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Even though detailed building inventory data are nec-
essary for estimating earthquake damage reliably,
most developing countries do not have sufficient data
for such estimations. This necessitates a way for
finding building distribution and feature easily. In
this study for estimating the number of households in
all building categories of different structures or floor
numbers in Lima, Peru, where a great earthquake is
expected, we propose an estimation method based on
existing GIS data from a census, satellite imagery, and
building data from field surveys, and apply it to esti-
mate the entire area of Lima for create building in-
ventory data. Building fragility functions were used
to calculate a severe damage ratio of buildings due to
the expected earthquake. The rate was multiplied by
created building inventory data to estimate the num-
ber of households in damaged buildings. Furthermore
we clarified damage reduction by retrofitting for low
earthquake-resistant buildings.

Keywords: building inventory data, earthquake damage
estimation, census data, fragility curve, socio-economic
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1. Introduction

Estimating earthquake damage to a variety of different
building structures plays an important role in seismic dis-
aster prevention planning. In estimating earthquake dam-
age, damage distribution of buildings is estimated by mul-
tiplying building inventory data by damage probability
obtained from the seismic capacity of buildings and earth-
quake ground motion. The estimation flow is shown in
Fig. 1. Estimating earthquake damage thus requires earth-
quake ground motion data, the fragility curves of build-
ings, and building inventory data.

Building inventory data are usually created by visually

analyzing aerial photography and field surveys, but this
requires significant labor and cost. Developing countries
rarely have sufficient building inventory data, which also
makes it difficult to estimate earthquake damage appro-
priately. As in Japan, Peru is located close to a conti-
nental plate boundary where a seafloor plate sinks in a
nearby ocean trench. Peru thus has frequent great earth-
quakes and must be able to estimate earthquake damage
to determine effective disaster prevention and reduction
countermeasures, even though Peru does not have enough
building inventory data.

Estimating earthquake damage requires building inven-
tory features such as construction type and the number of
stories. Building deformation resistance and seismic ca-
pacity depend both on the construction type and whether
the building is high-rise or low-rise. The number of sto-
ries thus becomes important to estimation.

Construction data can be collected integratedly and
comprehensively from census data and establishment
statistics. Hasegawa and Midorikawa (1997) and (1999)
proposed estimating the distribution of wooden and non-
wooden buildings and building age by using regional grid-
square statistics [1, 2].

Remote sensing technology has steadily improved and
satellite images with a ground resolution of 1m or less
is now available. We can obtain height information
for buildings. In developing building inventory data
on Metropolitan Manila, for example, Miura and Mi-
dorikawa (2006) used IKONOS satellite images to auto-
matically detect mid- and high-rise buildings from im-
age shadows and to update existing building inventory
data [3]. Shaker et al. (2011) used stereo pair images
from IKONOS satellite that observed dense residential
area in Cairo, Egypt, to estimate building height [4].
For Lima, Peru, building height was estimated by filter-
ing digital surface model (DSM) of PRISM images from
ALOS satellite [5].

In the present study, we proposed simple estimation
method to the number of households in buildings in order
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Fig. 1. Flowchart of earthquake damage estimation for large
area.

to create necessary inventory data for estimating earth-
quake damage in Peru. For this purpose, we used Peru
census data, field survey data, and satellite imagery to
classify buildings by construction type and floor num-
ber for use in damage estimation. This method was used
to develop building inventory data for all of Lima. This
study also estimates building damage in Lima that an ex-
pected earthquake could cause and examines the damage
reduction hoped for through earthquake retrofit for low
earthquake-resistant buildings.

2. Target Area and Data

2.1. Target Area
Peru is located near the boundary between the South

American and Nasca tectonic plates, making it the site
of many earthquakes, e.g., the 2001 Southern Peru earth-
quake and the 2007 Pisco earthquake. Public concern
about earthquake disaster prevention is understandably
high in Peru. A great earthquake is expected to occur
in and around Peru’s capital Lima and earthquake disas-
ter prevention countermeasures must be taken as soon as
possible.

Target areas in Lima for this study are shown in Fig. 2.
Lima consists of 50 districts and has an area of 2,700 km2

and a population of about 8 million. It is one of the largest
business and industrial cities in South America.

2.2. Census and Building Feature Data
One of the Peru’s GIS data, including building infor-

mation, is census on Lima [6]. This GIS data collected
by the Peru Statistics Agency in 2007 covered most of
Lima’s 75,000 city blocks. The number of households
and 5 levels of socioeconomic class in each block are
listed with data on residential type, wall-construction, etc.
Residential types are individual housing and collective
housing, e.g., hotels and hospitals. Since 99.8% of resi-
dents lived in individual houses, we used individual hous-
ing data classified by detached house, apartment build-
ing, cooperative dwelling with independent kitchen and
bathroom (quinta), and cooperative dwelling with shared
kitchen and bathroom (callejón).

The distribution of detached houses, apartment build-
ings, and quinta are shown in Figs. 3(a)–(c). Detached

Fig. 2. Lima, Peru, study area. District and detailed field
survey sites are indicated.

Fig. 3. Distribution of numbers of households by housing
use: (a) detached house, (b) apartment building, (c) coop-
erative dwelling (quinta), (d) distributions of socioeconomic
class.

houses account for over 75% of such buildings in the en-
tire city and apartment buildings account for about 15%.
Fig. 3(d) shows socioeconomic class distribution, with
class 5 being the richest. This figure indicates that the rich
live in the city center and the poor live in its surroundings.
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Wall-construction materials such as adobe, quincha, and
masonry/cement brick, which are included in data, show
that over 80% of households were in masonry or cement
brick buildings. This data is thus used as basic informa-
tion in creating building inventory data but does not in-
clude construction type or building height, which are nec-
essary for estimating earthquake damage.

Building feature data (hereafter, CISMID data) are ex-
tracted from field survey conducted by the Japan Peru
Center for Earthquake Engineering Research and Disas-
ter Mitigation (CISMID). For gathering the data, CISMID
randomly chose 5,200 city blocks – about 30% of the to-
tal – from eight districts – Comas, La Molina, Villa el Sal-
vador, Peunte Piedra, San Juan de Lurigancho, Chorrillos,
Breña, and Cercado de Lima (Fig. 2), and collected data
on floor number, usage, construction type, etc., for repre-
sentative buildings in the target city blocks. The two con-
struction types of representative buildings in these blocks
were masonry and concrete, for which masonry accounted
for 85%.

Although data contain floor number and construction
type, surveyed districts and city blocks were limited, so
only part of the city was covered. CISMID data also
focused on districts with low earthquake-resistant build-
ings that could be damaged in an earthquake. An addi-
tional survey of about 300 city blocks in districts with
mid- and high-rise buildings was therefore conducted in
August 2013 and this additional data was included with
CISMID data covering the 11 districts shown in Fig. 2
and 5,500 city blocks.

2.3. Satellite Image and Detailed Local Survey Data

We used digital surface models (DSMs) with observa-
tion images taken on October 15, 2008, by the ALOS
satellite PRISM sensor and on March 30, 2006, and
April 12, 2009, by IKONOS satellite (for details on deriv-
ing DSM with data from PRISM, see [7]). Stereoscopic
data obtained from stereo-pair sensor images in forward
and nadir views and in backward and nadir views were
used in the study. For stereoscopic image data obtained
in 2006 and 2009 from IKONOS, DSM was created with
an analysis module of ERDAS Imagine image process-
ing software. DSM contained both ground evaluation and
height data on objects such as buildings and trees, so ob-
ject height was estimated by data filtering [5]. The max-
imum object height in each city block was also recorded.
Images from the two satellites covered the almost entire
Lima area, as shown in Fig. 4.

A detailed on-site survey was conducted to examine
current conditions of buildings in each city block and the
validity of estimation on the number of households, as de-
scribed in Section 3. In the on-site survey, a video camera
with built-in GPS was used to take videos of buildings
in each city block from neighboring streets and thereby
obtain data on number of stories, households, and usage.
Thus, we surveyed 50 city blocks in and near the center
of Lima, as indicated by stars and circles in Fig. 2.

Fig. 4. Distribution of building height information from
DSM calculated using ALOS/PRISM and IKONOS images.

3. Development of Lima Building Inventory
Data

3.1. Estimation of Number of Households in Build-
ing Construction Types

Based on preceding studies [8] and the current state of
Peru, seven categories – structural classes – were used as
features in building inventory that were suitable for the
estimating earthquake damage. As shown in Fig. 5, these
were derived from the housing use type, wall-materials,
and socioeconomic classes in census data:

A: Adobe, etc., low-rise, 1-2 stories

M1: Nonengineered masonry, low-rise, 1-2 stories

M2: Reinforced or confined masonry with flexible
slabs, low-rise, 1-2 stories

M3: Reinforced or confined masonry with rigid slabs,
low-rise, 1-2 stories

M4: Reinforced or confined masonry with rigid slabs,
mid-rise, 3-6 stories

M5: Reinforced concrete frames, mid-rise, 3-6 stories

M6: Reinforced concrete frames, high-rise, 7 or more
stories

Socioeconomic classes of residents and building con-
struction types are correlated [9]. Based on the relation
between socioeconomic classes in census data and repre-
sentative construction types and number of stories in CIS-
MID data, the percentage of each building construction
type in each area was calculated for different socioeco-
nomic classes. Table 1 shows the relation between so-
cioeconomic classes and building construction types of
detached houses and quinta. M1 buildings account for
25% and M2 for 45% in the class 1 area, where many
low-income residents live. In the class 5 area, where many
high-income residents live, there are no buildings of these
types and almost all buildings are M3. The numbers of
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Fig. 5. Building construction type estimation based on hous-
ing use with wall material and socioeconomic class in census
data.

households in detached houses and in quinta are known in
census data and multiplied based on percentages to calcu-
late the number of households of each building construc-
tion type.

Table 2 shows the relation between socioeconomic
class and apartment building. For analysis, city blocks
were divided to those with only mid- or low-rise buildings
(Table 2(a)) and those also including high-rise buildings
(Table 2(b)). The increase in the number of households in
buildings with different number of stories obtained in the
detailed field survey was taken into account. It was found
from analysis that socioeconomic classes and building
construction types correlated mutually and that in areas
where high socioeconomic class residents lived, dwellers
tended to live in high-rise buildings with relatively high-
earthquake resistance. In the socioeconomic class 5 area
with many tall buildings, 75% of households were in M6
buildings.

Based on the above preliminary study, we constructed a
flowchart of conversion to building construction type (A,

Table 1. Distribution ratio of building construction type by
socioeconomic class (detached house and quinta).

Socioeconomic class
Distribution ratio (%)
M1 M2 M3

Class-1 25 45 30
Class-2 15 25 60
Class-3 15 10 75
Class-4 5 0 95
Class-5 0 0 100

Table 2. Distribution ratio of households in each building
construction type by socioeconomic class (apartment build-
ing).

(a) City block with low- and mid-rise building.

Socioeconomic class
Distribution ratio (%)
M3 M4 M5

Class-1 100 0 0
Class-2 40 60 0
Class-3 5 95 0
Class-4 0 85 15
Class-5 0 65 35

(b) City block including high-rise building.

Socioeconomic class
Distribution ratio (%)

M3 M4 M5 M6
Class-1 100 0 0 0
Class-2 40 60 0 0
Class-3 10 55 10 25
Class-4 0 30 30 40
Class-5 0 5 20 75

M1-M6) and an estimation of the number of households,
given in Fig. 6, explained below.

1) Based on the data of wall materials in census data,
the number of households in city blocks was divided
into those in adobe buildings and those in masonry or
cement brick buildings. The number of households
living in adobe buildings was used as the number of
households living in type A buildings.

2) The number of households living in masonry or ce-
ment brick buildings was first divided into those in
detached houses, those in apartment buildings, those
in callejón, and those in quinta, based on housing use
type data in census data.

3) The number of households in M1 type buildings was
calculated assuming that 80% and 20% of callejón
buildings are type A and M1, respectively.

4) It is assumed that detached houses and quinta were
type A or M1-M3 buildings. The number of house-
holds in type A calculated above and the number of
households in M1 among callejón were subtracted
from the number of households in detached houses,
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Fig. 6. Estimation flowchart for number of households by
building construction type using census data, satellite im-
ages, and field survey results.

quinta, and callejón. This was done to calculate the
total number of households in detached houses and
quinta. Next, the ratio of buildings of each construc-
tion type and socioeconomic class was multiplied by
the number of households in detached houses and
quinta to classify households in detached houses and
quinta into those living in M1, M2, or M3 buildings.

5) Apartment buildings consist of M3-M6, these build-
ing construction types should be classified by height.
Object height data on city blocks obtained from
DSM were used to classify city blocks into those
with only low- and mid-rise buildings and those also
including high-rise buildings. By comparing the data
of number of stories from the detailed field survey
and object height data, we defined high-rise build-
ings as those 21 m or higher. Next, the number of
households in city blocks with only low- and mid-
rise buildings was divided to households in M3 to
M5 buildings taking into account the distribution ra-
tio of buildings of each type classified by socioeco-
nomic class, as shown in Table 2(a). The number
of households in city blocks that also included high-
rise buildings was divided into those of households
in M3 to M6 using the ratio in Table 2(b).

6) The numbers of households in A and M1 through M6
buildings were determined by summing the number
of households in buildings of each construction type.

3.2. Validation of Estimation and its Application to
the Entire Lima City Area

Based on the above procedure, the number of house-
holds for different building construction types was es-
timated and examined in terms of estimation precision
for city blocks where the field survey was conducted.
Since no detailed building construction type data were ob-
tained in the survey, the numbers of households in build-
ing types A and M1-M6 cannot be confirmed. The esti-
mated number of households in low-, mid-, and high-rise

Fig. 7. Estimated household number versus actual number
observed in a field survey.

buildings was compared to the actual number of house-
holds in the field survey. Results are shown in Fig. 7, in
which the number of households was estimated to within
error of 30% or less.

The proposed procedure to estimate the number of
households in each building construction type was applied
to 75,000 Lima blocks. Fig. 8 shows the distribution of
the number of households for different building construc-
tion types. Type A buildings are concentrated in the old-
est part of city and types M1 and M2 distributed widely
outside of the city center. The number of households in
M3 buildings is highest. The number in M4 buildings is
also high but rather concentrated at the city center. Res-
idents of types M5 and M6 are more concentrated at the
city center. Fig. 9(a) shows the distribution of the num-
ber of households in each district. Fig. 9(b) shows the
ratio of households in buildings with low-earthquake re-
sistance, i.e. the number of households in A, M1, and
M2 buildings divided by the total number of households
in the district. The total number of Lima households is
about 1.84 million and residents of buildings with low-
earthquake resistance are located in the Lima suburbs.

4. Estimating Earthquake Damage for Lima

4.1. Fragility Curves for Different Building Con-
struction Types

As shown in Fig. 1, damage occurrence probability for
different building construction types must be calculated
to estimate earthquake damage. This calculation requires
fragility curves for different building construction types.
Peru essentially has no appropriate, easy-to-use fragility
curves for the building construction types suitable for this
study. Although knowledge and opinions could be col-
lected from specialists using the Delphi method to obtain
seismic performance of buildings and apply them to esti-
mating earthquake damage [10], we instead used damage
fragility curves proposed in previous studies.
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Fig. 8. Distribution of estimated number of households
by building construction type: (a) adobe, etc., (b) nonengi-
neered masonry (low-rise), (c) reinforced or confined ma-
sonry with flexible slabs (low-rise), (d) reinforced or con-
fined masonry with rigid slabs (low-rise), (e) reinforced or
confined masonry with rigid slabs (mid-rise), (f) reinforced
concrete frames (mid-rise), (g) reinforced concrete frames
(high-rise).

Fig. 9. Distribution of estimated number of households for
each district: (a) total number of households, (b) ratio of
household in low earthquake-resistant buildings.

Matsuzaki et al. (2013) created fragility curves of se-
riously damage which corresponds with Grade 4 or 5 in
damage scale of EMS-98 [11] for adobe and masonry
buildings based on the results of the building damage sur-
vey in Pisco caused by the 2007 Pisco earthquake and
peak ground acceleration (PGA) of ground motion ob-
tained in numerical simulation [12]. Adobe buildings in
Pisco would be similar to adobe buildings in Lima. Mat-
suzaki et al. also mentioned that masonry buildings were
reinforced with RC columns and beams [12] that corre-
spond to M3 and M4 masonry buildings in this study.
No detailed damage fragility curves were available for
distinguishing M3 and M4 in the study by Matsuzaki
et al. (2013) or in other previous studies, so we used
fragility curves given by Matsuzaki et al. (2013) for A
and M3&M4.

No fragility curves were available, either, for build-
ings of nonengineered masonry (M1) or low earthquake-
resistant masonry (M2). Assuming that M1 and M2 had
the same quake resistance, we created a fragility curve for
M1&M2 to place it between A and M3&M4 obtained by
Matsuzaki et al. (2013), as shown in Fig. 10.

Quiroz and Maruyama (2014) created a reinforced con-
crete model for 10-story RC buildings in Lima based on
vibration experiments and derived fragility curves as a
function of PGA for RC buildings using simulated quake
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Fig. 10. Fragility curves by building construction type.

motion [13]. This study used the results to obtain the
fragility curves for M5 and M6 (Fig. 10). It is found
that damage to type A and other low earthquake-resistant
buildings begins occurring at a small PGA and curves are
steeper than those of M5 and M6. This indicates that
larger earthquake ground motion would dramatically in-
crease the number of damaged buildings.

4.2. Estimation of Damage Due to Anticipated Fu-
ture Earthquake

In its location near the boundary between the South
American and Nasca tectonic plates, Peru has many earth-
quakes. Pulido et al. (2014) estimated the focal area of
an anticipated great fault earthquakes of Mw8.9 based on
geodetic data from earthquakes occurring in Peru since
1746 [14]. They calculated the distributions of peak
ground acceleration (PGA) for 108 scenarios for the com-
bination of 12 focal areas and 9 destruction start points,
and estimated the average and standard deviation among
these scenarios. In this study, the average PGA in 108 sce-
narios and the average plus one standard deviation were
both used as input ground motion parameters. Fig. 11
shows the distributions. Ground motion is large near
coastal areas and the value of average plus one standard
deviation exceeded 1,000 cm/s/s in some places.

For about 75,000 city blocks in Lima, damage probabil-
ity was obtained from fragility curves (Fig. 10) based on
input PGA and multiplied by the number of households in
building inventory data in Section 3 to calculate the num-
ber of households that would be seriously damaged based
on different building construction type. Fig. 12 shows the
number of households that would be seriously damaged in
different districts. When input PGA is the average value,
about 48,000 households would be seriously damaged. In
contrast, for the average plus one standard deviation, the
number would increase dramatically to about 430,000.

For the case in which input PGA is set to average plus
one standard deviation, Fig. 13 shows the ratio of number
of households that would be seriously damaged in indi-

Fig. 11. Distribution of peak ground velocity (PGA) for
earthquake scenarios: (a) average value calculated from 108
scenario earthquakes, (b) average + one standard deviation
calculated from 108 scenario earthquakes.

vidual districts divided by the number of households in
the district. Results show that districts near the coastal
area would tend to have a higher rate serious damage be-
cause input PGA is relatively higher in these districts. In
areas with many buildings having low earthquake resis-
tance (Fig. 9(b)), damage was severe even if input PGA
was small because damage probability rapidly increases
within a PGA range from 400 to 600 cm/s/s, as shown by
fragility curves for A and M1&M2 buildings in Fig. 10.
In Lima, about 70% of households in seriously damaged
buildings are caused from low earthquake-resistant build-
ings (A+M1+M2).

In order to evaluate the effect of earthquake retrofitting
in Lima city, two retrofitting cases were considered. Since
A and M1&M2 buildings were likely to be severely dam-
aged, Case 1 was a case in which A buildings were ren-
ovated into a M1 or M2 level and Case 2 was a case
in which A, M1, and M2 buildings were all renovated
into a highly earthquake-resistant masonry of M3 or M4.
Fig. 14 shows the number of households in buildings that
would likely be seriously damaged in Case 1, and Fig. 15
shows that for Case 2. Both figures show results for aver-
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Fig. 12. Distribution of estimated number of households in
serious damaged buildings by district for earthquake scenar-
ios: (a) average value calculated from 108 earthquake sce-
narios, (b) average + one standard deviation calculated from
108 earthquake scenarios.

age and for average plus one standard deviation as input
PGA. Case 1 reduced the number of households in build-
ings that would be seriously damaged to about 14,000,
or about 71%. When input PGA was large – the aver-
age plus one standard deviation – reduction was about
23%. In contrast, Case 2 reduced the number of house-
holds in buildings that would be seriously damaged to
about 200,000 and reduction of over 50% when input
PGA was large – average plus one standard deviation.
Seismic retrofitting in Lima city was thus found to be ef-
fective in reducing earthquake damage.

5. Conclusions

For estimating earthquake damage in developing coun-
tries and areas where building inventory data are not avail-
able, we have proposed a simple method for generating
building inventory data using GIS data from census, satel-
lite imagery, and data from field surveys. The entire city
area of Lima, Peru, which faces high seismic risk sim-
ilar to that in Japan, was chosen as our research target.

Fig. 13. Distribution of ratio of households in seriously
damaged buildings by district.

Fig. 14. Distribution of estimated number of households
(retrofit Case 1) in serious damaged buildings by district
for earthquake scenarios: (a) average value calculated from
108 scenario earthquakes, (b) average + one standard devi-
ation calculated from 108 scenario earthquakes.

Based on housing use type, wall material, and socioe-
conomic class in census data and object height informa-
tion from satellite images, the classification procedure of
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Fig. 15. Distribution of estimated number of households
(retrofit Case 2) in serious damaged buildings by each dis-
trict for earthquake scenarios: (a) average value calculated
from 108 earthquake scenarios, (b) average + one standard
deviation calculated from 108 earthquake scenarios.

building construction types taking into account their seis-
mic fragility. Building inventory data for all of Lima were
determined using this procedure and estimation accuracy
was evaluated by comparing data for city blocks where
the detailed field survey was conducted. It was found that
the number of households was estimated with about 30%
precision.

By calculating the damage probability of buildings
based on fragility curves for the input ground motion of
an anticipated earthquake and multiplying probability by
created building inventory data, we estimated the number
and distribution of households in buildings that could be
seriously damaged. Results showed that the risk of dam-
age was higher in districts close to the coastal area and
districts containing many low earthquake-resistant build-
ings. The feasibility of seismic retrofitting was verified
and it was also shown that the number of households in
buildings that would be seriously damaged could be re-
duced by half if adobe and low earthquake-resistant ma-
sonry buildings could be renovated into high earthquake-
resistant buildings such as reinforced or confined masonry
with rigid slabs.
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