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Response of a full-scale
dry-stack masonry structure
subject to experimentally
applied earthquake loading

A Elvin, H C Uzoegbo

This paper presents the response of a full-scale dry-stack masonry structure subject to
earthquake loads. The following earthquakes were applied to the base of the structure: (a) North
Ridge, (b) Llolleo, (c) El Centro and (d) Llolleo for the second time. The earthquake displacement
signals had to be filtered by removing the slow-varying frequency components so that the
available servo-hydraulic test machine could be used. The filtering produced acceptably

low error when comparing the applied histories with the real earthquake histories. A 4 x 4 m
structure was constructed on a 1° of freedom shake table out of mortarless interlocking bricks
with minimum reinforcement. A 2 560 kg mass was superimposed on the structure to model the
roof. The test structure was instrumented with accelerometers and LVDTs.

The results showed that the simulated Llolleo earthquakes caused the most damage.

This damage was minor: several bricks cracked, other bricks shifted, vertical gaps opened up
between the bricks, and the skim plaster spalled in several places. The Llolleo earthquake
damage was estimated to be Grade 2 on the European Macroseismic Scale (EMS). During the
earthquake simulations the walls deflected up to 42 mm. However, the maximum permanent
deformation recorded due to bricks shifting was only 4,6 mm - a small fraction of the wall
thickness. Although the peak ground acceleration (PGA) was 0,7 g, the maximum acceleration
experienced by the structure at a door opening was 3,4 g.

The tests were concluded by applying two harmonic base excitations. The first 5 Hz
harmonic test, which corresponded to the undamaged structure’s resonant frequency,
produced less damage than the Llolleo earthquake. The second 15 s, 3 Hz sinusoidal base
motion, which corresponded to the damaged structure’s resonant frequency, caused major
damage (EMS Grade 4). Despite major cracks in two walls forming the characteristic “X" failure,
the structure continued to support the roof mass. Video analysis clearly demonstrated that dry
stacking can result in large brick movements when the base is excited.

The ability of the test structure to withstand the applied earthquakes and base harmonic
motions is attributed to energy absorption and dissipation due to inter-brick friction and bricks

cracking and crushing.

INTRODUCTION

Although South Africa is not considered to
be a highly active seismic zone, earthquakes
do occur. From 1964 to 2005, Saunders
(2005) reports 25 earth tremor events greater
than 5,0 on the Richter scale. The greatest
was measured at 6,3 on the Richter scale in
the Tulbagh area in the Western Cape in
1969. Most of the tremors are attributed to
mining activity, as well as to intra-tectonic
plate seismicity.

The South African building industry is
expanding to other parts of the world where
seismicity is high and has to be designed for.
There are books (such as those by Tomazevic
1999 and Beale 2003) and building codes
(such as Eurocode 6 2006 and ACI 530-05
2005) available on earthquake design of
masonry structures. Although masonry
buildings have been constructed for several
thousand years, their response to earthquake

loading is still not well understood. It is com-
monly accepted that for masonry buildings
to withstand earthquakes, mortar has to be
used between the bricks (see e.g. Eurocode
8 2004 which specifies that the mortar must
have a compressive strength of at least 5
MPa). In this paper the response of dry-stack
or mortarless construction to earthquake
excitation will be investigated.

The definition of a dry-stacked brick
or block structure is one in which there
is no mortar to bind the bricks together.
The bricks are held in place by gravity
using a lock-and-key type mechanism (see
Hydraform 2009 for a comprehensive sum-
mary of such systems). Since no mortar
is used, the construction is simplified
and becomes economically competitive.
However, the analytical design of dry-
stack brick structures is complicated for a
number of reasons, including the non-linear

22 Journal of the South African Institution of Civil Engineering + Volume 53 Number 1 April 2011



(@) T T =
North wall
Direction of n .
shaking table _ _
motion g g E
3 B &
H 2 \
> ol || RS
-
South wall
- i h 4
1¢ N
0 3,983 m "
South and east walls g North and west walls g
ax [N [N
= °
= E :
g
(o2}
£ =N £
S ~ g
o S
(9]
! = =

| rerer

0,813 m

(b)

Superimposed
masses supported
by concrete lintels

Direction of
motion

Shaking table

Figure 1 (a) General layout of the dry-stack masonry test structure; (b) photo of the test structure,

north wall

behaviour of the friction and keys between
the bricks.

Research groups around the world have
been investigating the seismic-related perform-
ance of masonry structures experimentally.
These tests have typically been performed on
small-scale models or structural components
such as single walls (e.g. see Griffith et al
2004). Experiments on a larger scale have been
performed by Ngowi (2006), and Mofana and
Rathebe (2005). These researchers considered
a full-scale, single-story, dry-stack house
subjected to pure sinusoidal base excitation.
The question that now arises is: How does a
full-scale dry-stack masonry structure respond
to real earthquakes?

In this paper three earthquakes are con-
sidered: (a) El Centro (1940); (b) North Ridge
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(1994); and (c) Llolleo (1985). The displace-
ments associated with the accelerograms
of these earthquakes can be large, falling
well outside the capabilities of most servo-
hydraulic test actuators. The recent work
of Elvin (2009) has shown how to filter the
slow-varying components of the earthquake
signals. Although this filtering produces an
error, the earthquake signals can now be
applied by the test equipment. For the three
earthquakes considered in this investigation,
Elvin (2009), and Elvin and Elvin (2008) have
shown that the error is acceptably small.
The paper is structured as follows:
firstly, the equipment available for apply-
ing the earthquakes is described. Next,
the dry-stack masonry test structure and
the sensor instrumentation are presented.

The earthquake acceleration and resulting
filtered displacement time histories used in
the experiments are discussed. The sequence
of earthquakes, as well as the base harmonic
motions, applied to the test structure is
specified. The results in the form of damage
observed and typical measured displace-
ments and accelerations are presented. The
maximum values from each earthquake
event are tabulated. The resulting damage
and recorded motion are then discussed. The
earthquake load testing is compared with
design code response spectra requirements.
The paper concludes by summarising the
findings and identifying limitations that
need to be addressed in further research.

EARTHQUAKE TESTING EQUIPMENT
The earthquakes were simulated on a 4 x 4 m,
one degree of freedom shake table. This shake
table has its first natural resonant frequency

at 25,6 Hz when fully loaded by 20 tons. This
frequency is well above the expected funda-
mental natural frequency of the test structure.
For more details on the shake table, the reader
is referred to Uzoegbo and Senthivel (2010) and
De Kock (2002). The actuator attached to the
shake table has a capacity of + 250 kN and a
stroke of 150 mm (+75 to =75 mm). The servo-
hydraulic machine used to drive the actuator
was an MTS 493 Flex Test GT, supplied by four
hydraulic pumps with a capacity of 1 000 litres
per minute. The displacement time history for
each of the earthquakes was imported as the
control signal. The earthquake simulation was
run at the Track Testing Facility of Transnet
Freight Rail, Jeppestown, Johannesburg, South
Africa (Transnet Facility for short).

THE TEST DRY-STACK
MASONRY STRUCTURE
A full-scale 3,9 x 3,9 m dry-stack masonry
structure, 2,76 m high, shown in Figures 1a
and 1b, was built on the shake table. The
masonry block dimensions were: 220 x 230
x 115 mm.This structure corresponds to a
single room, constructed according to the
requirements of Hydraform (2009). In general,
such a room could be part of a larger dwelling,
e.g. (a) four such rooms in an 8 x 8 m house
or (b) multiple 4 x 4 m rooms connected in
aline. A standard doorway (2,07 x 0,813 m)
was introduced on two adjacent walls (north
and west walls). The other two walls had full-
sized windows (1,022 m wide x 0,949 m high)
(see Figures la and 1b). A second door was
included as a conservative measure to reduce
the stiffness of the structure.

The inside of the masonry structure and
the top portion of the outside (see Figure 1b)
were skimmed by a thin (4 to 5 mm) layer
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Figure 3 Cross-section and elevation segment of the wall of the test house showing position of

horizontal reinforcement

Table 1 Reinforcement used in the dry-stack masonry house

Position Direction Reinforcement
Corners of house Vertical Y12 (1 bar)
Perimeter, below window level Horizontal R6 (3 bars)
Perimeter, top of structure Horizontal Y6 (4 bars)

of painted plaster. Since the test structure
simulated an actual dwelling, this is a real-
istic addition. The plaster also served as a
useful identifier of where cracking occurred
during the testing.

To simulate the foundation, the bottom
layer of bricks was laid in a steel channel
welded to the shake table. Four 325 kg
masses were placed on top of the structure
to simulate the weight of the roof (see

Figure 1b). These masses were supported by
concrete lintels spanning over the structure.
The lintels were not built into the structure
but rested freely on the north and south
walls. The mass configuration at the top
of the structure was directional: the north
and south walls were directly compressed
by the masses resting on the lintels; the
east and west walls were compressed via
the interlocking interaction with the other
two walls. The total mass at the top of the
structure, made up of lintels and concrete
weights, was 2 560 kg. This mass simulated
the effect of roof loading and precompressed
the dry-stack masonry, thus stabilising the
structure. Placing such a large mass at the
roof level produced an unconservative load-
ing scenario; in general, the higher the mass
is from the foundation, the more severe the
effect of earthquake loading. Furthermore,
the mass loaded the structure, producing
higher stresses and hence strains in the sup-
porting walls.

The test structure’s walls were made of
7 MPa Hydraform (2009) bricks. Two varieties
of bricks were used. Both had interlocking
keys in two directions, but only one variety
also had a conduit space for reinforcement
bars and mortar (see Figure 2). In the test
structure, the interlocking bricks were dry-
stacked and the only reinforcement used was
as shown in Table 1 and Figure 3. Note that
the reinforcement consisted of one bar per
conduit space between the bricks, embedded
in mortar, and placed only at certain locations
in the test structure. In addition, a 75 mm
deep, 15 MPa, concrete ring beam with two
Y12 reinforcement bars, and Y6 stirrups
spaced every 150 mm, was cast at the top
of the structure. The reinforcement pattern
(Figure 3) shows that the structure was tied
together along its perimeter: (a) just below the
window and (b) at the level of the eaves.

Instrumentation

The test structure was instrumented with
two types of sensor: nine + 5 g accelero-
meters (ADXL105]QC by Analog Devices
Inc) and eight LVDTs of various stroke
lengths. All sensors were placed on the inside
of the structure with their measuring axes
perpendicular to the wall to measure out-
of-plane behaviour. Special care was taken

to protect the sensors in steel enclosures
from flying debris. Despite this precaution,
several sensors were severely damaged.

The positions of all active sensors and their
identifying numbers are shown schematically
in Figure 4. The sensors were positioned

at 2,3 m (referred to as “top”) and 1,15 m
(referred to as “mid”) above the top surface
of the shake table. The LVDTs were attached
to a stiff steel instrumentation frame, which
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in turn was welded to the shake table. The
instrumentation frame did not interact with
the test structure.

All sensor signals were acquired using a
standard analog-to-digital converter, sampling
at 200 Hz (see Ngowi (2006) for details). Each
accelerometer and LVDT was calibrated.

THE EARTHQUAKE LOADING

Acceleration time histories

The three earthquakes that were considered
were: (a) the El Centro earthquake of 1940,
(b) the North Ridge earthquake of 1994, and
(c) the Llolleo earthquake of 1985. The accel-
eration time histories for these earthquakes
are shown in Figure 5. Table 2 gives some
statistics of these earthquakes.

Displacement time histories

The usual control parameter for servohy-
draulic test machines is displacements. To
obtain the displacement time histories of the
earthquakes, the acceleration traces were
double-integrated numerically using the trap-
ezoidal rule (see Elvin (2009) for details and
discussion). The resulting histories showed
that the range of displacements of each earth-
quake was large, falling well outside the range
of the 150 mm stroke of the Transnet Facility
actuator used. The displacement histories
were high-pass filtered using the moving ave-
rage approach, as described in Elvin (2009), to
produce the time sequences shown in Figure
6. As can be seen from this figure, the filter
was designed so that the displacements of
the three earthquakes were within the stroke
range of the actuator.

The maximum errors that are produced
by filtering the time sequence are 3,5% or
0,0252 g for the Llolleo, 4,6% or 0,0146 g
for the El Centro and 11,9% or 0,0376 g for
the North Ridge earthquakes (Elvin 2009).
Note that these values correspond to single
points in time. A broader indication of the
error is the root mean square measure. The
root mean square errors due to the filtering
are: Llolleo 0,0037 g or 0,5% of the peak; EI
Centro 0,0031 g or 0,98% of the peak; and
North Ridge 0,0111 g or 3,5% of the peak
(Elvin & Elvin 2008). These errors were
deemed acceptable (Elvin 2009; Elvin & Elvin
2008) and were the price that had to be paid
in order for the signal to fit into the stroke of
the available actuator.

Sequence of applied earthquakes
Any damage occurring softens the structure
(reduces the structure’s stiffness) and changes
the dynamic characteristics of the structure
in further testing. However, since building a
new full-scale structure after each earthquake
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Table 2 Statistics of the three earthquakes

Earthquake Year PGA* (g) Length of record (s) | Magnitude on Richter scale
El Centro 1940 0,3 31 71 _a Dry=stackedbrickshave
shiftedfandlloosened?
North Ridge 1994 0,3 28 6,7 Gapsiopended up SS
Llolleo 1985 0,7 116 7,8
*PGA = peak ground acceleration, measured in Earth’s acceleration constant gravity (9,81 m/s2)
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Figure 6 (a) Filtered El Centro displacement history (2 s moving average time window), (b) Filtered The dry-stack masonry structure was
North Ridge earthquake displacement history (1,125 s moving average time window), then subjected to the following sequence
(c) Filtered Llolleo earthquake displacement history (1,125 s moving average time window) of filtered earthquakes: (a) North Ridge,
(after Elvin 2009) (b) Llolleo, (c) El Centro, and (d) Llolleo
a second time. After each earthquake the
Table 3 Damage observed in the test structure due to earthquake loading structure was inspected visually and all dam-
Sequence | Earthquake Damage description EMS classification age recorded; the European Macroseismic
- - - - Scale (1998) was used to specify the damage.
1 North Ridge B Microcracks in the skim plaster Grade 1 .
The absolute maximum base accelera-
2 Liolleo W Skim plaster spalling , Grade 1 to Grade 2 tions recorded during the three earthquakes
B Bricks shifting slightly and loosening
o 1 e k] studied were: 0,31 g for the El Centro, 0,32 g
icrocracks in the skim plaster .
3 El Centro B Slight brick shifting Grade 1 for North Ridge, and 0,71 g for the Llolleo.
- - To complete the tests two harmonic base
B Skim plaster spalling o . .
4 Llolleo (204) B Several bricks cracked (fewer than 10 bricks) Grade 2 excitations were applied: (a) 9 mm ampli-
: A few bricks split in two (fewer than 3) tude at 5 Hz for 6 seconds; and (b) 22 mm
Bricks shifting and loosening amplitude at 3 Hz for 15 seconds. The former
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Figure 8 Accelerations at various points on the test structure subject to the second Llolleo earthquake. All the measurements are on the inside of the
building and perpendicular to the surface of the walls

harmonic test corresponds to a peak accelera-
tion of 0,9 g and the latter to 0,8 g. The dura-
tions of the sinusoidal excitations were chosen
in line with the maximum energy content of
typical earthquakes.

RESULTS

Damage observed
Table 3 gives a brief visual damage descrip-
tion and the European Macroseismic Scale
(EMS) (1998) damage to the test structure
due to the sequence of earthquakes. Note
that the damage was cumulative as each
earthquake was applied.

The North Ridge earthquake, which was
the smallest one in the sequence, produced

only microcracks in the skim plaster. As
shown in Figure 7, the Llolleo earthquakes
produced significant spalling of the skim
plaster and brick loosening. In addition, the
second Llolleo earthquake caused the gaps
between the dry-stack bricks to grow and
produced vertical cracks in several bricks
(i.e. split the bricks). The damage started
from the windows and doors, i.e. from the
weak points in the structure. In general,
however, the test structure was only mildly
damaged by the sequence of four earth-
quakes and the house still had sufficient
structural integrity to allow occupants to
exit safely. It is estimated that after all the
earthquake simulations, the damage to the
test structure can be classified conserva-
tively as Grade 2 damage on the European

Macroseismic Scale (1998). After all the
synthetic earthquakes had been applied,
the structural damage was minimal and the
damaged test structure appeared as shown
in Figure 1(b).

Measured displacements

and accelerations

The test structure responded in a similar
way to the various earthquakes. The second
Llolleo earthquake applied produced the
most severe loading on the structure. Not
only was this earthquake the largest consid-
ered, but the structure had also been sof-
tened by the previous simulated earthquakes.
For brevity, in this section, the acceleration
and displacement results only from the
second Llolleo earthquake will be plotted.
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Figure 9 Displacements at various points on the test structure due to the second applied Llolleo earthquake. All the measurements are on the

inside of the building and perpendicular to the surface of the walls

Table 4 Summary of maximum and minimum accelerations and displacements* from the second Llolleo earthquake

Max acc Min acc Sensor Max absolute I.)ermanent Sensor
Sensor @ @ ‘Wall v e Sensor displacement | displacement Wall SosiEen
(mm) (mm)

AccN4 0,80 -0,81 N Top LVDT R3 6,88 0,72 N Top
AccN10 0,86 -1,00 Top LVDT R2 1,58 -0,36 S Top
AccN3 1,44 -1,70 N Middle LVDT 2F -41,88 -1,89 E Top
AccN9 2,63 -2,55 S Middle LVDT 2E 41,93 2,36 W Top
AccN7 1,94 -2,62 E Top LVDT R1 -22,62 0,72 E Middle
AccN1 2,13 -2,23 W Top LVDT R4 12,41 0,26 W Middle
AccN12 1,47 -1,56 w Middle LVDT 2D -24,52 -1,05 E Middle
AccN8 2,49 -2,60 E Middle LVDT 2C 20,64 1,03 \\4 Middle
AccN2 2,87 -2,60 W Middle

cumulative with respect to the earthquake tests already completed.

* Note that the permanent displacements reported are with respect to the start of the current test. In reality, the permanent displacements, as well as the damage, are

Figure 8 shows the accelerations of the
points on the test structure perpendicular to
the planes of the walls. The north and south
walls are parallel to the earthquake motion.
Note that the data are unfiltered.

Figure 9 plots the displacements,
as measured by the LVDTs, of points

28

perpendicular to the planes of the walls on
the test structure. The data are unfiltered.
Note that the sensor readings can be offset
from the zero mark due to the previously
applied earthquakes. Furthermore, the
displacement scale is not the same in

each plot.

Table 4 summarises the maximum and
minimum readings from each sensor during
the second applied Llolleo earthquake.

To emphasise the strength of the Llolleo
earthquake, Figure 10 shows the deflections
at the top of the west wall during the North
Ridge and the first Llolleo earthquakes.
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Figure 10 Displacement at the top of the west wall during: (a) the North Ridge earthquake, and (b) the first Llolleo earthquake

Table 5 Summary of absolute accelerations and displacements for all applied earthquakes

Maximum | Minimum Sensor Max absolute Permanent Sensor
Earthquake Sensor | acceleration | acceleration | Wall pov Earthquake Sensor displacement | displacement | Wall P
position position
(€] (g (mm) (mm)
LVDT 2F | 4,11 -3,85 E Top
North Ridge AccN2 1,48 -1,21 w Middle North Ridge
LVDT 2E | 3,03 -4,58 \\4 Top
Llolleo 1st LVDT 2F | -29,16 -0,98 E Top
Llolleo 1st AccN2 3,36 -2,60 w Middle
LVDT 2E | 28,73 2,63 W Top
El Centro LVDT 2E | 16,76 <0,1 w Top
El Centro AccN8 1,43 -1,62 E Middle
LVDT 2F -16,22 -0,31 E Top
Llolleo 2nd LVDT 2E | 41,93 2,36 W Top
Llolleo 2nd AccN2 2,87 -2,60 w Middle
LVDT 2E | 41,93 2,36 \\4 Top
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Figure 11 North and west walls of the structure after the harmonic9 mm  Figure 12 Displacement of the top of the west and east walls during

amplitude, 5 Hz base excitation 5 Hz sinusoidal base excitation

Table 5 compares the acceleration and ground motions after the earthquake As expected, the sensor readings showed
displacement maxima and minima for all the = sequence. The first harmonic base excitation periodic responses (due to the periodic base
applied synthetic earthquakes. of 9 mm at 5 Hz, which was close to the excitation). This can be seen in the typical

previously measured undamaged structure’s results of Figure 12. Depending on the loca-

Damage observed due to natural resonant frequency (Mofana & tion, the sensor response (both displacement
harmonic base excitation Rathebe 2005), produced the damage and acceleration) showed a base frequency of
To demonstrate the possible severity of shown in Figure 11. It is estimated that the 5 Hz, with higher superimposed frequencies.
loading and the resulting damage, the test damage was of Grade 2 on the European The maximum displacements (24,47 mm) and
structure was subjected to two harmonic Macroseismic Scale (1998). maximum accelerations (2,71 g) measured
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H Shake table motion

Figure 13 Damaged test structure showing the north wall after the base had been subjected to a
22 mm, harmonic 3 Hz motion for 15 seconds

were smaller than in the Llolleo earthquake
tests. The permanent, perpendicular-to-the-
walls displacements were all less than 1 mm.

The second harmonic ground excitation
of 22 mm and 3 Hz, which was close to the
damaged structure’s natural resonant fre-
quency (Mofana & Rathebe 2005), resulted
in extensive damage, as shown in Figure 13.
Although the structure was still standing,
the structural integrity had been compro-
mised. The dry-stack bricks had shifted
significantly and many had cracked, split,
been crushed or were even missing. Note
that the predominant damage had occurred
in the two walls that were aligned with the
direction of the earthquake.

Despite the severe damage, the mass
representing the roof was still being carried
by the structure and would-be occupants
could have left the damaged structure
unaided. The steel doorway in Figure 13 not
only deformed plastically (thus dissipating
energy), but also contained the dry-stacked
blocks. Most importantly, the doorway
remained open. It was estimated that the
damage is of Grade 4 on the European
Macroseismic Scale (1998).

DISCUSSION

Displacements, accelerations

and resulting damage

The sensors showed that the maximum dis-
placements during the simulated earthquakes

occurred at the top of the walls. These walls
were perpendicular to the direction of the
base excitation. This is expected since these
walls were most flexible with respect to the
loading and, furthermore, did not have direct
precompression due to the superimposed
roof mass. The door opening in the west

wall reduced the stiffness of the wall, and the
deflections in the middle of this wall were
also large. The walls that were in-plane to the
base motion (north and south walls) exhibited
the smallest deflection, since their plane
stiffness was large compared with the out-of-
plane stiffness of the east and west walls. The
sensors confirmed that: (a) openings such as
doorways and windows weaken the structure
and hence greater deflections are encountered
during the base excitation; (b) when walls are
tied together, the structure is stiffened, result-
ing in smaller deformations.

The sensors showed that for all the earth-
quakes considered, the out-of-the-wall-plane
permanent deflections were small compared
with the wall thickness (see Table 5 for the
maximums). This indicates that the struc-
ture was either fully elastic or almost elastic.
The maximum deflections (Table 5) for the
North Ridge earthquake caused only minor
observable damage (in the form of micro-
cracks in the skim plaster). After the larger EI
Centro and Llolleo earthquakes, the sensors
showed that larger deflections perpendicular
to the plane of the walls did occur. As an
example, Figure 10 shows that the top of the
west wall deflected ten times more for the

Llolleo than for the North Ridge earthquake.
Note that the structural member response is
considered as a whole, versus the deforma-
tion of single blocks.

As to be expected, in the Llolleo earth-
quake the bricks shifted more than in the El
Centro earthquake. However, the permanent
deformation was not large — less than 5 mm
— when compared with (a) the maximum
displacement, which could be as high as
42 mm, or (b) the wall thickness of 220 mm.
Nonetheless, as can be seen from the photo
in Figure 7, the maximum and permanent
deflections were big enough to cause the
skim plaster to crack and spall, and several
dry-stack bricks to crack and split.

Since the same structure was tested
under several earthquake events, the damage,
in the form of bricks both cracking and shift-
ing/loosening, accumulated. It is interesting
to note that comparing the second Llolleo
event with the first (see Table 5) shows that:
(a) the maximum deflections increased by
44%, (b) the average deflections are larger,
and (c) the permanent deflections and accel-
erations are of the same order of magnitude.
Note that the deformation of the bricks in
the plane of the walls was not measured.

The accelerometers showed similar respons-
es to the LVDTs, namely the walls that were
perpendicular to the earthquakes exhibited
larger accelerations than the walls aligned with
the base motion. The door and window open-
ings, which weakened the walls, underwent
large accelerations as well. The accelerations at
the openings were larger than at the top of the
structure. Of the earthquakes simulated, the
largest magnitudes of maximum accelerations
were measured during the Llolleo tests. The
North Ridge and the El Centro produced simi-
lar magnitudes of maximum accelerations of
the walls. As was to be expected, the accelera-
tions of the components of the structure were
larger than the input base excitation. In the first
Llolleo event, for example, the mid-west wall
underwent maximum accelerations as high as
3,4 g, with a peak base acceleration of only 0,7 g.
The acceleration histories for these two Llolleo
tests show very different profiles. Although
humans are more sensitive to accelerations
than to displacements, the measured results
emphasise that the acceleration readings are
much more difficult to interpret and visualise
than the displacements.

Video analysis of the second base harmonic
excitation at the damaged structure’s natural
frequency showed that the east and west walls
perpendicular to the direction of excitation
experienced visible out-of-plane deformation.
This deformation was approximately half of
the wall thickness (i.e. about 100 mm). The
north and south walls, which were in line with
the base motion, showed little out-of-plane
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displacement. As can be seen in Figure 13,
although there was substantial structural dam-
age in the form of the characteristic “X” crack-
ing in the north and south walls, the building
remained standing. The reason for this is that a
large portion of the input energy was absorbed
and dissipated in first shifting, then cracking
and finally crushing the bricks in the wall
planes (north and south walls), until significant
gaps had opened up. Video analysis also
showed that bricks can move a large fraction of
their lengths with respect to their neighbours.
This results in large damping due to the inter-
brick friction which bounds the displacements
and accelerations, despite the base excitation
being close to the natural frequency of the
damaged structure.

It is important to point out that if the test
structure had been built according to typi-
cal masonry construction, i.e. with mortar
between the bricks, then the friction energy
dissipation mechanism would have been
eliminated or significantly reduced.

Load testing versus design

code requirements

The experiments conducted clearly show that

the dry-stack masonry test structure survived

not one but four major earthquakes with low
levels of damage (Grade 2 on the European

Macroseismic Scale 1998). The question

that now arises is: if the test structure was

designed to code, how do the applied earth-

quakes compare to building code loading?

The answer to this question is: if the response

spectrum for the test earthquake is larger

than the requirements of the code’s design
response spectrum, at the natural period of
the structure, then the structure is adequately
loaded by the test earthquake.

For illustration purposes, the following
three design response spectra, constructed
using the Uniform Building Code (1997), will
be considered:

I. A small earthquake in a low-seismicity
zone (Zone 2A), with the soil profile
being hard rock

II. An earthquake in Zone 2, with the soil
profile being very dense soil and soft rock

II1. An earthquake in Zone 4, with a soil pro-
file being stiff soil, and the seismic source
being 10 km away

The response spectra for the El Centro,

North Ridge and Llolleo earthquakes were

constructed as explained by Elvin (2009).

Both the original and the filtered signals

were used, with an assumed damping ratio of

5%. The results are shown in Figure 14.

The undamaged test structure’s natural
frequency is approximately 5 Hz (Mofana &

Figure 14 Response spectra for: (a) El Centro; (b) North Ridge; and (c) Llolleo. The lines correspond
to the original earthquake signals (blue) and the filtered signals (green). The black lines
are the Uniform Building Code (1997) design spectrum earthquakes (after Elvin 2009)

Rathebe 2005) or the natural period is 0,2 s.
The damaged structure’s natural frequency
is approximately 3 Hz (Mofana & Rathebe
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2005) or its period is 0,333 s. At these periods,
Figure 14 shows that the applied earthquakes
produce more severe loading than the design
spectra: compare Llolleo to earthquake
response spectrum (III), El Centro to earth-
quake response spectrum (II), and North
Ridge to earthquake response spectrum (I). In
fact, for the test structure, the applied Llolleo
earthquake is almost twice the loading magni-
tude required by the Uniform Building Code
(1997) for earthquake response spectrum

(I1I). It can be concluded that, due to the high
natural frequency of the dry-stack masonry
test structure, the earthquake simulations
produce conservative loads as compared with
the Uniform Building Code (1997).

CONCLUSION

In this paper the response of a full-scale
dry-stack masonry structure, with minimal
reinforcement, which was subjected to base
excitation, has been presented. The base
excitations applied were based on three earth-
quakes: El Centro, North Ridge and Llolleo.
The original earthquakes had to be filtered in
order for earthquake displacement time his-
tories to fit into the stroke range of the MTS
servohydraulic test system available. Previous
work (Elvin 2009) showed that this filtering
removes the slow-varying components and
introduces acceptably low levels of error.

Four earthquakes were applied in the
following sequence: North Ridge, Llolleo,

El Centro and Llolleo for the second time.
Applying one earthquake after the other to
the test structure resulted in a small, but
cumulative, amount of damage. The smaller
earthquakes, North Ridge and El Centro,
resulted in very minor damage (minor crack-
ing and small areas of skim plaster spalling,
European Macroseismic Scale 1998, Grade
1). The Llolleo earthquake caused more dam-
age, but it was still relatively small (European
Macroseismic Scale 1998, Grade 2). The
damage was in the form of bricks shifting,

a few bricks splitting and cracking, and the
skim plaster cracking and spalling.

The sensors, located at various points on all
four walls at 2,3 m and 1,15 m above the base,
recorded various magnitudes of accelerations
(up to 3,4 g) and perpendicular-to-the-wall
deflections of up to 42 mm. Some deflections
were permanent, showing that the structure
was behaving inelastically and that the bricks
had shifted after the test was complete. The
bricks” permanent deflection perpendicular to
the wall surface was generally about 1 mm, but
could be as high as 4,6 mm.

Two additional tests involving harmonic
base excitation near the (a) undamaged and
(b) damaged structure’s fundamental frequen-
cies were performed. The first harmonic base

excitation lasted for 6 s, had an amplitude of

9 mm, a frequency of 5 Hz and produced minor
damage (European Macroseismic Scale 1998,
Grade 2). Although the peak base acceleration
was 0,9 g versus the Llolleo’s 0,7 g, the sensors
recorded out-of-the-wall-plane deformations
smaller than that of the Llolleo earthquake.

The second harmonic base excitation
lasted for 15 s, with an amplitude of 22 mm
and a frequency of 3 Hz, i.e. a peak accelera-
tion of 0,8 g. The applied frequency was close
to the damaged (or softened) structure’s
natural frequency and produced significant
damage (European Macroseismic Scale 1998,
Grade 4), especially in the walls collinear
with the earthquake direction. Bricks shifted
and were damaged in the plane of the wall to
such an extent that brick-sized gaps opened
up. Many bricks were split, cracked or even
crushed. The result was that the character-
istic “X” damage pattern was created in the
two walls collinear with the direction of the
base motion. Despite this severe damage, the
test structure remained standing, supporting
the superimposed 2 560 kg roof load.

The earthquake and harmonic base
motion energies were dissipated through
inter-brick friction, and in some cases by
bricks cracking and crushing. The fact that
the bricks were dry-stacked allowed them to
move and hence dissipate energy.

FUTURE WORK

The ability of the test structure to withstand
the applied earthquakes relied heavily on
energy dissipation through friction. Future
work should focus on characterising the nature
of the dry-stack inter-brick friction and how
this mechanism dissipates energy. In particu-
lar, the magnitude and effect of the direction-
ally carried 2 560 kg roof mass, and how this
weight precompresses the bricks, need to be
investigated. The in-the-wall-plane behaviour
should be quantified by implementing a second
set of sensors. Furthermore, only horizontal
ground motion was considered in this paper,
so earthquakes with vertical acceleration
components, which might reduce inter-brick
interaction, need to be studied. Finally, the
earthquakes were all applied “square on” to the
structure (in an east-west direction). Off-axis
earthquakes and the structure’s response to
them is a subject for future research.
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