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Abstract: The results of a combined experimental prograchranmerical modeling program to

evaluate the behavior of ungrouted hollow concldteks prisms under uniaxial compression
are addressed. In the numerical program, threadistpproaches have been considered using a
continuum model with a smeared approach, namelyepsiress, plane-strain and three-
dimensional conditions. The response of the nurakergimulations is compared with
experimental data of masonry prisms using concléteks specifically designed for this
purpose. The elastic and inelastic parameters aceired from laboratory tests on concrete and
mortar samples that constitute the blocks and #tkejbint of the prisms. The results from the
numerical simulations are discussed with respetihécability to reproduce the global response
of the experimental tests, and with respect tofdilere behavior obtained. Good agreement
between experimental and numerical results wasdfdointhe peak load and for the failure mode
using the three-dimensional model, on four differsats of block/mortar types. Less good

agreement was found for plain stress and plaimstnadels.
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I ntroduction

The last years witnessed significant advances isomg mechanics, both with respect
to experimental testing and to numerical modelldgspite this fact, the composite behavior of
hollow concrete block masonry still represents e tchallenge. Hollow concrete blocks are
structures constituted by slender walls, interactetween themselves and usually featuring
different geometries. Besides the difficulties irdrd to characterize the mechanical properties of
mortar inside the composite, also the mechanicgbgaties of the concrete from the blocks are
usually not known, since the tests are carriecbaufull blocks.

With respect to the difficulty of characterizingetmaterials that constitute masonry on
laboratory tests, it can be emphasized that testsed out on masonry units with flat platens
provide an artificial compressive strength due rib&traint effect of platens, that the post-peak

behavior in compression is usually not determirieat the fracture energy in compressi@ ()

depends significantly on the test set-up and eqeimhat the load conditions of units and
mortar tests do not reproduce the state of strieg®eaomposite inside the masonry and that the
mortar specimens cast in steel molds do not reptébe real curing conditions (Stockl et al.
1994).

In order to carry out sophisticated numerical asedy it is necessary to further advance
in the characterization of the properties of matsriand assemblage (Marzahn 2003; Pina-
Henriques and Lourenco 2006). One example of amagtt to provide detailed information on
the behavior of hollow block masonry has been magdenodeling the prism behavior using a
block Young’s modulus obtained from tests on sampberacted from concrete blocks (Hamid
and Chukwunenye 1984). Similarly, tests have begfopned in samples extracted from hollow

concrete, calcium silicate and solid concrete otk identify the compressive and tensile



strength, together with the Young's modulus (Hawlale 1997; Ganzerli et al. 2003; Marzahn
2003).

Tests on cylindrical samples (50x100 mm) made foomcrete with zero slump used in
hollow concrete blocks manufacturing, demonstratieat the compressive strength of the
samples was lower than the actual block strength,td the pressure and curing inherent to the
production process (Frasson Junior 2000).

Considerable difficulties are therefore expectedrig research aiming at characterizing
the mechanical properties of masonry componentsthi® reason, the present paper adopts a
different approach to ensure adequate definitiorthef stress-strain relationship of masonry
components. Laboratory tests were carried out dlowaoncrete blocks, masonry prisms, and
concrete and mortar samples that constitute themmaglements. The adopted technique was to
mold the blocks in the laboratory using a concrei@ also used to cast concrete samples
(Barbosa 2004).

Modeling of masonry itself is a complex task dudfe heterogeneity and orthotropy
caused by masonry components and their interfadestar joints act usually as planes of
weakness and, depending of the level of accurad the simplicity, micro-modeling of
individual components, block and mortar, or macmdeling of masonry as a composite can be
adopted (Lourenco 1996).

In the case of masonry compression failure, disgnanom models showed clear
advantages when compared to continuum models, bag@dsticity and cracking, in predicting
the compressive strength and peak strain of sdlick prisms from the properties of the

constituents (Pina-Henriques and Lourenco 2006ydmeo and Pina-Henriques 2006). This is



true for solid masonry, whereas for hollow blocksmary the application of such models seems
cumbersome due to the geometrical complexity oflasonry basic cell.

Only a few numerical researches have been carugdvgh respect to the strength
prediction of hollow concrete block masonry (eBage and Shrive 1990; SayedAhmed and
Shrive 1996; Koksal et al. 2005) and, even if geduthasonry is usually considered, the material
properties are not always fully available from itggtand it is not always demonstrated that the
ultimate load is the true one, and not the restildivergence of the numerical solution
procedure. In this research program, the numereellysis is based on continuum finite
elements utilizing a commercial non-linear finiteraent code DIANA (DIANA 2005).

In total, four different combinations of mortar ahtbck were simulated, utilizing the
parameters obtained from the experimental progranvalidate the constitutive behavior
obtained in masonry prisms. It is shown that gogr@ment can be obtained in the prediction of

the behavior of prisms using advanced numericalisitions.

Experimental results

The experimental research program was carried rouheé Laboratory of Structural
Engineering at the University of Sao Paulo, SaddSaiBrazil). The blocks were molded with
concrete mixes with four different strengths. Théchnique ensures that the mechanical
properties from concrete specimens adequatelyseptehe behavior of hollow concrete blocks
(Barbosa 2004). Concrete hollow block are manufadtwitilizing a zero slump concrete,
together with high pressure and vibration of thddsowhich is not reproduced here. Still, the
adopted procedure allows to ensure identical mechkamproperties for the blocks and the

samples, thus guaranteeing a comparison of resittisaa single material.



Here, the blocks have been cast together with dytal specimens of diameter
d=100m and height h = 200 mm, and rectangular beamtls dimensions: wxdxL =
150x150x500mm.

The block geometry is depicted in Fig. 1, wherdsitshown how two expanded
polystyrene elements allow to shape the hollowsorside the blocks.

Masonry prisms have been built with the molded kdoevith three blocks stacked and
10 mm bed mortar joint. Cylindrical samples (50x10f) and beams (150x150x500 mm) were
again molded with four different mix mortars thainstituted the bed joint of prisms. The
concrete and mortar elements followed the same faetuiing steps: casting, vibration and
curing.

The cylindrical specimens were manufactured acogrdio Brazilian standards.
Although there are differences on the samples déioes, the ratio height/thickness (h/t = 2) is
kept. On other hand, the beams were molded acaptdiRILEM TC 50-FMC (1985), in order
to obtain the fracture mechanics parameters. Tdetemmendation foresees the same sample
dimensions for mortar and concrete samples.

Therefore, four sets with distinct concrete and taromechanical properties were
considered in total. The masonry prisms, togethiém woncrete and masonry specimens, were
subjected to axial compression using a servo-hyidratachine and tested under displacement
controlled mode with a constant displacement vglocThe controlled displacement mode
allows, in principle, the acquisition of the complestress-strain diagram, including its
descending or softening branch. A displacement cdt®.005 mm/s was adopted on the
compressive tests samples, while, on the prisns,tésé adopted rate was 0.001 mm/s. The

three-point bending tests were carried out withnapatched control of 0.02 mm/min.



Additional tests with cylindrical specimens detemed the tensile strength of concrete
and mortar by means of the diametral compressisiede cylindrical samples and three-point
bending tests on notched beams provided the faetergy parameters for both materials.

The prisms were instrumented on face-shells witlizbatal and vertical LVDTs in the
center of each hollow core. Additional LVDTs meastine vertical displacement in the block

and mortar individually. The prisms and mortar $pens are shown in Fig. 2.

Details on mortar and concrete composition

The concrete was prepared using Portland cemerlasita type 11, standardized in
ASTM C 150 (2007), due the importance of high-eastyength at 14 days-after molding
(foreseen date for tests). The coarser aggregades wbtained from basaltic rocks with the

following characteristics:

mass per unit volume (density): 2.71 g/cms;
= apparent mass per unit volume: 1.37 g/cms;
= fineness modulus: 2.78;

* maximum aggregate size: 9.5 mm

= absorption: 2.3%.

The following characteristics were obtained fordsahe fine aggregate of concrete:

* mass per unit volume (density) is 2.48 g/cm3;

apparent mass per unit volume : 1.48 g/cms;
» fineness modulus: 2.08;

*  maximum aggregate size: 2.4 mm.



The components for mortar are cement, lime and.s&ind properties of cement and
sand are similar to the concrete mix ones. The rhaiotion of lime is to provide high water
retention capacity and plasticity for the mortar.

The four different concrete and mortar mix propmis are presented in Table 1.

Manufacturing of elements and behavior under compressive loading

The blocks were cast and vibrated from a singletbat a vibrating table. From the
same concrete batch, the samples were also mokleeémcted in Fig. 3. After 24 hours, the
blocks and samples (cylindrical and beams) wereotldgd and stored at temperature/humidity
chamber ate 20° C and 95% relative humidity, faesedays. After curing, the elements were
kept under laboratory temperature and humidity.

Top and bottom surfaces of cylindrical samplesgaoeind by a mechanical process and
the beams were notched. The next step was to rharkotation of instrumentation on the
elements to be tested.

The masonry prisms were built with the same mdoetch from which the samples
were cast. Vibration of mortar samples was on thaes vibration table. The samples were
demolded after 24 hours and kept close to the gr{$ng. 2), under laboratory conditions.

The failure mode observed in concrete and mortaapsess during the compressive test
is characterized by the typical diagonal shear.dizimetral compressive tests the crack arises
under load line near the maximum force of the t@sk to the low rate velocity test it is possible
to avoid the sudden failure of samples.

The prisms were instrumented with displacementsttapers (LVDTS) to obtain the
vertical strain. Four strain gages were glued i@ tiylindrical samples (two in the vertical

direction and two in the radial direction) to agguihe Young's modulus and Poisson’s ratio of



concrete and mortar. In the beams, the verticgblatement was obtained by means of a
displacement transducer.

A loading steel plate with 35 x 200 x 400 mm (heighwidth x length) was placed
between the load cell and the prism to be testéw fRilure mode of prisms subjected to
compressive loading is due to vertical cracks amdtan crushing. The first crack arises in the
face shell of the block (1), in the center lingloé core, usually in both sides and close to 75% of
peak load. Afterwards, the mortar joint crushesathe locations (2). The cracks in the blocks
progress to the mortar joint. A vertical crack agrsealso in the middle of the transverse web (3)
close the peak load, due to the lower stiffnesdack-shell regions. Mortar crushing then
progresses (4) and there are several cracks thtbegiace-shells of prism at maximum test load
(5). Generalized cracking with concrete spallingha block is observed during the descending
branch (6). The compression failure process, asatetl in the parenthesis above, is detailed in
Fig. 4.

Table 2 summarizes the mean value of compressreagih of blocks ,), mortars
(f,) and prisms € ) for each group (average results from three te$ts} elastic and inelastic
properties of concrete and mortar obtained fromtéisés are presented in Table 3, again as the
average value from three tests. Hefgjs the compressive strengtfi, is the tensile strengtl,
is the elasticity modulusy is the Poisson ratid3, is the fracture energy for compression and
G, is the tensile fracture energy.

Young’'s moduli of materials were calculated consitg the stress interval from O to
40% of the compressive strength. As an example, Fagdepicts the stress-strain curve of a
mortar sample of P1 group during the compressisk Tde slope of the (continuous) secant line

that connects the stress-strain point 0-0 to thet pkefined by the horizontal dashed line at 0.4



f_in longitudinal stress-strain diagram givess 9570 N/mm?. The Poisson ratio is defined at

m

the same stress level, considering the ratio betvsmsversal and longitudinal strains. This

parameter presents an approximately constant wélOg.27 until 0.4f_, increasing with higher

levels of compressive stress (Fig. 5b).

The areas under the curves considered for detetionnaf G, and G, are depicted in

Fig. 6.

It is noted that mortar crushing is more commormrisms P1 and P2 due their lower
ratio between the elasticity modulus of mortar aodcrete, in comparison with the same ratio in
prisms P3 and P4, in which mortar crushing rarelguored. For P1 and P2 groups, the ratio
between the Young's modulus of mortar and concretabout 0.47 and the difference in
compressive strength is large, being failure duertshing mortar. On other hand, P3 and P4
groups present a ratio between the Young's modahg compressive strength of mortar and

concrete about 0.61, and the mortar joint did nostc.

Numerical modeling

The numerical simulations were carried out withtoarum finite elements utilizing a
micromodeling strategy, in which mortar and corerate represented individually with non-
linear behavior. An incremental-iterative NewtonpReon method with arc-length control and
line-search technique was adopted to solve theltiggunon-linear equilibrium equations
(DIANA 2005). The load steps were adjusted manyalgducing the step size whenever
divergence of the iterative process was found.

Three-dimensional analysis remains computatiomadlsy demanding and the use of
simplified two-dimensional approaches is of releafor the application of a numerical toolbox

for strength prediction of hollow concrete masonfierefore, three different approaches were



considered with respect to the out-of-plane coodgi plane-stress (PS), plane-strain (PE) and a
three-dimensional (3D) analysis.

Fig. 7a depicts the basic cell defined to represleatprism and the one-eighth cell
adopted for the numerical simulations (Fig. 7b)eTdoundary conditions assume symmetry,
with the exception of the free edge, which is assinwvithout any constraint. The adopted
simulation assumes that the friction effect of tbading platens is marginal, representing
adequately the state of stress in the center dd¢ke prism. The load was applied as a set of
uniformly distributed displacements at the tophe tuarter cell.

This approach is only phenomenological, in the s¢hat the numerical model cannot
describe the micro-mechanical mechanisms involvethe failure mode of the real model. In
addition, the splitting cracks, the boundary effect the model and the failure modes are not
symmetric in the tests, even if it is noted thatsh phenomena induce changes mainly in the
post-peak behavior.

The two-dimensional mesh includes 704 eight-nodeaddlateral elements (totaling
2221 nodes), with quadratic interpolation and 3x8u€s integration. The three-dimensional
mesh includes 968 twenty-noded brick elements l{tgta6429 nodes), with a quadratic
interpolation and 3x3x3 Gauss integration. FighBves the finite element mesh utilized in the
three-dimensional analysis. It is noted that a sealiscretization is assumed in the transverse
direction, i.e. in the region of transverse bloc&bs. This is due to the fact that experimental
results indicate that failure mechanisms in thegitdinal direction (or face shells) mostly
control the response. In the figureis the longitudinal direction arlis the transverse direction.
The results obtained will be shown always using thié cell in order to allow a better

understanding, by post-processing the result®ohe-eighth using the symmetry conditions.



For plane stress analysis, a composite plasticihgehusing the Drucker-Prager and
Rankine criteria describes the behavior of matesiaer compression and tension. Inelastic
behavior presents a hardening-softening parabadigrdm in compression and an exponential
softening diagram in tension. For three-dimensiamallysis, Drucker-Prager was combined with
a smeared cracking with a straight tension cut-@fponential tension softening and variable

shear retention. Details about the models can bedfan Rots (1988) and Feenstra (1993). .A
friction angle =10 (DIANA 2005; Lourenco and Pina-Henriques 2006) dildtancy anglep

= 5° was adopted (Vermeer and de Borst 1984). Wighexception of these values, all other
values requested by the constitutive models haee betlined in detail in the previous section,
obtained directly via experimental testing. It ted that the value of the friction angle given
above yields correct results for biaxial loading {acrease of strength about 10-25%) and a
larger value is not recommended for applicationgssithe value of the three principal stresses
are comparable. The value of the dilatancy angtenmaor influence in the results, as confirmed
by tests using associated flow.

Each approach corresponds to a different out-afepleonfining level. In plane stress
(PS) approach the out-of-plane deformation is estrained and the specimen can deform freely.
On the contrary, out-of-plane deformation is fulgtrained in the plane strain (PE) approach. In
reality, the test conditions induce an intermedistege of stress in the prism, between these

extreme conditions, closely represented by thestdrmensional model (3D).

Stress-strain diagrams

The stress-strain diagrams obtained for all nuraésienulations are shown in Fig. 9, as
well as experimental results. It is noted thatrthenerical analysis was terminated soon after the

peak load, as experimental results were often vaitadble due to explosive uncontrolled failure



of the prism and also the cost of carrying outrthemerical analysis until complete failure. Once
significant inelastic behavior occurs, non-lineaalgsis tends to lead to increasing convergence
difficulties. The theoretical compressive strengthower than the experimental value for all
models in PS approach. The PE approach providesméixémum theoretical stress, higher than
the one reached in the experimental tests. A gatichation of the peak load is obtained from
3D analysis, being the numerical values similaexperimental values (maximum difference of
20% and average difference of 10%). It is noted, ihathe case of 3D analysis, prisms P1 and
P2 presented serious convergence problems duethkamogeneous stresses induced by large
differences in the mechanical properties of moatad block. Table 4 summarizes the ultimate
load reached in the analyses, comparing the nualesicd experimental results. Here, the
experimental ultimate load is represented by trexage results from the tests in three prisms.

The lower values of ultimate load were obtained# approach due to the absence of
the confinement effect that induces premature failf the mortar joint. The numerical values
are between 60% and 80% of the experimental ddteesaThe PE approach does not allow
displacements in direction orthogonal to the plahanalysis, inducing excessive triaxial effects
in the mortar joint, whereas the concrete blockinisa compression-tension biaxial state.
Consequently, too high ultimate load values araiokt in all prism models, with an average
increase of about 40% in comparison with the expental values.

A good accuracy in the linear branch of the ststsmn diagram for the three
approaches is also found. PS and 3D approachesalsva satisfactory behavior in the cracked
phase as the reduction of stiffness agrees weli thié experimental results up to 80%-90% of

the ultimate load.



In spite of the fact that the 3D approach providdéquate ultimate load values, with
the exception of prism P4, the peak strain valueniy about 60% of the experimental value.
Even worse agreement is found for the PS appradohreas oscillating values (both above and
below the experimental values) are obtained in $edmPE. Table 5 shows a comparison of all
peak strain values.

This result seems to indicate that, for levels efyvhigh damage, the adopted
continuum models are inadequate to simulate thmore. The possibilities would be to change
the volumetric response using variable dilatancioadopt particulate models that more closely

represent micro-mechanical effects at failure (FHieariques and Lourencgo 2006).

Lateral Strains

Fig. 10a depicts the resultant lateral stresset)yeaaverage value obtained along of the
length of bed joint, development of mortar jointR® and PE approaches. The reference line of
these values is located in the middle height oftargoint, indicated by the dashed line in the
figure. Lateral confinement is found in PS and Rfpraaches. The effect is more severe and
guasi-linear in the PE approach, whereas for R#dbatonfinement becomes more relevant only
for very large stresses (about 90% of the failoeal). The horizontal stress distribution along the
mortar joint (also related to the dashed line @f. Bi0a) is represented in Fig. 10b, where lateral
stresses are related to the vertical load at distevels, defined in accordance to stress-strain
relationship behavior. The vertical load of 30%l &9% represents roughly the limits of linear
branch for PS and PE approaches, respectivelythendertical load of 100% corresponds to the
failure stress in both analyses. The higher valoegonfinement occur in the face-shell /
transversal web regions or in their vicinity. Thgher intensive confinement effect in PE

approach is also clearly indicated.



Failure Patterns

Fig. 11 depicts the failure pattern and deformedhv& the basic cell, of relevance to
appraise the adequacy of the numerical analysistavigrushing in bed joint causes the prism
failure when the PS approach is adopted. No sianti cracks are identified in the blocks and
mortar crushing occurs in the full developmenttef joint.

Mortar crushing is again detected in the PE apgrolbiat diagonal cracks in the blocks
are identified also. Cracking is due to the bloafodmation restraint in the out-of-plane
direction and mortar crushing occurs intensivellyon the face shell / external transversal web
region.

The failure mode presented in three-dimensiondlyaea is closer to experimental tests,
with the development of vertical cracks through ihecks and crushing of bed joint mortar. It
must be emphasized that the failure mode dependth®mmodel strategy adopted, being
numerically correct but non-fully realistic, due tize limitations of continuum finite element

modeling.

3D aspects

A detailed analysis of the 3D model indicates ttie# model predicts non-linear
behavior of the concrete block and mortar jointhwgevere stress redistributions under
increasing compression, inducing a triaxial statéhie mortar joint and a compression-tension
state in the blocks.

The block and mortar resistant stress-strain diagrare presented in Fig. 12. The
tensile strength of concrete is reached, repreddntehe large increase of the lateral strain close

to peak load in Fig. 12a. On the other hand, Fap ibdicates that the block would still support



compressive load in the absence of transverse iogacknd the mortar presents very high
longitudinal strain values, due to triaxial effdtat acts in the bed joint (Barbosa et al. 2006).

For further discussion, Figs. 13 and 14 presenstiess and strain distribution in prism
P4 at failure, using incremental deformed meshég. Aigher minimum (compressive) plastic
strains are identified in the mortar joint due he triaxial effect, contrasting with the low values
obtained in the blocks (Fig. 13a). The higher altgolvalues of minimum (compressive)
principal stresses, depicted in Fig. 13b, are faarttie external and central transversal webs and
the lower ones occurs in the hollow central partha block, indicating a load redistribution
from the central part of the block to the transeengbs. In the central part of the block, very
high values of maximum (tensile) principal straame found due to cracking (Fig. 13c).

The intensity of minimum (compressive) principalesses is also high in the central
part of transversal webs, near the mortar joingssteown in Fig. 14, indicating the full three-

dimensional effect at failure.

Conclusions

Laboratory tests using specially made hollow coectdocks allowed to adequately
characterize the block mechanical properties bycispn testing. Similarly, the mortar
properties were obtained from specimen testingtsTes masonry prisms with four different
combinations of block/mortar strength indicate ttreg resulting failure modes are associated
with the differences between the mechanical progserof concrete and mortar. Failure is
associated with vertical cracks and/or mortar angshdepending on the mechanical properties
of masonry components and the ratio between blodknaortar strength.

The proposed strategy allowed to obtain the elastit inelastic parameters needed for

advanced non-linear numerical simulations. Thessftite present paper addresses the ability of



numerical methods using continuum models, basedlasticity and smeared cracking, to
reproduce the experimental compressive behavibplddw concrete block masonry prisms. The
comparison between numerical and experimental tesallows to conclude that distinct
approaches lead to different strength, differefuf@a mechanisms and different force-strain
diagrams.

The plane-stress modeling approach does not canideestraint of materials in the
out-of-plane direction, which induces prematurelufai of the bed mortar joint and too
conservative results in terms of failure load. Phene-strain modeling approach does not allow
displacements in the out-of-plane direction, whicbvides non-conservative results in terms of
failure load and changes the failure mode from arartushing to diagonal cracks in the blocks.

Three-dimensional numerical modeling predicts wtienloads and failure patterns in
accordance with the experiment results, with a doatlon of vertical cracks and mortar
crushing failure. Only the deformation capacity a80-90% of the ultimate load could not be

correctly reproduced by the model, which is oftehnelevant for engineering applications.

Acknowledgements

The authors would like to acknowledge FAPESP — Bawlo State Research Support
Foundation — and CAPES - Brazilian Research Suggmrhdation — for the financial support

given to this research.



References

American Society for Testing and Materials (20088TM C 150: Standard Specification for

Portland cement. 2007.

Barbosa, C.S. (2004). “Strength and deformabilify hmllow concrete blocks and their
correlation to mechanical properties of constitueradterial.” MSc Thesis, University of Sao
Paulo, Sao Carlos, Brazil. 153p. Available from tgiitwww.set.eesc.usp.br/public/teses> (in

Portuguese).

Barbosa, C.S., Lourenco, P.B., Mohamad, G., andakanB. (2007). “Triaxial compression
tests on bedding mortar samples looking at confargreffect analysis.Proceedings of the 10th

North American Masonry Conference, St. Louis, Misg§dJSA, 992-1002.

DIANA (2005). “Finite Element Code: User's Manual Release 9.” TNO Building and

Construction Research: Delft, The Netherlands.

Feenstra P. (1993). “Computational Aspects of BibSiress in Plain and Reinforced Concrete”.

PhD thesis. Delft University of Technology, The hNatands.

Frasson Junior, A.F. (2000). “Methodology for samgpland manufacturing process control for
concrete blocks structural masonry.” MSc Thesisdefgl University of Santa Catarina,

Florianopolis, Brazil. 146p. (in Portuguese).

Ganzerli, S. et al. (2003). “Compression strengistimg for nonstandard concrete masonry
units.” Proceedings of the North American Masongnférence, 9., Clemson, South Carolina,

USA, 60-71.

Hamid, A.A., and Chukwunenye, A.O. (1986). “Compgies behavior of concrete masonry

prisms.” Journal of Structural Engineering, 112@)5-13.



Hawk, S.W., McLean, D.l., and Young, T.C. (1997Compressive behavior of insulated

concrete masonry prisms.” The Masonry Society Jaufrb(2), 53-60.

Koksal H.O., Karakoc C., Yidirim H. (2005). “Comgson behavior and failure mechanisms of

concrete masonry prisms.” Journal of Materials iml@&ngineering, 17(1), 107-115.

Lourenco, P.B. (1996). “Computational strategies fimasonry structures.” Delft University

Press: The Netherlands. 210p. Available from < weiwil.uminho.pt/masonry>.

Lourencgo, P.B., Pina-Henriques, J.L. (2006). “Maganicro-modelling: a continuum approach

in compression.” Computers & Structures, 84(29-39Y,7-1989.

Marzahn, G.A. (2003). “Extended investigation ofama&nical properties of masonry units.”
Proceedings of the North American Masonry Confegefc, Clemson, South Carolina, USA,

813-824.

Page A.W., Shrive N.G. (1990). “Concentrated loaas hollow concrete masonry.” ACI

Structural Journal, 87 (4), 436-444.

Pina-Henriques, J.L., Lourenco, P.B. (2006). “Magocompression: a numerical investigation

at the meso-level.” Engineering Computations, 23382-407.

RILEM (1985). TC 50-FMC: “Determination of the fitace energy of mortar and concrete by

means of three-point bend tests on notched bedwaerials and Structures, 18(4), 287-290.

Rots JG. (1988). “Computational Modeling of Coner€tacture”. PhD thesis. Delft University

of Technology, The Netherlands.

SayedAhmed E.Y., Shrive N.G. (1996). “Design ofefatell bedded hollow masonry subject to

concentrated loads.” Canadian Journal of Civil Begring, 23 (1), 98-106.



Stockl, S., Bierwirth, H., and Kupfer, H. (1994)YHe influence of test method on the results of
compression tests on mortar.” Proceedings of tH2 Iaternational Brick and Block Masonry

Conference, Calgary, Alberta, Canada.

Vermeer, P.A., and de Borst, R. (1984). “Non-assted plasticity for soils, concrete and rock.”

Heron, 29(3), 1-64.



List of figures

Fig. 1. Hollow concrete block with dimensions inntimeters and the steel mold to cast the

blocks.

Fig. 2. Three block stack-bond prism, mortar specisnand lay-out of the compression test on

prisms.
Fig. 3. Manufacturing of concrete beam and moraane.

Fig. 4. Failure process: (a) Evolution of crackingblocks and mortar crushing — dashed line
indicates initial cracking, continuous line indieathe final cracking pattern and dark

spots indicate mortar crushing; (b) details of kiag and crushing.

Fig. 5: Young’'s modulus and Poisson ratio definadhe stress-strain behavior of the tests (a).

Behavior of Poisson ratio under compressive tést (b

Fig. 6: Area under stress-strain curve considenedaﬂculaterc (8) and area under force-

displacement curve considered to calcu%te(b).

Fig. 7. Three block high masonry prism (dimensiongnm), a basic cell and one-eigliha
basic cell are indicated: (a) basic cell; (b) orghth cell utilized in the numerical

simulations.
Fig. 8. Different views of the finite element mesirresponding to a one-eighth of basic cell.
Fig. 9. Stress-strain experimental and numericd@ims.

Fig. 10. Mortar confinement in the longitudinal etition: (a) Evolution with loading; (b)

Confinement through the length of mortar joint.

Fig. 11. Failure patterns on the incremental deéatmesh.



Fig. 12. Stress-strain diagrams: (a) lateral stfamblock measured at mid-height of block; (b)

average vertical strain for block, mortar and ptrismasured in the net area.

Fig. 13. Results for prism P4 at failure, plottedthe deformed mesh: (a) Minimum principal
plastic strain (N/mm?2); (b) Minimum principal stees (N/mm?2); (c) Maximum principal

strains.

Fig. 14. Minimum principal stresses for the transeenebs, for prism P4 at failure (N/mm?)
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Fig. 1. Hollow concrete block with dimensions in centimetand the steel mold to cast the

blocks.



Fig. 2. Three block stack-bond prism, mortar specimendaydut of the compression test on

prisms.



Fig. 3. Manufacturing of concrete beam and mortar sample.



(b)

Fig. 4. Failure process: (a) Evolution of cracking in ld®@nd mortar crushing — dashed line
indicates initial cracking, continuous line indiedhe final cracking pattern and dark spots
indicate mortar crushing; (b) details of crackimglarushing.
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Fig. 8. Different views of the finite element mesh cor@sging to one-eighth of basic cell.
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Table 1. Concrete and mortar mix proportions (in volume)

Group Material Proportion Water/c_ement

ratio

P1 Concrete 1:4.0:2.4 0.85
Mortar 1:1.3:5.2 1.26

P2 Concrete 1:4.0:2.4 0.92
Mortar 1:1.3:5.3 1.40

P3 Concrete 1:3.2:2.8 0.75
Mortar 1:0.6:4.2 0.89

P4 Concrete 1:2.0:2.7 0.58
Mortar 1:0.3:3.0 0.78

Concrete proportion (cement: fine aggregate: coaggeegate)
Mortar proportion (cement: lime: fine aggregate)



Table 2. Compressive strength of blocks,(mortar (n) and
prisms ). Value in parenthesis indicates the coefficidnt o
variation (three tests have been performed for ezaterial

property)

Prism f, f, fp fp /1, f./f,

[N/mm?] [-] [-]

13.7 10.2

P1 (2.9%) 9.4 (1.9%) 0.74 0.69
11.2 10.0

P2 (4.4%) 7.7 (3.7%) 0.89 0.69
15.0 12.0

P3 (2.3%) 15.5 (4.8%) 0.80 1.03
21.8 16.9

P4 (2.4%) 22.2 (3.9%) 0.78 1.02

" Measured in the gross area



Table 3. Elastic and inelastic properties of concrete aodtan. Value in parenthesis
indicates the coefficient of variation (three tdsase been performed for each material

property)
f f G G
Prism/Material c t E v fe zf
mm - .mm/mm
[N/mm?] [-] [N.mm/mm?]
Mortar 9.4 1.1 9745 0.127 8.3 0.0228
(10.5%) (8.3%) (5.0%) (3.1%) (5.3%) (14.4%)
P1
Concrete 22.8 2.2 20595 0.203 25.92 0.127
(3.5%) (10.1%) (8.2%) (2.7%) (2.9%) (26.9%)
Mortar 7.7 0.9 8121 0.134 10.2 0.0217
- (14.1%) (13.8%) (12.3%) (2.4%) (8.7%) (15.5%)
Concrete 18.6 1.7 17449 0.195 26.1 0.1063
(4.4%) (12.0%) (7.5%) (6.3%) (6.4%)  (17%)
Mortar 15.5 1.8 13195 0.151 15.48 0.0386
(2.3%) (11.7%) (4.8%) (4.0%) (9.9%)  (0.3%)
P3
Concrete 24.9 2.4 22175 0.204 20.38 0.1375
(4.0%) (9.3%) (5.6%) (2.9%) (3.2%) (10.0%)
Mortar 22.2 2.6 16672 0.153 17.5 0.0653
(7.0%) (4.8%)  (7.5%) (2.9%) (4.2%) (11.4%)
P4
36.2 3.1 27104 0.207 27.01 0.1548
Concrete

(5.7%) (10.8%) (2.1%) (3.2%) (7.9%) (14.6%)




Table 4. Comparison between the numerical and experimental
ultimate stress, for the four mortar-block setste;I®S indicates
plane stress, PE indicates plane strain and 3[@ates three-
dimensional model.

PS PE 3D

f exp
f num f num § num f num § num f num

Prism

f exp f exp f exp

N hep g [ kN [

P1 10.2 6.1 060 149 1.46 9.2 0.90

P2 10.0 4.9 049 122 1.22 8.0 0.80

P3 120 100 083 168 140 111 0.93

P4 16.9 142 084 240 142 171 101




Table 5. Comparison of theoretical and experimental pearst
values in distinct analysep. indicates microns, i.e. that the values

should be multiplied by 19

o PS PE 3D

- u gnum num num num num num
Prism v v ’
[Iu ] 8exp gexp gexp

[u] [-] [u] [-] [u] [-]

P1 2244 802 036 2277 1.01 1488 0.66
P2 3207 711 0.22 2231 0.70 1629 0.51
P3 2451 1260 051 2248 0.92 1503 0.61
P4 1841 1535 0.83 2591 1.41 1850 1.00




