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How Can Vernacular Construction
Techniques Sustain Earthquakes:
The Case of the Bhatar Buildings

Raffaele Carabbio’, Luca Pieraccini’, Stefano Silvestri’* and Martijn Schildkamp?

"Department of Civil, Chemical, Environmental, and Materials Engineering, University of Bologna, Bologna, Italy,
2Smart Shelter Research, Alphen aan den Rijn, Netherlands

After the 2005 M7.6 Kashmir earthquake (Pakistan), field observations reported that sev-
eral buildings manufactured with local traditional techniques resisted well to that strong
seismic event. In this paper, the attention is focused on a typical vernacular construction
technigue commonly named as “Bhatar,” still practiced in the Himalayan regions of India
and Pakistan. It is grounded upon the “timber lacing” or “timber reinforcement masonry”
concept, i.e., the combination of dry-stacked loose stones with timber beams to increase
the wall confinement. Despite its good seismic performances, it has still not been deeply
studied from a structural engineering point of view. This paper represents a first attempt
to fill this gap. It presents a full analytical study on the structural behavior of a simple
one-storey building unit characterized by a 3.6 m x 3.6 m square plan covered by a heavy
wooden roof with 20-cm-thick earth coverage, in order to investigate its response under
gravity and seismic inertial loadings. Materials properties, static analysis, and seismic
analysis are discussed. In detail, Shorea Robusta wood and limestone rocks are identified
as the most used construction materials for the Bhatar buildings. The Barton’s model is
applied to characterize the shear strength of the rubble stone layers in the wall. Static
analysis reveals that normal stresses at the ground level are around 92 kPa, which can
be considered acceptable for common soils. With respect to earthquake, the Bhatar
technique can absorb wall cracking and distortion mechanisms, and can dissipate energy
through friction between stones. Under the assumption of no vertical ground motion, the
acceleration which activates in-plane sliding mechanisms is found to be around 0.5 g,
being dependent on the interface friction between adjacent layers. Some preliminary con-
siderations about the out-of-plane seismic behavior are also provided concerning over-
turning and bending failure mechanisms. The results are based on assumptions taken by
several authors and have not been verified with experimental tests. Nevertheless, some
practical suggestions can be derived to improve the seismic shear strength and to ensure
friction also in the case of significant vertical component of earthquake ground maotions.

Keywords: Bhatar, vernacular construction technique, rock-fill material, horizontal wooden bands, static analysis,
seismic analysis

INTRODUCTION

In countries worldwide, including many Himalayan regions, examples can be found of load-
bearing masonry with horizontal wood lacing, but without vertical reinforcement (Langenbach,
2009). For the wall material, generally bricks or stones are used, and the masonry is either
constructed with mortar or dry-stacked, depending on local availability and preference
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(Figure 1). In the north of India the technique is called “Taq,”
usually built with bricks and mud mortar. Nepal does not
have local names for the techniques, whereas in Pakistan
the technique is known as “Bhatar,” and the buildings pre-
dominantly consist of dry-stacked stone walls. According
to Schacher (2007), the Pashto word “Bhatar” specifically
indicates beams with a cross section of 3”-4", which are then
combined into continuous wooden ladders with cross pieces,
used to reinforce the walls. In some cases, a weak mud or lime
mortar is used, which may result in lower quality of masonry,
as the masons take less care in proper placement of the stones
(Dowling et al., 2007).

The “Bhatar” technique is generally handed down through
generations, with long tradition possibly derived from central
Anatolia some 9,000 years ago. The history and construction
typology of Bhatar has been described in detail by Hughes
(2005) and Langenbach (2009). This vernacular architecture is
still practiced in the Himalayan regions of developing countries,
such as India and Pakistan, due to its advantages from both
economical and constructive point of view with respect to
the conventional construction techniques (i.e., brick masonry
and concrete structures). The high number of people living in
such structures highlights the importance of focusing on this
subject and better understanding the structural behavior and

limitations of this technique. Moreover, given the great availabil-
ity of the construction materials (stones and wood), Bhatar may
be a valuable alternative building technique for post-disaster
reconstruction of individual houses or community facilities.
A further advantage is represented by the easy construction
process which does not require special equipment, nor highly
trained personnel, especially for remote areas that are generally
poorly supplied.

On the other hand, Himalayan regions present a significant
seismic activity (Chaulagain et al., 2015) and the “weight issues”
concerning Bhatar are not negligible due to the significant mass
of walls and roof. Nonetheless, Bhatar buildings are known to
have a strong resistance to seismic forces (Langenbach, 2015).
This is provided by the combination of dry-stacked stone
masonry, which has a high capacity for energy dissipation,
and the timber bands with their excellent tensile and elastic
properties (Dowling et al., 2007). As a matter of fact, seismic
damage figures of Bhatar or Taq buildings are hard to find and
damage reports are possibly non-existent. When asked for such
data during a reconnaissance mission after the 2005 Kashmir
earthquake, officials stated that they were “unaware of any, but
in years past, there may have been” (Langenbach, 2009). Only
few pictures have been found. Figure 2A shows the partial col-
lapse of a house near Battagram that may be caused by improper

Bhaktapur, Nepal (photo credit: Martijn Schildkamp).

FIGURE 1 | (A) Wooden bands and dry-stacked rubble stone masonry (photo credit: Tom Schacher). (B) Wooden bands and brick masonry with lime mortar in

intervention with wooden posts in Nepal (photo credit: Tom Whity).

FIGURE 2 | (A) Partially collapsed Bhatar house near Battagram in Pakistan (photo credit: Jitendra Bothera). (B) Out-of plane collapse mechanism of a wall and
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bonding due to the large size and irregular shape of the stones.
The wood lacing that became visible after the 2015 earthquake
in Nepal is incorporated in a brick wall with mud mortar. It is
currently being restored and the wood is replaced. A possible
explanation for the failure of many timber-laced brick buildings
in Nepal is the bad state of the wood due to neglect of main-
tenance. Figure 2B testifies the occurrence of an out-of-plane
collapse mechanism in a Bhatar building in Nepal and the raw
reinforcement intervention with wooden posts.

In the scientific literature, no specific studies are available
regarding the structural behavior of Bhatar buildings, except
from the studies by Langenbach (2003, 2009, 2015). The
work by Langenbach (2015) provides a brief state of the art
of the vernacular architecture in the Himalayas, providing the
classification and the description of different construction
types, as well as many interesting, even if only qualitative,
considerations on the seismic behavior of such buildings.
For instance, Langenbach underlines the fundamental role of
timber lacing with these words: “Timber lacing and a strong tie
between the timbers in the walls and the floors serve to restrain
the walls from spreading and hold the building together while
still allowing the system as a whole to be flexible” Furthermore,
he identifies the fundamental principle of the dry-stacked
rubble stone masonry Bhatar technique in the dissipation of
energy through friction (shear) between the various elements
in the wall, such as stone with stone and stone with wood.
Combined with the thickness and heavy weight of the walls,
the capacity for dissipation of energy through friction is very
high. Therefore, the use of mortars, especially cement mortar,
is paradoxically not recommended. This makes the walls too
stiff and reduces their capacity to absorb energy, as also stated
by Gosain and Arya (1967).

Of course, advanced non-linear techniques, such as 3D dis-
crete element method (Hart et al., 1988), finite element method
(Bathe and Wilson, 1976) with solid brick elements with peculiar
friction-interface on the horizontal layers (Macorini and Izzuddin,
2010), as well as applied element method (Meguro and Tagel-Din,
2000a,b) can be envisaged for the earthquake analysis of this
kind of complex structures in which friction and dissipation play
a fundamental role. However, at this first stage of the research,
simple, even if rough, analytical calculations that allow to obtain
the order of magnitude of the seismic activation multipliers might
be preferred to non-linear methods whose results are extremely
sensitive on the assumed parameters, and thus not fully reliable if
not accompanied by sufficient experience.

An interesting collection of research papers on the seismic
behavior of vernacular architecture is represented by the book
of Correia et al. (2015). Part 1 and Part 2 of this book present
traditional construction techniques in seismic areas that have
been characterized, for a long time, by a large variety of struc-
tural solutions based on the combined use of brick or stone
masonry, rammed earth, and timber elements. Examples can be
found in the most seismic areas, such as Latin America (Chile,
Peru, El Salvador), Nepal, Algeria, Turkey, some rural areas
of Europe, as well as central and eastern Asian areas (China,
Japan, Taiwan) where recent earthquake events have proved
the adequacy or the vulnerability of some vernacular solutions.

In the last decades, especially after catastrophic seismic events,
scientific efforts have been invested by different authors world-
wide in understanding the seismic performance of different
typologies of vernacular architecture by means of on-field
reconnaissance, experimental tests and numerical analyses
(D’Ayala, 2004; Gutierrez, 2004; Torrealva et al., 2006; Sayin
et al., 2013; Sorrentino et al., 2014; Varum et al., 2015; Gautam
etal.,, 2016; Tonna et al., 2016; Aktas, 2017; Barros et al., 2017).
The main objectives are to investigate the seismic behavior of
vernacular solutions in order to better individuate structural
limits and primary factors affecting structural performance
and to possibly indicate compatible reinforcement for seismic
performance enhancing. Among these, it is worth citing the
experimental campaign carried out by Ali et al. (2017). They
performed dynamic shake table tests on three reduced-scale
rubble-stone masonry models, one of them incorporating sim-
ple cost-effective features in the form of horizontal and vertical
reinforced concrete (not timber) elements. The tests results
highlight the importance of horizontal bands.

With the aim of understanding the actual structural response
of dry-stacked rubble stone Bhatar constructions (detailed
in Section “The Dry-Stacked Rubble Stone Masonry Bhatar
Construction Technique”), the ongoing research discusses the
following aspects: the identification of the material properties
(see Materials Properties), the geometry of the wooden bands
(see Timber Elements and Carpentry Connections), the selec-
tion of a representative case study (see The Case Study—One
Room Building), the static analysis of a single Bhatar wall (see
Static Analysis), the assumptions of the seismic analysis (see
Seismic Analysis), the investigation of the in-plane seismic
behavior of a single Bhatar wall (see In-Plane Seismic Analysis
of a Bhatar Wall), and some initial considerations about the
out-of-plane behavior of such buildings (see Preliminary
Considerations on the Out-of-Plane Seismic Behavior of a
Bhatar Wall).

THE DRY-STACKED RUBBLE STONE
MASONRY BHATAR CONSTRUCTION
TECHNIQUE

The “Bhatar” technique that is examined in this paper consists
of load-bearing walls made of common dry-stacked rubble
stone masonry, held together by horizontal wooden bands dis-
posed at several levels, spaced at intervals of around 60-130 cm
(Figures 1A, and 3A-C). One of the most peculiar aspects of
this dry-stacked Bhatar system is the absence of mortar and the
use of timber to increase the confinement of the loose stone
aggregate.

In more detail, a typical Bhatar building has an almost modular
layout ofload-bearing masonry piers, divided by small sized open-
ings, and tied together by continuous timber ladders with modest
vertical spacing. During stacking of the walls, it is important to
provide proper bonding by adding sufficient through-stones over
the full width of the wall, and to overlap longer stones in the
corners. Dressed or semi-dressed stones provide better bonding
patterns than random rubble or round river stones. Continuous
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FIGURE 3 | (A) Construction process of a single Bhatar wall (by courtesy of the French Red Cross). (B) Construction of a Bhatar building (by courtesy of the Swiss
Agency for Development and Cooperation). (C) A typical Bhatar building (photo credit: Tom Whity).

vertical joints are to be avoided as much as possible. The bands
resist out-of-plane bending and ensure stronger interconnection
of the walls, thus further reducing the risk of vertical cracking
at corners and T-sections, as well as delamination of the wall
wythes. Furtherly, the bands reduce the risk of overturning of the
relatively thick walls.

No precise building specifications have been developed until
2007, when a study was conducted by architect Schacher (2007)
for the Swiss Agency for Development and Cooperation and
the French Red Cross. This work provides an illustrated guide
for craftsmen, in the Northwest Frontier province in Pakistan,
and shows the steps for construction of a one-story building. It
recommends maximum dimensions of around 3 m for height,
3.5 m for the sides of a square plan, and a minimum wall thickness
of 0.45 m.

For the wooden reinforcements, it describes mainly two
kinds of timber elements. First, “long members” parallel to the
wall should be placed every 60 cm along the wall height. Second,
transversal “short cross braces” with a maximum spacing of
around 90 cm hold together the longitudinal long members, in
order to compose the “horizontal wooden beam” or “horizontal
band” (Figures 3A,B). Complex structures may be composed by
coupling together simple units (Figure 3C).

Walls are generally built on shallow strip foundations, hand
digging the soil up to a depth between 0.30 and 0.75 m, indepen-
dently from soils characteristics (Hughes, 2005).

MATERIALS PROPERTIES

The Bhatar technique adopts timber and stones as building
materials. High variability in the material properties of the two
constitutive materials may be encountered due to local avail-
ability and quality of timber essences (Shorea Robusta, Cedrus
Deodara, Pinus Wallichiana, Populus Ciliata) and stone typolo-
gies (limestone, sandstone, granite, dolomite, quartzite). Thus, for
the materials properties and the material interaction properties
(on the stone-stone interface and on the stone-timber interface),
reference is made to the most commonly used materials in the
Himalayan regions: Shorea Robusta species for the timber and
limestone for the stones. The interaction between these two
materials being extremely important.

Timber: Shorea Robusta

Shorea Robusta, commonly known as Sal, is one of the typical
timber species used in Nepal. The mechanical properties of
Shorea Robusta have been specifically studied by many authors:
Bellal Hossain and Abdul Awal (2012), Bhatt et al. (2015), and
Sharma et al. (2008). Also reference information is available in
the structural timber textbook by Giordano (1988).

In order to better quantify the mechanical properties of such
timber within codified standards, data reported in literature
have been compared with those given by European Standard
UNI EN338:2009 (2009). With reference to the values of strength
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under bending and tension parallel to wood grain, Shorea
Robusta may be classified into the D70 hardwood class. A sum-
mary of the main mechanical properties of D70 hardwood is
listed in Table 1.

Stone: Limestone

Typically, dolomite, sandstone, quartzite, and limestone are used
in Nepal for aggregate in various construction works, road pav-
ing, and flooring (Kaphle, 2011). In the present study, limestone
has been chosen as the particulate material for the rubble stone
masonry.

The main mechanical properties of limestone may be expressed
with reference to the following: (i) the rock material (at the scale
of the particulate component) and (ii) the rock-fill (at the scale
of an aggregate of many particulate components). In detail, the
main parameters considered for characterizing limestone rock
are as follows:

o the dry density;
 the rebound number (RN) with Schmidt hammer;
o the unconfined compressive strength (UCS).

Common values of such parameters were collected in the
research work by Nazir et al. (2013) and are listed in Table 2.

Stone-Stone Interface Properties

In a Bhatar wall, rocks of various sizes are fitted compactly
together. A stone-stone interface is represented by the discontinu-
ous contact surface between adjacent loose stones, characterized
by rough joints. The effects of interlocking and friction between
stones are responsible for the shear strength of the rock-fill under
in-plane seismic actions. Thus, the structural behavior of the wall
is highly dependent on the mechanical characterization of the
interfaces between the stones.

In the scientific literature, and specifically in the field of Rock
Mechanics, the mechanical proprieties of rock-fill have been stud-
ied by various authors (Patton, 1966; Leps, 1970; Barton, 2008),
using different methods to describe the rock joints shear behavior
from more idealized schemes (with simple linear functions) to
more realistic schemes (with non-linear functions). The Barton’s

TABLE 1 | Main mechanical properties of D70 hardwood.

Characteristic value

Shorea Robusta
Strength properties (in N/mm?

Hardwood speciesD70

Bending fm, k 70
Tension parallel ft, 0, k 42
Tension perpendicular ft, 90, k 0,6
Compression parallel fc, 0, k 34
Compression perpendicular fc, 90, k 13,5

Shear fv, k 5,0

Stiffness properties (in kKN/mm?)

Mean modulus of elasticity parallel EO, mean 20

5% Modulus of elasticity parallel EO, 05 16, 8
Mean modulus of elasticity perpendicular  E90, mean 1,33
Mean shear modulus Gmean 1,25

Density (in kg/m®)
Density pk 900
Mean density pmean 1,080

model, which include the behavior of the rock discontinuities, has
been considered for this paper.

In 1981, Barton and Kjaernsli (1981) developed an empirical
model considering the aspect of rock-fill by using two comparative
empirical parameters for JRC (Joint Roughness Coefficient) and
JRS (Joint wall Compressive Strength), commonly simply referred
to as R (Roughness) and S (Strength), respectively. Typically, R
and S are obtained by means of in situ tests or estimated making
use of abacuses (Barton, 2008).

On the one hand, Barton suggests that roughness R is estimated
as a function of porosity (n%) and the origin of the rock-fill. In
this study, considering the peculiarities of the Bhatar construc-
tion process, n = 20 and quarried rock origin have been assumed,
thus leading to R= 10 (Figure 4A).

On the other hand, Barton suggests that strength S is estimated
as a function of the ds, particle size parameter and the kind of test
conducted to measure the UCS of the rock sample tests (plane or
triaxial testing). In this study, considering the peculiarities of the
Bhatar construction process, dso = 100 mm and “plane testing”
have been assumed, thus leading to S = 0.7 . (Figure 4B), where
o is the UCS.

Finally, Barton (2008) proposed the following empirical for-
mula to assess the peak shear strength (t,) for rock-fill:

rP:Gn-tan(R-logmi+¢,j, (1)
c

n

where 6, is the applied normal stress and ¢, is the residual friction
angle.

TABLE 2 | Main mechanical characteristics for limestone [taken from Nazir et al.

(2013)).
No. Sample Dry Rebound Unconfined ucCs:
type density number compressive obtained in
(kg/m?) strength laboratory
(UCS): Miller’s (MPa)
correlation (MPa)
1 Limestone 2,817.0 36.0 72.0 72.9
2 Limestone 2,748.0 35.9 76.0 72.9
3 Limestone  2,646.0 315 55.0 58.5
4 Limestone 2,777.0 31.5 60.0 60.6
5 Limestone 2,671.0 28.9 49.0 52.2
6 Limestone 2,773.0 30.4 56.0 56.4
7 Limestone 2,676.0 37.7 79.0 76.7
8 Limestone  2,683.0 36.8 76.0 75.7
9 Limestone 2,748.0 34.8 71.0 72.5
10 Limestone 2,707.0 35.6 72.0 69.6
11 Limestone 2,759.0 36.6 79.0 78.1
12 Limestone 2,704.0 33.9 66.0 63.5
13 Limestone 2,726.0 35.1 71.0 75.7
14 Limestone  2,796.0 37.9 88.0 83.3
15 Limestone 2,822.0 36.4 82.0 85.6
16 Limestone  2,730.0 36.0 74.0 76.2
17 Limestone  2,720.0 36.0 71.0 74.8
18 Limestone  2,887.0 35.0 72.0 70.5
19 Limestone  2,699.0 39.0 81.0 83.6
20 Limestone 2,679.0 37.0 76.0 73.4
Average Limestone 2,738.4 35.1 71.3 71.6
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FIGURE 4 | Abacuses for the identification of (A) the roughness R and
(B) the strength S (taken from Barton, 2008).

In this study, R~ 10.and $=0.7-6.=0.7-71.3 MPa = 50 MPa
have been considered, using the mean value reported in Table 2
for the UCS (o.) of the limestone. As far as the value of the
residual friction angle is concerned, Krsmanovic and Popovic
(1966) proposed the value 13° for limestone with 6-mm clay
layers and a range of values from 15° to 24° for limestone with
20-mm-thick Marlaceous joints. More recently, Melin (2012)
discussed a number of direct shear tests on six rock types
and found that the mean value of the residual friction angle
decreases with increasing the ratio between the normal stress
and the uniaxial compressive strength (similar to the peak fric-
tion angle), the mean value of the residual friction angle being
slightly lower than the one of the peak friction angle. In this
study, provided that unpredictable site construction conditions
may lead to substantial differences in the rock-fill interbedded
layers, and in order to obtain safe-side results, the lowest value
13° has been used. Thus, application of Eq. 1 to the case of the
Bhatar wall leads to the following result:

50 MPa

1,=0, tan| 10-log,, +13|. (2)

n

Figure 5A represents the shear strength t,(c,) for the case
under exam, according to Eq. 2. It can be observed that, for
the limited stress range concerned, a simply linear relation-
ship could be considered as first approximation (such as the
Mohr-Coulomb’s friction law, where the term within the
square brackets represents the friction angle ¢, where cohesion
is neglected). The results of a quick sensitivity analysis with
respect to the three parameters of the Barton’s model are pre-
sented in Figures 5B,C,D. A variation of about +20% has been
taken for both R and S (even if for S it could be lower, provided
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FIGURE 5 | Shear strength for the Bhatar rock-fill according to Barton’s model (Eqg. 1): (A) plot of Eq. 2 with the parameters considered in this study, (B) sensitivity
analysis with respect to R, (C) sensitivity analysis with respect to S, and (D) sensitivity analysis with respect to ¢r.
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that the coefficient of variation for the UCS values of Table 2 is
around 14% and the ratio S/o. is almost constant, equal to 0.7
for large particle size). Making reference to the range of the ¢,
values suggested by Krsmanovic and Popovic (1966), the values
13° 18° and 24° have been assumed. The model is basically
not affected by the strength S of the stones, while, on average
(over the common range of 6, values), the variation in the shear
strength due to a variation of +20% in the roughness R becomes
equal to +25%. The choice of the residual friction angle ¢, plays
an important role, since using 24° instead of 13° leads to an
increase of about +50% in the shear strength. As later developed
in Section “In-Plane Seismic Analysis of a Bhatar Wall,” the
shear strength of the material directly affects the shear strength
of the wall against sliding failure.

Timber-Stone Interface Properties

A timber-stone interface is represented by the discontinuous con-
tact surface between adjacent loose stones and horizontal timber
elements.

In the present work, due to the fact that the timber-stone
static friction coefficient (p:— roughly equal to 0.4, according to
Malhotra et al., 1994) is lower than the stone-stone static friction
coefhicient (p,—, around 0.9, according to Barton’s model of Eq. 2,
as per the results reported in next Table 5) and in virtue of the
limited stone-timber actual contact area (usually the contact is
only punctual and discrete), for sake of safe-side conservative cal-
culations, the contribution of the shear stresses between timber
and stone to the in-plane shear strength of the rock-fill can be
neglected (pi—s < Pss).

Figure 6 shows the typical cross section of a Bhatar wall
portion, including the horizontal band (long members). At level
A-A, the blue arrows represent the normal stresses '* ™ acting
on a layer composed only by rubble stones. At level B-B, the blue
arrows represent the normal stresses 6"~ acting on the layer

v

[ I
T \" - —\ﬂﬂg :ﬂ/\ $
BA A

L]

N 8

]|

FIGURE 6 | Vertical cross section of a typical Bhatar wall portion slice:
(A) dimensions in [cm] and (B) levels A-A and B-B.

composed by the rubble stones and the timber long members.
The normal stresses at levels A-A and B-B are equal:

E/A—A) _ f/B—B). 3)

(&) (&)

Assuming that p,—, < e, the timber-stone contact area A,
can be neglected in the estimation of the shear strength at level
B-B. Thus, the shear strength of level B-B is smaller than the
shear strength of level A-A. An area reduction factor & may be
introduced equal to the ratio of the stone-stone contact area A,
at level B-B to the total area A of the horizontal surface at level
B-B. In this study, considering a wall thickness equal to 46 cm
and a width of 10 cm for each one of the two timber long beams,
the ratio (A.-/A) results equal to 0.57.

A, L-(46-2-10)cm

£ ==

=0.57. (4)
A L-46 cm

TIMBER ELEMENTS AND CARPENTRY
CONNECTIONS

The Bhatar technique includes a number of horizontal timber
reinforcements with specific functions, which are incorporated
into the rubble stone wall masonry. These members confine
the wall structure and provide it with tension strength. The
“horizontal wooden beams,” sometimes also referred to as
“horizontal bands” or “ladders,” are composed of two parallel
longitudinal “long members” over the length of the wall, con-
nected to each other with transversal “short cross braces” over
the width of the wall.

The bands are placed at roughly 60 cm interval in height and
tulfill different roles such as the following:

o foundation beams, continuous;

o wall beams, semi-continuous due to disruption of door openings;

o lintel beams, which continuously cross over the level of doors
and windows;

o top beams, continuous, also called roof beams as they are used
to connect the roof to the wall (Figure 7).

To analyze the stresses on the timber elements, the areas of
the significant cross sections of both the long members and the
short cross braces have been first identified in Figures 8A,B, then
computed and reported in Table 3.

FIGURE 7 | The four horizontal wooden beams at the roof level.
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FIGURE 8 | Typical dimensions of (A) the “long members” and (B) the “short cross braces.”

TABLE 3 | Areas of the significant cross sections of the “long members” and the

THE CASE STUDY —ONE ROOM

“short cross braces.” BU ILDI NG
b h area . R . .
. - According to the guidelines given by Schacher (2007), a basic
cm cm cm? one-room building unit has been defined, which is characterized
Al 5 0 260 by the following details (Figure 9):
A2 10 10 100 « foundation made of stones,
A3 10 25 25 o seismic horizontal bands made of wood,
A4 10 5 50 o square plan dimensions L = 3.6 mand W = 3.6 m,
A5 10 7.5 75 o height H=3.1m,
A6 268 10 2,680 o 1 door characterized by width = 0.9 m and height = 2.4 m,
A7 40 10 400 « 2 windows characterized by width = 0.9 m and height = 0.6 m.
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FIGURE 9 | Sketch and dimensions of the considered Bhatar building unit.
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FIGURE 10 | Sketch and dimensions of the single Bhatar wall without openings.

The Bhatar building is studied making reference to four single ~ STATIC ANALYSIS
walls (the only one without openings is detailed in Figure 10).
The roofhas been considered as flat heavy roof with earth cover, ~ The stress levels acting on each horizontal layer of the Bhatar wall

which is composed as follows from the bottom up (Figure 11): are computed by taking into account the weight of the roof and
the self-weight of the wall.

o Timber roof beams, The static analysis has been conducted with reference to a
» Roof joists 10 cm height, 1.20-m-wide vertical strip portion of the Bhatar wall (character-
o Planks 3 cm thick, ized by dimensions: 1.20 m X 0.46 m X 3.00 m), as represented in
 Ring of flat stones 10-cm thick, Figure 12.

« Layer of twigs 5-cm thick, Figure 13 identifies the levels at which the stresses have been
« Layer of earth 20-cm thick. computed. They correspond to the critical stone-timber contact
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FIGURE 11 | Flat heavy earthen roof.
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FIGURE 12 | (A) The 1.2 m wide vertical strip portion of the Bhatar wall.
(B) Details of the wall around the horizontal wooden band.

interfaces immediately below each horizontal wooden band, and
to the ground level.
The mean value of the normal stress acting at the j-th level

(j=1, ..., 6, see Figure 13) just below an horizontal wooden
band is given by
Wt _ Wi
o . = roof _ -1 5
n,1 A A ( )
j-1
M/mof + Zvvlayer,i 1%

L fori=2,..,6,
n J (6)

where A is the horizontal area at each level, Wi, is the amount of
roofload acting on the considered wall, Wiy is the self-weight of
each layer, while W; is the total weight (i.e., the axial force) acting
at the j-th level.

These weights have been computed by simply multiplying the
volume of each elementary part, represented in Figure 12, with
its corresponding unit weight, and by consistently summing

each contribution, as detailed in Table 4. In the present
study, with reference to the 1.2 m wide vertical wall portion,
A =12mX 046 m=0.55m? Also, considering the specific weight
of the stones Ysone = 26.86 kKN/m’ and a void ratio equal to 0.26,
the specific weight of the rubble stones has been taken equal to
Ystone = 19.88 kKN/m?. For the timber elements, Yumbe: = 9.00 KN/m?
has been assumed. The heavy roof described in Figure 11
is sustained by the floor joists, which are supported by two
opposite walls. Therefore, the total weight of the roof (around
102 kN) is only applied to two (each one sustaining around
51 kN) out of the four 3.6-m-long walls, i.e., only to the ones
that are perpendicular to the floor joists. Consequently, the
considered 1.2-m-wide vertical stripe portion takes around
17 kN.

Table 4 presents the mean values of the normal stress
acting at each level. In computing the normal stress acting
at the roof level, Wi is considered as uniformly distributed
along the 1.2 m length of the considered wall portion. At
each level, the limited stress value does not represent an issue
for limestone strength which is around 70,000 kPa, accord-
ing to Nazir et al. (2013). At the ground interface, the stress
level is around 92 kPa. Even if quite larger, this value can
be considered acceptable for common soils, but settlement
issues should be taken into account. On-field data reports
recognized the frequent presence of differential settlements
affecting Bhatar buildings (Hughes, 2005). However, Bhatar
walls could withstand moderate differential settlements
thanks to their flexibility.

SEISMIC ANALYSIS

The effects of an earthquake ground motion on a structure are
basically associated with inertial forces which are proportional
to the mass of the structure and to the peak ground acceleration
(PGA) impressed at the base. In this preliminary investigation on
the seismic behavior of Bhatar systems, the seismic analyses are
carried out under the following assumptions:

1. The effect of the earthquake ground motion is represented by
a uniform vertical distribution of horizontal inertia forces, pro-
portional to the PGA. This is due to the low-rise configuration
of the building, and the stockiness and high lateral stiffness
of the wall, which lead to negligible structural amplification.
Consequently, the horizontal seismic shear force acting at the
j-th interface of the wall, V;, is given by

v

f PGA=a-W,
g

7)

where g is the gravity acceleration and o = PGA/g represents
the seismic activation load multiplier.

2. No vertical component of the earthquake ground motion is
considered.

3. No global cellular behavior of the building unit is consid-
ered. The study is conducted with reference to the single
3.6-m-length wall only.
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FIGURE 13 | Levels under consideration for the estimation of the normal stresses acting on the wall.

TABLE 4 | Details of static analysis and normal stresses at different heights: the bold font highlights the selected levels, identified in Figure 13, to which reference is

made in following Table 5.

Layer Volume Specific weight Layer weight  Axial force Area Normal stress
m? kN/m? kN kN kN m? kPa

Roof - - - - 17.00 17.00 0.55 31

Tl—horizontal band Rubble stone part 0.050 19.88 0.99 1.30 18.30 0.55 33 Level 1
Timber part 0.034 9 0.31

A—roof support - 0.11 19.88 - 2.19 20.49 0.55 37

T2—horizontal band Rubble stone part 0.050 19.88 0.99 1.30 21.79 0.55 39 Level 2
Timber part 0.034 9 0.31

C—main block - 0.26 19.88 - 5.17 26.96 0.55 49

T3—horizontal band Rubble stone part 0.050 19.88 0.99 1.30 28.26 0.55 51 Level 3
Timber part 0.034 9 0.31

C—main block - 0.26 19.88 - 5.17 33.42 0.55 61

T4—horizontal band Rubble stone part 0.050 19.88 0.99 1.30 34.72 0.55 63 Level 4
Timber part 0.034 9 0.31

C—main block - 0.26 19.88 - 5.17 39.89 0.55 72

T5—horizontal band Rubble stone part 0.050 19.88 0.99 1.30 4119 0.55 75 Level 5
Timber part 0.034 9 0.31

C—main block - 0.26 19.88 - 517 46.36 0.55 84

T6—horizontal band Rubble stone part 0.050 19.88 0.99 1.30 47.66 0.55 86 Level 6
Timber part 0.034 9 0.31

D —outer foundation - 0.17 19.88 - 3.38 51.04 0.55 92 Ground level

In-plane seismic capacity of the Bhatar wall is quantitatively
evaluated in Section “In-Plane Seismic Analysis of a Bhatar
Wall,” while only preliminary observations on the out-of-
plane seismic capacity are made in Section “Preliminary
Considerations on the Out-of-Plane Seismic Behavior of a
Bhatar Wall”

IN-PLANE SEISMIC ANALYSIS OF
A BHATAR WALL

In this section, the in-plane seismic behavior of a single Bhatar
wall is investigated, in order to identify the value of the horizontal
acceleration which triggers in-plane failure mechanisms.
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Only the failure mechanism associated with the horizontal
sliding between adjacent rubble stones layers can be envisaged. As
a matter of fact, the diagonal cracking failure, typical of masonry
walls, does not straightforwardly apply to this kind of structures,
since the wall shows up in “already cracked conditions” due to its
constructive typology. This effectiveness has been seen in recent
major earthquakes in Turkey, India, and Pakistan (Langenbach,
2003; Rai and Murty, 2005). Furthermore, the failure mechanism
which involves a combined action of axial force and bending
moment at the base of the wall is not significant for stocky elements.

The in-plane seismic analysis is based on the application
of Barton’s empirical model for rock-fill presented in Section
“Stone-Stone Interface Properties” The Barton’s model provides
the shear strength as a function of the normal stress and other
rock-fill parameters. This non-linear model permits to estimate
the value of the friction coefficient which develops at each
layer, due to the vertical load and the self-weight. The normal
stresses have been taken from the static analysis. These friction
coeflicients are then used to calculate, at each level, the shear
resistance of the wall to the horizontal forces due to the seismic
event. Table 5 reports the friction coeflicients at each level. Only
the levels that correspond to the critical stone-timber contact
interfaces immediately below each horizontal wooden band have
been considered.

Horizontal sliding failure occurs when, at the generic j-th
layer, the seismic shear force (V) is larger than the shear strength
(Riiding;) of the wall. The shear strength against sliding failure at
the j-th level, Ryiding;> depends on the friction coeflicient ; and the
vertical compression normal stress 6, at the j-th level

Rsliding,j = H} : A (8)

A $—S

The failure is triggered if V; is larger than the corresponding

Ruiiding;. Thus, the value of o that triggers the horizontal sliding of
two adjacent layers can be obtained by imposing:

Vj = Rsziding, j? )
which leads to
A
=W, - XS (10)

Thus, the acceleration which activates the sliding failure
depends on the interface friction between adjacent layers and,

TABLE 5 | Normal stresses, shear strengths, friction coefficients at the levels
just below the horizontal wooden beams, and corresponding seismic activation
multipliers for in-plane sliding mechanisms.

Level Normal Shear Friction coefficient Seismic
stress o, strength p; according to activation
Barton’s model multiplier
kPa kPa
1 33 33 0.99 0.56
2 39 38 0.97 0.55
3 51 48 0.93 0.53
4 63 57 0.90 0.51
5 75 65 0.88 0.50
6 86 74 0.86 0.48

with specific reference to the critical layers identified as the ones
just below the horizontal wooden beams for which the timber-
stone interface friction is neglected, also on the A;./A ratio given
in Eq. 4. If vertical (steel or timber) connectors or rock elements
are inserted in such a way they provide a cutting strength along
this interface, the friction coeflicient will increase, as well as the
sliding strength of the wall.

Table 5 also reports the seismic activation multipliers at each
level. & values around 0.5 have been obtained for the lower levels.
Despite all the strong assumptions, this gives a robust indication
that in-plane behavior appears not to be a seismic issue for Bhatar
buildings. These simple calculations are capable of justifying the
experimental pieces of evidence of Bhatar structures capable of
sustaining PGA valuesaround 0.5 g, as witnessed recently in Nepal.
To account for possible discrepancies relevant to all uncertainties,
especially the material properties, the strong assumptions, and
the rough modeling, for design purposes a global safety factor
should be introduced at least equal to 2.

Just to give some reference acceleration values in Nepal, the
500-year return period PGAs are in the range of 0.22-0.50 g, as
per the results of the hazard analysis developed by Chaulagain
et al. (2015). These values are consistent with the prescriptions
of the Nepal National Building Code, NBC 105 (1994). In fact, it
prescribes, for structures of minimal ductility including masonry
bearing wall structures, other than monumental buildings and
essential or critical safety facilities, a design horizontal accelera-
tion around 0.32 g. Also, the NBC105:1994 states that, in general,
the effects of the vertical component of seismic motion need not
be considered in the design of a common structure. Nonetheless,
where consideration of vertical seismic forces is required, it
prescribes that the design vertical acceleration shall be taken as
one half of the horizontal one. Thus, vertical accelerations can
be estimated to be in the range of 0.11-0.25 g. These values,
even considering structural amplification factors in the vertical
direction around 2.5 and 3, are not likely to cause uplifting of the
structure and the annihilating of normal stress between stones.
In this respect, it should be pointed out that, in this study, shear
strength has been evaluated on the basis of friction. However,
vertical ground motion can be capable of reducing the normal
stress between two adjacent layers and thus the shear strength.
For this reason, the addition of vertical timber beams can be
envisaged to connect the cross braces along a vertical line, to
avoid vertical detachment of the horizontal layers in earthquake
conditions (see Figure 14).

PRELIMINARY CONSIDERATIONS ON THE
OUT-OF-PLANE SEISMIC BEHAVIOR OF A
BHATAR WALL

Out-of-plane failure mechanisms may occur due to overturn-
ing behavior with a rigid response of the wall (Figure 15A) or
due to a bending behavior with a flexible response of the wall
(Figure 15C).

Both mechanisms are still under investigation. On the one hand,
the overturning with a rigid response of the wall (Figure 15A) is
counteracted by the tie actions provided by the horizontal bands
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FIGURE 14 | Sketches of the Bhatar building equipped with additional vertical timber beams: (A) thrifty solution and (B) optimal solution.

FIGURE 15 | (A) Overturning behavior with a rigid response of the wall. (B) Tie action provided by the two horizontal bands at the k-th level. (C) Bending behavior
with a flexible response of the wall. (D) Horizontal wooden beams acting as bond beams at each level.

(Figure 15B), with the flat heavy earth roof acting as a deform-
able slab. On the other hand, the bending behavior with flexible
response of the wall (Figure 15C) is investigated with the heavy
roof being a deformable slab, and with the embedded timber ele-
ments considered as bond beams providing flexural stiffness and
strength to the wall (Figure 15D).

As far as the overturning behavior with a rigid response of
the wall is concerned, kinematic analysis can be easily performed
and is here briefly presented. The 3.6-m-long wall is considered as
composed of horizontal rigid blocks overturning around possible
ideal horizontal cylindrical hinges at each wooden band level (the
failure mechanism around the horizontal hinge at the ground

level is displayed in Figure 15A). The value of the seismic accel-
eration multiplier o that triggers this out-of-plane mechanism at
the generic j-th level can be obtained by imposing the rotational
equilibrium

M M

w0 (11)

dest, j =

The destabilizing and stabilizing moments Maes; and M,
are evaluated around the horizontal cylindrical hinge formed
at the j-th level and are related to the seismic horizontal inertial
forces corresponding to the roof and the wall, and to the self-
weight of the structure (roof + wall) and the tie actions Ty of the
horizontal bands above the hinge formation level, respectively.
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The destabilizing overturning moment is
(H -z j)
Mdest,j:a" mfroof'(H_zj)"'vvrm,j' > (12)
and the stabilizing moment is

roof

t Jj
M, =W, + ij)-%u D 2T, (2, -z), (13)
k=1

where W, is the weight of the wall portion rotating above the
j-th horizontal band, z; represents the height of the j-th horizon-
tal band level, and t,a is the thickness of the wall (0.46 m). 2T
represents the total tie action provided by the two horizontal
bands at the k-th level at both sides, counteracting the detach-
ment mechanism of the considered wall portion from the two
orthogonal walls which work as lateral-resisting elements with
in-plane actions (Figure 15B).

Provided that the axial strength of the horizontal band (N ra)
is far larger than the horizontal friction force at the k-th tim-
ber-stone interface level (Fj.) triggered by the relative motion
between the two longitudinal “long members” and the stone
blocks of the orthogonal walls, the maximum tie action T} is
governed by friction:

T, =min(N, oo Fy ) =Fp =1, -0, - A, (14)
where ;. = 0.40, A;—s = 3.6 m (2-0.10)m = 0.72 m? and 6, is the
normal stress at the k-th level (see Table 4). Eq. 11 leads to the

following o load multiplier:

(I/Vroof + erol,j).%n-‘_zZTk .(zk _Z/')
o= = . (15)

(H_Zj)
vvroof.(H_zj)_FVVrot,j' 2

Table 6 reports the values of the seismic acceleration multi-
plier a as function of the position (level) of the horizontal cylin-
drical hinge for the rigid response out-of-plane mechanism. The
lowest value of a is around 0.74 for the wall portion rotating
around an horizontal cylindrical hinge located at z; = 2.10 m
(j = 3) and, thus, larger than the one (around 0.50) activating
the sliding mechanisms for the in-plane analysis. Thus, the
results seem to suggest that, due to the tie action offered by the
horizontal wooden bands, in-plane behavior is more dangerous
than out-of-plane behavior. However, rigid response of the wall
is a strong assumption that allows for easy calculations, but
flexible response of the wall should also and still be analyzed.
In any case, local sliding mechanisms and possible consequent
detachment of stones in the main blocks (see Figures 12 and 13)
may also occur in the wall as subjected to orthogonal seismic
action. In this respect, in addition to ensure friction also in the
case of vertical ground motions, the introduction of additional
vertical timber beams according to Figure 14 would be useful (i)
to reduce the local sliding of stones in the direction perpendicu-
lar to the wall (by simply acting as distributed vertical physical
restraints), (ii) to enhance the tie action up to values referable to

TABLE 6 | Values of « for various locations of the horizontal cylindrical hinges for the rigid response out-of-plane mechanism.
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the axial strength of the long members of the horizontal wooden
bands (by acting as external end anchorages, such as those used
to fix the tie-rods in the strengthening interventions on masonry
structures), and (iii) to involve a global cellular response of the
three-dimensional building.

CONCLUSION

Bhatar is a vernacular construction technique of the Himalayan
regions which is grounded upon the “timber lacing” or “timber
reinforcement masonry” concept, i.e., the combination of dry-
stacked loose stones with timber beams to increase the wall
confinement. The timber provides wall reinforcement and strong
resistance against tension and bending, thereby complement-
ing the compression properties of the rubble stone masonry.
Moreover, this technique makes it easier to build straight-sided
walls, and it allows to create strong corner joints due to long
members that provide tensile/bending resistance to out-of-plane
wall movements.

This work reports a preliminary analytical study aimed at giv-
ing a first insight into the static and seismic behavior of a small
one-room Bhatar building, characterized by a 3.6 m X 3.6 m
square plan, of 3.1 m height, and a flat heavy roof with earth cover.

First, a research has been conducted about the mechanical
properties of the construction materials commonly used in Nepal
regions, such as Shorea Robusta wood and limestone rocks. The
Barton’s model has been applied to characterize the shear strength
of the rubble stone layers in the wall.

Then, static analysis has been developed by sub-dividing each
Bhatar wall into a number of layers, for which the volume and the
weight have been precisely computed. The normal stress at the
ground interface is around 92 kPa, which, even if quite larger, can
be considered acceptable for common soils, since Bhatar walls
can withstand moderate differential settlements thanks to their
flexibility.

With respect to earthquake, the Bhatar technique can absorb
and resist wall cracking and distortion mechanisms. This
effectiveness has been seen in recent major earthquakes, such
as in Turkey, India, and Pakistan (Kashmir). For the Bhatar
system, the only possible in-plane seismic failure mechanism
is the horizontal sliding between the stones. The acceleration
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which activates this mechanism depends on the interface
friction between adjacent layers, and the critical layers are
identified as those just below the horizontal wooden beams
for which the timber-stone interface friction can be neglected
with respect to the stone-stone interface friction. Under the
assumption of no vertical ground motion (i.e., friction forces
are guaranteed), the seismic activation acceleration values are
found to be around 0.5 g.

Although this study should be considered as a starting point,
the simple analytical developments presented in this manuscript,
as well as the ongoing research of the out-of-plane seismic analy-
sis, are capable of justifying the experimental evidences of Bhatar
structures being able to sustain PGA values around 0.5 g, as
observed in Nepal in 2015. Moreover, some rules of thumb have
been envisaged to improve the shear strength (insertion of verti-
cal steel or timber connectors, or including rock elements which
can provide a cutting strength along the critical interfaces) and
to ensure friction also in the case of significant vertical compo-
nent of the earthquake ground motion (introduction of vertical
timber beams to connect the cross braces along a vertical line).
An analytical study devoted to the out-of-plane seismic behavior
of the Bhatar technique will be presented in a forthcoming paper.

Finally, it is worth pointing out that the results are based on the
assumptions taken by several authors and have not been verified
with experimental tests. Also, further numerical research as well
as shaking-table tests are necessary in order to obtain confirma-
tion of the obtained results and to explore the effectiveness of the
cellular behavior.
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