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Abstract
This paper describes the shaking table tests performed on three full-scale confined masonry
models in Peru in 2008, due to an agreement between several Japanese institutions and the
Catholic University of Peru. The purpose of the experimental program was to observe the
performance of low quality masonry constructions similar to those found in seismic active
regions of South-East Asia (Indonesia, Pakistan, etc.), and to study two approaches in order
to improve their seismic behavior.
The models were built of hand-made clay bricks, laid with low quality mortar, and confined by
columns and beams of low strength concrete. The overall dimensions of the models were
3x3m plan and 3 m height. The materials low quality properties were below the minimum
required by the Peruvian Masonry Code (SENCICO 2006). The basic first model had no
extra reinforcement. The second model had internal reinforcement with small wires to
connect the masonry walls to the confining columns and a continuous lintel beam. The third
model was similar to the first one, with external wire meshes covering the wall surfaces.
Preliminary conclusions are given regarding the observed behavior and response. The
international cooperation possibilities are emphasized to aid earthquake-prone countries
without important research on masonry constructions.
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Introduction
Severe earthquakes have hit developing Southeast Asia countries in recent years, such as
Pakistan in 2005 and Indonesia in 2008. Most of the destruction in these regions was in
non–engineered masonry houses, built with adobe or hand-made bricks, basically. However,
in other countries, confined masonry houses have performed well when subjected to strong
earthquakes. In this context, Japanese institutions with the leadership of the Building
Research Institute (BRI), the National Research Institute for Earth Science and Disaster
Prevention (NIED) and Mie University, performed a series of experimental tests to study the
seismic behavior of full scale brick models on shaking table tests.
In Tsukuba, Japan, two series of tests were held with non reinforced masonry. Later, a third
set of tests was performed in Lima, at the Structures Lab of the Pontifical Catholic University
of Peru (PUCP), with confined masonry models. In all cases the house models were box
type, 3x3x3m in size, with four masonry brick walls. The two walls parallel to the shaking
featured window openings. The other two walls, perpendicular to the shaking, were a full wall
and a wall with a door opening. Concrete lintels were used over the windows and door
openings. This paper deals mainly with the Peruvian PUCP tests, and emphasizes the
importance of international cooperation for improvement of masonry construction in
developing countries.

Experimental Tests held in Japan (NIED)
Two series of shaking table tests were performed in the National Research Institute for Earth
Science and Disaster Prevention (NIED), Tsukuba, Japan, with bricks imported from Pakistan
[Hanazato 2008]. The first one was devoted to a Pakistan house model, and the second one
to an Indonesian house model. A plain brick masonry structure was selected for the first test.
The test setup is shown in Figure 1, as well as one collapsed specimen at the end of the test.
Excitation records used were from 2003 Iran Bam earthquake and 1995 JMA Japan Kobe
earthquake, harmonic waves, pulses, using different time scales, as reported.

Figure 1. First test in Japan [Hanazato 2008]

Bricks of 230mm x 110mm x 70mm and 2.92kg were imported from Pakistan. Before
brickwork, bricks were soaked in water. Mortar was composed by 1 part of cement and 8
parts of sand in volume. Mortar joint thickness was 15mm. The compressive strengths
averaged 14.7MPa for bricks, and 9.2MPa for cubic mortar.
For the second test, the test specimen was built imaging the half brick work confined
masonry houses of Indonesia. Three walls were made with Pakistan bricks, and the fourth
one with Japanese bricks [Minowa 2010]. Figure 2 displays the outline of model house. The
improved brick house in Figure 2 is not part of the study. Excitation records used were from
1995 JMA Japan Kobe earthquake, and 2007 Peru Ica earthquake, using different time
scales, and amplitude of the records, as reported.

Figure 2. Second test in Japan [Minowa 2010]
Japanese bricks had dimensions of 210mm×100mm×60mm. The mortar joint thickness was
around 15mm. The compressive strengths were 29.8MPa for Japanese bricks (double of the
Pakistan bricks), and 2.58MPa for mortar test pieces. Frame columns and beams had
rectangular sections of 120mm x 120mm with 4 steel bars of 10mm and steel ties at 150 mm.
The house model had wood lintels in the door and windows openings.
For both tests, the specimens were quite strong. The excitations had to be greater than 1 g to
develop cracks in the model houses, afterwards they collapsed using stronger motions.

Agreement for tests in Peru (PUCP)
The Japanese group chose Peru and the Laboratory of Structures at the Pontifical Catholic
University of Peru (PUCP) to perform the third series of shaking table tests. Peru is located
in a seismic risk region and shares some construction similarities with the South East Asian
countries in terms of material properties and workmanship. Confined masonry is widely used
in Peru, however most of the masonry construction is self-made, without participation of
structural engineers. Nevertheless, confined masonry buildings have demonstrated good
performance in past earthquakes in Peru and other countries.

On the other hand, PUCP has lead masonry research in Peru, with a lot of experimental
research during the last 30 years, in small walls, cyclic tests of masonry walls and shaking
table tests on building models, as shown in Figure 3 (San Bartolome, 2007). Recently, a
new Masonry Code was released in Peru (SENCICO 2006), including many of the findings
obtained in these research works, with special attention given to the performance based
seismic design of confined masonry structures (San Bartolome and Quiun, 2007).

Figure 3. Previous experimental research on masonry structures at PUCP
During 2008, the agreement for performing the shaking table tests in Peru was settled. It
included the construction and shaking table test on three house models, all of confined
masonry. Also, the basic properties of the involved materials (brick units, mortar, masonry
prisms and small walls, concrete, steel), had to be obtained by performing normalized tests.

Specifications for Materials and Construction of Masonry Models
The main idea of this third series of tests was to study the confined masonry construction
similar to Indonesia, and some improvements, in order to increase the seismic resistance. To
simulate conditions in Indonesia, low quality materials were chosen, and construction
specifications were set, which are below the minimum requirements of the Peruvian Masonry
Code (SENCICO 2006).
The units were hand-made fired clay solid bricks of nominal dimensions 210mm x 105 mm x
65mm (Figure 4). The compressive strength of solid bricks was f´b=7MPa. The mortar was
specified as a volume ratio of 1 part of cement to 8 parts of sand. Mortar cubic specimens of
50 mm side had a compressive strength of 4.7 MPa. Concrete for confinement columns and
beams after 28-day tests gave a compressive resistance of f´c=15 MPa, although a lower
value was expected. Reinforcement steel deformed bars Grade 60 were used, giving yield
stresses of 535 MPa for 8-mm bars and 452 MPa for 95-mm bars. For one model, a welded
wire mesh was used on the walls. This mesh has 1 mm wires in a square arrangement,
spaced ¾ inches (19 mm). The wire mesh comes in a roll of 30m long and 900 mm width.

Regarding the construction of the masonry walls, the horizontal joint thickness was set to 25
mm and the vertical joint to 30 mm, exceeding the maximum recommended by the Peruvian
Code, which is 15 mm. Also, the mix proportion 1:8 specified as current Indonesian practice
is by far of less quality than the minimum recommended in the Peruvian Code which is 1:5.
To control clay brick suction, the Peruvian Code recommends soaking in water the bricks for
25 minutes, for 10 to 12 hours before placement, which was done also for this research.
Although Indonesian practice may be different, the frequent rains in that country let us think
that soaking in water the bricks in Peru, could be applied without much loss of fidelity.

Figure 4. Indonesian clay bricks (left) and Peruvian hand-made bricks (right).
Small masonry prisms and walls were also built to obtain masonry properties, three
specimens for each. The masonry was also built with 25 mm mortar joints. The prisms were
constructed in 6 layers (Figure 5). The average axial compression stress was 6.8 MPa, with
a standard deviation of 0.36 MPa. Hence, the characteristic compression resistance was
obtained as the average less one standard deviation, resulting f’m= 6.44 MPa. The elastic
modulus was obtained giving an average Em=1284 MPa. The experimental ratio Em/f’m=200
differs from the Peruvian Masonry Code specification, which is Em/f’m=500.

Figure 5. Masonry prisms construction and axial compression test.

Three small walls were built with 560 to 555 mm sides, for diagonal compression tests. The
characteristic shear resistance was obtained as the average less one standard deviation,
resulting in v’m=0.64 MPa. The typical failure in all cases was a diagonal crack, over units
and joints (Figure 6). The shear modulus average value was Gm=596 MPa. The experimental
ratio Gm/Em=0.46 is close to the Peruvian Masonry Code specification, which is Gm/Em= 0.4.

Figure 6. Small Masonry walls construction and diagonal compression test.

Model Characteristics and Reinforcement
Three full scale house models of confined masonry were built using the material and
construction features previously specified. Each model was constructed over a foundation
ring beam, used also to move the specimen to the shaking table for the dynamic tests. A
ruler was used to control the layer thickness. The confining elements of reinforced concrete
(RC) were as follows. The columns at the four corners had a 150 mm square cross section
with 4-8mm longitudinal bars, and ties every 250 mm. The top RC beams had a cross section
wider than the thickness of the wall to accommodate extra weight. The models had no roof.
The four masonry walls were named North, South, East and West walls (N, S, E, W),
according to their geographic position. Walls E and W were parallel to the movement and
featured a window opening. Walls N and S were perpendicular to the movement, with a door
opening in S wall, N wall being a full one. Over the upper ring beam, sand bags were placed
to simulate roof weight. The added weight was calculated so that the total load over the
shaking table platform was nearly less than 15 ton, the limit load for the seismic simulator.
The first model was named Model A and had no added reinforcement (Figure 7). External
reinforcement materials were defined for the second and third models with the agreement of
the parties. Model B had a continuous RC lintel beam over the door and windows openings
(Figure 7). Also, 8mm connecting wires were used every 6 layers, placed inside the mortar
bed a length of 500 mm and anchoring in the RC columns with a 100mm hook. Model C was
built identically as model A, and afterwards, an external steel wire mesh was used to cover
the surface of all the walls, inside and outside, unrolling it making a whole turn. The meshes
were fixed to the walls using L-nails to the mortar joints every three layers and 0.30m
spacing, with 0.25m of splice. Later, a mortar cover of cement to sand 1:6 in volume was
placed over wall E, one of the side walls (Figure 8). Such cover is required for protection

against corrosion and it was used only for demonstration purposes. The mesh strength tests
gave an average value of 180 lb/in.

Figure 7. Model A (left); Model B with RC lintel (center) and connecting wires (right).

Figure 8. Model C with wire mesh (left); and mortar cover on wall E (right).

Shaking Table tests held in Peru (PUCP)
Description of the records used
The seismic simulator has a single horizontal movement. The horizontal displacement varies
from +150 to –150 mm. Other design specifications are the maximum velocity of 0.5 m/s, the
maximum acceleration of 1.0 g, and the maximum force of actuator of 500 kN.
Three different strong motion records were used to observe the seismic behaviour of the
models: Ica2 from Aug.15 2007 Peru earthquake, JMA Kobe from Jan. 31, 1995 Japan
earthquake, and Lima70 from May 31, 1970 Peru earthquake. Each record has the
possibility to increase the amplitude or reduce the time scale to get different vibration
properties. The models were subjected to the records shown in Table 1. Prior to any input,
pulse records consisting on rectangular waves were used to study the free vibration
characteristics.

Table 1 Records used for Shaking Table tests
STEP
1
2
3
4
5
6
7

Model A
Max. Displacement
ICA time scale= 0.1 (ur= 1000 pts/s)
5 mm
ICA time scale= 0.1 (ur= 1000 pts/s)
16 mm
ICA time scale= 0.2 (ur= 500 pts/s)
40 mm
ICA time scale= 0.2 (ur= 500 pts/s)
70 mm
KOBE time scale= 2/3 (ur= 75 pts/s)
75 mm
ICA time scale= 0.1 (ur= 1000 pts/s)
30 mm
Lima May70 time scale=1 (ur= 100 pts/s)
120 mm

STEP
1
2
3
4

Model B
Max. Displacement
ICA time scale= 0.2 (ur= 500 pts/s)
40 mm
ICA time scale= 0.2 (ur= 500 pts/s)
70 mm
Lima May70 time scale=1 (ur= 100 pts/s)
135 mm
ICA time scale= 0.1 (ur= 1000 pts/s)
30 mm

STEP
1

Model C
Max. Displacement
Lima May70 time scale=1 (ur= 100 pts/s)
120 mm
SLIP TEST (Base Isolation)
ICA time scale= 0.1 (ur= 1000 pts/s)
30 mm
ICA time scale= 0.2 (ur= 500 pts/s)
70 mm
Lima May70 time scale=1 (ur= 100 pts/s)
120 mm

2
3
4
Model A test

Model A was subjected to 7 steps because it surpassed the expected behaviour, exhibiting a
larger resistance than was initially thought. After each input, the model was inspected
outside and inside to see if cracks were developed. The cracks started to appear in the E
and W walls in both diagonal directions, during step 4 (Figure 9 left); this crack pattern
remained till the end of the test of model A (Figure 9 center and right).

Figure 9. Model A with diagonal cracks in E and W walls

Model B test
The seismic test for Model B was performed in only 4 steps. Regarding the behavior
observed in the test on model A, former steps 1, 2, and 5 were skipped. Step 1 showed
elastic behavior, without cracks. After step 2, thin cracks of 0.3mm width were observed in
both side walls E and W. These cracks and other developed during step 3, reaching 0.6 mm
width. After step 4, the cracks continue to widen, reaching 1.2 mm width. Figure 10 shows
model B and some of the cracks.

Figure 10. Model B with diagonal cracks in E and W walls

Model C test
Seismic simulation test for Model C was divided in two parts. The first part consisted in a
demonstration of a slip test or base isolation test, using a special resin sheet brought from
Japan. The sheet was placed easily over the platform slab, so the specimen rested upon the
sheet, without anchoring it to the platform (Figure 11, left). The record used for the slip tests
was Lima 1970, with a peak base acceleration of 1.08g. Although the specimen moved, it
was undamaged, except at the corner between walls N and E, which hit slightly with the
external frame steel used for the LVDTs (Figure 11, right).

Figure 11. Model C subjected to slip test

For the second part of the test for model C, it was previously anchored to the seismic
simulator platform. This second part consisted in steps 2 through 4, similar to those used in
model B, and the stronger inputs used in model A. Cracks started to appear during step 2,
and continue developing in steps 3 and 4. The final crack distribution in the walls W and E is
shown in Figure 12 for the three models, walls N and S had no cracks at all.

Model A

Model B

W wall
Model C
No cracks

Figure 12. Models A, B and C crack pattern

Comments on test results
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Figure 13 shows for the three models, the Shear force vs. Top displacement curves obtained,
for the same input (ICA, time scale 0.2 and table maximum displacement of 70mm). In the
curves it may be seen that Model A was the worst with larger displacements, and that models
B and C improved the seismic behavior, in both qualitative and quantitative ways (larger
resistance and lower displacements). Table 2 gives information for all inputs on the
maximum base shear force, obtained using the actuator force less the inertia force of table
and foundation beam, although the inputs were not always the same in the three models.
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Figure 13. Base shear vs. Top displacement
Table 2. Max. Shear Force V (kN)
Step (*)
1
2
3
4
5
6
7

Model A
45.6
146.5
149.5
172.9
147.8
192.9
---

Model B
----156.3
193.4
--169.1
214.0

Model C
Slip test
--207.1
192.8
--166.7
---

(*) Steps corresponds to different input records, see Table1.

Model C
Step 3

6

8

Conclusions
Three confined masonry full scale models were constructed with Peruvian low quality
materials and hand labor, according to specifications similar to those of Indonesia. These
models were tested on the shaking table of PUCP Structures Laboratory, with increasing
amplitudes in several steps. The models were strong enough to withstand the shocks.
Model A which had no extra reinforcement, had the worst behavior, with diagonal shear
cracks in the walls parallel to the movement at earlier steps. The cracks were visible at the
end of the test, but they could be repaired economically. Model B featured continuous lintel
beams over the door and windows and had a better behavior than model A, with cracks
thinner than those of model A. Model C was reinforced with a welded wire mesh nailed to the
brick walls, inside and outside. It was subjected firstly to a slip or base isolation test which
produced negligible damage. After that, the seismic simulation tests indicated that the
seismic behavior was also improved respect to model A, even the added mortar cover had no
cracks. Its overall behavior could be said was similar to that of model B. Thin shear cracks
were developed in the same walls as the other models.
The Peruvian construction materials and laboratory workmanship may have influenced the
unexpected overall behavior of the three models, especially in model A. Also, the top ring
beam may had stiffened the specimens more than what it is used in Indonesia. No visible
damage could be observed in the walls perpendicular to the movement, although it could be
expected to have some cracks due to out-of-plane forces. The Japanese group of
researchers worked smoothly with the Peruvian laboratory researchers and technicians. The
international cooperation between the research parties was greatly appreciated. The results
gave ideas for improvement the seismic behavior of the masonry housing buildings in
earthquake countries of South East Asia.
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