Enhancement of the seismic performance of AAC
masonry by means of flat-truss bed-joint reinfor cement

A. Penna & G. Magenes
University of Pavia and European Centre for Trainamgd Research in Earthquake
Engineering, Pavialtaly

15 WCEE

M. Rota& M. Mandirola LISBOA 2012
European Centre for Training and Research in EartiigEngineering, Pavia, Italy

SUMMARY:

Only few experimental tests are available in therditure on bed-joint reinforced load-bearing magohhese
are performed on prototypes with different masdgpplogies, often reduced scale and, in any cadg,for a
small number of combinations of slenderness, da&d and boundary conditions. This work presergsrésults
of an experimental campaign including in-plane icytésts on autoclaved aerated concrete (AAC) mgson
panels with thin bed- and head-joints filled witlugrmortar. Some of the specimens are made of nfioreed
masonry, whilst in other the masonry walls are fted by means of bed-joint flat-truss reinforcemenly.
Based on the results of these tests, complementegdzific tests performed on wallettes realiseth wie two
different construction techniques, a possible gftteiriterion is proposed. The results indicate tha inclusion
of bed-joint reinforcement has the double effectimproving masonry resistance and displacementaigpa
hence reducing damage.
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1. INTRODUCTION

The Autoclaved Aerated Concrete (AAC) is obtainexht a mixture of cement, lime, water and sand
that expands by adding aluminium powder. This feactauses microscopic hydrogen bubbles to
form, expanding the concrete to about two timesoitiginal volume. After evaporation of the
hydrogen, aerated concrete is cut to size and frdhit is transported to a large autoclave where,
under a pressure of 12 bars and a temperatureocot 490-200°C, the curing process is completed.
Autoclaving is required to achieve the desired citnal properties and dimensional stability. The
result is a non-organic, airtight, non-combustilfieg-resisting material characterised by its fine
cellular structure, with diameter of air pores riaggrom 0.1 to 2 mm.

The reinforcement used in the experimental campeignade of two parallel galvanised steel thin
plates connected by a continuous steel wire weldele parallel bars in a truss-like fashion (see F
1.1).

The main advantages of truss reinforcement in botaly reinforced masonry (HRM) can be
enumerated as follows:

e The truss-like element provides lateral confinemerthe masonry bed-joint across its width
(wall thickness);

* The reinforcement provides resistance to out-ofpldeformation of the masonry wall;

* Bed-joint thickness is considerably contained. Whpeacial mortars are used to reduce joint
thickness, the use of flat-truss reinforcemenigaatageous because it does not significantly
increase the joint thickness;

« The welded connections provide a considerable degf@nchorage, which is comparable to
that offered by anchoring hooks in normal reinfoneat bars;



* The presence of horizontal reinforcement is knowncénfer increased deformation and
ductility capacity to the horizontally reinforcedasonry wall.
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Figure 1.1 Truss type reinforcement placed in the horizongal-fpint of a AAC masonry wall (left); truss type
reinforcement with welded joints (right)

As reported in Penngat al. (2010b), several literature works studied theatifeness of different types
of bed-joint reinforcement in masonry walls, eittdong with vertical steel (e.g. Priestley and
Bridgeman, 1974; Schultzt al, 1998; Moseleet al, 2009) or within confined masonry walls (e.g.
Ganz and Tharlimann, 1984; Aguilat al,1996; Alcocer and Zepeda, 1999; Lourer¢al, 2008;
Pennaet al, 2008). Nevertheless, the amount of data fronstest masonry walls with bed-joint
reinforcement only, which is the focus of the prgseork, is rather limited (e.g. Tomazévand
Zarnic, 1984,1985; Lourencet al, 2008; Pennat al, 2008; Moselet al, 2009). Also, most of these
tests were carried out on scaled wallettes and wdyof these works included specimens with truss-
type reinforcement (Lourenga al, 2008; Pennat al, 2008).

In particular, only one of the test specimens of #xperimental campaign performed at the
EUCENTRE of Pavia (Penret al, 2008) exactly fits the typology investigated lire tthis study (i.e.
only truss-type reinforcement in AAC masonry), altgh within the same campaign two other AAC
walls with bed-joint reinforcement only provided ngparable results. Indeed, the presence of
horizontal reinforcement only induced an enhancerémateral capacity increasing shear strength.
The shear the failure modes observed in unreindor8&C masonry walls tested under same
conditions of aspect ratio, vertical compressiod baundary conditions, became all bending failures
in bed-joint reinforced specimens and the displa#ntapacity associated with bending failure
modes in AAC URM walls was also largely increased.

For the reasons outlined above, the present sty & investigating in details the effect of flaiss
bed-joint reinforcement on the lateral shear bahavwf AAC masonry walls.

2. EXPERIMENTAL TEST CAMPAIGN ON LOAD-BEARING AAC WALLS
2.1. Test specification

An experimental test campaign was performed tosasbe in-plane shear behaviour of AAC masonry
piers and to investigate the effect of flat-trusslpint reinforcement. The test setup (shown i Fi
2.1) consisted in a double fixed system with a tamsvertical load applied at the top by servo-
controlled hydraulic actuators. The lateral loadwagplied in terms of increasing displacement using
a horizontal actuator. Three cycles for each digpteent level were performed.
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Figure 2.1 Scheme (left) and view (right) of the test setup
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One unreinforced masonry (URM) wall and two horizadly reinforced masonry walls with truss type
reinforcement (HRM) have been tested. All the mag@mers have the same geometry with a length
(1), height f) and thicknesss| of 2.5 m, 2 m and 0.3 m, respectively. Both b@idts and head-joints
were filled with a thin layer of glue-mortar. Thergnsions of the blocks are 625 x 300 x 250°mm
The flat-truss bed-joint reinforcement is placedha wall's height every two courses (50 cm), for a
total of four horizontally reinforced layers.

With the aim of better distributing the applied dsaand reproducing a typical constructive detail, a
reinforced concrete beam was built at the top eheaall. The mechanical properties of masonry
were measured experimentally by specific testsfopmed on blocks, glue-mortar, wallettes and
horizontal reinforcement, according to the EN 1015EN 771-4, EN 772-1, EN 1052-1, EN 1052-3
and EN ISO 15630-2 standards. Table 2.1 summareesdlues obtained from the tests for the most
relevant parameterd;, and f,, are the block and masonry compressive strengtthéndirection
perpendicular to the horizontal mortar laydys,= 0.1, is the maximum value of the masonry shear
strength (the coefficient 0.1 is derived from theerpretation of the experimental resulfgh andf,me

are the characteristic and mean initial shear gtheim the absence of compressipgis the masonry
density,Aq, is the area of the cross section of the bed-j@imforcement andl is the characteristic
steel yield strength (provided by the producer)e Talues of the shear modulGsin Table 2.1 are
calculated from Young’'s modulus by assuming the empirical relationsi@®s0.26E (Costaet al,
2011) andG=0.3ZE (obtained according to the experimental resultsy, the unreinforced and
horizontally reinforced masonry, respectively.

Table 2.1. Experimental test results on masonry components

fb fm kaO fva E G Pm ASN fyk
[MPa] | [MPa] | [MPa] | [MPa] [M Pa] [MPa] | [kg/m? | [mm?] [MPa]
URM | 3.48 2.33 0.17 0.25 1400 364 500 - -
HRM | 3.48 2.63 0.17 0.25 1400 448 500 24 60(

Two levels of vertical load were applied: 300 kMrfesponding to an average compression of 0.4
MPa) for the unreinforced wall (RDBO1) and one g horizontally reinforced walls (RDB02), 450
kN (0.6 MPa) for the other reinforced wall (RDBO3hese values correspond to an axial load ratio of
0.15 and 0.23, respectively. The axial deformatbthe horizontal reinforcement was evaluated by
strain gauges (4 for RDB02 and 6 for RDBO03, respelyt) fixed on the truss-like elements.
Displacements and possible slipping were measuye@3blinear potentiometers installed on the
panels.

2.2. Interpretation of theresults

Figure 2.2, Figure 2.3 and Figure 2.4 show the rstisplacement diagrams and the final cracking
patterns of the three tested specimens. All pasiebsved a typical shear failure behaviour, with a
response characterized by wide hysteresis loopglagrhdation of stiffness and strength, as evident
from the figures. Considering the envelope of thelas, there is a short initial linear trend folledv



by a descending branch associated with the spreadss-diagonal cracks. The final patterns show
diagonal cracks mainly affecting the blocks andssing the centre of the walls. In the horizontally
reinforced specimens, the most significant damadecated in the unreinforced joints, as the presen
of the reinforcement limits the spreading of craeksch are larger and more numerous next to the
unreinforced joints.

The ultimate and maximum displacement capacityhefdpecimens were expressed in terms of drift
ratios ¢, and dma, respectively, defined as the ratio between thezdwotal displacement and the
height of the wall). The ultimate drift ratio isfadeed as that corresponding to a lateral strengttag

of 20% (i.e. using the displacement corresponding post-peak 20% decay in the shear-displacement
curve). Values ofs, of about 0.65% and 0.8% were found for the unocegdgd and both the
horizontally reinforced panels, respectively. Alettests were actually stopped beyond this limigrvh
the tested specimens showed extensive damage watigmtial danger to the testing apparatus. This
condition occurred for levels of drift equal to &,71.25% and 1%, respectively for RDB01, RDB02
and RDBO03.
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Figure 2.2 Wall RDBO1. Top: hysteretic loops and force-digglament envelope (black thick curve). Bottom:
view (left) and scheme (right) of the final cradgipattern (colours correspond to different driftigles)
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Figure 2.3 Wall RDBO02. Top: hysteretic loops and force-digglaent envelope (black thick curve). Bottom:
view (left) and scheme (right) of the final cradgipattern (colours correspond to different driftigles)
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Figure 2.4 Wall RDBO03. Top: hysteretic loops and force-displament envelopes (black thick curve). Bottom:
view (left) and scheme (right) of the final cradgipattern (colours correspond to different driffgles)



Table 2.2 summarises the failure mechanisms, theénmian shear strengtiV{.) and the ultimate
drift levels ¢,) for each test.

Table 2.2. Summary of the principal experimental test resoftgnasonry walls

. Failure V max o
Specimen mechanism [KN] [tyg]
RDB01 Shear 156 0.65
RDB02 Shear 185 0.82
RDBO03 Shear 231 0.86

Figure 2.5 reports a comparison between the engslopthe three shear-displacement curves. It can
be noted that the horizontally reinforced specirasbows an increase in the deformation capacity of
approximately 80% compared to the unreinforcedtswlywhile the increase of the shear strength is
more contained and it can be estimated equal 20%b6- The initial stiffness in almost identical het
three cases. As expected, the increase of vertizd induced a reduction of the horizontal
displacement capacity and an increase of the strebgth of the order of 15-20%.
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Figure 2.5 Comparison of the force-displacement envelopep: Tinreinforced (RDB01) and horizontally
reinforced case (RDB02), same vertical axial Idaottom: horizontally reinforced walls with differewertical
axial load (RDB02 and RDB03)

A bilinear approximation of the shear-displacementelopes of the various tests was constructed,
according to NTCO08 (and in particular its CommentaIT, 2009) and EN 1998-3 Annex B (as far
as applicable). The definition of equivalent bikne elastic-perfectly plastic curves requires



identification of a displacement range, from zesailtimate displacementy), the ultimate strength
(Vu), the stiffness of the equivalent linear branih &nd the yielding displacemem,). The ultimate
displacement was assumed as the displacement ponding to a drop of lateral resistance equal to
20% of the maximum experimental strengih4). The stiffness of the first branch was determiasd
the secant stiffness to the point of the capacityewhere the lateral resistance is equal to 7Dfteo
maximum strength. The ultimate strength was fowwbading to the equal energy criterion, by setting
the total area below the bilinear curve equal ®shme value of the experimental one. Finally, the
remaining parameter) was easily derived from the ratio betwagmandk,.

This procedure allows also to evaluate an appaaitable displacement ductilityf), defined as the
ratio between the ultimate displacemefy)) @nd the yield displacememn,j.

The values of the parameters of the bilinear appration of the shear-displacement envelopes
(maximum in absolute value) are summarized in Tab® in whichk, is the theoretical stiffness
(calculated assuming the elastic moduli of Tableghd the elastic Timoshenko beam model). It could
be noticed that, as expected, the ductility capaexhibited by the horizontally reinforced walls is
higher than that obtained for the unreinforced one.

Table 2.3. Parameters of the equivalent bilinear approxinmatiothe shear-displacement envelopes

; V max Vy 4, A Drax ky/K¢ Ko

Specimen [KN] [KN] [mm)] [mm] [mm] [ []
RDB0O1 156 144 1.77 13 13.41 0.81 7.36
RDB02 185 169 1.46 16.3 23.94 0.96 11.13
RDBO03 231 231 1.86 17.2 19.54 0.96 9.22

The comparison between the energy dissipated biefdegss during the three tests shows that the
presence of horizontal reinforcement, in additioncbntaining the spread of cracks, also increases
considerably the final dissipation capacity of nragopiers (see Fig. 2.6), although the dissipated
energy is generally lower for corresponding dispfaents due to damage limitation.
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Figure 2.6 Comparison of the energy dissipated by hysteresis

An inspection conducted on the panels after thes talfowed the identification of several fracture
points in the reinforcement located in the cenlralizontal joints. As evident from Figure 2.7, the
damage was aligned with the main systems of didgoaeks formed in the specimen.
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Figure 2.7 Pattern of the failures (red points) of the hamiab reinforcement in the specimens RDBO02 (left) an
RDBO03 (right)

Figure 2.8 shows that these failures of the readorent (red points in Fig. 2.7) affected the entire
cross section of the truss reinforcement and wse detected by the strain gauge measurements
which, during the test, recorded sudden jumps énhbrizontal reinforcement deformation, although
the fracture was positioned at some distance fieengauge. The sound of the fractured steel could
also be heard during the tests.
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Figure 2.8 Picture of the failures of the horizontal reinfemeent (left) and horizontal deformation recorded by
the strain gauges (right)

3. PROPOSED CRITERION FOR SHEAR STRENGTH OF HORIZONTALLY
REINFORCED AAC MASONRY

The increase of shear resistance offered by flasstbed-joint reinforcement was estimated using the
criterion of resistance reported in Eqn. 3.1, whishan improvement of the formulation initially
proposed, for horizontally reinforced AAC masoriy,Penneaet al. (2007):

. i
Vig =Va+Veg =ful T+ aﬂm‘f_}'? < fplt (3.1)

wheref, is the masonry shear strendtis the wall lengtht is the wall thicknesd; is the length of the
compressed portion of the wall,is the steel yield strengti, is the section area of the flat-truss
reinforcement,s is the vertical spacing of the bed-joint reinformmt, h is the wall height,
d’'=min(',h) anda is a coefficient of efficiency of the horizontaimforcement.

In Egn. 3.1, the shear resistance of the horizlgntainforced elements is obtained as the sum ef th
contribution of the unreinforced waN/, calculated according to the classical criteriaasfistance
(e.g. Costat al, 2011), and a contribution due to the horizorgaiforcement aloné/ ). A value of



the coefficienta equal to 0.85 was identified as the one giving lest-fit with the experimental
results in terms of shear strength, obtained ferAAC walls reported in this work .

Figure 3.1 reports the interaction diagrams forttinee tested walls, with the curve of maximum shea
versus axial load for each failure mode. It is dotieat the diagram for the horizontally reinforced
specimens (black line) was calculated using th@gsed criterion of Eq. (3.1) and, with a calibrated
efficiency coefficient, it fits rather well the eepmental results, as indicated in the figure.
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Figure 3.1 Interaction diagram of the tested walls (doubedi): unreinforced (grey thick curve) and
horizontally reinforced masonry (black thick curve)

4. COMMENTSAND CONCLUSIONS

The paper summarised and discussed the resultsydic cshear-compression tests aimed at
characterizing the seismic response of a new sysierautoclaved aerated concrete masonry
reinforced with only horizontal reinforcement pldda thin horizontal joints filled with glue-mortar
The three panels tested showed a typical sheawioehavith diagonal cracks mainly affecting the
blocks and crossing the centre of the panels. fiztiatally reinforced specimens the most significan
damage was located in the unreinforced horizootatg.

The presence of horizontal reinforcement (everychf allowed an increase of the deformation
capacity of the wall with respect to the unreinéafeolution. For what concerns the shear strerfgth o
the walls, the increase was equal to about 15-2D8mpared to the test with lower axial load, the
increase of vertical load (specimen RDBO03) gendrateeduced horizontal deformation capacity and
an increase in resistance roughly of the same afdeagnitude (15-20%).

The maximum ultimate drift ratio associated witk 8hear failure mechanism increased, compared to
the values proposed in the literature for unreitddrAAC masonry (Otes and Loring, 2003; Tareter
al. 2005; Pennat al.2008; Costat al.2011), from 0.3-0.35% to 0.8%.

This study has also led to the proposal of a streogterion for AAC masonry with only horizontal
reinforcement which needs however to be furtheidatdd with additional testing. Despite the limited
number of tests that were carried out, the reseaatiirms the effectiveness of the horizontal
reinforcement in increasing the seismic performasfdbe walls, especially as a result of a sigafic
enhancement of their deformation capacity and rsgluof the damageExtensive testing activity on
bed-joint reinforced masonry would be necessatyetiter clarify the actual contribution to the shear
resistance offered by the sole presence of hodtoginforcement.
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