the specimen, MPa;
M,, — Bending moment about the centroid of the bedded the area
of the test joint at failure, N-mm. This bending moment is calculated
as M, =9.81"m,* (d,—(t,/2)) +9.81*m, * (d,— (t,/2));
Z,— Section modulus of the cross-sectional area A of the member;
F,, — Total compressive force on the bedded area of the test joint,
N. This compressive force is calculated as Fsp= 9.81*(m,+m,+m,);
A, — Cross-sectional area of the member, mm?;
m,, m, and m, — The mass of the wrench, the mass equivalent of
the applied load and the mass of the block above the joint being
tested, used in the flexural strength calculation, kg;

(@

©
BS EN 1052-3 (2002) - Adapted

Figure 4
Typical shear rupture

®)

(@
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d, — Distance from the inside edge of the tension gripping block to
the center of mass, mm;

d, — Distance from the inside edge of the tension gripping block to
the loading handle, mm;

t, — Width of the masonry unit, mm.

2.2 Initial shear strength test— BS EN 1052-3
(2002)

Several authors (Araujo 2002, Oliveira 2014, Drysdale et al.

1999, Vermeltfoort 2012) have used the methodology pre-

sented in BS EN 1052-3 (2002) to determine the initial shear

strength of mortar joints. The work presented herein follows
this established pattern.

The initial shear strength of masonry is determined from the strength

of small masonry specimens tested to failure. The specimens are

tested in shear under four-point loading, with possible precompres-

sion perpendicular to the bed joints as shown in Figure 3.

Four different failure modes, shown schematically in Figure 4, are

considered to give valid results to the test:

1. Rupture 1 (R1) — Figure 4.a. Debonding — occurs due to failure
of the adhesion between one of the units and the mortar or the
splitting of the mortar into two parts. In both cases there is com-
plete or partial detachment of the mortar from the unit;

2. Rupture 2 (R2) — Figure 4.b. Debonding with mortar rupture —
there is debonding of the mortar from both units together with
failure of the mortar itself;

3. Rupture 3 (R3) — Figure 4.c. Unit failure — is due to failure of a
unit in the direction parallel to the applied load and fragments
of the unit remain attached to the mortar;

4. Rupture (R4) — Figure 4.d. Diagonal fracture — is due to diago-
nal cracking of the units.

The initial shear strength of the joint is obtained by linear regres-

sion of the stress-strain response to zero normal stress.

The testing machine must be able to apply the load while the specimen

is subject to a pre-compression load. Two types of specimens can be

used: type A consists of a prism assembled with three blocks with equal

heights that are less than or equal to 200 mm and type B consists of a

prism assembled with two blocks with unequal heights that are greater

than 200 mm. Research (Aratjo 2002, Oliveira 2014, Drysdale et al.

1999, Vermeltfoort 2012) indicates that type A specimens are preferred.

Specimens must be constructed as follows:

1. Set the first block on a firm, clean, flat, level surface;

2. Place a mortar bed on the face of the block with a final mortar
joint thickness between 8 and 15 mm. In the research present-
ed herein, the mortar thickness was 10 mm;

3. Place the next block on the mortar joint checking for linear
alignment and level;

4. Repeat steps 2 and 3;

5. Strike off excess mortar with a trowel without disturbing
the blocks;

6. Take samples (cubes) of the mortar.

Immediately after assembling a specimen, pre-compress the speci-

men with a uniformly distributed mass to give a vertical stress between

2.0 x 10°* N/mm? and 5.0 x 10 N/mm?. Then cure the specimens and

maintain them undisturbed until testing. When lime-based mortar is

used, specimens should be covered with a polyethylene sheet to pre-

vent the mortar from drying out during the curing period. Specimens

are to be tested, as shown schematically in Figure 3, when they reach

an age of 28 days + 1 day, unless otherwise specified when lime-
based mortar is used. The compressive strength of the mortar is to be
determined at the same time as the prisms are tested.

The standard specifies three precompression stresses and for

each, a minimum of three specimens must be tested. Precom-

pression stresses (fp,.) are determined based on the compressive
strength of the units used. For units with compressive strength less
than 10 MPa, precompression stresses should be approximately

0.1, 0.3, and 0.5 MPa. For units with compressive strength greater

than 10 MPa, precompression stresses should be doubled.

The rate at which shear stress should be applied to the specimens

is between 0.1 (N/mm?)/min and 0.4 (N/mm?)/min.

The following parameters must be recorded during a test:

1. The cross-sectional area of the specimen parallel to the shear
force (Ai) with an accuracy of 1%;

2. The maximum applied load (F,,);

The precompression load;

4. The type of failure. If a specimen experiences rupture type R4,
the standard recommends that further specimens be tested un-
til three shear rupture of the other types are obtained.

For each specimen and precompression stress, the shear strength

(f ) is calculated using Equation 2.

voi:

w

Fi,max
fvoi = 2 % Ai (2)
Shear strengths (f ) are plotted as a function of precompression
stresses (f,) as shown in Figure 5 and a linear regression line is
determined. The initial shear strength (t ) is the y-intercept of the
regression line while the angle of internal friction (o) can be deter-
mined from the slope of the regression line.

The characteristic value of the initial shear strength is f , = 0.8
f, and the characteristic angle of internal friction can be obtained
from tan o, = 0.8 tan a.

2.3 Diagonal tension (shear) test— ASTM E519-02

This test was developed to determine more accurately the diag-
onal tensile (shear) strength of masonry than was possible with

voi

ay

01 02 03 04 05 06 07 pi

BS EN 1052-3 (2002) - Adapted

08 08 10

Figure 5
Typical f; x f ; relationship
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other available methods. The specimen size was selected as being

the smallest that would be reasonably representative of a full-size

masonry assemblage and that could be performed in the testing
machines typical of laboratories.

The height and width of the specimen are 1200 mm and 1200 mm

while the thickness depends on the thickness of the block. At least

three specimens must be tested with all three constructed using
the same type of block and mortar. When two types of mortar are
to be evaluated, two sets of three specimens must be constructed.

Specimens should not be moved for at least seven days after con-

struction and should be stored for at least 28 days in a controlled

environment with temperature of 24 + 8°C and relative humidity

between 25 and 75%.

In addition to testing the masonry specimen, the mortar and the

block must be also tested according to the following:

1. Mortar — for each mortar type, three 50-mm cubes must be
tested to determine the compressive strength of the mortar;

2. Units — at least six units must be tested to determine their com-
pressive strength.

The procedure to test the specimens are as follows:

1. Placement of the loading shoes — the upper and lower load-
ing shoes are centered on the upper and lower bearing sur-
faces of the testing machine and are placed on a diagonal of
the specimen;

2. Specimen placement — the specimen is positioned such that
the diagonal to be tested is centered with the axis of the testing
machine. In some cases it is necessary to cap the specimen
with gypsum in the lower loading shoe to obtain full contact
between the shoe and the specimen;

3. Instrumentation — extensometers or LVTDs are to be used to
measure the shortening or elongation of the two diagonals of
the specimen.

The shear stress is calculated using Equation 3.

Figure 6
Material tests

_0.707 P

Ss = 4, ®
where:

S, — shear stress, MPa;

P — applied load, N;

A, — net area of the specimen, mm?, calculated using equation 4.

W+h
A, = >

where:

W — width of the specimen, mm;

h — height of the specimen, mm;

t — thickness of the specimen, mm;

n — percent of the gross area of the unit that is solid, expressed
as a decimal.

The shear strain is calculated using Equation 5.

_AV+AH
9

>*t*n @

14 ®)
where:

y — shearing strain, mm/mm;

AV — vertical shortening, mm;

AH — horizontal shortening, mm;

g — vertical gage length, mm;

AH must be based on the same gage length as for AV.

The modulus of rigidity or the modulus of elasticity in shear is cal-
culated using Equation 6.

N
G== 6
> ©
where:

G — modulus of rigidity, MPa.

582 I
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Figure 7
Wood jip used during construction of prisms (a) - Construction of the Prisms (b) to (e)

2.4 Materials test

To determine the compressive strength of the masonry units, tests
were conducted according to ASTM C140. Six specimens were test-
ed as shown in Figure 6.a; the loading rate used was 1.27 mm/min.
To determine the compressive strength of the mortar, tests were
conducted as outlined in ASTM C109. Six specimens were tested
as shown in Figure 6.b. To determine the compressive strength of
the grout, tests were conducted as specified in ASTM C1019 and
ASTM C39. Four specimens were tested as shown in Figure 6.c.

3. Specimen construction
N

The construction of the specimens for the bond wrench and shear
strength tests and the construction of the wallettes for the diagonal
tension tests are summarized in this section.

3.1 Bond wrench and shear strength specimens

Prisms were constructed with three blocks for both types of test.
A simple wood jig, shown in Figure 7.a, was built to facilitate the
construction of the prisms.

The prisms were constructed as follows:

1. The top face of the block was moistened (to reduce absorption
of the mortar water by the block) and the block was placed on
the jig as shown in Figure 7.b;

2. Afull bed of mortar was applied to the surface of the block as
shown in Figure 7.c;

3. The next block was moistened and placed on the mortar bed
as shown in Figure 7.d;

4. Aline was used to aid the leveling the block and maintain the mor-
tar bed thickness as close as possible to the specified thickness;

5. Steps 2 to 4 were repeated for the third block as shown in
Figure 7.€;

6. The excess mortar was struck off with a trowel without disturb-
ing the blocks.

3.2 Diagonal tension specimens

Ten wallettes were constructed: five hollow and five grouted. The

wallettes were three blocks wide and six blocks high, constructed

as follows:

1. The first course was constructed by buttering the webs of the
blocks as shown in Figure 8.a;

2. The top face of the blocks was moistened, and a full bed of
mortar applied as shown in Figure 8.b;

3. The second course of blocks was placed and the blocks
leveled;

4. Steps 2 and 3 were repeated until the wallette was construct-
ed. A complete wallette is shown in Figure 8.c.

Approximately 48 hours after being constructed, five wallettes

were grouted as follows:

1. The grout space was cleaned from mortar droppings;

2. The wallettes were moistened;

3. Grout was placed in layers of approximately the height of the
block. Each grout layer was rodded 15 times with a tamping rod.

IBRACON Structures and Materials Journal * 2020 « vol. 13 *n° 3
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The first layer was rodded to its bottom while the other layers 4. Test results
were rodded to about half of the previous layer; N

4. The process was repeated for the other wallettes. In this section, the results of the tests conducted are presented.

Figure 8
Wallette construction

Figure 9
Typical failure mode of the materials

Figure 10
Bond wrench fest
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4.1 Materials

In Figure 9a the typical mode of failure of the blocks is shown,
which was separation of the face shells. The average compressive
strength of the blocks was approximately 18.4 MPa with a Coeffi-
cient of Variation of 8.8%, and the average modulus of elasticity of
the blocks was 65.7 GPa with a Coefficient of Variation of 13.8%.
In Figure 9b the typical mode of failure of the mortar cube is shown.
The average compressive strength of the mortar was approximate-
ly 20.8 MPa with a Coefficient of Variation of 15.6%. In Figure 9¢
the typical mode of failure of the grout is shown. The average com-
pressive strength of the grout was approximately 25.8 MPa with a
Coefficient of Variation of 30.4%.

4.2 Bond wrench

The testing apparatus is shown in Figure 10 with a specimen ready for
testing. The specimen was loaded by means of slowly placing sand in
the bucket located on the right side of the loading apparatus as shown in
Figure 10b. The mortar separated from either the loaded block, as shown
in Figure 11a, or from the block below, as shown in Figure 11.b. Thirty
joints were tested in total. The average tensile resistance of the mortar
joint was 0.08 MPa with a coefficient of variation of approximately 29.5%.

4.3 Initial shear strength

There were 30 specimens divided into three groups according to

Figure 11
Typical mode of failure - bond wrench tests

Figure 12

(@

Shear tests - before testing (a), After testing (b) and (c), Cracks of block webs (d)
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the precompression loading. Since the blocks used had a com-
pressive strength greater than 10 MPa, precompression stresses
were approximately 0.2, 0.6, and 1.0 MPa. A specimen ready to
be tested is shown in Figure 12a while specimens after testing are
shown in Figures 12b and c. The underside of the same specimen
is shown in Figure 12d: the cracks through the webs that devel-
oped during the testing are visible.

In Figures 13 to 15 the stress vs strain curves are presented for all
specimens according to the applied precompression. Using the first
peak stress and corresponding strain, an average shear strength
and strain were determined; the values were approximately 0.52
MPa, 0.70 MPa and 1.01 MPa for each precompression level.

The average shear strength for each precompression stress as
well as the regression line are shown graphically in Figure 16. The
correlation between the regression line and the experimental data
is excellent (R? = 0.9884.) Thus, from the regression line, a reason-
able value for the initial shear strength, i.e., the shear strength for
no precompression, can be obtained. The initial shear strength, 1,
is 0.37 MPa and tan ¢ is 0.61, which corresponds to an angle of
internal friction (a) of 0.552 rad.

35

Shear Stress (MPa)

50
Strain

—Sample 1 Sample 2 =——Sample 3 =——=5S5ample 4 ——Sample 5

e Sample 6 ———Sample 7 ——Sample 8 Sample 9

Figure 13
Shear stress x Strain - precompression of 0.2 MPa

25

Shear Stress (MPa)

60

Strain
Sample 1 Sample 2 =———=S5ample 3 =———Sample 4 =——Sample5
w—=Sample 6 ———Sample7 ———Sample8 Sample9 ———Sample 10

Figure 14
Shear stress x Strain - precompression of 0.6 MPa

4.4 Diagonal tension (shear)

Tests were conducted as shown in Figure 17. The positioning of
the specimen is important since misalignment of the specimen can

25 -

Shear Stress (MPa)

o 10 0 30 40 50 60

Strain
=——Sample 1 =—Sample 2 Sample 3 =—Sample 4 ———Sample 5
w—Sample 6 =————Sample? =—Sample 8 Sample 9 ———Sample 10
Figure 15
Shear stress x Strain - precompression of 1.0 MPa
1,2 ~
1 &
y = 0,6166x +0,3717 /
R?=0,9784
0,8

Shear Stress (MPa)
o o
= 2]

0,2
0 + | ! | } } ]
0 0,2 0,4 0,6 0,8 1 1,2
Precompression Stress (MPa)
Figure 16

Average shear stress as a function of precompression

Figure 17
Diagonal fension testing
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®

Figure 18
Typical rupture - diagonal tension festing

cause shear or bending moment to be applied to the specimen,
which are undesirable. Positioning of the instruments measuring
the deformations is also important because the modulus of rigidity
of the masonry will be based on these measurements.

The failure mode observed for all specimens, like that observed
by others (Bolhassani et al. 2015, Knox et al. 2018), was a crack
along the vertical diagonal as shown in Figure 18.

In Figures 19 and 20 the shear stress vs shear strain is shown
for the hollow and grouted specimens, respectively. The average
shear stress and modulus of rigidity of the hollow masonry are ap-
proximately 2.8 MPa (CV = 17.1%) and 3,390 MPa (CV = 29.2%),
respectively. For the grouted masonry, the average shear stress
and modulus of rigidity are approximately 1.0 MPa (CV = 17.0%)
and 1,360 MPa (CV = 12.2%), respectively.

35

Shear Stress (MPa)

Strain

—SAMple 1 e—Sample 2 s Sample 3 s=——Sample 4 ==—Sample 5

e Sample 6 ———Sample 7 ——Sample 8 Sample 9

Figure 19
Shear stress vs Strain - hollow masonry

2,5
- |
.§. 2
- ——DCG2
315
a ‘ -DCG3
2 ! ——DCGA
v

DG5S

25

Srain

Figure 20
Shear stress vs Strain - grouted masonry

5. Analysis

EE

In addition to the results obtained in this research, results from
tests conducted by others are also presented and discussed.

5.1 Blocks

In Table 1, the results from compression tests conducted by sev-
eral researchers on typical blocks, i.e., scale 1:1, and blocks of
scales 1:2 and 1:3 are presented. The data show that the compres-
sive strength of the block is independent of the block scale.

Using all the data obtained by others, the average compres-
sive strength of the blocks is 24.2 MPa (CV = 46.9%) while the
average compressive strength of the blocks used in this re-
search is 18.4 MPa (CV = 8.8%), which is approximately 76%
of 24.2 MPa.

Using the data for blocks of scale 1:2 only, as summarized in

Table 1
Compressive strength - scales 1:1,1:2 and 1:3
Strength
Author Scale (MPa) S.D. C.V.
Long et al. (2005) 1:2 24.4 2.8 114
Long et al. (2005) 11 29.2 1.6 5.4
Barbosa (2008) 1:1 24.7 5.8 23.7
Hughes (2010) 1:3 54.8 2.6 4.7
Wierzbicki (2010 1:3 54.8 2.6 4.7
Kaaki (2013) 1:3 19.2 1.2 6.2
Kaaki (2013) 1:3 14.1 1.6 11.3
Banting and .
ElDokhakhni (2014) 12 265 35 132
Bolhassani .
et al. (2015) 1 21.6 - -
Knox et al. (2018) 1:1 12.9 1.3 10.0
Knox et al. (2018) 1:2 16.9 4.9 28.0
Alotaibi and .
Galal (2018) 1.2 21.73 20 9.4
Average — 24.2 — —
This work 1.2 18.4 13.3 8.8
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Table 2 Table 3
Compressive strength - scale 1:2 Compressive strength - scale 1:1
Strength Strength
Author (MPa) S.D. C.V. Author (MPa) S.D. C.V.
Long et al. (2005) 24.4 2.7 11.4 Long et al. (2005) 29.2 1.57 54
Banting and 2.5 3.4 13.2 Barbosa (2008) 24.7 5.84 23.6
E-Dakhakhni (2014) Bolhassani et al. (2015) 21.6 — —
Knox et al. (2018) 16.9 4.9 28.0 Knox et al. (2018) 12.9 1.3 10.0
Alotaibi and Galal (2018) 21.73 2.0 9.4 Average 221 — —
Average 22.4 - — This work 18.4 133 8.8
This work 184 133 8.8 This work/average 0.83 — —
This work/average 0.82 — —

Table 2, the value obtained in this research represents approxi-
mately 82% of the average compressive strength obtained using
the values obtained by others. When using the data for blocks of
scale 1:1 only, as summarized in Table 3, the value obtained in this
research represents approximately 83% of the average compres-
sive strength obtained by others. This simple analysis shows that
the ratio of the compressive strength of the blocks obtained herein
to that obtained using results of tests conducted by others is inde-
pendent of the block scale. Further, the analysis confirms that in or-
der to model a particular form of masonry, the data associated with
that masonry need to be used — a single set of data for example,
will not represent all concrete blockwork from all over the world.

5.2 |Initial shear strength

The parameters considered in this analysis are described below:

1. The initial shear strength and the angle of internal friction —
these values are obtained from the regression of the average
shear strength for each precompression stress;

2. Modulus of rigidity of the interface — this value is obtained from
stress vs strain curve. Herein, the modulus of rigidity will be
considered the same for both shear directions;

3. Modulus of rigidity of the interface — considering the modulus
of elasticity of the block, the modulus of elasticity of the mortar,
and the Poisson’s Ratio, this value will also be obtained using
the equation proposed by Lourenco et al. (2004).

In addition to the results obtained herein for the initial shear

Table 4
Angle of internal friction and initial shear
strength - scale 1:1

Author p=tan ¢ ¢ (rad) 1, (MPa)
Lourenco et al. (2004) 1.03 0.8 1.39
Almeida et al. (2016) 1.15 0.855 —

Abdou et al. (2006) 1.05 0.81 1.27
Liz&rraga and
Perez. Gavilan (2017) 1.05 0381 0.85
Perel-zl%gg?/i%gnoé%] 7 1.2 0387 0.4
Bolhassani (2015) 0.99 0.78 —
Average 1.07 0.82 0.91
Pasquantonio et al. (2018) 0.61 0.55 0.37
Pasquantonio et al. 0.56 0.67 0.40

(2018)/average

strength and the angle of internal friction, the results from tests
conducted by five other researchers are considered. The initial
shear strength and the angle of internal friction results are sum-
marized in Table 4.

The ratios between the initial shear strength and angle of inter-
nal friction obtained in this research and those obtained from tests
by other researchers are 0.40 and 0.67, respectively. Most likely
the reason for the smaller values obtained herein is that half scale
blocks were used; the blocks used for the specimens in the oth-
er tests were full scale. Such a difference was also observed by

Table 5
Parameters for scale adjustment
Group Quantity Dimension Scale 1:1 Model
. Concentrated load F S.S,? S,?
Loading }
Bending moment FL S.S.° S8
Dimension L S, S,
Displacement L S, S,
Geometry Area L2 52 52
Volume L3 S2 S8
Block compressive strength FL2 S, 1
Block deformation 1 1 1
Material property Modulus of elasticity F2 S, 1
Poisson’s rafio 1 1 1
Stiffness FL! S.S, S,
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Table 6
Modulus of rigidity for levels of precompression
f, 0.2 0.6 1.0
Kom 0.36 0.42 0.58
S.D. 0.09 0.17 0.18
C.V.(%) 24.5 40.5 31.0
Table 7
Coefficients of shear rigidity - inplane and normal
Author (MKF;ZJII:'\(?n) (MPcI|(7"rnm)
Vandoren et al. (2013) 124 222
Nasiri and Liu (2017) 320 1,011
Lourenco et al. (2004) 99 222
Liz&rraga and Perez-Gavilan (2017) 103 153
Lizérraga and Perez-Gavilan (2017) 85 143
Massart et al. (2004) 191 351
Abdulla et al. (2017) 46 82
Abdulla et al. (2017) 62 110
Abdulla et al. (2017b) 27 62
Average 117 262
This work 118 197
This work/average 101 75

Mohammed et al. (2011), who investigated the influence of size on
the shear strength and angle of internal friction of blocks. Hughes
(2010) indicates that the size of the element may influence some
properties of the material tested, as summarized in Table 5. Based
on the values shown, the relationship between the shear strength
for a half scale block and that of a full block is approximately 0.5;
the same ratio is obtained for the angle of internal friction.

The values of modulus of rigidity for each level of precompression
are summarized in Table 6.

In general, the stress-strain relationship is related to the size (or scale)

[
n

//\
[ =

__,.--"’d

,/

—+— 1:1 Scale
—— 1:2 Scale T
—a— 1:4 Scale
—=— 116 Scale

[

Lh

L]

Axial Compressive Stress (MPa)

0 0.005 0.01 0.015 0.02 0.025

Average Axial Strain
Mohammed et al (2011) - Adapted

Figure 21
Influence of block scale on stress x strain relationship

of the block used and as the size increases or decreases, the behavior
changes as depicted in Figure 21. Thus, the values obtained herein for
the initial shear strength, the angle of internal friction, and the modulus
of rigidity can be considered in good agreement with the values ob-
tained when full scale blocks are used.

Lourenco et al. (2004) developed an analytical tool to determine
the modulus of rigidity based on thickness of the mortar joint, Pois-
son’s ratio, and the modulus of elasticity in the normal and in the
transverse directions. The results of this analysis are summarized
in Table 7 and the values obtained vary tremendously, again em-
phasizing the need for data for the particular masonry being mod-
elled. These values have been used during numerical modeling,
specifically for micro-modeling of the mortar-block interface.

5.3 Bond wrench
A literature search was conducted to find published results on the

strength of the mortar to tension caused by flexure determined
according to AS 3700 (2001). Unfortunately, not many published

Table 8
Strength of mortar to tension caused by flexure
Author Szﬁgg;h C.v. Observations
Thamboo et al. (2013) 0.42 Not given Mortar with fiber and concrete blocks
0.27 32.6
Pavia and Hanley (2010) 0.19 24.6 Lime mortar and ceramic blocks
0.32 33.9
0.11 7.9 ! ’
Barr et al. (2015) 0.23 24 Testing right after cmitrmugfrigr: of the specimens
0.33 2.9
0.08 3.8 ! "
Barr et al. (2015) 8;? f; Testing 1 minute oﬁelrn;eo:;‘rc;[lc?tri'on of the specimen
0.07 19.4 ! "
Barr et al. (2015) 018 9 Testing 15 minute oﬁelrrncegr?scf)rru%rﬂon of the specimen
0.25 4.8
0.12 14
Khalaf (2005) 0.15 15 —
0.18 17
Shabdin et al. (2018) 0.1 39 Ceramic blocks
Average 0.21 — —
This work 0.08 294 —
This work/average 38.9 — —
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results were found, and the results obtained are for full scale
blocks. The results are summarized in Table 8. When the number
of specimens tested is less than 30, the standard specifies that the
coefficient of variation must be less than 30%; the coefficient of
variation for the results obtained during this research was 29.5%.

Pavia and Henley (2010) concluded that the mortar strength de-
pends on various factors including the block geometry, the mortar
type, and the curing time of the specimen. Barr et al. (2015) con-
ducted tests immediately after, 1 minute after, and 15 minutes after
construction of the specimens, and concluded that the strength of
the mortar is a function of the water absorbed by the block. Thus,
although the average value obtained herein is only about 40% of
the average value obtained from the results of the tests conducted
by other researchers; the value can still be considered satisfactory.

5.4 Diagonal tension

The results of the analysis are summarized in Table 9 for the hollow
masonry and in Table 10 for the grouted masonry. There is a large
scatter in the results obtained for hollow masonry. The reason is that
only the mortar joint is resisting the applied load, and as mentioned
earlier, mortar strength varies tremendously and is difficult to deter-
mine using current testing methods. For grouted masonry, however,
the values are more consistent because the grout prevents large
relative displacement between the block and the mortar at their inter-
face. Thus, the specimens resist larger applied load but displace sig-

Table 9
Diagonal tension - hollow masonry
Strength .
Author (MPa) C.Vv. Observations
Concrete blocks -
Long et al. (2005) 2.24 12.7 scale 1:2
Concrete blocks -
Long et al. (2005) 1.77 10.2 scale 11
. Concrete blocks -
Kaaki (2013) 0.37 — scale 11
. Concrete blocks -
Kaaki (2013) 0.38 — scale 1:3
Bolhassani (2015) 0.51 17.8 Concrete blocks
Average 1.054 — —
This work 2.79 — —
This work/average 265 — —
Table 10
Diagonal tension - grouted masonry
Strength -
Author (MPQ) C.V. Observations
Concrete blocks -
Long et al. (2005) 2.2 2.9 scale 1:2
Concrete blocks -
Long et al. (2005) 1.78 23.4 scale 141
Bolhassani (2015) 1 14.3 Concrete blocks
Average 1.66 — —
This work 1.02 — —
This work/average 61.44 — —

nificantly less than their hollow counterparts. Although the grouted
specimens can resist more load, the shear strength is lower than
that of their hollow counterpart because the area resisting the shear
is significantly larger than that of their hollow counterparts.

6. Concluding remarks

EE

Based on the results and analysis presented, the following conclu-

sion can be made:

1. Blocks

B The stress-strain relationships of the tested blocks are in good

agreement with each other;

B The compressive strength of the block is independent of the

block scale;

B The modulus of elasticity of the block is within the values ob-
tained by other researchers.

. Initial shear strength

B The higher precompression level appears to change the mode

of failure of the specimens slightly. Cracks developed in the
webs of the block at a precompression of 1.0 MPa but no
cracks were observed for the other two smaller precompres-
sion levels;

B Once one of the mortar joints fails, the central block of the

specimen locks, causing an increase in capacity;

B Considering the scale effect, the values for the initial shear
strength and angle of internal friction obtained in this research
are consistent with those obtained in other studies.

. Bond wrench

The testing is very sensitive and must be conducted very carefully;

B The rupture observed was consistent with that observed

by others;

B The flexural tensile strength of the block-mortar interface has

significant variability;

B The value obtained herein differs slightly from those obtained

by other researchers.

4. Diagonal tension

The mode of rupture appears to be independent of the block

scale used;

The mode of rupture is independent of the type of masonry.

Both hollow and grouted masonry experienced the same type

of failure;

B The value obtained herein is slightly smaller than that obtained

by other researchers due to the block size used,;

B The moduli of rigidity obtained herein are smaller than those

obtained by other researchers due to the block size used;

B The modulus of rigidity of hollow masonry varies tremendously
because it is dependent significantly on the mortar-block inter-
face strength.

Modelling

B There is so much variation in the data that the values of the pa-

rameters needed to model a particular form of masonry should
be determined for that masonry.

N
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