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Nearly 325 seismic and masonry codes from all over the world have been analyzed, of countries where stone masonry was, or still is, abundantly practiced. This paper compares and summarizes design specifications and construction requirements, with a specific focus on “nominally reinforced rubble stone masonry (NRM) with cement mortar and wooden diaphragms in seismic areas.” Currently, the technique is only allowed and described in some detail in the codes of Nepal, India, China, Tajikistan, Georgia, Iran and Croatia. It is concluded that the design specifications vary greatly without any consensus on the main sizes, dimensions or details. This raises questions about the completeness and correctness, as well as the reliability and actual value of the knowledge in this field. It is further observed that types of stone masonry and stone properties are seldom clearly described in the codes. It is also noted that several countries where stone masonry is still broadly practiced, are currently not allowing the technique (or have no codes in place), such as Afghanistan, Pakistan, Bhutan, Azerbaijan, Kyrgyzstan, Morocco, Tunisia, Turkey, Yemen and Albania. This, however, does not serve the current engineering practices and construction needs in these countries. To address all shortcomings, the paper recommends clear descriptions and terminology; the international adaption of NRM as a fourth masonry category; and the development of a stand-alone code specifically for this technique. Therefore, the authors propose a full assessment, validation, optimization and complementation of the existing knowledge, by means of the current state-of-the-art for calculating, testing and modeling. This envisions a structured research approach with focus on vernacular and traditional construction techniques, called “Non-Engineered 2.0,” for which a research initiative is started under the name “SMARTnet,” meaning “Seismic Methodologies for Applied Research and Testing of non-engineered techniques.” The findings of this paper will serve as the starting point for the upcoming follow-up paper, which will complement the seismic demand with hand-made base shear calculations for countries that still allow the technique. The paper ends with an appeal to experts, academics and final-year students worldwide, to exchange their knowledge and to support the project with their time and expertise.
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INTRODUCTION

Between 2007 and 2012 the Dutch NGO Smart Shelter Foundation (SSF) built earthquake-resistant schools in rubble stone masonry in Nepal, and these buildings have survived the 2015 Gorkha earthquakes without any significant damage. The designs were developed by SSF following general rules of thumb, as found in several practical field manuals that address “non-engineered seismic design.” The term “non-engineered” for buildings refers to “those which are spontaneously and informally constructed in various countries in the traditional manner, without any or little intervention by qualified architects and engineers in their design” (Arya, 2000).

However, in-depth technical verification or validated calculations for stone masonry buildings are not available in the literature nor national codes. The available empirical knowledge is based on just a few publications from the 1980s which have not been updated since, as concluded by Schildkamp and Araki (2019a). It was already noted in 1977 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 become available” (Arya, 1977). Effectively this has not been undertaken to date, and therefore the authors of this paper have started a research group with the aim of upgrading the knowledge and improving the seismic resilience of rubble stone masonry, to be published in a series of papers that already includes a literature review of practical manuals, and a detailed cost analysis (Schildkamp and Araki, 2019a, b).

This is the third paper in that series. The objective is to analyze and compare current practices of rubble stone masonry buildings with the design specifications and construction requirements, as dictated by national seismic and masonry codes. The focus is on newly constructed houses and schools, for which the specific search criteria are described in the next chapter. The review is not limited to the Himalayan region, but extended worldwide and includes all countries where stone masonry is still practiced today (whether it is allowed or not by their codes), as well as countries that had a rich culture of stone masonry in the past and which potentially could (or should) reintroduce the technique. It compares the main design requirements, such as overall length, width and height dimensions of the buildings; minimum and/or maximum thickness and dimensions of walls elements and openings; and specifications of main horizontal and vertical reinforcements. A final table summarizes all design requirements as dictated by the national codes in which stone masonry is currently still allowed. Based on these specifications, two case study buildings will be developed and presented for further detailed seismic analysis and calculations in the follow-up papers (comparisons of base shear seismic demand, to be checked with seismic capacity verifications). This paper ends with some recommendations for improvement in clarity and wording, in the summary and conclusion. To our knowledge, such extensive and complete overview with regards to rubble stone masonry in seismic areas has not been presented before.



SEARCH CRITERIA: MATERIAL AND BUILDING TYPOLOGIES

The following specific type of stone masonry and building typologies are under consideration, based on the stone masonry projects as designed and built in Nepal by SSF, and explained in detail in the first paper in this series:


–Type of stone unit: The focus is on random rubble stone (Figure 1A), meaning stones that are uncut, unsquared, irregularly shaped and non-dimensioned. This contrasts with stones that are cut, squared and dimensioned into a regular-sized parallelepiped shape, which is known as “Ashlar” (Figure 1B). As the process of shaping is time-consuming and costly, Ashlar is not often used for rural and remote construction in developing countries. Rubble stones are placed in leveled courses to obtain a certain level of bonding and stability in the walls. Round (river) boulders are not recommended for stone masonry buildings in earthquake-prone areas.
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FIGURE 1. (A) Unreinforced random rubble stone masonry with mud mortar. (B) Unreinforced Ashlar stone masonry with lime-sand mortar. (C) Nominally reinforced random rubble stone masonry with cement mortar and brought to courses (all by courtesy of Smart Shelter Foundation).



–Type of mortar: The choice of mortar type has a huge impact on the strength characteristics of the masonry. Cement-sand mortar is preferred, as history has shown on many occasions that stone masonry with mud mortar does not perform well in earthquakes. For instance, after the 2015 Gorkha earthquake in Nepal it was estimated that roughly 980,000 schools and houses were damaged and destroyed throughout the country, of which over 80% took place in the rural areas, of which 95% consisted of low-strength masonry; the majority being stone with mud mortar (National Planning Commission, 2015).

–Type of masonry: Masonry is generally divided into 3 main types, being Unreinforced Masonry (URM), Confined Masonry (CM) and Reinforced Masonry (RM), as described by Silva et al. (2018). URM, as the name implies, has no reinforcements whatsoever. However, in seismic engineering this terminology is somewhat misleading since not one national code allows “pure” URM, due to bad behavior in past earthquakes; all require “URM with the addition of certain nominal reinforcements” such as continuous horizontal bands, or the inclusion of vertical elements at critical junctions. Therefore, to avoid any further confusion, the authors of this paper propose the introduction of a fourth type of masonry, as well as the international adoption of the term “Nominally Reinforced Masonry” (NRM) in conjunction with the existing types of URM, CM and RM. It is important to note that the buildings by SSF in Nepal have only incorporated horizontal bands in the walls, and that any vertical steel reinforcements are excluded. It is reasoned that a limited amount of steel will not provide sufficient ductility in the thick walls. Further, any vertical reinforcement will disrupt the masonry bonding in corners and T-junctions, possibly making these important connections weaker, rather than stronger. This is a key research objective we aim to validate in this series of papers.

–Type of buildings: Single-family houses and small school buildings.

–Type of floors and roofs: Wooden floors and wood-trussed roofs, as opposed to concrete slabs.



To summarize all the above parameters in one sentence, this worldwide review is focusing on the specific characteristics of “low-rise buildings with cement-mortared rubble stone masonry walls, that are brought to courses and nominally reinforced with reinforced concrete bands, with wooden floors and a wood-trussed roof” (Figure 1C).

This section describes the historic background and analyzes the current possibilities and limitations of rubble stone masonry, following the criteria as described in this chapter. Nearly 325 seismic and masonry codes of countries worldwide have been analyzed, divided over 5 continents and in different time frames going back as far as the nineteenth century. The focus is on those countries where the technique is still being utilized, as well as on countries where it potentially could be used (again). Countries are grouped by region such as the Himalayas, Central Asia, the Caucasus, the Middle East, Northern Africa, and parts of East and South Europe. The review aims to trace when and where certain rules came into existence, how they have changed over time, and if there are similarities between codes and countries.

Several countries that possess a high seismic risk have been excluded from the review since these never had a past history nor have a present culture of stone masonry, such as Japan, Taiwan, Indonesia, the Philippines, United States, Canada and New Zealand. For the same reason, all South and Central American countries that have significant seismic hazard are excluded as well. Here the main construction practices for low-rise and low-cost housing consist of natural materials such as bamboo and earth (adobe, rammed earth, wattle-and-daub), or Confined Masonry with bricks or concrete blocks. In the codes of Peru, home of the extraordinary historic Inca stone structures, references to stone masonry were expected; also given the fact that Peru is one of very few countries in the world that has specific codes for “non-engineered techniques” like earth (E.080, 2017) and bamboo (E.100, 2012). But other than a few minor remarks about using stones in foundations and civic works, nothing for rubble stone masonry is described in any of the national codes of Argentina, Chile, Peru, Ecuador, Colombia, Venezuela, Panama, Costa Rica, Nicaragua, Honduras, El Salvador, Guatemala, Mexico, Dominican Republic, Haiti and Cuba. A plausible reason is summarized by one line in the seismic code of Costa Rica: “Historical constructions and monuments that have a cultural or historical value, many times are built with materials that are not commonly used today, such as adobe, bahareque and stone” (CSCR-2010, 2014).

It is important to note that all codes are read and analyzed in their original languages by at least one (and preferably two) native speaking experts from each country; all acknowledged at the end of the paper. Except for China, most Himalayan codes are primarily published in English, but this is not the case for almost all other countries. Furthermore, the codes are followed as literally as possible, aiming to avoid opinion and interpretation.


Rubble Stone Masonry in the Himalayan Region

The Alpine-Himalayan belt is one of the most earthquake-prone regions in the world, caused by movement of the Indian Plate toward the Eurasian Plate with a rate of approximately 35–50 mm between western to eastern plate boundaries (Jade et al., 2017). Rubble stone masonry remains to be a primary construction method in this region and the review of the Himalayas includes Nepal, India, Pakistan and China. Afghanistan is often regarded as part of Central Asia, but since they follow US-based rather than Russian-based codes, the country is included here. The kingdom of Bhutan, where stone masonry is still abundantly used, does not have a seismic or masonry code of its own and refers to the Indian codes (Thinley et al., 2017). Stone masonry is only discussed in its Bhutanese Architecture Guidelines (Royal Government of Bhutan, 2014), which focuses solely on aesthetic features of buildings such as building shape, roof form and window ornamentation, without any consideration for structural stability of the building. Bangladesh, although bordering the Northeastern Indian states where stone masonry is broadly practiced, does not have a culture of stone masonry and the technique is not mentioned in their building code (BNBC-2017, 2017). The countries east of the Himalayas bordering China and extending further into Southeast Asia either have a low seismic risk, or rubble stone is not a common material for buildings, such as Myanmar, Laos, Thailand, and Vietnam. Figure 2 shows the main mountain ranges in the South and Central Asian regions.
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FIGURE 2. Main mountain ranges of the South and Central Asian regions (original source: Natural Earth raster + vector map).



Nepal

The first set of Nepal’s National Building Codes (NBC) was published in 1994 after the 1988 Udayapur earthquake in Eastern Nepal. The first seismic code NBC 105:1994 (2007) divided the country in 3 seismic risk zones: A—widespread damage and collapse; B—moderate damage; and C—minor damage, but it did not address different techniques or materials. Regarding stone masonry, the codes of interest were NBC 202:1994 (2007) “Mandatory Rules of Thumb for Loadbearing Masonry” and NBC 203:1994 (2007) “Guidelines for Earthquake-Resistant Construction of Low-Strength Masonry,” but the information was perceived as highly contradicting and confusing (Schildkamp and Araki, 2019a). The first revisions in 20 years, although completed just before the devastating Gorkha earthquakes in 2015, were made available to the public 4 years later; in June 2019. Here the techniques of stone masonry with cement mortar (NBC 202:2015, 2015) and mud mortar (NBC 203:2015, 2015) are more clearly divided. The objective of NBC 202 is “to introduce earthquake-resistant features to non-engineered buildings in order to achieve an appropriate level of earthquake resistance (…) it does not render masonry buildings able to totally withstand any earthquake without any appreciable damage, however, it is intended to limit the damage to a level which does not threaten human lives and which can be repaired quickly.” The code covers rubble stone buildings in cement mortar with a maximum height of 2 stories plus attic (although not recommended on soft soil), a free wall span of 4.5 m and a maximum room area of 13.5 m2. It describes a maximum floor-to-floor height of 3.0 m, minimum wall thickness 0.35 m, and minimum masonry width in corners, as well as for piers, of 600 mm. It further recommends replacing heavy masonry gables with a light wooden alternative. Horizontal bands and reinforcements must be included at 6 levels (plinth, sill, lintel, top, and stitches at two levels), and vertical bars at all critical wall connections and jambs of openings. Mortar shall not be leaner than 1:6 cement-sand ratio with a minimum compression strength of 3.0 N/mm2 at 28 days, according to the (unrevised) code NBC 109:1994 (2007) “Masonry Unreinforced.”

All these recommendations are meant for residential buildings, as NBC 202 specifies that its rules do not apply for important buildings such as schools. However, school designs that are made by qualified professionals may be approved by the local authorities, of which examples are published online by the Nepal Reconstruction Authority (NRA, 2020). Still, in the rural and mountainous regions where rubble stone remains to be the primary construction material, both these scenarios of qualified design and required approval are highly unlikely to occur. But on a positive note, school buildings in rubble stone masonry are currently not completely ruled out in Nepal. This includes even the highest seismic zone with a mapped peak ground acceleration (PGA) of around 0.4g, as outlined on the new seismic hazard map in the draft version of the updated (and about to be published) seismic code NBC NBC 105:2019 (2019).

Contrary to the 1994 set, the revised NBC 202:2015 makes no distinction between seismic zoning or building categories. It has become a one-size-fits-all publication that does not offer solutions that addresses different seismic hazard levels in the country. It is further noted that both codes (NBC 202 and 203) are nearly identical with regards to the main dimensions, such as building height, openings and reinforcements. NBC 203 for mud mortar is actually more generous by allowing a maximum free wall span of 12 times the wall thickness (12 × 0.45 = 5.4 m) versus 4.5 m in cement mortar, which seems peculiar. Both codes have a disclaimer on the cover page, stating that “the 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.” This makes them indirectly mandatory, but if and how this is enforced, especially in rural areas, is unclear.



India

The Indian Standard IS:1893 is the main seismic code that deals with the assessment of seismic loads, and which defines the seismic zones and design factors. In the first edition of IS:1893-1962 (1962) the country was divided into 7 seismic zones (0–VI), which was brought to 5 zones (I–V) after the Konya earthquake in 1967 (IS:1893-1970, 1970). This was further merged to the current division of 4 zones (II–V) since IS:1893 (part 1)-2002 (2002), meaning that today all of India is subjected to seismic hazard. Zones IV and V cover most of the Himalayan range such as the states of Arunachal Pradesh, Assam, Sikkim, Uttarakhand, Himachal Pradesh, Ladakh and Jammu, and Kashmir, as well as the Kutch Region in Gujarat in the west; in all these regions stone masonry is still practiced today. Since the very first 1962 edition it is stated 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, is best avoided.” For construction features and material specifications the seismic code refers from its earliest editions to IS:4326-1967 (1968) “Earthquake-Resistant Design and Construction of Buildings,” IS:1905-1961 (1962) “Masonry Walls” and to IS:1597(part 1)-1967 (1967) “Construction of Rubble Stone Masonry.” After the 1988 Bihar earthquake in Nepal near the Indian border, more attention was needed for low-strength brickwork and stone masonry. For stone, this resulted in a division between IS:4326-1993 (1993) covering rectangular stone units related to IS:1597(part 2)-1992 (2016) “Construction of Ashlar Stone Masonry”; and a newly introduced code IS:13828-1993 (1993) “Improving Earthquake Resistance of Low-Strength Masonry Buildings,” for random rubble stone masonry with cement-sand mortar.

Its latest version with amendments IS:13828-1993 (2018) divides all buildings into categories, based on the seismic zonation factor Z and the building importance factor I. The highest Building Category E requires maximum provisions for strengthening, whereas category A requires the least. The code states that low-strength masonry constructions “should not be permitted” for important buildings with I ≥ 1.5. This concludes that school buildings in rubble stone masonry are not allowed to be built anywhere in India, although the word “should” weakens this statement. Houses are not permitted in category E (zone V), and “should preferably be avoided” in category D (zone IV). When using cement-sand mortar not leaner than 1:6 and with the inclusion of through-stones in the walls, no special seismic provisions are considered necessary for category B (zone II). As a result for housing designs, seismic specifications only need to be applied in category C (zone III) such as: Maximum building height is 2 stories plus attic, maximum free wall span 5.0 m, maximum floor-to-floor height 3.0 m and minimum wall thickness 0.35 m. The minimum dimensions for masonry in corners (230 mm), piers (450 mm) and maximum percentage of openings (46% in ground floor and 37% in first story) are more generous than in Nepal, due to the restricted application in zone III only. Horizontal bands must be included at 3 to 4 levels (always roof and lintel, plus gable band on masonry gables, plus plinth beam on soft soils) and vertical bars only at critical wall connections (and in jambs when openings exceed the recommended dimensions). Mortar should be cement-sand in the ratio of 1:6 with minimum compression strength of 3.0 N/mm2 at 28 days according to IS:1905-1987 (2017), although in IS:13828 even mud mortar is allowed, but with stricter rules for building heights. However, it is important to note that according to the latest seismic code IS:1893 (part 1)-2016 (2016), a seismic verification is always required, even in zone II with very low seismicity and a design acceleration factor Z/2 = 0.05g.

Like Nepal, the Indian codes are not mandatory from the state level. The current 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.” In urban areas it is nowadays common that banks require certain proof of code compliance to obtain a housing loan, thus giving the Indian seismic codes a status “between desirable and mandatory.”



Pakistan

Pakistan has never had any provisions for stone masonry, nor for low-strength masonry in general, such as in India and Nepal. As early as the Quetta Building Code of 1937 [QBC-1937 (1937)], developed after the very heavy and damaging 1935 Quetta earthquake (then part of the British Indian Empire), 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 in the Quetta Building Rules of 1976 [G.P.(Q)23-3, 100-10-77, 1976]. The first Pakistan Building Code BCP-86 (1986) was presented as an “advisory document” and not enforced as a mandatory requirement. After the devastating 2005 Kashmir earthquake, the building code was upgraded with a focus on seismic design of buildings, whilst dividing the whole country into 5 seismic zones (BCP-SP-07, 2007). However, the seismic provisions and the masonry chapter are mostly verbatim copies of chapters 16 and 21 of the Uniform Building Code of 1997 (UBC-1997, 1997), meaning that the information does not cover local practices, and as of today is more than 20 years old. The masonry section about empirical design contains word-for-word copied sections of the Indian Standards IS:4326-1993 (1993) and IS:1905-1987 (1989), which are specifically meant for regular sized stones (Ashlar), and currently more than 30 years old. Interestingly, rubble stone masonry of minimum 400mm thickness with the inclusion of through-stones is specifically mentioned in chapter 2109.10 of UBC-97. Therefore, it is surprising that of all articles this one was not copied into the Pakistani code. Even better would have been the inclusion of IS.13828 for low-strength masonry, as stone is still widely used in the northern parts of the country, especially in Gilgit-Baltistan province. 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 Karakoram mountain range which is part of the Trans-Himalayan region. If Pakistan has deliberately excluded rubble stone masonry from their code, then it must be questioned whether this represents the current practices and actual needs, at least for a significant part of the country. With that, the code also excludes other interesting traditional techniques, such as “Bhatar” which consists of dry-stacked loadbearing stone walls with horizontal timber lacing (Carabbio et al., 2018), or “Dhajji Dewari,” wooden loadbearing frames with stone infill (Hicyilmaz, 2011). Structurally both systems behave different than nominally reinforced loadbearing masonry, but these techniques have resisted the 2015 earthquake very well.



Afghanistan

A 2003 governmental-issued construction manual estimated at the time that “more than 90% of the country’s building stock are non-engineered constructions, made of mud-bricks and stone” (MUDH, 2003). No recent figures were found, but stone masonry is still abundantly practiced all over Afghanistan, such as in the seismically active Hindu Kush mountain range. Due to decades of conflict and a lack of governmental regulatory systems, Afghanistan did not have a unified building code until 2012 and engineers freely used locally issued guidelines and (former) Soviet and Indian codes, such as 1982-102-1 (1982) and 1983-7-II (1983), which were partial translations of the Russian code SNiP II-A.12-69∗ (1977) and the Indian code of practice IS:4326-1976 (1977). These allowed buildings up to 8 m height in seismic Intensity zone 8, for masonry category 3 which includes irregular shaped stones (explained in more detail in the “Russian” section). The first mandatory Afghan Building Code (ABC-2012, 2012), however, is basically a collection of literally copied segments of the US codes IBC-2009 (2009) for structural requirements, ASCE/SEI-7-10 (2010) for design loads, and refers to ACI 530/530.1-11 (2011) for masonry. The masonry chapter defines that stone masonry units must conform to ASTM C568/C568M (2015) for limestone, ASTM C615/C615M (2018) for granite and ASTM C616/C616M (2015) for sandstone units. As these standards are exclusively for dimensioned stone, the Afghan code completely rules out the use of rubble stone for building purposes, which does not serve the current (non-engineered) construction needs and practices in the country.



China

China has a long historic culture of stone masonry which has been practiced for many centuries. For instance, Xizang Province (Tibet) borders the Himalayan Range, and Xinjiang Province is crossed by the Altay, Tian Shan, Kunlun Shan and Karakoram Mountains. China has also been prone to some of the most devastating earthquakes in history. Before the 1974 trial version of the first Chinese seismic code, China mainly followed the Russian codes. The country is divided into Seismic Fortification zones, and every building in zone 6 or above must be designed to resist earthquake motions. The earliest codes such as TJ 11-78 (1979) did not cover stone masonry, but all revisions that followed, starting with GBJ 11-89 (1993), have included a separate chapter with sections for earth, wood and stone buildings, which is still included in the most recent seismic code GB 50011-2010 (2016).

China uses a variety of stone types for masonry, as clearly explained in the “Standard for Building Material in Villages and Towns” (CECS 317:2012, 2012). It distinguishes four types of Ashlar with different degrees of dressing, being fine, semi-fine, coarse and very coarse. It further categorizes two types of rubble stone; flat rubble stone, which is minimum 150 mm thick and has two sides that are roughly parallel, and irregular rubble stone. The latter is prohibited for constructing buildings in seismic areas, and so are round river boulders.

Regarding building typology, Standard GB/T 33735-2017 (2017) for “Avoiding Earthquake Danger for Schools” refers to the National seismic code GB 50011. However, its section for stone only covers low-rise buildings in ashlar masonry with concrete floors, meaning that rubble stone masonry buildings (with wooden floors) are ruled out. Along with that, school buildings in stone masonry are not allowed in any case due to certain design specifications for classrooms and requirements for indoor environment, as dictated in the “Code for Design of Schools” (GB 50099-2011, 2010). Further, the minimum demand for daylight in classrooms is specified in the design regulation for rural school buildings (Construction Standard 109, 2008), recommending a minimum ratio of glass surface versus floor area of 1:6. This results in too large openings which exceed the limitations of stone walls (and of general masonry walls as well). For all the above reasons, schools in China are currently predominantly constructed with reinforced concrete frames.

For houses on the other hand, China has published a “seismic technical specification” for construction of buildings in rural towns and villages (JGJ 161-2008, 2008). In this code, flat rubble stone houses with wooden roofs are allowed up to one story in zone 7, with a maximum height of 3.6 m from ground level to halfway the gable. Minimum wall thickness is 400 mm, maximum cross-spacing of walls 11 m, and minimum lengths of corner masonry and piers are 1 m. The total length of openings should not exceed 25% in cross-walls with a maximum length of 1.5 m per opening, and 50% in longitudinal walls with a maximum of 1.8 m. Reinforced concrete tie-beams must be included on top of the foundation and at roof level, as well as steel bar stitches in corners and junctions at 500–700 mm intervals. The code further details specific connections between elements, stiffening of the roof structure, and laying patterns of the stones. China has developed a National Atlas of building designs, including a chapter with plans, sections and details of stone houses, that follow all the above-mentioned seismic design rules, material specifications and construction guidelines (08SG618-4, 2008).




Rubble Stone Masonry in Central Asia and the Caucasus

The countries stretching from the borders of China toward the Black Sea all belonged to the former Soviet Union and include areas with severe seismicity. Central Asia consists of five states known as “the Stans” which are Tajikistan, Kyrgyzstan, Turkmenistan, Uzbekistan, and Kazakhstan, of which the main mountain ranges are shown in Figure 2. The Caucasus includes Russia, Azerbaijan, Georgia, and Armenia. Until the dissolution of the Soviet Union in 1991, all countries followed the State standards (GOST) and the unified system of mandatory Construction Rules and Regulations (SNiP), sometimes with the addition of Regional Norms. After 1991 these countries started developing their own regulations, although most are still very similar to the Russian codes and are published bi-lingual (local language and Russian). The seismic rules apply to the design of buildings and structures at sites with seismicity of 7, 8, and 9 points, as defined on national seismic hazard maps that are based on the MSK-64 intensity scale (Medvedev and Sponheuer, 1969), although some countries have switched to a probabilistic seismic hazard analysis approach (Armenia, Kyrgyzstan).


Russia

To understand the role of stone masonry in all (former) Russian territories, one needs to go back to the definitions in the earliest codes of the 1950s. The material code SNiP I-A.1 (1955) makes a clear distinction between natural stones for wall masonry, being “stones of the correct form” such as sawn, chipped or cut shell limestones, and volcanic tuffs and other local light rocks with standard sizes; versus “pieces of irregularly shaped rubble stone from local rocks” such as limestone, dolomites or sandstones. The subsequent material code SNiP I-B.8-62 (1962) further explains that “flattened or broken stone” (rubble) is obtained from either direct splitting of boulders, or by sorting of fractions from blasted rock. It further states that “for above-ground walls, sawn and chipped wall stones of the correct form are used. Rubble stone is allowed for masonry walls of agricultural, non-residential and industrial buildings.”

In the seismic codes this is reflected as follows. Until the 1970s all masonry was divided into four strength classes. Rubble stone masonry was explicitly mentioned, as in PSP 101-51 (1951) which ranks the use of “natural stone of irregular shape” in categories 3 and 4, depending on mortar type. Category 3 masonry must meet a minimum “ultimate axial tensile strength” of 60 kPa, and category 4 at least 30 kPa. The next code SN 8-57 (1958) adds that for buildings in areas with estimated seismicity of 8 and 9 points, it is recommended to use masonry weighing no more than 1,900 kg/m3 (this includes most types of sawn stones); whereas masonry above 1,900 kg/m3 goes down one category (basically all types of rubble stone). This means that from an early stage, the codes refer to the lighter stone masonry types consisting of units with rectangular shapes. In 1969 (SNiP II-A.12-69∗, 1977) masonry is reduced to just 3 categories, but still with an explicit mention of rubble stone.

Since the 1981 edition (SNiP II-7-81∗, 1989) until today just 2 categories remain, with strengths over 180 kPa and between 180 and 120 kPa. For natural stone units, only “stones or blocks made of shell rock, limestones or tuffs” are allowed, but without any description of the shape or dimensions. These requirements were described in the State Standard GOST 4001-66 (1967), for sawn wall stones with “a rectangular parallelepiped shape with straight edges and regular faces.” Therefore, and with the older codes in mind, we must assume that the 1981 seismic clauses refer to dimensioned stones only, and that rubble stone masonry is no longer allowed in the Russian seismic codes since. But in fact, this is no longer clearly described or specifically mentioned.

It is noteworthy that the earliest codes of the 1950s and 1960s had included a quite elaborate chapter about rural construction with earthen materials, which is still present in most recently updated seismic code SP 14.13330.2018 (2018). Unfortunately, the technique with rubble stone was never added to these clauses. On the other hand, the most recent and updated version of GOST 4001-2013 (2014) for natural stones has reintroduced rubble stone for the first time since the 1980s, but so far this has not lead to a renewed attitude toward rubble stone masonry in the seismic nor masonry codes. Similar to China, schools are not allowed these days due to specific requirements for comfort and daylight, but since these regulations were introduced only recently (SP 52.13330.2016, 2017), the codes in the former Russian states do not refer to such rules yet. The following paragraphs explain how the former Soviet countries deal with stone masonry today, except for Kazakhstan where this technique traditionally was not used.



Tajikistan

Tajikistan is extremely mountainous, with mountains covering 93% of its surface, of which more than half are situated above 3,000 m. Centrally located are the Pamir Mountains and all borders are surrounded by mountain ranges, such as the Hindu Kush with Afghanistan, Tian Shan with China, the Alay Mountains with Kyrgyzstan, and the Turkestan Range with Uzbekistan. Around 70% of the population lives in rural and mountainous areas, where the main construction type consists of self-built single-family houses in stone or mud-bricks (UNECE, 2011). The whole country has a very high seismic risk and Tajikistan is mapped in just 3 intensity zones of 7, 8, and 9 points. Contrary to the Russian and most neighboring codes, the masonry chapter of the first post-Soviet Tajik seismic code MKS CT 22-07-2007 (2007) does not explicitly rule out rubble stone, as it only “recommends” that stones must be of regular shape. With this minor adjustment stone masonry is allowed, even in the highest risk zone of 9 points. Still, lower-strength masonry of category 2 must meet a minimum “ultimate axial tensile strength of 120 kPa,” which may be difficult to determine (or understand) in the rural areas. For zone 9 (on average soil) the code describes maximum building dimensions of 45 m length and 2 stories height, and maximum 9 m between cross-walls, which is far more generous than the Asian codes. Maximum width of openings is 2.5 m, minimum lengths for corner masonry is 1.8 and 1.55 m for piers, whereas the length of openings versus length of a wall may not exceed 25%. Wooden floors are allowed and the code further describes the inclusion of a continuous reinforced concrete band at floor or roof level, and wire mesh reinforcements in the horizontal joints at certain intervals, whilst vertical reinforcements are recommended and only mandatory in designs with complex plan configurations.



Kyrgyzstan

Kyrgyzstan is also characterized by a mountainous landscape, with roughly two-thirds of its population living in the rural and mountain areas. The housing stock mainly consists of single-family masonry buildings, mostly in adobe construction (Pittore and Parolai, 2016). Although figures were not found, it is expected that stone masonry is still practiced in the Tian Shan Mountain range at the border with China and the Alay and Turkestan ranges near Tajikistan, although to a lesser extent compared to Tajikistan. Kyrgyzstan had developed its first national seismic code in 1994 based on the Russian code and revised it twice. The 2009 version SNiP KR 20-02:2009 (2017) only allowed masonry that is reinforced with horizontal and vertical concrete elements, without specifying stone materials. However, the latest 2018 revision SN KR 20-02:2018 (2018) only allows stones of regular shape, thus ruling out rubble stone masonry. It is further noted that for determination of seismic loads, Kyrgyzstan has switched to calculation models that follow Eurocode. Kyrgyzstan is subject to a very high seismic hazard with estimated PGA > 0.6g.



Turkmenistan

Turkmenistan has a high seismic risk at its border with Iran. Roughly half the population lives in rural areas (World Bank, 2020), but no recent data was found on construction practices in those regions. Traditionally, adobe and earthen structures were most common, with some sporadic examples of stone masonry in the Köpet Dag Mountains. The masonry chapter in the first Turkmen seismic code SNT 2.01.08-99 (2000) is nearly identical to the Russian code of 1981, which does not cover rubble stone. However, one clause allows one-story buildings in rural settlements in zone 7 to be built with adobe, soil blocks and “other low-strength materials.” Possibly for these, the code has included the third strength-category for masonry (between 120 and 60 kPa). The appendix with building classifications defines type 1b as “houses with walls made of earthen bricks or rubble stone, with a light wooden roof,” although no further details or dimensions are given. Further, when constructing on rock soil, the design class goes down with one point from intensity zone 6 to 7, for which no seismic verification is required.



Uzbekistan

In Uzbekistan around half of the population lives in rural settings, such as the mountainous areas bordering Kyrgyzstan and Tajikistan, which have a high seismic risk. Here, the main traditional materials for construction are adobe and stone, for self-built privately owned houses (Kaufmann et al., 2004), and also for school buildings (Nurtaev et al., 2017). The masonry chapter of the first post-Soviet seismic code KMK 2.01.03-96 (2004) mentions only the lighter natural stones types of shell rock, limestones or tuff, and explicitly mentions these must be of regular shape. However, in the 2004 amendment an extra clause is added to the separate chapter for “low-rise buildings with low-strength materials” such as adobe and wood: “For the construction of one-story buildings it is allowed to use natural stone with anti-seismic measures, developed according to special technical conditions agreed upon by the State Architects of the Republic of Uzbekistan.” Uzbekistan is working on a revision of their seismic code which is expected to be published in 2020. Hopefully, this updated version will include these technical details, and addresses constructions in rubble stone according to the current needs in the mountainous areas of the country.



Azerbaijan

Roughly 60% of the surface of Azerbaijan is covered by mountains, such as the Greater and Lesser Caucasus Ranges and the Talysh Mountains bordering Iran. All mountain ranges of the Caucasus are shown in Figure 3. The country is assigned to just 2 very high seismic hazard levels; intensity zones 8 and 9. Traditionally, stone masonry has been practiced widely with many examples of complete villages built with stone walls and wooden reinforcements. It is expected that the technique is still practiced in the rural and mountainous areas in Azerbaijan and the Nakhchivan Autonomous Republic. However, the first seismic code AzDTN 2.3-1 (2014) does not reflect this culture as the masonry chapter is an almost identical copy of the 1981 Russian seismic code, which only describes dimensioned stone. No specific or extra clauses are added for rubble stone masonry.
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FIGURE 3. Main mountain ranges of the Caucasus region and the Middle East (original source: Natural Earth raster + vector map).




Georgia

Georgia is wedged in between the Greater Caucasus Mountains on the borders with Russia and Azerbaijan, and the Lesser Caucasus Range on the southern border with Armenia. The country still has a rich culture of stone masonry that is reflected in their first National seismic code PN 01.01-09 (2012), which includes a separate chapter for buildings made of local materials. In here, rubble stone buildings of 2 stories height are allowed in seismic zone 7 and 8, with a maximum cross-wall spacing of 6 m. (This contradicts a previous table which allows 2 stories in zone 7, and 1 story in zones 8 and 9 as well). Walls must be strengthened with 2 horizontal rows of bricks for every 60–80 cm wall height, and a continuous tie-beam at floor level. Floors must be made of wooden members, the roof structure must be properly anchored to the walls and made as stiff as possible. No further dimensions are given in this section, however, if we follow the general masonry chapter this results for zone 8 in a most generous maximum length of 80 m between separate building units. Bearing in mind the original Russian codes, it is likely that these dimensions are meant for regular masonry with dimensioned stone, and not for rubble stone masonry. Dimensions for corner masonry, piers and openings are exclusively mentioned for brick masonry; for stone masonry verification through calculations is needed. A minimum wall thickness is also not mentioned, but traditionally rubble stone masonry walls in Georgia are between 60 and 80 cm thick. The minimum strength requirement for cement-sand mortar is grade 25 for normal conditions and grade 50 in areas subject to temperatures below 0°C. Grade 25 means an ultimate compression strength of 25 kg/cm2 which roughly equals M2.5 mortars (2.5 MPa).



Armenia

Armenia also has a rich historic culture of stone masonry, which is still practiced today. Roughly one-third of Armenia’s dwellings are in the rural and mountainous areas. Most of these mainly single-family houses are built with volcanic or dressed tuff stones, the traditional building material of Armenia (UNECE, 2017). The sawn stone types as mentioned in the Russian codes since the 1950s often come from Armenia, such as Arctic, Ani, and Yerevan tuff. Since medieval times 50 cm thick loadbearing walls were built of a stone cladding type called “Midis,” with a double layer of roughly cut stones, filled with mortar and pumice in the middle. The technique is still explained in the masonry code RABC IV-13.01-96 (1996), in which also standardized sizes and wall thickness between 19 and 39 cm are mentioned for fully dressed stones, as mainly used today.

The third-and-about-to-be-published (as of September 2020) version of the Armenian seismic code RABC 20.04_ (2020) has become more conservative toward masonry in general, compared to its predecessor RABC II-6.02-2006 (2011). The code divides the country in 3 seismic zones (1–3) and distinguishes four soil types (profiles I–IV). The masonry chapter is quite different from the Russian code and specifically allows rubble stone masonry. For type III structural loadbearing masonry with horizontal (steel net) reinforcements, no difference is made between bricks, dimensioned stones or rubble stones, for as long as a minimum wall strength requirement (120 kPa) is met. In the most unfavorable scenario (zone 3, soil profile IV) for masonry type III, a maximum building ratio of 1:3 (width versus length) is allowed, with a limitation of 2 stories height and 6 m spacing of cross-walls. The maximum width of openings is 2.0 m, corner masonry has a minimum length of 2.5 m and piers minimum 2.2 m. Horizontal concrete bands at floor level are mandatory, but as floors must act as rigid diaphragms, wooden floors are not allowed. This latest revision specifically adds that for school buildings, only monolithic concrete slabs are allowed. All other rules apply for both houses and schools, although a recent guideline (not mandatory) for restauration and new construction of school buildings, recommends only reinforced concrete and steel frame structures (Applied Technology Council, 2017). It must be further noted that, although rubble stone is allowed, it is not used very often, as in Armenia the primary choice for stone wall material is dimensioned tuff stone blocks.




Rubble Stone Masonry in the Middle East

Most countries bordering or located on the Arabian Plate are either subject to relatively low seismicity levels, or they mainly follow international seismic codes. For instance, the Lebanese code NL-135 (2012) refers to either the French or US-based codes (but intends to adopt Eurocode), the Syrian code is basically a translation of UBC-97 (SAC-2012-2, 2013), Israel goes with ASCE-7 (SI-431-1995, 2013), Iraq embraces the 2012 International Building Code (IBC) (ISC-303, 2017) and Oman largely follows Eurocode (OSDC-2013, 2013). In Jordan, a very common wall system for low-rise buildings consists of veneer-like cut stone blocks that are back-filled with plain concrete, and confined with horizontal and vertical reinforced concrete elements; but structurally this is a different type of construction than NRM (Al-Nimry et al., 2003). In Saudi Arabia stone was used a lot in the past, such as in the southern provinces of Saheer and Al Bahah, but these days it is basically no longer practiced. They mainly follow IBC and mention in its masonry code that stone masonry is only allowed in their lowest Seismic Design Category A (SBC 305-Cr, 2018) with very low seismic risk (<0.07g). Yemen, with its rich history of stone and earth block masonry, does not have a seismic nor masonry code at all. Therefore, the two remaining countries of interest in this region are Turkey and Iran. The main mountain ranges of the Middle East are shown in Figure 3.


Turkey

Turkey has a long and rich history of construction using stone masonry, such as fully loadbearing walls with wood-lacing, or a system of braced wooden frames with stone-infill called “hımış.” The country is frequently subjected to destructive earthquakes. The first provisional Turkish seismic code, published after the devastating 1939 Erzincan earthquake, was basically an adapted translation of the 1937 Italian code (RDL n.2105, 1937). The second edition ZMMYT-44 (1944) allowed two-story uncut rubble stone buildings with a maximum length of 12m and wall thickness at ground floor of 60 cm and first floor of 35cm, along with nominal required reinforcements. Interestingly, in the 1968 version ABYYHY-68 (1968) the building height was increased to 3 stories, but then again 7 years later this was drastically reduced to just one floor (ABYYHY-75, 1975). The rules for stone remained the same until the code of 2007 (DBYBHY, 2007), but since the most recent revision of 2018, rubble stone masonry is no longer allowed (TBDY, 2018). The masonry chapter refers to the European norms and TS EN 771-6+A1 (2015) in particular, meaning that natural stone units must follow the requirements for dimensioned stones. On top of that, it is emphasized that rubble stone, among other materials like pumice and adobe, “shall not be used as bearing wall material.” This is unfortunate, as reconnaissance reports show that rural one-story stone houses with traditional nominal reinforcements and light roofs behaved well under seismic motion, such as during the 2003 Bingöl (Ozcebe et al., 2003) and 2011 Van-Erciş earthquakes (Aydan et al., 2012).



Iran

Iran is situated in a very active part of the Alpine-Himalayan seismic belt. Almost the whole country, including several large mountain ranges, such as the Alborz, Zagros, Makran, and Köpet Dag Mountains, falls within an active seismic zone numbered 1–4 on the Iranian seismic hazard map (Moinfar et al., 2012). Due to the predominant use of Unreinforced Masonry (URM) construction at that time, the first Iranian seismic code PBO-64 (1964) covered only “non-engineered” buildings such as loadbearing masonry with additional horizontal tie-beams. The first edition of the modern Iranian seismic code Standard 2800 (1987) made a clear division between engineered buildings (steel, concrete) and introduced a separate chapter for URM. The information in this chapter remained nearly identical for 28 years, but in the most recent fourth edition Standard 2800 (2015) it is renamed to “Provisions for Masonry Buildings with Ties.” The chapter solely describes Confined Masonry with some alternatives for materialization including confined rubble stone masonry, which is achieving promising test results (Ahmadizadeh and Shakib, 2016).

Unreinforced masonry (or in this case URM but nominally reinforced) with cement mortar and a wooden roof is described in the Iranian masonry code NBRI-8 (2013). It allows rubble stone but only in the lowest seismic zone (PGA ≤ 0.20g), for buildings of maximum one floor above ground level with 3.5 m height. The minimum wall thickness is 450 mm and the building length may not exceed 2 times its width (or 25 m), with maximum 4 m cross-spacing of walls. Openings may not exceed 1.2 m, piers must be minimum 650 mm and corner masonry must be at least two-thirds of the height of the adjoining opening. One horizontal tie-beam is required at roof level, and vertical reinforcements are not necessary when all the above-mentioned dimensions are respected. Interestingly, for both URM (NRM) and CM, no seismic verifications are needed according to the Iranian seismic code. Moreover, neither seismic nor masonry code makes a difference between buildings of medium (houses) and high importance (schools). However, it must be noted that all schools are designed and constructed by the “Organization of Renovation, Development, and Equipping of Schools” under the Ministry of Education, who is in a position to deviate from the codes, and may apply different (possibly stricter) regulations for the urban or rural settings.




Rubble Stone Masonry in Northern Africa

Most of the African Continent has very low seismicity, to basically no activity across the Sahara and central parts. However, some northern countries that border the Mediterranean Sea are subject to significant earthquake risks. Tunisia and Libya have not yet developed national seismic codes up to date. Due to 130 years of French colonial rule, they mostly follow the older French codes such as DTU Règles-PS-92 (2004), which mentions both cut and rubble stone as a possible masonry material, but only for Confined Masonry structures. The Egyptian building code solely describes the use of dimensioned brick and block-shaped stones (ECP-204, 2005). The main mountain ranges of Northern Africa are shown in Figure 4.
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FIGURE 4. Main mountain ranges of North Africa, East and South Europe (original source: Natural Earth raster + vector map).



Algeria

Algeria has possibly published the first seismic code ever, with regulations for reconstruction as ordered by Governor (Dey) Ali Chaouch after the 1716 Algiers earthquake (Chesneau, 1892). After the 1954 Chlef earthquake, a provisional set of recommendations was published (AS55, 1955) which described the use of Confined Masonry for seismic areas, but without materialization of the masonry units. It was followed by the French code DTU Règles-PS-69 (1970) with similar recommendations. After the destructive El Asnam earthquake in 1980, Algeria published its first national and mandatory seismic code (RPA-81, 1981). It was revised in 1999 and directly amended after the very damaging 2003 Boumerdes earthquake into the current version RPA-99 (2003), which does allow rubble stones; but only for Confined Masonry buildings, up to 3 stories in the highest seismic zones III and IIB, and 5 stories in zone I.



Morocco

Morocco published a local code right after the highly devastating Agadir earthquake in 1960 (Normes Agadir-1960, 1960), which allowed only confined rubble stone masonry for buildings up to 4 stories. The code included very detailed descriptions for types and dimensions of stones and masonry patterns. In their latest code RPS-2000 (2011) rubble stone masonry with cement mortar is allowed in three techniques (URM, CM, RM), all with a maximum of 2 stories regardless of the seismic zoning. For URM unfortunately, no further dimensions nor details are given, in contrast to a separate code that Morocco has published for earthen structures in seismic areas, as “this cultural heritage has great aesthetic quality and remarkable adaptation to climatic conditions” (RPCTerre-2011, 2013). It resembles the Nepali and Indian codes for NRM, however, it only covers rubble stone with mud mortar. Lastly, it is important to note that nearly all of Morocco (except Al Hoceima in the north and Agadir in the south) has low to very low seismic risk levels (Cherkaoui and El Hassani, 2012). This almost negligible risk includes the complete Atlas Mountain ranges, where stone masonry is still broadly utilized.




Rubble Stone Masonry in Europe

Since 2004, the European seismic code EN 1998-1:2004+A1 (2013), commonly known as Eurocode 8, is the leading norm to which most European countries have committed. It describes a minimum required thickness of 350 mm for URM shear walls with natural stone units, but only for moderate seismicity zones with an acceleration value ag,urm≤ 0.20g, and with the addition of horizontal and vertical reinforcements (making it NRM). It refers to the masonry code Eurocode 6 (EN 1996-1-1, 2005) for specifications of the masonry units, which dictates that only dimensioned stones are acceptable, as further specified in EN 771-6:2011+A1 (2015) for “Natural Stone Masonry Units.” This means that Eurocode clearly prohibits the use of newly built squared rubble and random rubble stone masonry structures in seismic areas. Countries that have adopted Eurocode are, however, allowed to deviate from the regulations through their National Annexes. The following paragraphs describe the historic application of stone masonry in the seismically active Eastern and Southern regions of Europe (Figure 4) and examines if countries currently allow rubble stone as a masonry material.


Romania

In their first seismic code P13-63 (1963) Romania mentioned the use of irregular shaped natural stones with cement-lime mortar for masonry, although its use was limited to ground floor buildings only. But after the powerful 1977 Vrancea earthquake, the use of stone for walls has been removed altogether from the seismic code P100-78 (1978) and masonry code P2-85 (1985) ever since. With that omission, a very nicely illustrated technical publication from 1979, one of very few manuals worldwide that was specifically drafted for stone masonry, became void as well (C193-79, 1979). Also the most recent seismic code of 2013, which is harmonized with Eurocode 8, explicitly excludes stone masonry and explains this in the commentary as follows: “For stone masonry special regulations are required because the existing information, necessary for the seismic design, is incomplete or irrelevant. Experimental research is necessary and important, both at the level of the respective elements and the structural elements of this type of masonry” (P100-1, 2013). This means that on a positive note, further research may create new opportunities for stone masonry in the future.



Bulgaria

In Bulgaria lots of stone masonry is still seen, such as in the Rhodope Mountains, a region subject to high seismic levels. The first Bulgarian seismic code Decree n.15 (1947) allowed stone masonry for two-story buildings in the highest seismic zone IX, with a minimum wall thickness of 53 cm and maximum wall-spacing of 12 m, but without specification for the type of stones. The following code State Committee for Construction and Architecture (1957) specified that natural stones must be of regular shape (Ashlar) and this requirement has not changed up to the latest Bulgarian seismic code Ordinance RD-02-20-2 (2012), which only describes certain brick types for use as masonry unit. This current code is strongly influenced by Eurocode 8 but remains to be the main seismic code used in Bulgaria, as Eurocode 8 is only mandatory for structures of very high and national importance.



Former Yugoslavian Countries

Until the dissolution in 1992 into its currently 7 independent countries (Slovenia, Croatia, Bosnia-Herzegovina, Montenegro, Serbia, Kosovo, and North Macedonia), the whole region used one unified seismic code with the addition of regional seismic hazard maps. After the very damaging 1963 Skopje earthquake in Macedonia, a temporary code SFRY-39/64 (1964) was drafted. It mentioned a few specifics for irregular stone masonry, such as a maximum height of 2 stories, and that the masonry must be reinforced or confined. After the 1979 Montenegro earthquake, the new code SFRY-31/81 (1981) was published. It was revised several times and new seismic maps for all regions (based on the MSK-64 intensity scale) were introduced in its latest version SFRY-52/90 (1990). It distinguishes three types of masonry: Ordinary (meaning Unreinforced), Confined and Reinforced. Ordinary masonry considers walls that are constructed with bricks, burnt-clay blocks or “other materials,” with either cement-sand-lime or cement mortar with a minimum compressive strength of 2.5 MPa. All walls thicker than 19 cm must be strengthened with horizontal tie-beams and vertical tie-columns, and floors must be rigid concrete slabs (or of equivalent stiffness). Although stone is no longer specifically mentioned, the code states that masonry must meet certain tensile strength requirements, if needed by proof of experimental testing. Provided that stone, or even rubble stone is allowed as “other material,” then 2-story buildings with spacing of 7.5m between cross-walls of 38 cm thickness are allowed in seismic zone VIII, without further calculations and regardless of the masonry type. With seismic verifications, confined masonry is allowed up to 3 floors in zone IX and 4 floors in zone VIII.

Currently, Bosnia-Herzegovina, Montenegro, Kosovo and North Macedonia are still in the process of adopting and implementing the Eurocodes (Athanasopoulou et al., 2019), therefore the 1981 version of the Yugoslavian code (plus revisions) is still valid in these countries. On the other hand, Croatia, Slovenia and recently also Serbia (RS-89/2019, 2019) have fully adopted the Eurocodes; the latter two without anything specific in their annexes for stone masonry, thus only allowing Ashlar stone masonry.



Croatia

Croatia deserves a separate section, being the only country in this region that has conducted research on the mechanical properties of stone masonry, as mentioned in the Yugoslavian code. As a result, it has added “roughly cut stone” with a minimum wall thickness of 450 mm and minimum compression strengths for stone (30 N/mm2) and mortar (5 N/mm2) to its National Annex of Eurocode 6 (HRN EN 1996-1-1:2012/NA, 2012). When following their annex to Eurocode 8 (nHRN EN 1998-1:2011/NA, 2011) for URM with required nominal reinforcements, then “simple masonry buildings” in importance class II (houses) are allowed without mandatory verification, as follows: Maximum height depending on the acceleration at site (2 stories for ag = 0.30g or 5 stories for ag ≤ 0.20g, both on rock soil) and a minimum given percentual area of shear walls. These values are more generous than the recommendations in Eurocode 8 itself. The length of a building between seismic gaps may not exceed 4 times its width, with a maximum spacing of cross-walls of 7 m. Dimensions of wall elements (l) next to openings (o) must conform to a ratio of l/h(o) > 0.5, which roughly amounts to 1,050 mm next to doors. As stated at the beginning of this European section, Eurocode 8 recommends that URM is not used when the acceleration at site (ag,urm = ag⋅S) exceeds 0.20g. Croatia has not defined such limit in their Annex, however, for buildings with higher importance such as schools, and URM buildings in areas with PGA > 0.30g, a full seismic verification is required. In all cases, URM must be strengthened with a horizontal tie-beam at floor and roof level, and a floor type that provides adequate diaphragm action.



Albania

Albania is particularly interesting, as stone was not only used in the past, it is still practiced today at various places in the Northern and Southern Mountain Ranges. Their 2011 census showed that 88% of the countries’ building stock consisted of brick or stone masonry (Novikova et al., 2015). Although Albania has adopted Eurocode, these regulations are not yet implemented. The translation of Eurocode 8 (RRTP-NRT-2004, 2014) states that its rules must be used in conjunction with the Albanian seismic code KTP-N.2-89 (1989), which may cause confusion as it is largely Russian-based. Effectively, most engineers still use the 1989 Albanian version. Its predecessor KTP-2-78 (1978) did allow masonry with irregularly shaped rubble stone in seismic zone 7, with a maximum building length of 10 m and height of 5 m. The 1989 code, however, has introduced building importance classes and only allows irregular stone masonry for small industrial and agricultural buildings, but no longer for schools and houses.



Greece

Greece is seismically one of the most hazardous regions of Europe, with a rich history of stone masonry. Their first seismic code BD-19/02 (1959) makes just one mention of “artificial or man-made natural stone,” but without further detail. Greece never had a separate masonry code, and also their latest seismic code EAK2000 (2010) does not mention stone masonry. In 2014 Greece has decreed that for seismic design of buildings, either AEK2000 or Eurocode 8 is used (Decree 372-30.5.2014, 2014), which effectively rules out new applications of rubble stone masonry buildings.



Portugal

After the 1755 Lisbon earthquake, Portugal published what is believed to be one of the first seismic building code ever developed (Borges, 1960), but it took two centuries until the publication of its next and first official code. Traditional stone masonry is still seen at many places in the country, but the technique was only briefly mentioned in the 1951 General Regulation for Urban Buildings (RGEU, 1951). It described some basic dimensions for both cut, as well as irregular stone walls, and allowed masonry buildings up to 7 floors. It also mentioned that provisions should be made in earthquake zones, but these specifications were not published until the first official seismic code of 1958 (RSCCS, 1958), which divided Portugal’s mainland into three seismic zones. It described that buildings with “strong masonry walls” and higher than 3 floors in the most severe zone A (and 4 floors in zone B), must be reinforced with concrete tie-beams, in which case seismic verification is not necessary. No further codes nor provisions were developed for masonry in general until the adoption of Eurocode, which rules out rubble stone.



Spain

In Spain, stone masonry has been used abundantly in the past, such as in the seismically active region of Andalucía. The preliminary Spanish seismic code PGS-1 (1968) only permitted Ashlar units for stone masonry, with the inclusion of certain earthquake-resistant features. The first official code PDS-1 (1974) had added dry-stacked rubble stone, as well as roughly cut Ashlar, but without mention of rubble stone masonry with mortar. Since 1994 stone masonry is no longer clearly specified in the seismic code (NCSE-94, 1995) nor the masonry code (NBE-FL-90, 1991), other than one specific restriction for dry-stacked stone masonry. Also, the Spanish National Annexes mention nothing different than is described in the Eurocodes.



Italy

In Italy, the mention of stone masonry in either Regional Regulations (RE/RD/RDL), Governmental Decrees (DM) and Technical Norms (NTC) goes back to the nineteenth century. After the 1883 Casamicciola earthquake, only single-story masonry buildings with light roofs were allowed in this region, either with ordinary bricks or tuff stones grinded into a parallelepiped shape (RE-09/01/n.212, 1884). This was revised in 1909 to single-story buildings with shaped or “properly broken” rubble stones and river boulders, with a maximum wall spacing of 5m, and reinforced either with concrete bands or with closely spaced horizontal courses of bricks at height intervals of 60cm (RD-18/04/n.193, 1909). The latter masonry type is called “muratura a pietrame listata” or simply “muratura listata,” which is still included in today’s code. Already since these earliest codes, the use of mud mortar was, and still is, strictly forbidden. In 1935 two seismic zones were introduced (RDL-22/03/n.640, 1935). The more severe zone 1 allowed muratura listata of two stories height with cross-walls at maximum spacing of 6 m, and zone 2 allowed three stories with maximum 12 m height and 7 m cross-wall spacing. The wall thickness of the ground floor ranged from 40 and 75 cm, depending on the seismic zone and the number of floors above. The maximum number of stories for muratura listata was reduced with one floor for each seismic category in 1962 (L-25/11/n.1684, 1962) and a continuous reinforced concrete band was added at all floor levels. In 1987 Italy introduced its first official masonry code (DM-20/11, 1987) with a separate chapter for stone masonry. These rules are still largely incorporated in the latest seismic code NTC-2018 (2018), which only allows “simple” stone masonry buildings in the lowest seismic zones (ag⋅S ≤ 0.075g). Here, three-story buildings are allowed with maximum wall spacing of 7 m and minimum wall thicknesses of 400 mm for muratura listata and 500 mm for coarsely worked quarry stones; provided that the stones conform to certain mechanical characteristics for strength, compression and durability. Wooden floors and roofs are not specifically mentioned but are commonly used in Italian stone buildings in Italy. The horizontal rows of bricks can be replaced with continuous reinforced or unreinforced concrete bands. Although restricted to areas with a low seismic hazard, with these clauses the Italian national codes deviate from Eurocode.





OVERVIEW OF NATIONAL SEISMIC AND MASONRY CODES

This chapter summarizes the design specifications for those countries that still allow the technique of rubble stone masonry buildings with cement mortar and wooden diaphragms in seismic areas. It further highlights some overall observations of the national seismic and masonry codes that may need attention, for which suggestions and recommendations for improvement are given.


Summary of Design Specifications

Currently, the application of nominally reinforced rubble stone masonry (NRM) with cement mortar and wooden diaphragms in seismic areas, is only mentioned in the national codes of 15 countries in the world. However, 8 countries need to be excluded from further review for various reasons. In Turkmenistan and Uzbekistan, the technique is allowed, but only briefly mentioned without any further detail. In the countries that still use the former Yugoslavian code (Bosnia-Herzegovina, Montenegro, Kosovo and North Macedonia), the technique is “not clearly ruled out” and rubble stone is (possibly) classified under “other materials.” But since these former Balkan countries are in the process of adopting Eurocode, this will likely result in the rejection of rubble stone masonry in this region. Armenia must be excluded, because wooden diaphragms are prohibited, and their main construction material is dimensioned tuff stone blocks; rubble stone masonry is not commonly used. And lastly Italy, where rubble stone is still allowed, but only in zones with a very low seismic risk. This leaves 7 countries where the use of rubble stone masonry for buildings in highly seismic areas is still practiced and specifically allowed, for which the main requirements and design specifications are summarized in Table 1. These are Nepal, India, China, Georgia, Iran and Croatia. In Tajikistan the technique is not ruled out as it is only “recommended” to use cut stones, and is therefore added to the list; also because this is in line with the current needs and practices in the country.


TABLE 1. Main design requirements according to seven national seismic codes that currently allow nominally reinforced rubble stone masonry in seismic areas.

[image: Table 1]
Overall, it is observed that the allowed dimensions of building volumes and their individual elements vary greatly between the countries. Maximum building lengths between seismic gaps range from a ratio of L = 2W (or 25 m) in Iran to 80 m length in Georgia. The maximum number of stories ranges from just one in Iran and China to five in Croatia, which is a remarkable difference as each corresponding maximum acceleration at site is 0.20g. There is also no agreement on the dimensions of openings (between 25 and 50% of wall length), minimum lengths of corner masonry (between 230 and 1,800 mm) and piers (between 450 and 1,550 mm), as well as methods and numbers of nominal reinforcements. Nepal requires concrete horizontal reinforcements at six levels (four beams or bands and stitches at two levels), China requires two beams and three to four rows of steel rod stitches (depending on story height), India only requires two beams when building on rock soil. All other codes require just one horizontal tie-beam at floor or roof level, with additional rows of bricks in Georgia. Inclusion of vertical reinforcements at critical connections is only required in India and Nepal.

Most striking, however, are the huge differences between maximum allowed design accelerations, ranging from just 0.08g in Indian zone III versus 0.52g on medium soils in Georgia. Moreover, it is observed that some countries are not taking the implications of different seismic hazard levels into account. For instance, the current design rules in Nepal are the same for all seismic levels, which may result in either excessively reinforced buildings in low seismic zones, or worse, in insufficiently reinforced buildings in highly seismic areas. These huge differences between basically all design requirements are raising questions about the completeness and correctness, as well as the reliability and actual value of the knowledge in this field. The same was concluded after the literature review of practical manuals (the first paper in this series), where the currently available information was perceived as highly confusing, contradicting and incomplete (Schildkamp and Araki, 2019a).



Observations and Recommendations

The review of national seismic and masonry codes has brought several further issues to light. Firstly, it is seldom clearly described what type of masonry construction is addressed. It is therefore proposed to internationally adopt loadbearing Nominally Reinforced Masonry (NRM) as a fourth category. The main reason is to make a clear distinction between NRM and “truly” URM, next to RM and CM. It is also important that codes clearly mention what stone types are allowed, with a clear difference between random rubble, and cut stones with brick-like dimensions. This is particularly the case for all Russian-based codes in Central Asia and the Caucasus, which indirectly refer to clauses that were developed in the 1950s for dimensioned tuff stones. During the many revisions that followed, the stone properties are no longer specifically mentioned and therefore leaves room for interpretation. Such as the Uzbek code KMK 2.01.03-96 (2004) which has copied clauses for regular shaped stones from the Russian seismic code of 1981 (SNiP II-7-81∗, 1989). However, it is generally assumed that these relate to rubble stones, since this is the most generally used construction material, whereas dimensioned tuffs were never common at all in Uzbekistan (Nurtaev, 2019). The Indian seismic code IS:1893 (part 1)-2016 (2016) also leaves room for interpretation as stone masonry “should preferably be avoided” in seismic zone IV, and construction of schools “should not be permitted.” The overall point is: Any possible misinterpretation can easily be avoided by adding a clear line in the codes, which specifically states whether rubble stone masonry is allowed or not; and to what type of buildings and structures it applies.

Secondly, it is praiseworthy that a few countries have developed separate codes for “non-engineered” construction types, such as the Indian code IS:13828-1993 (2008). Unfortunately, this code has become very difficult to read and interpret, due to its many amendments and references to other codes outside the publication, such as for foundations, stone types and seismic provisions. Some data had to be found in a footnote which referred to another footnote. Also, it is questionable whether sizes, dimensions and details for thinner brick walls can be freely interchanged with those for thicker rubble stone walls, as also observed in the Nepalese “non-engineered” codes (NBC 202:2015, 2015). Such interchanging of incompatible information may also be the case in the seismic code of Georgia (PN 01.01-09, 2012), where the very generous design specifications are presumably meant for brick masonry, rather than for rubble stone buildings. To enhance clarity and avoid further confusion, the proposed solution is to develop a stand-alone code that is specifically intended for NRM rubble stone buildings in cement mortar. Block and brick masonry behave differently than stone masonry, and a clear distinction must be made between different types of mortars, such as cement or mud. It is further recommended to structure the national codes for non-engineered techniques in such a way, that all the necessary information is compiled in just one document, with step-by-step explanations of the various procedures of design and execution of the technique.

Lastly, it is important to note that a significant number of countries where stone masonry is still broadly practiced today, are currently not allowing the technique, or have no codes in place to begin with, such as Afghanistan, Pakistan, Bhutan, Azerbaijan, Kyrgyzstan, Morocco, Tunisia, Turkey, Yemen, and Albania. For instance, in Afghanistan most of the construction takes place in rural areas and with traditional techniques. However, the Afghan building code ABC-2012 (2012) is a collection of US-based clauses that are not in line with the current engineering practices and construction needs in the country (Mashal and Sarwary, 2018). Similarly, the US-based Pakistani code (BCP-SP-07, 2007), as well as the Indian seismic code which effectively prohibits stone masonry in the whole Himalayan region (seismic zones IV and V), do not properly reflect the current needs in their respective countries.




CONCLUSION

Nearly 325 national seismic and masonry codes from all over the world, divided over 5 different continents, have been analyzed and compared. The current state-of-the-art for new rubble stone masonry buildings in seismic areas was reviewed for 57 countries in total, of which 31 in more detail. The following is concluded:


–Currently, the technique of nominally reinforced rubble stone masonry buildings with cement mortar and wooden diaphragms in seismic areas, is only allowed in seven countries in the world; Nepal, India, China, Tajikistan, Georgia, Iran and Croatia.

–No consensus was found on any of the design specifications and main dimensions between these countries and the differences vary greatly, which raises questions about the reliability and value of the knowledge in this field.

–The definition of the loadbearing masonry type “URM” may be perceived as misleading in earthquake engineering, as truly URM is not allowed in any of the codes. It is therefore proposed to internationally adopt “NRM,” which stands for Nominally Reinforced Masonry, as an additional masonry category.

–The permitted use of rubble stone masonry, as well as the specifications for stone units are seldom clearly described in the codes. This can easily be improved by adding a line in the codes, which specifically states whether the technique is allowed or not.

–A further recommendation is to develop a stand-alone code for rubble stone masonry buildings, to avoid misinterpretation and interchange of incompatible design specifications that are meant for other techniques.

–Several countries where rubble stone masonry is still abundantly practiced, completely rule out the technique in their codes or have no codes in place. This is not in line with the current needs in these countries, such as in Afghanistan, Pakistan, Bhutan, Azerbaijan, Kyrgyzstan, Morocco, Tunisia, Turkey, Yemen and Albania.



To address all these above-mentioned shortcomings, the authors of this paper propose a full assessment, validation, optimization and complementation of the existing knowledge, by means of the current state-of-the-art for calculating, testing and modeling. To achieve this, a research initiative is started by the name of SMARTnet, which stands for Seismic Methodologies for Applied Research and Testing of non-engineered Techniques. The philosophy includes an updated and structured research approach that specifically addresses vernacular and traditional construction techniques: “Non-Engineered 2.0.” This third paper is a valuable addition to collect, review and compare the design specifications for rubble stone masonry buildings worldwide. These specifications as summarized in Table 1 will serve as the starting point for the upcoming paper, which will complement the seismic demand with hand-made base shear calculations for countries that still (or should) allow the technique. This seismic demand then needs to be validated by the seismic capacity of the structures, for which the key lies in the determination of reliable material properties that reflect local materials and workmanship. It is realized that the challenge is huge and the scope of work enormous, for which help is needed. The strategy of SMARTnet envisions a joint approach of global collaboration, to cope with the massive number of material variables, as well as to generate cross-checked data that can be used for calculations and computer modeling of non-engineered techniques.

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. 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, Northern Africa and Europe as well. They need clear and reliable information that is up-to-date and complete. It is expected that a full validation and justification of the seismic behavior of rubble stone masonry buildings will strengthen the confidence in those countries that still use this technique, as well as creates renewed interest in countries that currently prohibit it.
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schools in rubble stone masonry 202:2015 (2008) 161-2008 22-07-2007 (2010) (2013) 1998-1:2011/NA
(2015) (2008) (2007) (2011)
General
Country Nepal India China Tajikistan Georgia Iran Croatia
Seismic zones (low to high) 1-4 -V 6-9 pt. 7-9 pt. 7-9pt. 14 mapped
Houses (H) or Schools (S) H, 88 H (8%) H H, S H, 8 H,S H, &*
ax. allowed seismic zone - 11 (ve) 7 9 ?80r9 1 =
ax. allowed acceleration - (0.40g)° 0.08g (0.12g%) 0.159 0.409 ?0.24g or 0.52g 0.20g > 0.30g* (0.20g°®)
Wooden floor/roof allowed Yes Yes Yes Yes Yes Yes *
Volumes and dimensions (in m)
ax. ratio length (L) versus width (W) L=3W = - = = L=2wW L=4W
ax. length btw seismic gaps - - - 45 80 25 —
ax. number of stories 2+attic 2+attic 1 sto. 2 sto. ?2or1 1 sto. 5o0r2 st
ax. height of building - - 3.6 8.0 = 35 =
ax. unsupported wall length 4.5 5.0 11.0 9.0 6.0 4.0 7.0
ax. height floor-to-floor 3.0 3.0 3.5 4.5 4.0 (H) - (ht) <9
ortar ratio cement-lime-sand 1:6c-s 1:6c-s > 1 MPa >5 MPa M2.5/M59 1:3/1:1:6 > 5 MPa
ax. spacing buttresses (if req.) 3.0 4.0 - - - - -
Walls and openings (in mm)
in. wall thickness 350 350 400 - - 450 450
ax. wall thickness - 450 - - - - -
ax.% openings in wall (1 sto.) 30% 46% 50%" 25% - 50% % Afloor
ax.% openings in wall (2 sto.) 30% 37% - 25% - - % Afloor
ax. length of openings - - 1,800" 2,500 - 1,200 % Afloor
in. distance corner to door 600 230 1,000 1,800 - 2/3 h(d) (’h) > 0.5
in. distance corner to window 600 230 1,000 1,800 - 2/3 h (w) (’h) > 0.5
in. size piers between openings 600 450 1,000 1,650 - 650 (/h) > 0.5
Nominal reinforcements
Horizontal concrete bands per story min. 4 min. 2 2 1 1 il 1
Stitches(s), mesh(m), brick bands (bb) min. 2 s - min. 3 s m bb - -
Vertical bars (b) or columns (c) b b - n.mand. - - -

— = not mentioned in the publication. ? = confusing or contradicting information. * = not ruled out, must be calculated or modeled. n.mand. = mentioned but not
mandatory. @Regional/governmental approval needed. °Highest value on the Nepali seismic hazard map. °Not clearly ruled out: schools “should not be permitted.” “Not
clearly ruled out: zone IV “should preferably be avoided.” Maximum recommended value in Eurocode 8 5 stories for ag < 0.20g, 2 stories for ag = 0.30g. 9In areas with
temperatures below 0°C. hin longitudinal walls; in cross-walls this is 25% and 1,500 mm.





