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" Smart Shelter Research, Alphen aan den Rijn, Netherlands, 2 Graduate School of Environmental Studies, Nagoya University,
Nagoya, Japan

A literature review was carried out with the aim to determine the current state-of-the-art
with regards to non-engineered stone masonry in seismic areas. Specific search criteria
and definitions were determined for school buildings with loadbearing walls of rubble
stone masonry in cement mortar, nominally tied with horizontal reinforcements. A total
of 47 relevant field manuals between 1972 and 2017 were analyzed for eligibility and
checked for compatibility, initially with 109 national building codes. An overview was
created of similarities, contradictions, gaps and differences between the publications.
As the majority of the practical manuals target the Himalayan context, the most relevant
codes for the comparison were the Indian and Nepali seismic and building codes.
Only 9 manuals describe design and construction processes for schools, even though
this conflicts with the codes which specifically prohibit the use of stone masonry for
buildings with importance factor 1.5 or higher. It was noticed that 7 out of 9 manuals
are (co-)written by the same author, and that the available knowledge, which is largely
based on empirical evidence, can be traced back to just a few main sources. However, no
consistency nor consensus was found on almost all key topics, such as main dimensions,
openings and reinforcing elements. Also, the same illustrations and tables are copied
over and over again, including apparent conflicts between the details. The fact that
this has never been rectified, as well as the fact that the Indian and Nepali seismic
codes have not been properly updated since 1994, are indications that the knowledge
has not evolved much since the 1980’s. It is concluded that the available information
contains many contradictions and has become ambiguous. This raises questions about
the correctness, reliability and actual value of the knowledge. The paper suggest that the
existing knowledge must be fully assessed, validated, optimized and complemented by
means of the current state-of-the-art for calculating, testing and modeling. To address
this, the authors have started an initiative named SMARTnet, and make an appeal to
experts and academics worldwide, to exchange their knowledge and to support the
project with their time and expertise.

Keywords: rubble stone masonry, non-engineered building techniques, literature review, seismic building codes,
practical construction manuals
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INTRODUCTION

Between 2007 and 2012 the Dutch non-for-profit organization
Smart Shelter Foundation built several earthquake resistant
schools in rubble stone masonry in Nepal. The designs were
made by Martijn Schildkamp, architect and first author of this
paper, and the design rules were obtained from the numerous
technical guidelines and practical manuals that can be found
online. These general rules of thumb are commonly referred to
as “best practice” or “non-engineered construction principles.”
While studying the available knowledge, it was the personal
experience of Schildkamp that the information was often unclear,
contradictive and incomplete. Therefore, he reached out to
several members of Earthquake Engineering Research Institute
(EERI), to ask for guidance during the different design and
construction phases. For instance, questions were asked about
plan dimensions, horizontal bands and vertical reinforcements.
These were reviewed and discussed by a group of EERI members
until a consensus was reached and a collective personalized
recommendation was formulated, which was followed and
executed by Smart Shelter Foundation.

Although all 15 schools have withstood the 2015 Gorkha
earthquakes without any significant damage (mostly hairline
cracks, this is further explained in the section about the sill
band), during the design and construction of the projects many
technical questions and practical issues came to light. This paper
undertakes a literature review to determine the state-of-the-art
with regards to rubble stone masonry construction in seismically-
prone developing countries. It further aims to summarize
the generalities, similarities, contradictions and discrepancies,
as well as any need for further validation, optimization and
complementation of the existing knowledge. To achieve this, all
possible design requirements, construction details and practical
implications are described and compared, resulting in a complete
overview of all the necessary steps toward completion of a school
construction project.

The review also aims to determine whether the publications
follow the latest building codes and if they sufficiently address
the current needs, such as for the reconstruction effort in post-
earthquake Nepal. As of today (October 2018) official numbers
have still not been released by the Nepali government, but it is
estimated that nearly 1,000,000 houses and 57,000 classrooms
were destroyed and damaged throughout the country (The Post
Disaster Recovery Framework, 2016). It is further estimated
that 81% of all building damage took place in the rural areas,
where 95% of all collapsed structures consisted of low-strength
masonry; the majority being stone with mud mortar (National
Planning Commission, 2015). Due to limited finance and access
to resources it is expected that the vast majority of these will be
rebuilt in stone masonry again. Therefore, availability of reliable
and up-to-date information is of the utmost importance.

This research paper is the first time a literature review
of seismic codes, technical guides and construction manuals
has been compiled in this subject matter. The focus of the
review is to determine the applicability and reliability of
existing publications, and to understand the need for revision
of the existing knowledge, development of reliable manuals and

upgrading of national seismic codes. The authors acknowledge
the fact that this review is the starting point of a more complex
process. It is not a validation of the technical content, as
this would involve in-depth scientific research through multi-
disciplinary collaborations, for which suggestions are given in
the conclusion.

DEFINITIONS AND SEARCH CRITERIA

This section describes what was actually built by Smart Shelter
Foundation in Nepal. It follows the rules of thumb as advised by
the experts of EERI and as outlined in Schildkamp (2015a), and
details the type of masonry, the loadbearing wall typology and the
inclusion of different horizontal and vertical reinforcements of
the school buildings. Based on this description, the search criteria
are defined for the literature reviews of national seismic codes
and practical construction manuals. Some further parameters
are included about the different types of publications and their
content. Although Nepal has officially adopted the Metric System
(Government of Nepal, 1968), most villages still use the Imperial
System and therefore the drawings of Figure 1 are expressed in
feet and inches. All units in this paper however follow the SI
metric system such as meter (m) and millimeter (mm).

School Designs of Smart Shelter

Foundation

The classrooms have a maximum interior floor plan of 4.8 x
4.8 m, Figure 1A. The dimensions of the building volume do
not exceed the maximum ratio of width vs. depth of 1:3. This
translates to maximum 3 classrooms in a row, or else a separation
gap is introduced of 75 mm between the volumes.

A stepped strip foundation in rubble stone masonry with
cement-sand mortar is placed on a plain concrete screed, on top
of a layer of rough boulders. The top of the foundation including
tie beam is raised 450 mm above ground level (Figure 1E).

The walls consist of 350 mm thick random rubble stone
masonry in cement-sand mortar, with buttresses at all wall ends.
The walls have a maximum height of 2.6 m, from the top of the
foundation beam to the top of the wall. The mountain stones
are not dressed, but regularly sized stones are chosen and placed
in courses as consistent as possible. The masonry includes many
bond stones that are placed over the entire thickness of the wall,
to decrease the risk of delamination of the stone wythes.

The total combined width of openings does not exceed more
than 50% of the length of a wall panel, with a minimum distance
between inside of the corner and opening, as well as a minimum
width for piers between openings, of 600 mm. The doors open to
the outside for safe exit during an emergency.

As the schools are located in a high seismic zone, the walls
are tied together with horizontal bands made of reinforced
concrete at five different levels in height, Figure 1B. These are a
continuous plinth beam on the foundation, and a sill band under
the windows which is semi-continuous as it is interrupted by the
doors. In-between stitches in the corners and T-sections break
the height between sill and the most important lintel beam, that
runs over all door and window openings. Same as the lintel, the
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FIGURE 1 | (A) School plan in rubble stone masonry and (B) Side elevation with horizontal reinforcements and buttresses. (C,D) Cross-sections over building.
(E) Detail of foundation, floor and wall in rubble stone masonry, and (F) Detail of window, wall, and roof connection (all by courtesy of Smart Shelter Foundation).
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top beam is also fully continuous. Different thicknesses of the
beams, as well as different numbers and diameters for the steel
reinforcements were used.

Other than stone masonry buttresses, no vertical
reinforcements are incorporated in the critical wall connections,
such as at the corners, t-sections and around openings. In 2007,
the EERI advisory team reasoned that the limited amount of
steel will not provide the desired amount of ductility. Also,
the steel will disrupt the masonry bonding in these critical
connections, which possibly makes these weaker rather than

stronger, and therefore may create more problems than benefits.
However, this remains to be a highly debated subject among the
experts (and is basically the reason for this paper and starting
point of all upcoming in-depth research). The need for vertical
reinforcements will be further discussed in the review of the
practical manuals.

Instead of heavy masonry gables that have the risk of toppling
during an earthquake, wooden trusses are placed on all interior
and on the end walls, and then closed with wooden planks
with openings for cross-ventilation. Further trusses are placed
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at intermediate points which are inter-connected with cross-
bracing elements and purlins, and a stiff ceiling is placed
underneath. This way the roof structure acts as one, thus
enhancing the box action of the total building. Around 2007, big
bolts were not available in the local markets, so strands of 4 mm
galvanized steel wire were cast into the top beam, to firmly tighten
the wooden trusses.

To guarantee a high construction quality, much emphasis was
put on the training and supervision of the local laborers during
the construction process, following the practical principles as
described in Schildkamp (2015b). Much emphasis was put on the
use of correct materials, preparation of proper mixes for mortars
and concretes, and detailing of steel reinforcements. After
completion of the building, all earthquake resistant measures
were painted on the outside of the building, with explanation in
Nepali text, so that the building becomes a full-size billboard for
earthquake resistant construction.

Types of Stone Masonry and Mortars

Stone as a material can be categorized into numerous typologies,
but in terms of stone masonry it can essentially be brought
back to two major categories: Rubble stone and Ashlar. Units
for rubble stone masonry may consist of field stones, river
boulders (Figure2A), or mountain rocks, either randomly
stacked (Figure 2B) or brought to courses (Figure 2C). When
rocks are cut into rectangular units with straight adjoining sides
it is called Ashlar, also known as cut, squared or dressed stone
(Figure 2D). To cut such neat units by hand involves lots of
intensive labor, which is highly dependent on the hardness of the
stone and the required level of shaping and finishing. This makes
Ashlar much more expensive than rubble stone and it is therefore
less often used in the rural areas.

The shape of the stone is important for the structural stability
of the wall. Generally said, the rounder the boulder, or the
more irregular the shape of the rock, the more difficult it is to
build a consistent and stable wall. A distinction is made between
uncoursed or coursed stone masonry, and the strength of a wall
is further influenced by the way the stone units are laid, such
as the detailing of corners and junctions, the bonding patterns,
overlapping and interlocking of the units, and the thickness and
continuity of the joints.

Of equal importance is the type of masonry mortar that is
used. Mud is the main choice in the rural and remote areas in
most developing countries, followed by cement mortar if the
people can afford it, or lime-sand mortar if lime is available,
although this is not very common in the Himalayan regions.
Mortar-less masonry, as used in parts of Pakistan and India,
behaves much different in an earthquake compared to mortared
walls (Carabbio et al., 2018) and therefore dry-stacked stone
masonry falls outside the scope of this review. No publications
are known by the authors about the use of stabilized mud mortar
in seismic areas.

By combining stone unit and mortar type, Arya (2003) grades
stone masonry in six classes relative to its seismic safety, thus
placing the schools of Smart Shelter Foundation in the second
safety level, Table 1.

Types of Load-bearing Masonry Systems

A distinction can be made between three important different
typologies of load-bearing masonry systems, which are reinforced
masonry (RM), confined masonry (CM) and unreinforced
masonry (URM), as follows:

Reinforced masonry has regular horizontal and/or vertical
reinforcements throughout the wall which are embedded in such
way, that they act together with the masonry units in resisting
lateral forces in both in-plane and out-of-plane directions. RM
must be designed and calculated by engineers and is therefore
categorized as an engineered construction technique.

Confined masonry walls act as shear panels which serve
as the lateral load-bearing system. These walls are built first,
usually with a toothed pattern at the wall ends, and then tie
beams and tie columns of reinforced concrete are cast around
the panels, serving as confining members. Ashlar stone units
certainly qualify for confined masonry, but likely due to the high
cost of these, no references were found of CM with Ashlar stones.
Regarding confined rubble stone masonry only one experimental
study was found, which shows benefits of using confining
elements for the improvement of in-plane strength and ductility
of the stone masonry walls (Ahmadizadeh and Shakib, 2016).

Unreinforced masonry has, as the name implies, no
reinforcements whatsoever incorporated in the walls. Almost all
seismic codes worldwide prohibit the use of URM in earthquake
zones, unless “additional requirements for unreinforced masonry
are in place” (Eurocode 8 1998-1, 2004) such as concrete beams
or steel ties. However, this makes the term “unreinforced”
somewhat ambiguous, for these buildings can no longer be
classified as purely URM, whereas it is not RM either as the
reinforcements merely tie the walls together. Figure 3 shows such
an example of a school building in a highly seismic zone in Nepal,
where the rubble stone walls are strengthened by using cement
mortar and the addition of buttresses and horizontal reinforced
concrete beams.

The recently developed Multi-Hazard Building Taxonomy
GEDA4ALL (Silva et al,, 2018) “enables the user to describe a
building by assigning characteristics relevant to its structural
response under multi-hazard actions.” One important attribute
is the material of the lateral load-resting system, which for
masonry is divided in unreinforced (MUR), confined (MCF) and
reinforced (MR). Another important attribute is the ductility of
the system, divided in non-, low, moderate and high ductility.
As this would classify the example in Figure 3 as “unreinforced
masonry with low ductility;” it raises the question whether a
fourth category should be introduced to further avoid confusion;
such as “nominally reinforced, strengthened or semi-reinforced
masonry.” An example of a code that addresses this is the Iranian
Seismic Code (Standard 2800, 2015), by including a separate
chapter called “Provisions for Masonry Buildings with Ties.”

Engineered vs. Non-engineered

During the 12th World Conference on Earthquake Engineering
in New Zealand, A.S. Arya presented the often quoted definition
for non-engineered buildings as “those which are spontaneously
and informally constructed in various countries in the traditional
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FIGURE 2 | (A) Round river boulders with mud mortar. (B) Random rubble stone masonry with mud mortar. (C) Random rubble stone masonry brought to courses
with cement mortar. (D) Ashlar stone masonry with lime-sand mortar (all by courtesy of Smart Shelter Foundation).

D

TABLE 1 | Grading of stone masonry types according to Arya (2003).

pattern Masonry type Mortar type Safety level
| random rubble stone masonry In mud mortar Sixth
li coursed rubble stone masonry In mud mortar Fifth
lii dressed Ashlar masonry In mud mortar Fourth
Iv random rubble stone masonry In cement mortar Third
Iv coursed rubble stone masonry In cement mortar Second
Vi dressed Ashlar masonry In cement mortar First

manner, without any or little intervention by qualified architects
and engineers in their design” (Arya, 2000).

The first time an appeal was made for the development
of separate seismic codes for “unengineered buildings” is by
Arya (1977) during the 6th World Conference on Earthquake
Engineering in New Delhi in 1977. Due to differences between
developed, developing and underdeveloped economies, as well
as between rural and urban contexts, he concluded that two
types of code specifications were required; one for engineered
buildings and one for non-engineered traditional constructions.
A workgroup was formed that included Arya and Boen, who
may be regarded as the pioneers of researching the seismic
behavior of non-engineered techniques. The outcome was
the first official guideline fully dedicated to non-engineered
construction named “Basic Concepts, part 2: Non-Engineered
Construction” (Arya et al., 1980), which was further developed
into the well-known “Guidelines for Earthquake Resistant Non-
Engineered Construction,” firstly published in 1986 (Arya et al.,
1986), reprinted in 2004 (IAEE, 2004), and slightly revised in
2014 (Arya et al., 2014).

Reinforced masonry needs to be designed and calculated
by engineers and is therefore categorized as an engineered
construction technique. Unreinforced masonry on the other
hand, such as stone masonry which is still commonly used in
the Himalayan regions, is often referred to as a non-engineered
construction type. Whether non-engineers should be involved
in earthquake resistant construction of unreinforced and/or
nominally reinforced masonry structures is a question on its
own, but fact is that engineers are seldom available in the

rural areas in developing countries. For that reason, many
practical manuals are directly targeting the non-engineered
user groups. All building, seismic and masonry codes are
per definition engineered publications, as these are meant for
qualified engineers and architects, and not for the general
public. Publications that introduce detailed explanations and
equations about design spectra, dynamic response and base
shear forces, such as in Arya (1987b), Tomazevic (1999), and
Indian Railways (2017), are also not written for readers without
engineering background. On the other hand, design guidelines,
technical manuals and on-site construction booklets, from now
on referred to as “practical manuals,” may target both user
groups and are divided in “E” for engineered and “n-E” for
non-engineered in Table 3a.

Building Categories

Stricter design rules may apply for a school building in a high
seismic zone on soft soil vs. a house on rock soil in a region
with low seismic risk. The Building Category is an important
classification, as it defines these restrictions and limitations
as well as the level of necessary reinforcements for different
types of buildings in different types of contexts. How this
building category is determined is also a good indication of the
engineering level of the publication.

In some publications, for instance BMTPC (1999), the
building category is related to a basic seismic coefficient, which
is a combination of seismic zonation, ground conditions and
building importance. The zoning data is derived from national
seismic zonation maps that represent expected seismic hazard
levels based on frequency and intensity of expected earthquakes
in different areas. It may require interpolation of the seismic
zoning factor (Z), which represents the average peak ground
acceleration. Ground conditions can greatly influence the seismic
behavior of a building, and the strength and stiffness of soil
relates to certain values of geotechnical engineering properties,
such as the soil-foundation factor (8) and the allowable bearing
capacity (N,). To obtain and interpret all this specific seismic
data requires qualified engineering background. In that regard,
a recommendation in Arya et al. (2014) that “soil investigations
should be carried out to establish the appropriate allowable
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Foundation).

FIGURE 3 | School building in Nepal with rubble stone masonry in cement mortar, brought to courses, and with nominal reinforcements (by courtesy of Smart Shelter

TABLE 2 | Building categories according to different Asian codes and manuals.

A. Indian Code IS 4326:2013 (2013)

Importance factor Zone Cat. Importance factor Zone Cat.

1.0 \ E 1.5 \ E
Vi D Vi E
1l C Il D
Il B I (¢}

B. Afghan Manual Arya (2003)

Housing AB D Community buildings AB E
C C C D
D B D C

C. Nepali Code NBC 109:1994 (2007) D. Nepali Code NBC 202:1994 (2007)

Importance factor Soil Zone Cat. Soil Zone Cat

Important Soft A | Important Soft A |

Important Firm A Il Il

Important Soft B

Ordinary Firm A Residential-cum-shop Soft n.m.

Important Firm B Il I}

Important Soft C

Ordinary Firm A Residential-cum-shop Firm A

Ordinary Soft B Residential-cum-shop Soft B

Important Firm C v \Y2

Ordinary Firm B Residential-cum-shop Firm B

Ordinary Firm C Residential-cum-shop Firm

Ordinary Soft C Residential-cum-shop Soft C

n.m., not mentioned in the publication.

bearing capacity” will be outside the scope of its intended target
group of non-engineers.

Some publications have introduced a simplified classification
system, such as the latest Indian seismic design code IS
4326:2013 (2013), which bases the building category solely on
the determination of the seismic zone and the importance of the
building, Table 2A. Schools are public buildings with a higher
occupancy level compared to houses and are therefore rated

with a higher Importance Factor (I), and the zoning can be read
from the seismic map of India (IS 1893 (part 1): 2002, 2002).
A manual developed for Afghanistan (which is not a code) has
merged the two highest zones but has itemized both the seismic
zones and the building categories with capital letters, which is
highly confusing (Arya, 2003), Table 2B. The Nepali codes have
further added a soil classification with just two options (firm and
soft). However, for reasons not clearly specified this results in
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two different sets of building categories in NBC 109:1994 (2007)
“Masonry: Unreinforced” and NBC 202:1994 (2007) “Mandatory
Rules of Thumb for Loadbearing Masonry,” Tables 2C,D. In
NBC202 different terminology is introduced, data is missing,
and the important buildings are partially removed, where at
the same time the soil class in Category II is not in line
with NBC109.

Another possibility is that the Building Category is not
mentioned at all, and the publication is presented as a “one-
size-fits-all” solution. If no distinction is made between higher
and lower seismic levels and importance of building, this general
approach may result in excessively reinforced houses in low
seismic zones, or worse, in insufficiently reinforced important
buildings in an area with high seismic hazard. Or said differently,
if the Building Category is not specified, it is not possible to
determine suitable design rules that address the different seismic
hazards. Regardless of the techniques described, the authors
deem such one-size-fits-all publications unsuitable for detailed
design and construction purposes and have therefore rejected
these from the in-depth review.

Types of Publications

The majority of the practical manuals address the topic of
non-engineered construction in a general way and include
chapters about different types of masonry, concrete frames, wood
construction and earthen structures such as Daldy (1972); ERRA
(2007) and Arya et al. (2014). This means the reader constantly
has to go back-and-forth between chapters about foundations,
general masonry, reinforcements and roofing, while filtering out
the relevant lines for stone masonry. The building codes often
refer to information that is printed in other codes, outside the
actual publication. For example, Indian Standard IS 13828:1993
(2008) refers to 1S:1904-1986 (1989) for the foundation, to IS
1893 (part 1): 2002 (2002) for zoning and building categories,
then to IS 4326:1993 (2005) “Code of Practice” which refers
to 15:1905-1987 (1995) “Unreinforced Masonry,” which in turn
refers to IS 1597(part1):1992 (1996) “Code of Practice for Rubble
Stone Masonry.”

This back-and-forth paging is not only time-consuming, it
also increases the risk that information is misinterpreted or
overlooked. In (Arya et al, 1980) the maximum allowed free
span for stone walls was found in a footnote under a figure
in the general masonry chapter. And in IS 13828:1993 (1993)
the diameter for vertical steel reinforcements was found in a
footnote under Table 4, which refers to another footnote under
Table 3 of that code. Besides, an important question that needs
to be raised is whether certain dimensions and specifications for
brick masonry can be freely interchanged with applications for
stone walls.

To underline the risk of misinterpreting or overlooking of
information, the actual content that covers the topic of stone
masonry was checked within the 47 practical manuals. The
manuals amount to a total of 4,417 pages front-to-back, which
includes forewords, acknowledgments, tables of content, lists
of figures, glossaries, abbreviations, appendices, reference lists
etc. (18%). The remaining actual text can then be separated
from background information that is irrelevant for stone, as

well as chapters about different techniques like wood, earth and
retrofitting (48%). The remaining chapters for masonry are then
divided in relevant background information such as zoning, soil
conditions and building shape (8%), masonry in general (15%),
and finally into pages that are specifically dedicated to stone
masonry, either in cement mortar (8%) or mud mortar (2%).

Overall, the relevant content about stone masonry within the
47 manuals is about 10%, meaning that the reader needs to go
through 90% of additional text, in order to filter out the relevant
information that is needed. A “Stand-Alone” (SA) stone masonry
publication, or a publication that has a clearly separated chapter
solely dedicated to stone masonry, will prevent any possible
confusion. However, not one Stand-Alone building code exists
for stone masonry, and only 11 out of 47 practical manuals are
marked as “SA” in Table 3b.

Eligibility of the National Seismic Codes
Based on the definitions and search criteria as described, an initial
review was carried out on a total of 109 national building, seismic
and masonry codes from 48 countries. These include countries
that either had a rich heritage in stone masonry in the past,
or where variations of the technique are still in use, such as in
Algeria, Morocco, Peru, Croatia, Greece, Italy, Portugal, Iran,
Turkey, Armenia, Tajikistan and Uzbekistan, to name a few. The
review focused on the following parameters: i) Stone masonry
publication; ii) For design and construction of school buildings;
iii) Built in rubble stone masonry with cement mortar; iv) With
nominally reinforcements added to the loadbearing system; v)
According to clearly defined Building Categories. Generally,
building codes are meant for engineers, and no Stand-Alone code
for stone masonry was found. It also became apparent that the
detailed review could be limited to just the Himalayan region, for
three reasons:

The first reason is that hardly any country in the world
currently permits the use of rubble stone masonry in high seismic
zones. This is the case for all South American, European and
almost all Middle Eastern countries. The use of rectangular stone
units (Ashlar) may be permitted for reinforced and confined
masonry in some countries, but for rubble stone the rules are in
between “very restricted” to “not allowed at all.” For instance, the
leading European seismic norm Eurocode 8 1998-1 (2004) refers
to Eurocode 6 1996-1-1 (2005) “Design of Masonry Structures”
for specifications of the masonry units. Here it is described that
only dimensioned stone units are acceptable as specified in EN
771-6:2011 + A1:2015 (2015) “Natural Stone Masonry Units,”
meaning that the Eurocodes prohibit the use of newly built
squared rubble and random rubble stone masonry in seismic
areas for all of Europe. Only Italy makes an exception by
largely incorporating the regulations of their 1987 masonry code
(Decreto Ministriale, 1987) into their Italian seismic code NTC
2018 (2018). Italy allows natural stone (materiale lapideo) such
as volcanic tuff stone, limestone and granite for masonry; but
only in their lowest seismic zone 4 and use of cement mortar is
mandatory in any case.

The second reason is the risk of wrong interpretation of
the codes when these are written in the local languages. In
many Central Asian and Middle Eastern countries masonry is
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regarded as a structure with stone-like units, either from natural
stone, fired bricks, concrete blocks, or combinations of these,
which may cause confusion during the translation of the code.
Misunderstanding of the local context can occur when bylaws
or local regulations are not mentioned in the publication. The
Iranian Seismic Code (Standard 2800, 2015) is one of very few
codes that does permit buildings in rubble stone masonry, even
in their highest seismic zone 1. However, all schools in Iran are
designed and constructed by the Organization of Renovation,
Development, and Equipping of Schools under the Ministry of
Education, who are in a position to deviate from the codes and
may apply different regulations for the urban or the rural settings.
Thirdly, the majority of the practical design and construction
manuals that were found (32 out of 47), are written for the
Himalayan region. For these three reasons the seismic code
review, further on, limits itself to the codes of Afghanistan,
Bhutan, China, Pakistan, India and Nepal, which are also among
those countries with the highest seismic hazard in the world.

Eligibility of Practical Manuals

Based on the definitions and search criteria as described, an
eligibility check was carried out on a total of 47 relevant
practical construction manuals that are published between 1972
and 2017, focusing on the following parameters: i) Stone
masonry publication; ii) For design and construction of school
buildings; iii) Built in rubble stone masonry with cement mortar;
iv) With nominally reinforcements added to the loadbearing
system; v) According to clearly defined Building Categories; vi)
Specifically targeted for Non-Engineers; vii) Preferably a Stand-
Alone publication.

As an additional parameter the stone content was analyzed
to determine to what extent all the necessary design and
construction requirements are addressed, as an indication of
the “technical completeness” of the publications. Following the
example of Papanikolaou and Taucer (2004), who conducted a
literature review on the topic of non-engineered houses in Latin-
America, a point system was developed for fair comparison of
10 main topics, by dividing 78 points over 73 items (marked as
xitems/xxpts). Certain items, such as main dimensions, openings
and reinforcements, were given more weight in this completeness
analysis, which roughly amounts to 70% for main dimensions
vs. 30% for construction quality related issues. The 10 main
topics are: (i) overall building dimensions, 6 items/10 pts; (ii)
foundation, 8 items/7 pts.; (iii) wall dimensions, 4 items/9 pts.;(
iv) masonry and mortar, 9 items/8 pts.; (v) buttresses, 3 items/5
pts; (vi) openings in walls, 8 items/9 pts.; (vii) horizontal
reinforcements, 14 items/9 pts.; (viii) material specifications, 9
items/6 pts.; (ix) vertical steel reinforcements, 7 items/7 pts.;
and (x) roof construction, 5 items/8 pts. The overall scores are
included in Table 3e.

When combining all the above parameters, it is concluded
that out of 47 publications only one manual (Desai et al., 2012)
qualifies for the exact given parameters, and only one more
manual has a Stand-Alone chapter for stone masonry (Arya,
2005). Both publications cover houses as well as schools, but
the difference between these categories is clearly defined. Overall
only three manuals are specifically drafted for school buildings

(Arya and Chandra, 1982; Arya, 1987a; Bothara et al., 2002),
but in these the overall theme is brick and block masonry, with
just a few additions for stone. The eligibility check shows a clear
division of three groups, as presented in Table 3.

Group 1 includes 22 rejected manuals, of which 19 are
directly excluded because the Building Category is not specified,
Table 3d, of which 7 are post-earthquake reconstruction manuals
for India and Nepal. Two manuals (GSDMA, 2001; DMMD,
2007) do describe the Building Category, but apply the one-
size-fits-all approach to all techniques, which is highly confusing
(marked with “?”). Manuals that score lower than 50% on
technical completeness, Table 3e, are deemed unsuitable for
practical use and were also rejected from the review. Among
these rejected manuals are two Stand-Alone stone publications
(Murty, 2002b; Bothara and Brzev, 2011) and one Stand-Alone
reconstruction manual for post-earthquake Nepal (Pandey et al.,
2017). Most unfortunate is the exclusion of Bothara et al. (2002),
which is specifically drafted for design of school buildings in
developing countries. The Building Categories are well defined
and it scores highest with 88% completeness. But unfortunately
these guidelines are not for rubble stone with cement, as the
manual only covers field stone with mud, bricks with mud and
bricks with cement. The characteristics of group 2 and group 3
are explained in detail in the chapters ahead.

It is very important to note that the technical completeness is
certainly no indication of the value, nor the validity of the stated
information. It merely gives insight in how often and detailed the
various elements are addressed in the literature, if at all. More
insight about the value of the information provided about each
of the sub-items is addressed in detail in the technical review for
groups 2 and 3, further on.

REVIEW OF NATIONAL SEISMIC CODES

The eligibility check and initial review of the codes revealed that
the majority of the practical design and construction manuals are
written for the Himalayan region. Outside this region, only few
countries allow stone in low seismic areas, and currently only
the code of Iran allows rubble stone masonry in their highest
seismic zone, but no practical manual was found for the Iranian
context. It was therefore decided to limit the in-depth seismic
code review to the codes of Afghanistan, Bhutan, China, Pakistan,
India and Nepal.

Seismic Codes of Afghanistan, Bhutan,

China, and Pakistan

In Afghanistan stone masonry is still widely practiced, but the
country does not have its own seismic or masonry codes and
follows either the Russian code (SNiP 11.7.81%, 1981) or refers to
the International Building Code. IBC 2015 (2014) refers to ACI
530/530.1 (2011) “Specification for Masonry Structures”, which
describes stone masonry only for empirical design and only for
use in the lowest Seismic Design Category A, which does not
need any seismic provisions. This means that for any seismic level
that requires seismic strengthening, stone masonry is not allowed
according to the IBC.
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Bhutan, another country with a rich past and present culture
of stone masonry, does not have a seismic code of its own and
refers to the Indian seismic codes. Stone masonry is also not
included in the 2002 Building Rules (BBR-2002, 2003) or the
Rural Construction Rules (RCR-2013, 2013) which for masonry
in general both refer to the Traditional Architectural Guidelines
(Royal Government of Bhutan, 2014). These guidelines however
focus solely on aesthetic features such as building shape,
roof form, window ornamentation and such, without any
consideration for structural stability of the building.

The Chinese seismic code GB 50011-2010 (2010) does allow
stone masonry in “fortification intensity levels 6, 7 and 87,
as described in a one-page section for stone houses. Where
the 2001 version (GB 50011-2001, 2002) only permits confined
masonry with dressed stones, the 2010 version is more generous
and allows confined masonry with cut stone, as well as with
rubble stone. Unreinforced or nominally reinforced rubble stone
masonry is not allowed in the national standards that apply to
all of China, and (mainly due to the language barrier) only one
practical guideline was found that describes confined masonry
with stone for rebuilding after the 2008 Sichuan Earthquake
(Construction Standard 132, 2008).

Pakistan never had any provisions for stone masonry, nor
for low-strength masonry in general. As early as in the Quetta
Building Code of 1937 (QBC-1937, 1937), developed after the
very heavy and damaging Quetta earthquake in 1935, it is clearly
stated that “dry masonry without mortar is strictly forbidden
and stone boulders may on no account be used”. This statement
is repeated once more in the Quetta Building Rules of 1976
(G.P.(Q)23-3,100-10-77, 1976), yet stone is still widely used,
especially in the Northern parts of the country. In 2015 it was
estimated that roughly 5% of the total building stock of Pakistan
continues to be built with stone (Lodi, 2015), which is around
1.25 million units, mostly located in the Himalayan region. After
the 2005 Kashmir earthquake, which left nearly 3.000.000 people
homeless, it was observed that a traditional construction type
called Bhatar, made of dry-stacked loadbearing stone walls with
horizontal timber lacing, resisted the devastating earthquake very
well (Carabbio et al., 2018). But structurally this system behaves
different than loadbearing masonry with mortar.

Seismic Codes of India

The Indian Standard IS 1893 (part 1): 2002 (2002) “Criteria for
Earthquake Resistant Design of Structures” is the main seismic
code that deals with the assessment of seismic loads and which
defines design factors and the seismic zones. Mohapatra and
Mohanty (2010) describe that the first Indian zonation map
divided the country into 7 zones in 1962 (VI-0), which was
brought back to 5 zones (V-I) after the Konya earthquake in 1967,
and then further merged to the current 4 zones (V-II) in 2002
(Table 2), meaning that today all of India is subjected to seismic
hazard levels. With regards to stone masonry, IS.1893 states that
“in highly seismic areas construction of a type which entails heavy
debris and consequent loss of life and property, such as masonry,
particularly mud masonry and rubble masonry, should preferably
be avoided.”

For guidance on earthquake resistant construction of
buildings, IS.1893 refers to Standard IS 4326:1993 (2005). The
first print of this “Code of Practice for Earthquake Resistant
Design and Construction of Buildings” (I5:4326-1967, 1968) was
developed in 1967 and allowed random rubble stone masonry,
but its successor of 1976 does not recommend rubble stone
“unless it cannot be avoided” (I1S:4326-1976, 1977). For that case
certain dimensions and strengthening additions are given, but
the most vital information is missing, such as wall thicknesses,
free span of walls, and the need for buttresses. These need to be
calculated by following 1S:1905-1969 (1975) for “Unreinforced
Masonry” and IS:1597(part 1)-1967 (1973) “Code of Practice for
Rubble Stone Masonry” for general stone properties. Since the
first edition of 1967, 1S.4326 forbids the use of mud mortar for
rubble stone masonry in any case.

In 1993, 1S.4326 is revised drastically by introducing Building
Categories related to the basic seismic coefficient (ay,), which
is a combination of seismic zonation (V-I), soil-foundation
factor (f3) and importance of building (I) as per 1S.1893. The
highest Building Category E requires maximum provisions for
strengthening whereas category A requires the least. Regarding
stone masonry, IS 4326:1993 (2005) only covers the use
of rectangular stone units (Ashlar) and from here onward,
rubble stone is addressed in the newly published seismic
code IS 13828:1993 “Improving Earthquake Resistance of Low
Strength Masonry Buildings”. With this introduction India is
“perhaps the first country to have developed codes on low-
strength non-engineered masonry constructions” (Jain, 2000).
Here low-strength stone masonry is described as “random
rubble; uncoursed, undressed or semi-dressed stone masonry in
weak mortars; such as cement-sand, lime-sand and clay mud.”
There is a bit of contradiction between the supposed non-
engineered level of this code, as the interpretation and application
of design criteria still demands rather advanced engineering
skills. The code is similarly structured as its predecessors
1S:4326-1967 (1968) and 1S:4326-1976 (1977), but it describes
all elements in more detail, with corrections and with added
information that was previously missing, such as maximum
dimensions and thicknesses. 1S.13828 clearly defines that low-
strength masonry is not permitted in building category E and
should be avoided in category D. The code also explicitly states
that these constructions should not be permitted for important
buildings with importance factor >1.5. This concludes that
school buildings in low-strength masonry (two main search
criteria of this literature review) are not allowed to be built
anywhere in India.

Seismic Codes of Nepal

The first Nepalese set of National Building Codes was drafted
in 1993-1994 after the 1988 Udayapur earthquake in the east
of Nepal. They are all based on the Indian codes and the
Nepali codes of interest for stone masonry are NBC 105:1994
(2007) “Seismic Design of Buildings,” NBC 109:1994 (2007)
“Masonry: Unreinforced,” NBC 202:1994 (2007) “Mandatory
Rules of Thumb for Loadbearing Masonry” and NBC 203:2015
(2015) “Guidelines for Earthquake Resistant Construction: Low
Strength Masonry.” NBC 105 is a similar document as IS.1893,
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describing design loads, the seismic zoning of Nepal (factor
Z based on contours), soil conditions (rock, medium, soft,
weak) and the importance factor for buildings (1.5 for schools).
NBC109 only covers masonry with rectangular units (Ashlar
in the case of stone) and the application of rules is meant for
qualified engineers.

With regards to rubble stone masonry it all becomes very
confusing. NBC202 is meant for “mid-level engineers” and covers
buildings that are “not normally engineered” and which are
constructed of “fired brick or stone masonry, either in cement
or mud mortars.” This should add up to 4 techniques, however
NBC202 only specifies 3 classes as follows:

i) “Up to three-storied load-bearing brick (and other
rectangular building units) masonry buildings constructed in
cement mortars’;

ii) “Up to two-storied load-bearing stone masonry buildings
constructed in cement mortar”;

iii) “Up to two-storied load-bearing brick masonry buildings
constructed in mud mortar.”

The following is noted. Class i) in NBC202 seems similar
to NBC109, but they differ between the engineered vs. non-
engineered approach. However, this only becomes apparent after
reading NBC 000:1994 (2007) “Requirements for State-of-the-
Art Design: An Introduction,” which introduces these different
user levels. For class ii) no requirements or properties are
described for the stone units (Ashlar or rubble); this is only
done for bricks. Rather than in NBC202, class iii) is covered in
NBC203, which is specifically meant for low strength masonry
that includes “non-erodible walling units such as stones, burnt
clay bricks ... with mud mortar as a binder.” Lastly, no class iv)
for stone masonry in mud mortar is specified in NBC202, but the
title of the stone masonry chapter all of a sudden specifies “one-
and-a-half-story buildings in mud.” This is further contradicted
in NBC203 which allows two-story buildings plus attic for stone
with mud.

As noted previously, more discrepancy is found in the
determination of Building Categories between NBC109 and
NBC202, as shown in Tables 2C,D. NBC202 defines the highest
category I as “Important Buildings on Soft Soil in Zone A
whereas categories I, III and IV are solely meant for Residential-
cum-Shop Buildings, and Important Buildings are no longer
specified. The code also mentions that buildings in class I must
always be designed by engineers, which contradicts with the
intended typology of non-engineered buildings and the intended
target group of “mid-level engineers who are not trained to
undertake independently the structural design of buildings.”
Therefore, intentionally or not, the category of school buildings
in rubble stone masonry with cement mortar is strictly spoken
not covered in the Nepali codes.

Legal Status

An important note must be made about the legal status of the
Indian and Nepali codes. The first edition of IS:1893-1962 (1962)
was titled: “Recommendations for earthquake resistant design of
structures,” and the first edition of 1S:4326-1967 (1968) was an
adjunct to that. In none of the further codes the legal state of the

document is clearly addressed, and after the Bhuj earthquake of
2001 a call for stricter regulations was made. Yet as of today these
codes are not mandatory from the state level. The latest National
Building Code of India IS SP7:2016 (2016) has incorporated the
latest seismic standards, but this code itself indicates that “it is
non-statutory in nature and is intended to serve as a model for
adoption by Public Works Departments, local bodies and other
construction agencies.” Especially in urban areas it has become
more common to acquire some kind of certification. For instance,
to obtain a housing loan, a bank may require certain proof of
code compliance, thus currently giving the Indian seismic codes
a status “between desirable and mandatory.”

The Nepali codes all largely follow the Indian codes and have
been reprinted a few times over the years with no revisions or
amendments. The only difference is an added disclaimer on the
cover page stating that “this publication represents a standard of
good practice and therefore takes the form of recommendations.
Compliance with it does not confer immunity from relevant
legal requirements, including bylaws.” In some municipalities,
architects and engineers must submit a detailed (structural)
design report (DUDBC, 2018), or else no building permit will
be issued. Similar to the Indian situation the codes are indirectly
mandatory, but if and how this is enforced, especially in the rural
areas, is unclear.

In a document from 2009 titled “Recommendation for
Update of Nepal National Building Code” (UNDP/ERRRP-
project: NEP/07/010, 2009) all the above-mentioned issues and
discrepancies are noted, such as the need for code enforcement,
as well as “the requirement for technical and literature
editing to eliminate errors and misprints.” It recommends
the replacement of NBC202 (Mandatory Rules of Thumb)
with standard designs of typical buildings that comply with
the codes. It also recommends making NBC203 mandatory
for all types of low-strength masonry. However, the updated
2015 version of NBC203, so far the first and only updated
code since 1994, has fully excluded the most important
design criteria for zoning, soil quality and importance of the
building. It does not define any Building Categories and has
become a one-size-fits-all publication, which does not offer
solutions that address the different seismic hazard levels in
the country.

Compatibility of Housing Designs with the

Seismic Codes
Although the review of houses is not the aim of this paper, the
following brief comparison gives an interesting insight in the
compatibility and practical application of the seismic codes. After
exclusion of drafts and duplicates, group 2 contains 8 manuals
that are rejected because the Building Categories are not defined.
However, these manuals have two interesting things in common.
Firstly, they all are meant for Himalayan countries that still build
with stone (Pakistan, Bhutan, Nepal) and secondly, they only
address housing solutions (Table 3c).

Table 4 clearly shows that (i) there is hardly any agreement
between both codes; (ii) the manuals are not in line with
the codes on almost all points, and (iii) there is also
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lots of disagreement between the manuals themselves. This
is basically the case for all main dimensions such as for
lengths, heights, thicknesses, openings and reinforcements.
For instance, both codes recommend a maximum free span
of walls of 5.0m, whereas the manuals give values ranging
from 4.5 to 7.0m. And while NBC202 defines that houses
should be built only one story high, all manuals that refer
to this Nepali building code recommend heights between 2
and 3 stories.

Most striking are the differences between the ERRA (2006b)
and ERRA (2007) manuals for Pakistan, both published within 1
year by the same organization, but seemingly compiled by two
completely different teams. Also noticed are the discrepancies
between the DUDBC (2015) building catalog and the JICA
(2016a) manual for house owners, which are both based on the
exact same building codes and housing plans. Such differences
may arise when information for general masonry is copied into
stone masonry chapters, which is either incompatible, or perhaps
has been altered somewhere along the line. But other than
speculation about careless copy-pasting of wrong data, lack of
expertise by the publisher, or overcautiousness after a disaster,
no clear indication was found why the manuals deviate from
the codes they refer to, and why they all publish such highly
contradicting information.

TECHNICAL REVIEW OF THE PRACTICAL
MANUALS FOR SCHOOL BUILDINGS

Group 3 represents the remaining 13 practical manuals that
are eligible for the in-depth comparison and review of school
buildings in rubble stone masonry with cement mortar. This
is remarkable, as all manuals in this group refer directly or
indirectly to the principles of the Indian seismic codes, while
these codes explicitly prohibit the use of rubble stone masonry
for school buildings in any seismic zone.

The two manuals for Educational Buildings (Arya and
Chandra, 1982; Arya, 1987a) are brought back to just one, as
they are almost identical. It is noted that the information in
these contradicts at almost all points with the other manual
Arya published in the same year (Arya, 1987b). Furtherly,
the three manuals named “Guidelines for Earthquake Resistant
Non-Egineered Construction” (Arya et al, 1986, 2014; TAEE,
2004) are also merged into one review, as they are nearly
identical with regards to the stone masonry chapter. It means
that this particular information has not changed for over
30 years since 1986. With removal of drafts and duplicates,
a total of 9 practical manuals are included in the in-depth
technical review.

Noteworthy is that 7 out of these 9 manuals [from now
on marked as (xx/xx)] are written or co-written by Arya.
He played a major role in drafting the very first manual for
non-engineered construction named “Basic Concepts” (Arya
et al,, 1980), followed by the three “Guidelines for Earthquake
Resistant Non-Egineered Construction” manuals. These are the
most referred-to manuals of this review, and even the Indian
code 1S.13828:1993 and the Nepali code NBC202:1994 make a

reference to these. Given the high influence of one author on this
particular subject, and the fact that all manuals constantly refer to
the same main sources over and over, it is remarkable to note that
each manual presents different facts and information, as shown
in Table 5. This overview starts with a clear lack of consensus
on one of the most important parameters, being the maximum
allowed Building Categories in which stone masonry is permitted
(marked with *).

The next paragraphs highlight some further differences and
discrepancies, as well as similarities and other notable facts
between the publications. As a reference for the comparison of
elements, the most generally recommended unsupported wall
length of 7.0 m is chosen. Brief remarks are made regarding the
actually built schools in Nepal by Smart Shelter Foundation,
included in the last column. Also, some remarks are included
about a set of 12 post-disaster school designs in rubble
stone masonry that are made available online by the National
Reconstruction Authority (NRA, 2018), of which 5 are approved
by the Ministry of Education in Nepal.

Overall Building Dimensions

The maximum ratio of width vs. length for the overall dimension
of the building volume is only mentioned in (25/47) but the
majority (20/25) agrees on L =3 W, although L=2W,L=4W
and even L = 3.5 W were spotted as well. There is no consensus
in group 3 on the maximum height of the building, where five
different options are noted; 1+attic, 1.5 story, 2 stories, 2+-attic,
and 4 stories.

Most manuals include some guidance on site considerations
(31/47) and on building shapes (33/47). Separation between
building volumes by creating a gap is explained in (25/47)
but varies from 1.5-15 cm. Detailed building plans however are
seldom found. Illustrations are generally limited to one-box-type
examples (such as Figure 4A) to explain mechanisms or to point
out elements. The JICA (2016a) housing manual and DUDBC
(2015) building catalog have very nicely detailed illustrations
and isometric views of houses, but nothing similar was found
for schools.

Foundation

The least covered and most incomplete topic of all, the
foundation is not even mentioned in (20/47). Only (4/9) in group
3 have included some general information about width, depth
and shape, and/or have specified this for different soil types.
But not one makes any distinction for multi-story buildings,
mentions application and function of a firm layer in the bottom,
has defined the minimum height above ground level, or mentions
anything about drainage around the building. Waterproofing
or a damp-proof course (DPC) on top of the foundation
is mentioned in (5/47), but none specifies exactly how to
apply this.

Most surprisingly, no mortar specifications for the foundation
are given at all in group 3, and neither in (37/47) overall. Within
the remaining (10/47) some recommend mud mortar below
ground level, where others specifically prohibit mud.
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(Arya, 2003)

012

BMTPC
Chamoli
(Arya, 2000)
012

BMTPC
general
(BMTPC,
1999)
210

and Timber

(Arya,

Masonry

1987b)

Build. (Arya

Educational
and
Chandra,
1982)
216-25

Non-Eng.
(Arya et al.,
2014)

EQR

Concepts
(Arya et al.,
1980)

12

Basic

ROOF CONSTRUCTION (WOOD)

Wood dimensions

Group 3. Schools in

rubble stone masonry
VERTICAL STEEL (DIA. IN MM)
Position

Steel diameter for 1 story

TABLE 5 | Continued
Protection of steel

Cross-bracing of trusses

—, not mentioned in the publication; +,mentioned; or mentioned but not specified; n.r., not relevant.

X, not allowed or advised; ?, confusing or contradicting information.

Wall Dimensions and Specifications

There is no consensus on the wall thickness, with a minimum
ranging from 300 to 380 mm and a maximum from 380 to
450 mm. The maximum free span highly varies between 4.5
and 9.0m, although the consensus is 7.0 m (7/9). However, it
is seldom clear what exactly is defined: the distance between
the interior sides of two cross-walls, or the center-to-center
dimension. The maximum wall heights in group 3 vary between
3.0, 3.2 and 3.5m, but also here it is seldom clarified from
exactly where to where this is measured; free interior height or
center-to-center of floors.

Many varieties are specified for the mortar of the rubble stone
masonry, such as cement-sand mortars, lime-based mortars and
even mud, whereas group 3 is divided between 1:4 or 1:6 cement-
sand mixtures. ADPC (2005) notes that “the thickness of mortar
plays a vital role in the strength of masonry and should be
optimum. Thin mortars cannot bond the units properly, and
thick mortar makes the wall weaker.” However, the thickness of
the joints is only mentioned in (4/47), ranging from 8 to 25 mm.
Only (3/47) manuals specify that freshly mixed mortar must be
used within 25min to 1h. Plastering of walls is also seldom
mentioned (7/47).

Almost all manuals include items related to construction
quality, such as how to lay the stones in coursed and level
layers of 60 cm lift, or how to place and overlap them in corners
and sections. Few manuals warn against use of round boulders,
and just some specify stone dimensions, such as 450 x 275 x
150 mm in MWHS (2014). Most recommended is the use of bond
stones in a staggering pattern of 1.2m horizontally and 0.6 m
vertically (37/47).

Buttresses

Only (27/47) have included information about buttresses. Both
Indian and Nepali codes mention that buttresses are required
only when the maximum allowed free wall span is exceeded.
But the Indian codes locate these at intermediate points
(Figure 4A), whereas NBC 202:1994 (2007) shows buttresses at
all wall ends of corners and T-sections (Figure 4B), which is
contradicted by another illustration of a “correctly buttressed
single-story school-building”, with buttresses only at the short
walls (Figure 4C). That particular example also contradicts its
own recommendations for dimensions next to openings and
minimum width of piers (explained in the next paragraph).
Such discrepancies may lead to confusion in school designs
(Figure 4D), as noticed in the examples that are published
online by (NRA, 2018) after the 2015 earthquake in Nepal.
Furtherly, not one manual explains how to place stones into the
buttresses in order to create good bonding with the wall, nor
describes the effect of placing openings directly next to buttresses,
as in Figures 4A,C.

Openings in Walls

This section explains different methods to determine the
maximum dimensions of openings in a wall, and the implications
when these maximum values are exceeded.
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Maximum Dimensions of Openings
Arya et al. (2014) explains that “openings tend to weaken the
walls, and the fewer the openings, the less the damage suffered
during an earthquake.” Therefore, a maximum percentage is
determined for the total length of openings, divided by the total
length of the wall panel. For single-story buildings the group 3
manuals (6/9) define different values of 30, 42, and 50%, and
for more stories these values decrease. It must be noted that
maximum 30% of opening length is very limited. If we follow
NBC 202:1994 (2007) with maximum free span of 5.0m, this
means that just one opening of 1.5m per side of the room
is possible. To install two smaller openings of 0.75m width is
not likely, as also the thickness of the wooden frame must be
deducted, with the result that insufficient daylight will enter the
room. Door openings must certainly be wider than that.
Another approach is to define minimum dimensions for wall
lengths, needed for the following 5 situations: from corner to
door, corner to window, pier between door and window, pier
between two windows, and vertical height between two openings.
Some manuals specify fixed values ranging between 230 and
900 mm, whereas others calculate the wall length as a quart or half
of the adjoining opening height. In some cases the measurements
are taken from the insides between the cross-walls, in others from
center-to-center of walls, or even from the outside corner of the
building. Clearly the Indian codes (Figure 5A) and Nepali codes
(Figure 5B) show a different approach for the wall dimensions
around the interior walls. The reader must also pay attention
to the different types of notation, such as > or > or = or %.
Overall, it results in numerous variations without any consensus
or consistency whatsoever.

Boxing of Openings

Both Indian and Nepali codes dictate “boxing of openings,” but
only when the opening size exceeds the allowed dimensions.
For such case, IS 13828:1993 describes that openings “should
be strengthened by providing reinforced concrete lining with 2
high strength deformed (HSD) bars of 8 mm dia.,” but without
any mention or specification for the stirrups. According to Arya
(2000) such frames “will not be as effective in aiding the shear
wall action unless properly connected to the walls through shear
keys”. In total (19/47) have included a variation of Figure 6A,
but this concept of boxing is meant for brick masonry. Not one
manual describes in detail how to execute this for rubble stone
masonry, such as masonry pattern and interlocking of stones.
NBC 202:1994 (2007) puts extra steel rods inside the teeth, but
without any reason or further specification.

NBC 202:1994 (2007) also shows an alternative detail,
Figure 6B, in case “the vertical opening of the wall is more than
50% of the wall height.” This rule certainly applies to all doors,
as they literally divide a wall into two portions, but only (1/47)
follows this advice. The figure shows vertical bars that must
be installed in the jambs, but without any steel specifications
or further detailing. The latest trend is to include concrete
posts next to windows, all the way from the top beam to the
foundation beam (Figure 6C), as noted in 6 of the 12 school
designs published by NRA (2018). However, the need for this
is not described in any code or manual. Figure 6D show such

example, which is built without sill beam and without the tooth
connection. The builders told the authors that it created all
kinds of practical issues, such as accumulation of debris falling
into the gap, and that proper casting was only possible in lifts
of 60 cm. This creates interruptions in the posts, which likely
results in insufficient strength of these elements. Furtherly, recent
testing on confined masonry panels by Singhal and Rai (2017)
show that a continuous sill beam under an opening behaves
much better than continuous vertical posts next to openings.
This should be verified for nominally reinforced stone masonry
as well.

Horizontal Reinforcements

The Nepali code NBC 202:1994 states that “the most important
horizontal reinforcing is by means of reinforced concrete bands
provided continuously through all load-bearing longitudinal and
transverse walls, at plinth, lintel and roof-eave levels, and also
at the top of gables.” This section is focusing on beams of
reinforced concrete (whereas thinner members are often referred
to as bands), although alternatives can be made of wood, steel
and bamboo.

The importance of horizontal reinforcements is not disputed
by any of the codes or publications, but their positions and
dimensions certainly are. Figure?7 shows the evolution of
different principles over the years. The majority of publications
follow the recommendations of the Indian and Nepali codes, such
as Arya (2000); Arya et al. (2014) and include only the lintel
and top beam (Figure 7A). Gradually over time, some manuals
start to add more reinforcements such as the plinth beam, sill
band (Figure 7B) and stitches (Figure 7C). The older manuals
often had included small concrete columns at all corners, but over
time these have disappeared, or have been replaced by buttresses
or vertical steel bars (not included in these illustrations). NBC
203:2015 (2015) for low-strength masonry is the only code
that recommends all these extras and shows maximum 5 levels
of reinforcement in a wall panel (without gable), while NBC
202:1994 (2007) only shows 2 beams. Therefore, it is surprising
to see that many designs after the 2015 Nepali earthquakes
incorporate reinforcements at 6 or even 7 levels (as published
online by NRA, 2018), sometimes at intervals of <300 mm in
height, for which no logic or explanation is found by the authors
(Figure 7D). Besides, these designs are approved by the Nepali
Government, which goes directly against the building codes as
dictated by the same government, that prohibit school buildings
in rubble stone to begin with.

Plinth Beam

Both Indian and Nepali codes clearly mention that the beam
resting on top of the foundation only needs to be provided for
masonry strip footings in soft soils, or “when the soil is uneven in
its properties, as frequently happens in hill tracts” (IS 13828:1993,
1993). All (9/9) agree that a plinth beam is not needed in firm or
rock soil, whereas (3/9) further mention that the plinth beam is
not critical to begin with. The ADPC (2005) manual of group 2
however, has interpreted the “foundation band” as a continuous
reinforcement in the bottom of the foundation.
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FIGURE 4 | Principles of (A) intermediate buttresses (following Desai et al., 2012). (B) buttresses at all ends of walls (following NBC 202:1994, 2007). (C) buttresses
only at ends of short walls (following NBC 202:1994, 2007). (D) buttresses at all ends of walls and at intermediate points (following NRA, 2018; all by courtesy of
Smart Shelter Foundation).

b4 = 560mm (cat. D) or 450mm (cat.A-C) b4 = 0.50 h2 but not less than 600mm

b5 = 600mm (cat. D) or 230mm (cat.A-C) b5 =0.25 h1 but not less than 450mm
b1+b2+b3 = 0.42 11 for 1 storey, 0.33 11 for 2,3 storey (cat.D) bl +b2 <0.30 L1 for one storey
=0.46 11 for 1 storey, 0.37 11 for 2,3 storey (cat.A-C) <0.25 L1 for one + attic, three storeyed

FIGURE 5 | Principles of dimensions of openings according to (A) Indian seismic codes (following IS 13828:1993, 1993) and (B) Nepali seismic codes (following NBC
202:1994, 2007; both by courtesy of Smart Shelter Foundation).

min.75
window window window
75
75
B

A C D

FIGURE 6 | Principles of boxing of openings with (A) concrete frames with shear keys (following IS 13828:1993, 1993). (B) vertical bars (following NBC 202:1994,
2007). (C) continuous vertical posts and horizontal beams (following NRA, 2018). (D) Practical example of vertical posts next to openings. (A-C by courtesy of Smart
Shelter Foundation, D by courtesy of Preci).

Lintel Beam and Top Beam Sill Band and Stitches

The lintel beam is generally seen as the most important beam  There is not much agreement about the need for the sill band
of all (9/9), which continuously runs directly over all openings. ~ under the windows and/or stitches in corners and T-sections. The
Together with the top band, also known as floor, eave or roof  sill band is only recommended for the highest Building Category
band, these beams add the most to the box-action of the building,  and in just (2/9), but both for different reasons; Arya (2003)
by preventing separation of wall connections and out-of-plane  demands it only for 2 to 3 story buildings and Arya (2005) for
failure of the walls. If the floor height is limited, meaning thereis  buildings with a high Importance factor. The main critique on
only a thin layer of spandrel masonry on top of the lintel, some  the sill band is that it is not continuous due to disruption of
manuals recommend combining lintel and top beam into one.  door openings, although ERRA (2007) states that it is “best to
Arya et al. (2014) specifically mentions this for walls with <2.5m  provide continuous sill band also”, which simply is impossible.
floor-to-floor height. It is interesting to note that a thorough inspection of all 15

Frontiers in Built Environment | www.frontiersin.org 17 February 2019 | Volume 5 | Article 13


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles

Schildkamp and Araki

Rubble Stone Masonry in Seismic Areas

FIGURE 7 | Principles and evolution of adding horizontal bands with (A) 2 beams and gable band (following Arya, 1987a). (B) 4 beams and gable band (following
ERRA, 2006b). (C) total 5 beams & stitches (following Schildkamp, 2015a). (D) total 7 beams & stitches, plus gable band and full vertical posts next to openings
(following examples as published online by NRA, 2018; all by courtesy of Smart Shelter Foundation).

Smart Shelter Foundation school projects (either in stone or
block masonry) after the 2015 earthquakes, revealed only some
minor hairline cracks in 8 schools, right between the sill beam and
the masonry on top of it. This is likely caused by slight rocking
of the heavy masonry piers, which may be avoided by inserting
dowels between the bands and the masonry. The fact that the
damage was insignificantly minor also suggest that the horizontal
reinforcements played an important role to avoid shear cracking
in the piers and spandrel masonry, but all these assumptions need
further in-depth validation.

Stitches are mentioned in (5/9) and many alternatives are
given such as concrete bands, wooden ladders and steel dowels
or metallic mesh in horizontal joints. Desai et al. (2012) describes
stitches only for the highest seismic zones, and Arya and Chandra
(1982) recommends stitches at every 40 cm lift. Arya (1987a)
explains that dowels can be used as an alternative for the lintel in
the lower seismic zones at 60 cm intervals throughout the height
of the wall, and in the higher zones stitches can be added at sill
level in addition to the lintel beam.

Gable Band

The gable band is mentioned in all (9/9) of group 3, in case a
masonry gable is built. Some manuals place stone gables only
on the end walls (Figure 7A) and others on the cross walls
as well (Figure 7B). However, the more recent manuals such
as (Desai et al, 2012) and NRA (2017) recommend a fully
trussed roof with light wooden gables, as heavy masonry gables,
even with gable band, still have the risk of toppling during an
earthquake. The roofs of Smart Shelter Foundation are also built
this way (Figure 7C).

Dimensions of Concrete Beams and Steel
Reinforcements

All (9/9) agree that the beam dimensions and their required steel
reinforcement depends on room span, importance of building
and number of stories. But at the same time all manuals follow a
general one-size-fits-all approach, similar to IS 13828:1993 which
recommends minimum 75 mm thickness of beams with 268 mm
steel rods, regardless of floor span or type of beam.

Firstly, the manuals make no difference between the type
of masonry, for instance Arya et al. (2014) states that “all
the horizontal reinforcing recommended for brick buildings,
may be used for random rubble constructions as well”. As the

width of brick walls is generally around 100-230 mm vs. 350-
450 mm for stone walls, the question is whether these values and
dimensions can indeed be freely interchanged. Secondly, all (9/9)
define just one thickness and apply it for each beam, band or
stitch. However, no consistency or consensus is found for this
thickness, and neither for the numbers and diameters of the steel
reinforcements. Recommendations range from bands of 75 mm
thickness with 2010 or 2016 mm steel bars, to beams of 150 mm
thickness with 4910 mm (Table 5), to even a foundation beam
of 305 x 430 mm with 4012 bars (ABARI, 2016). Only (1/47)
(Bothara et al., 2002) suggests placing an extra third horizontal
bar over openings in the lintel beam. Dimensions of the stirrups
are mentioned in (32/47), generally set at 6 mm steel bars with
150 mm center-to-center interval (21/32), with deviations of 4-
10 mm diameter rods with 200-370 mm spacing.

Detailing of Horizontal Reinforcements

Most manuals include details for bending of steel bars in corners
and T-sections, for which three different options are found,
Figure 8. Overall, no indication was found for which one behaves
better or worse during a seismic event. Some of these patterns
will be difficult to bend with thick steel diameters of 16 mm or
even 920 mm (UNDP, 2007). The splicing length is mentioned
only in (13/47), ranging between 400 and 750 mm, or specified as
lengths of minimum 40d, 50d and 60d. However, (6/13) including
(Arya et al., 1980) clearly mention that splicing is not allowed in
corners, which goes against Figure 8C. The length of the steel
hooks for stirrups is generally set at 60 mm (18/47), but not
one manual mentions whether these hooks should be applied
in an alternating pattern, as often seen in publications about
reinforced concrete.

Steel qualities are only specified in (16/47). Arya et al.
(2014) writes in a footnote: “Bar diameters are for mild-steel.
For high strength deformed bars, equivalent diameter may be
used,” but these then must be found from external sources.
The steel quality for stirrups is specified only (7/47) times,
being mild or plain steel (4/7), high strength deformed steel
(1/47), or specifically “no plain steel” (2/47). Not one manual
explains the difference between using plain or deformed steel
for stirrups. More importantly, the ratio of the concrete mix is
not mentioned in almost half the publications (22/47), and the
remaining half offers two different options, being 1:1.5:3 or 1:2:4
of cement: sand: aggregates. Some manuals specify the mixes

Frontiers in Built Environment | www.frontiersin.org

18

February 2019 | Volume 5 | Article 13


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles

Schildkamp and Araki Rubble Stone Masonry in Seismic Areas

O TO07 OO 0T

A B

FIGURE 8 | Principles of different steel reinforcement patters in beams, following the recommendations made in (A) Arya et al. (1980). (B) UNDP (2007). (C) Arya et al.
(2014); all by courtesy of Smart Shelter Foundation.
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FIGURE 9 | Principles of masonry details with (A) vertical steel bar in T-section and (B) through stone in T-section (both following Arya et al., 2014). (C) vertical steel
bar and through stone in T-section (following BMTPC, 2000; all by courtesy of Smart Shelter Foundation).

=

as M15 and M20 or mention that the concrete must have a  is often preferred when dimensions of openings are exceeded.
minimum strength of 15 MPa after 28 days curing, but such  However, not one manual has defined the need and maximum
specifications may not be understood by the non-engineered  spacing of vertical reinforcements in cross-walls, which often
target groups. The maximum size of aggregates is defined in only ~ have no openings at all. In some manuals steel bars are inserted
(7/47) and results in 6 different sizes, which are 10, 12, 18, 20,25,  inside the buttresses (5/31).
and 30 mm. There is no consensus on the steel diameter, with diameters
The minimum concrete cover on steel bars is specified in  ranging from 10, 12 to 16-25 mm, and (20/31) describe different
(27/47), ranging from 20 to 30 mm, whereas most examples  diameters in walls of multi-story buildings. Start and end
show a distance from center of steel bar to the outside of  detailing of the bars is seldom described (9/31) and there is no
beam. If we take 30 mm cover and we have bars of 12mm and  clear verdict whether bars start in the bottom of the foundation
stirrups of 6 mm, this would result in a concrete layer of just  or in the plinth beam, and if they end in the lintel or in the top
18 mm at all stirrups, which seems insufficient. Furtherly, only =~ beam. The bending length for anchoring is either 450 mm, 55d or
(6/47) mention the importance of keying, by means of sticking ~ 60d, and splicing of the steel for multiple stories (3/31) is defined
pieces of steel or stone into the wall before casting a beam, as 600 mm, 50d or 60d. Only (1/31) suggests that the bars must
in order to improve bonding between masonry and concrete  be tied to the horizontal reinforcement of the concrete bands
beam or band. And only (5/47) include information about  (Desaietal., 2012).

the procedures of mixing, watering and curing to obtain good In (25/31) it is described how to protect the steel against
quality concrete. corrosion, by casting a concrete core around the vertical bar,

following the principle of Figure 9A. This detail is often printed
Vertical Steel Reinforcements together with Figure 9B that shows the position of a through

A heavily debated topic is the need of incorporating vertical ~ stone in the T-section, such as in IS 13828:1993 (1993); NBC
reinforcements in the walls. Smart Shelter Foundation left these ~ 202:1994 (2007), IAEE (2004), and Arya et al. (2014). It must
out for two reasons. Firstly, it is questioned whether a relatively ~ be stressed that this solution is simply not possible, as wherever
small number of steel rods will provide sufficient ductility in such ~ a bond stone is located, there simply cannot be a vertical bar,
thick walls. And secondly, a vertical disruption in the critical  and vice versa. However, this contradiction has not been rectified
connections may weaken, rather than strengthen these. for over 30 years in these main publications, since it was first
Clearly, the practical manuals are in favor (35/47) of  published in Arya et al. (1986). Some manuals however did spot
inserting them, whereas (31/35) prefer steel bars, (1/35)  this discrepancy and have published the principle of Figure 9C,
wooden or bamboo poles, and (3/35) have not defined the  where trough stones are placed next to the vertical steel bar. These
material. Of the remaining (12/47) none explicitly prohibits the ~ describe a concrete core of 75-100 mm and through stones of
vertical reinforcements, but it is unclear whether this is done 150 mm thickness, but this means that detailing of through stones
intentionally, or if the topic is simply overlooked. The most  all around the steel bar will not fit in a wall of 350 mm thick.
recommended locations of steel bars are in the corners (27/31),  Not one manual has fully detailed these masonry patterns for the
T-sections (25/31) and next to openings (25/31), although boxing  corners, T-sections, jambs of openings or the buttresses.

Frontiers in Built Environment | www.frontiersin.org 19 February 2019 | Volume 5 | Article 13


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles

Schildkamp and Araki

Rubble Stone Masonry in Seismic Areas

Roof Structure

The roof structure plays an important role in the box-like
behavior of a building. But together with the foundation this
is the least covered and most incomplete topic, where (18/47)
don’t mention anything at all, (2/47) only address flat earthen
roofs, and (14/47) have included one single line, either that “the
roof needs to be as light as possible”, or that “the roof must be
properly anchored to the walls”. Bracing in the roof planes is
recommended in (8/47), cross-bracing in-between the wooden
trusses only in (1/47) (ERRA, 2007) and installing of a stiff ceiling
in (4/47). Detailing and specification of wood dimensions is
defined in just (4/47).

CONCLUSION

A literature review was carried out for the specific search criteria
of school buildings with loadbearing walls of rubble stone
masonry in cement mortar, tied with horizontal reinforcements,
in seismic-prone regions. An initial review of 109 national
seismic building codes of 48 different countries revealed that
Iran is currently the only country that allows such buildings in
their highest seismic areas. It must however be noted that the
wall system is slightly different as it includes vertical concrete
columns, and additional building regulations may locally apply.
Only few countries, including Italy, allow it but only in their
lowest seismic regions. With regards to stone masonry in
the Himalayan region, with India and Nepal being the main
focus of this review, the codes of these countries only allow
stone masonry for buildings with importance factor 1.0. As
school buildings have an importance factor of 1.5, this means
these codes explicitly prohibit the use of stone masonry for
construction of schools in any seismic zone. In that light it
is remarkable that the Nepali Government goes against its
own building codes, by approving school designs in rubble
stone masonry.

The literature review also examined 47 practical manuals that
cover the topic of stone masonry in seismically prone areas. Based
on a set of particular search criteria, 22 manuals were rejected,
and 12 manuals were found that address solely the design rules
for houses; These are all from Pakistan, Bhutan and Nepal, and
were briefly compared with the Indian code IS 13828:1993 and
the Nepali code NBC 202:1994. Only 9 manuals (of which 7
are co-written by Aray) were eligible for an in-depth review for
school buildings, even though this conflicts with the regulations
of the current seismic building codes. The conclusion for both
reviews of houses (even though not the aim of this paper) and
schools is the same: Among these manuals, no consistency nor
consensus was found for any of the design or construction related
features for almost all key topics, such as main dimensions,
openings and reinforcing elements.

It is also noticed that most information comes from just
a few main sources, being “Basic Concepts” (Arya et al,
1980), “Educational Buildings” (Arya and Chandra, 1982)
and “Guidelines for Earthquake Resistant Non-Engineered
Construction” (Arya et al., 1986), but no reasons were found
why the information gets altered along the way. The same

illustrations and tables are copied over and over again, including
apparent conflicts between the details, as seen for vertical steel
and through stones. The fact that such contradictions have not
been rectified in the latest versions, such as Arya et al. (2014),
as well as the fact that key documents such the Indian code
1S.13828:1993 and the Nepali code NBC202:1994 have never
been properly updated, are indications that the knowledge has
not evolved or progressed much since the 1980’. Ironically this
brings us to the same conclusion made by Arya at the 1977
World Conference on Earthquake Engineering in New Delhi
(Arya, 1977), which ultimately led to the development of the
first publication for non-engineered construction in 1980. He
states that “A review of the earthquake codes of various countries
shows that much of the information is empirically based and
not theoretically derived. In that respect the recommendations
must be subject to continuous review and change as more data
becomes available.”

Looking at the current state of the available information,
Arya’s statement of 1977 still seems valid today, and the authors
of this review find this situation no longer acceptable. Fact is
that millions of people will continue to live in stone houses in
India, Nepal, Pakistan, Bhutan, Afghanistan, China, and likely in
regions in Central Asia, the Middle East and Northern Africa
as well. They need clear and reliable information that is up-
to-date and complete. Therefore, the existing knowledge must
be fully assessed, validated, optimized and complemented by
means of the current state-of-the-art for calculating, testing
and modeling. The authors acknowledge that this literature
review is the first step of a more complex process that
involves in-depth scientific research through multi-disciplinary
collaborations, possibly by building upon current research topics
which includes determination of reliable material properties
(Barr et al., 2015; Rai and Dhanapal, 2015), experimental testing
(Milosevic et al., 2012; Ahmad et al., 2013), numerical modeling
(Parajuli, 2009; Tarque et al., 2014), and ultimately code revision
(UNDP/ERRRP-project: NEP/07/010, 2009; Magenes and Penna,
2011), to name a few.

To address all of the above, the authors have started
an initiative by the name of SMARTnet, which stands for
Seismic Methodologies for Applied Research and Testing
of non-engineered Techniques. The aim is to update the
knowledge of traditional techniques in general, for which the
rubble stone schools of Smart Shelter Foundation in Nepal
will serve as a test case. A second aim is to make this
knowledge understandable and available for engineers and non-
engineers all over the globe, which hopefully creates renewed
interest in countries that currently prohibit the technique as
well. This paper is the first in a series, which will further
include a cost analysis of the earthquake resistant measures
in traditional building techniques, determination of realistic
material properties of locally built rubble stone specimens,
development of reliable test procedures for stone masonry, and
methods for calculation and modeling of traditional techniques
in general. SMARTnet invites experts, professionals, academics
as well as final-year students in these fields to exchange
their knowledge and to support the project with their time
and expertise.
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