Seismic behaviour of mortdree interlocking column

M. Ali, R. Briet, S. Bai & N. Chouw

Department of Civiland EnvironmentalEngineering, University of

Auckland, New Zealand
2013NZSEE
Conference

ABSTRACT: A new concept of constructipne. structures consisting of interlocking
blocks with movability at the interfacés considered to enable an efficient and cost
effective solution. To enhance the ductility and material damping, the interlocking blocks
are made with coconut fibre reiméed concrete (CFRC). As a pilot investigation, a
mortarfree column made of CFRC interlocking blocks was tested umal@nonic and
earthquake loadings to understand the structural seismic behaviour. A mass of 150 kg is
placed at the top of the columns gamulate the mass of diaphragm. The top relative
displacement, base shear, overturning moment and block uplift are investigated. The
results confirm that the construction technology proposed has the potential for earthquake
prone regions, especially for wdoping countries. Since this work is the first step
towards exploring the behaviour of the technology, further directions are also highlighted.
It is anticipated that the mortéree construction careduce the impact of earthquakea

greater extent duto the relative movement of the interlocking blocks.

1 INTRODUCTION

Economical earthquakesistant housing is desirable in seismically active rural areas of developing
countries. These regions often suffer a significant loss of life during starigakesbecause of

lack of seismiearesistant housing. To enable an efficient and-effstctive structural solution, a new
concept of construction was investigated utilizing structures consisting of newly developedknterloc
ing blocks with relative movality at the block interfacelhe interlocking blocks were prepared with
coconut fibre reinforced concrete (CFRC). Antoglate history of the interlocking blocks, developed

by other researchers, is summarized in Ali et al. (2012). Most of these blockslave (#sland and
Ramamurthy, 2000 and 2003; Jaafar et al. 2006), some are solid (Nazar and Sinha, 2007) and curved
(Dedek et al. 2012), and in few cases, with provisions of holes for reinforcement. These blocks can be
prepared mechanically or manually, batsome cases, it requires very complicated moulds and ma

ual casting. Usually, the material is concrete (Anand and Ramamurthy, 2000 and 2003; Jaafar et al.,
2006); stabilized soilDedek et al., 2012; Smith, 201&nd with fly ash (Nazar and Sinha, 2007%-U
gunoglu et al 2012). The thickness of these blocks also varies, making them suitable either for load
bearing, partition or cladding wall. Interlocking mechanism is provided either by horizontal, vertical or
both interconnecting keys for-plane and oubf-plane directions. The main purpose of these blocks

is to make precise alignment and quick construction. It may be noted that the interlocking kdys of ho
low blocks alone are normally not sufficient to resist stresses of design load for an assentluled wal

to elimination of mortar layers (Thanoon et al., 2004). This might be because of limited key proje
tion. To overcome this problem, normal reinforced concrete is used at regular intervals in the holes
provided in hollow blocks. This makes the struetar little bit expensive. In some cases, relatively
lesser mortar (as compared to that required in normal brick masonry) is used with the interlocking
blocks (Smith, 2010). Their main objective considered so far is an easy, fast arffexiste com-

strudion mainly for resisting static loading. Therefore, other interlocking blocks, except Elvin and
Uzoegbods bl ocks, are not di scussed here.

Elvin and Uzoegbo (2011) studied the response of astalle drystack masonry structure (3.9 m x
3.9 m x 2.76 m fgh) to ascaled earthquake and harmonic loadings. The strueithrea 2560 kg top
mass to simulate the roof loadimgis made of interlocking bricks and minimum steel reinforcement.
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It was observed that the bricks were shifted and damaged in the pléeendlkto such an extent that
brick-sized gaps opened up. Many bricks were split, cracked, crushed or even misplaced. The cracking
of plaster and spalling also occurred. Despite this severe damage, the test structure remained standing,
successfully carryig the roof loadThe bricks were drgtacked, which allowed them to movihe
dynamicloadings were dissipated through inbeick friction and in some cases by brick cracking and
crushing. It should be noted that only horizontal ground motion was coegidithe vertical comp-

nent of the ground accelerations was considered, the friction between thevigictdse reduced.

The structure irElvin and Uzoeghd studyhas the following featured) use of minimum steel nei
forcement in the structure) Blocks made of soil, which resulted in splitting and crushing of bricks
duringthe dynamic loading; Binsufficient longitudinal interlocking key hgtit and lack of transverse
keys These observations may indicate some of the shortcomings for achieefigcemt perfom-
ance of thi#e proposed mortafree structuresln contrast the interlocking blockgonsidered in this
paperhave following characteristics) steel reinforcemeris not use?2) blocks are made of CFRC,
which avoids splitting and crushiraf materials and also gives additional material dampihgusi-
cient interlocking key heights in both directions; an@drthquakes with vertical components are-co
sidered in the design of interlocking blocks as energy is dissipated through iuplifhe relative
movement at the interface.

To the best of t he aut hor 6s -freenconstiuaichgvthout $teele i nv
reinforcement for resisting earthquake loading has not been reported. The dynamic characteristics of
mortarfree column comprising the newly developed interlocking CFRC blocks are discussed in the
following sectionsThe intended outcome is to (i) understand the behaviour of ritegacolumn, (ii)

determine the damping and block uplift with increasing amplitude i@ihddse shear displacement
relationship.

2 EXPERIMENTAL PROCEDU RES
2.1 Preparation of blocks, foundation and column

As concluded in Ali et al. (2012), the optimized CFRC properties was obtained with a mix design ratio
(cement: sand: aggregates: water)lef:2:0.64, 5 cm long fibres and 1% fibre content by mass of
concrete materials. Therefore, the same mix design is used for preparing blocks for the current study.
For testing of CFRC mortdree structures, a footing with a size of 1500 mm long, 600 nue wnd

200 mm deep was also prepared with CFRC (having a mix design ratio of 1:4:2 and 5 cm long fibres)
but with a low fibre content (0.25%) because of the presence of steel reinforcement
(f 10mm@100mmc/c in both directions at the bottom layerf&mdm@ 100nmc/c in both directions

at the top layer). Steel reinforcement was used so that the foundation could easily be shifted on and off
the shake table; otherwise, steel reinforcement was not required. There was no damage to the
foundation after all structurdsad been tested. A groove (1200 mm long, 200 mm wide and 75 mm
deep) was provided in the foundation for holding the interlocking blocks. All specimens were cured
for 28 days, then dried for 48 hours and finally whitewash#él Plaster of Pariso enable kear
identification of cracks.The mortaffree interlocking column is shown in Figure 1. The column
consisted of a stack of 13 single standard blocks with an overall height of 1.92 m. A mass of 150 kg
was placed at the top of the column to simulate themass. The column was tested under harmonic

and earthquake loadings.

2.2 Instrumentation

The experimental setup for the mortae column mounted on the shake table along with the details
of the following instrumentation for measuring its response is showigure 1:
(i) Six accelerometers along the structure height for determining induced accelerations (at shake
table, at foundation, one each at blocks 2, 5, 9 and the top block of the structure)
(i) Ten portal strain gauges for quantifying the bloelative movement, i.e. uplift (five on left
and five on right sides)
(iif) Three wire displacement transducers (one at the structure top, one on the foundation and
one on the shake table)
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Figure 1 Instrumentation of mortairee column, schematic (left) and actual (right).

2.3 Testing

Using the shake table, the loadings employed on the structure were in the following sequence:

a. Harmonic loading with constant amplitude and varying frequencies passing through-the fu
damentafrequency. Three levels of amplitudes (i.e. 5, 10 and 15 mm) were applied. Each of
these amplitudes was applied with exciting frequencies ranged from 1 Hz to 2 Hz with an i
crement of 0.25 Hz. The corresponding peak table accelerations ranged from 203 g (
mm and 1 Hz) to 0.24 g (for 15 mm and 2 HEhese motions with lowerequencies
having small incrementsere selected so that the structures can be excited harmon
cally with small amplitude motions over a wide range of frequencies (including the
fundamental frequendy) to obtain the damping ratiand a more accuratgof the
structurewvithout having damage in column

b. Earthquake loadings (Tabas 1978, Llolleo 1985, El Centro 1940, and Kobe 1995).
These were applied from 0.05 g to 0.20 g vaithincrement of 0.05 i the order of
the earthquakes mentionethese are selectgakt to observe the behaviour of column
under earthquake loadings with different characteristics.

c. Harmonic loading with a constant frequerafyl.5 Hz and varyingamplitudes, beginning
from 20 mm and increasing until structure failure. The selection of the constant frequency
was based on the experience of test (a) as the structure at the selected frequency responded
in resonance.

The columnwas tested through the wlle sequence of loading and the damage occurred at any stage
was cumulative. The readings of the wire displacement transducers at the foundation and shake table
confirmed that the shake table was capable of simulating the load accurately.

3 RESULTS AND ANAL YSIS

3.1 Structural response under harmonic loading with constant amplitudes and a varying
frequency

3.1.1 Fundamental frequency and damping ratios

The half bandwidth method was used to determine the damping ratio and the fundamental frequency
in spite of the facthat thecolumnbehaved nonlinearly. The applied ground motion, ug,0ohm and

the corresponding top displacement, ut, time histories of the column are shown in Figure 2 for the
exciting frequency of 1.5 Hz. The column responaa bedivided into thregphases: A. when the



column started its vibration until it attained the steatife condition, B. steadstate response of the
column, and C. free vibrations of the column. The duration of phase A varied considerably for
different amplitudes and frequensieThe steadgtate response is used for the calculation of
transmissibility TR and TR using displacement and acceleration readings, respectively. The damping
ratio and the fundamental frequency calculated from the displacement and acceleration aeadings
expectedclose to each other. A comparison of jJNR f/f, curves for all amplitudes of the harmonic
loading is shown in Figure 3. f and dre the excitation frequency and the structural fundamental
frequency, respectively. It may be noted thatdbeves become relatively flatter for high amplitude
loading showing higher damping of the structure. As expected, the damapiogncreased witta
largerinput amplitudgFigure 4).The fundamental frequency of moHaee column was 1.47 Hz.
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Figure3: TRy vs f/f,, curvesdue to harmonic Figure4: Effect of input amplitude on the
loadings. damping ratios

3.1.2 Base shear displacenment curves, energy dissipatiaverturning momerdnd block uplift

Base shear 6 QS{m..ly),svhereadiare thel aecelarationsaas the considered locations and

m; are the contributing masses corresponding.tdtie column mass is divided into the contributing
masses irsuch a way that, along the structure height, the centre of each mass is clpséh®
purpose of this approximanh is to obtain the base sheadisplacement relationship. Displacement, u,

is top inplane relative horizontal displacement which is taksnthe difference between the top
displacement and the base displacement measured by the wire displacement transducer. The base shear
T displacement (€u) curves obtainedor different frequencies under 10 mm harmonic loading are
shown in Figure 5The Qu curves are further divided into teuctual responses in the periods A, B

and C, as defined in Figug to highlight the behaviour during steaslate response. The area within

one loop of a Qi curve of the steadstate response is taken as the gyeélissipated for whole system

per cycle. Energy dissipation increased up to a frequency near the resonant frequency and then
decreased (Figure 6). It albecomes largeawith increasinghe loadamplitude.

The maximum overturning moment of the structusesalculated by multiplying the maximum base
shear with the height from the base of the groove in the foundation to the centréotdltimass taken



in the calculation of the base shear. The maximum overturning moment generally first increases up to
a frequency near to the resonant frequency and then decreases with an increase in the exciting
frequency (Figure 7) It increased with increasing input amplitude. The incremental trend in
overturning moment is more ndinear at strong excitations compared ttt due to the low
excitations.

The mortasffree column allows vertical relative movement at the block interface during the applied
harmonic loadings. When the column deflected towards one side (say left side), uplifts are observed at
the right side anche top relative displacement is to the left. All these observations are reversed when
the column is deflected to the other side (i.e. the right side). The magnitude of the uplift along the
column height decreases from bottom to top, with the maximum wgilithe column baseAs
expected, e left and right uplifts occurred alternately.
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Figure7: Effect of input frequency on theaximum overturning moment.

3.2 Structural response under earthquake loadings

3.2.1 Induced accelerations

Induced vibrations were recorded using accelerometers attached along the height of the structure. The
accelerations recorded at the blocks 2, 5, 9 and themooliop (notated as,iils, b and i,
respectively) under the El Centro 1940 loading are shown in FRjuitecan be observed that the
maximum induced top acceleration was higher than the peak ground acceleration. The increase in the
peak responsaccelerations at any locati@onsidereddue to the applied incremental peak ground
acceleration, was nonlinear. The reason for this could be the variation of the inertial force within the
column.
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Figure8: Induced accelerations ednsidered locations.

3.2.2 Base shear displacement curvesjaximum overturning momeraad block uplifts

Base sheardisplacemenand overturning moments were calculated in the same manner asltieose

to the harmonic loadingThe base shedr displacement urves are shown in Figure 9 for El Centro
and Kobe earthquake loadingshe maximum overturning moment due to the earthquake loadings is
shown in Figurel0. The maximum overturning moment is not proportional to the applied incremental
earthquake loading.lie Kobe earthquake loading generated the highest overturning moment followed
by El Centro, Llolleo and Tabas loadings.

As expected]eft and right uplifts occurred alternatetiuring earthquake loading3he maximum
block uplift due to the earthquake loadings is shown in Figarefhe maximum block uplift is not
proportional to the applied incremental earthquake loading. The reason for this could beltheamon
activation of inertial force along theolumn height. Kobe earthquake loading generated the largest
uplift, followed by EI Centro, Llolleo and Tabas earthquake loadings.
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Figure9: Base shedir displacement curves obtained from a. El Centro and b. Kobe earthquake loadini



1600 ; —=—Kobe EQ 15 -

§ —eo—El Centro EQ t Kobe EQ
< £ | —e—ElCentro EQ
1200 - —e—Llolleo EQ £ 12
= +— Tabas E = —eo—Llolleo EQ
2 S 9 { —4«—TabasEQ
S 800 - 3
S Q 6 .
£ 400 3
2 £ 3
g £
v O T T T ! ('>_é 0 T T T 1
g 005 0.1 0.15 0.2 = 005 01 015 0.2
PGA () PGA ()
Figure10: Maximum bending moment due to Figure1l: Maximum uplift due to incremental
incremental earthquake loadings. earthquake loadings.

3.3 Structural response under harmonic loading with constant frequency and varying
amplitudes

As mentioned earlier, theolumnwas tested under successive loading, and any damage occurring at
any stage was cumulative. No damage was observed even after all earthquake loadings had been
applied.To introduce damagm the structurénarmonic loadings with a constant frequenéy..5 Hz

and varying amplitudesf 20 mm, 30mm, 40mmand50 mm were employed. As expected, the block
uplifts and top relative displacements increased with increased input load. The columinféied
out-of-plane directionduring harmonic loading of 50 mm. &hcolumnfailed because one of the
bottom interlocking keys cracked and partially shear off, causing instability in the structures. The
column failure and damaged interlocking key of the block are shown in Fifurérom the
discussion of block testing (iPet al., 2012), it was predicted that the main cause of structural failure
would be the damage in one of the bottom interlocking keys of the block. It is recommended that a
careful compaction in the bottom interlocking keys can result in higher captreibgth of the block.

The mechanically prepared blocks may also avoid such dametgéed discussion of the experiments is
given in (Ali et al., 2013).

Figure12: Typical column failure; (a) isometric view, (b) side viefv(c) damage in bottom interlocking key



