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SOMMARIO

Questa tesi studia il comportamento statico e sismistrutture semplici realizzate con un sistema
costruttivo utilizzato da vari secoli , in zone piuttosto remote dei paesi che oggi vengono definiti
come terzo mondo.A secondo delle zone il nome caRdriauanto riguarda le regioni Himalayane

tra Nepal e Bkistan il nome comune e Bhatar. Questo sistema costruttivo vede come materiali
utilizzati legno e pietra lota Il Bhatar écostituito da pareti portantbomposte da strati di pietra

non perfettamente uniforme, i comuni muretti a secco, intervatlaiamtalmente da travi

composte da ementi lignei i quali incastrati tra di loro risultano paragonabili a cotideistema

Bhatar &€ conosciuto come intrinsecamente antisismico poiché esistono costrualonnidsecoli

che hanno resistito a fenomaimsmici importantiLe analisi sono condotte con riferimento ad un

edificio ad un piano, di dimensioni (pianta 3.60m x 3.6m) e con tetto in legno eteesta

tecnologia costruttiva, di carattere sangegneristico, € gia ampiamente utilizza&leregioni
Himalayane, in Pakistan e Indima e anche indirizzata alle popolazioni di nazioni in via di

sviluppo poiché offre un vantaggio sia di tipo economico che di tipo tecnico rispetto ai materiali
convenzionali (muratura in mattoni e cemento). Lermiazioni ad oggi disponibili su questo

genere di strutture sono molto limitate a causa della scarsa e poco approfondita ricerca eseguita sul
temaD i grande utilit”™ — stato il materiale el ab
per la Swiss Aency for Development and Cooperatioom Schacher col suo lavoro ha stilato

delle linee guidatramite immagini per popolazioni sefanalfabete, che consigliano particolari
dimensionamenti e rapporti tra dimensioni nella costruzione di sistemi a Bhatar

Léobiettivo principale di guesta ricerca  di
sismico di un edificio ad un piano composexondo le linee guidiettate da Tom Schacheon

scopo di prevenire crolli causati da azioni sismiche e quiddine il rischio sismico in quelle

regioni del mondo dove questi disastri hanno intensita significative. Non esistono attualmente in
letteratura ricerche specifiche su pareti costruiteilcgistema Bhatar.

Per quanto riguarda le paregono stati effétiati calcoli e analisi allo scopo di capire il

comprtamento statico e sismico. dmalisi statica, & stata condotta una verifica a sforzo normale
calcolando lo sforzo norrmfeaagente alla base del mwrda corrspondente capacita resisteRter.
guantorguad a | 6anal i si,sie stwliato staal cochgottamento med piano sia quello
fuoridalpianoPer | 6anal i si in piano ci si ~ concentr
modello di Barton che definisce la relazione non lineheetra le tensioni normali e tangenziali

nelle discontinuita degli ammassi rocciosi in presenzaedie non uniformi.Per quanto riguarda

| 6analisi fuori dal piano | 6attezione  stata
diventano fondameali nelle reazioni a sollecitazioni di tipo orizzontale e prevengono ribaltamento

e gli altri meccanismi di collasso, questo scopo le connessioni e le strutture in legno suggerite da
Tom Schacher sono state esaminate alla luce delle norme tecnichedized®: Design of timber
structures.

Grazie alleanalisieffettuatee possibileavere una prima idea duantoquesto tipo di costruzioni

siano effettivamente antisismiche. | mportante
lavoro che peessere affrontato al meglio nesiés di prove di laboratorio su materiali e prove di
laboratorio su modelli in scala reale.



ABSTRACT

After the 2005M7.6 Kashmir earthquake(Pakista, field observations reportethat several
buildings manufactured witltraditional techniquesvell resistedto this strongseismic event
Nonetheless, thesechniquediave never been deeply studfeaim astructuralengineering point of
view yet The high number of peoplizing in such structurekighlights the importance fofocusing

on this subject.

This paper reports a full analytical study on the static and seismic behavior of sims®raye

buil dings made with a typical construcusedon t ¢
for several centuries and widely fdi$ed in rather remote areas of the Himalayan regions like India,
Nepal and Pakistan.

The Bhatar system consists of ldaglaring walls made of common estacked rubble stone
masonry held together by horizontal wooden bands disposed at several leveld &patervals of

about 60 cm). It is widely adopted in developing countries due to its advantages from both
economical and constructive point of view with respect to the conventional constructions techniques
(i.e. brick masonry and concrete structures).

Despite its wide diffusion, the information currently available on the actual static and seismic
behavior of such construction technique are very limited dugléoattention paicbn such topic.

In the present work, analytical analyses are conducteld reference to a orgorey building
moduluscharacterized by a 3.6 m x 3.6 m square plan covered by an heavy wooden roof with 20
cm thick earth coverage, in order to investigate its response under both gravity and seismic inertial
loadings. In detail, iplane and oubf-plare response of a single wall under horizontal actions is
discussed and particular attention is focused on the connections between the timber elements, which
are fundamental for the transmission of the horizontal actions and for prgyergrturning and

other failure mechanisms.

The main aim is twofold: (i) to provide a first insight into the actual seismic response of such
construction technique, as a basis for the specific design-bbadaboratory tests on fulicale
models, and {j to give some rules of thumb for a proper dimensioning and construction of this kind
of structures.
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SIMBOLOGY

Symbols andabbreviations for Shorea Robusta EN388

Oy mean characteristic value of modulus of elasticity parallel to grain (in KN/mm2)

O ; 5-percentile characteristic value of modulus of elasticity parallel to grain (in KN/mmz2)
O ; mean characteristic value of modulus of elasticity perpendicular to grain (in KN/mmz2)
Qrh characteristic value of compressive strength parallel to grain (in N/mm2)

Qr ok characteristic value of compressive strength petgeiar to grain(in N/mm2)

Q characteristic valuef bending strength (in N/mm2)

Qi characteristic value of tensile strength parallel to grain (in N/mm2)

Qn characteristic value of tensile strength perpaundido grain (in N/mm2)

Qp characteristic vale of shear strength (in N/mm2)

O mean characteristic wa of shear modulus (in KN/mm2)

mean value of dasity (in kg/m )

ANNEX A Determination of values

characterigc value of density (in kg/m3)

Tensile strength parallel to grain f (t,0,k )=0,6*f_(m,k )

Compression strength parallel to grain fc,0,k =5*(f m,k )*0,45

Shear strength

av,k shall be taken
f (t,90,k )=0,4 N/(mm~2 ) for softwoods

f (t,90,k )=0,6 N/(mm~2) for hardwoods
Compressive strength perpendicular to grain
f _(c, 90, k ) ferGoft@odds *
f _(c, 90, k ) forhardwaods *

Modulus of elasticity paikel to grain

E_0,05=0,67*E_(0,mean) for softwoods

perpendicul@rdolgtaie 1 Tensi | e

;] _k
;] _k

stre



E_0,05=0,84*E_(0,mean) for hardwoods

Mean modulus of elasticity perpendicular to grain
E_(90,mean)=E_(0,mean)/30  for softwoods
E_(90,mean)=E_(0,mean)/15 for hardwoods

Mean shear modulu& mean=E_(0,meg/16

Mean density } _(mean=1,2)*1 Kk

[ : Specific weight

_: Slenderness

. . Normal stress

U= shear stress
‘ = friction coefficient

As= Surface area

B= Base of the wall

c= cohesion

Fs= seismic force

H= Height of the wall

L= Length of the wall

Mext: External moment

Msp: moment due to the sprigs

t: Thickness

Wroof: Weight of the roof

Wi Weightof the wall

My : Parasitic Bending moment along Y axis due to tension and flexion

Myer @ Parasitic Bending moment along Y axis due to tension and flexion

My: Parasitic Bending moment along Y axis due to tension and flexion on external notch
My. Parasitic Bending moment along Y axis due to tension and flexion on internal notch
Mz1 ParasiticBending moment along @xis due tacompressiomand flexion

Mz Parasitic Bending moment alongaXis due tacompressiomand flexion

Mx1 Parasitic Bending moment along X axis due to compression and flexion

My Parasitic Bending moment along X aglise to compression and flexion



Wtb weight Timber Band

Wrsweight A - roof support
Wmbweight C - main block

Wof weight D - outer foundation

Atb Stress under Timber Band

Ars Stress under Aroof support

7Amb Stress under €main block

sof Stress under €main block
Wearth weight of Earth/clay

Witwigs weight of Twigs

Wringstones weight of Ring of stones
Woplanks weight of Planks

Wrb weight of Roof beams

Weatrth linear linear load of Earth/clay
Witwigs linear: linear load ofTwigs
Wringstones linearlinear load ofRing of stones
Woplanks linearlinearload ofPlanks

Wrb linear linear load ofRoof beams

| is the load multiplier

w 0 ¢ivthe total weight of the box structure and of the roof
0 "Ods the peak ground aceshtion

‘@ the friction coefficient of the"ilayer

o “Gs thepertinent weighton the i"layer

I :is the distribution factor corresponditigthe analyzed layer
w :is theweightcorrespondingo the analyzed layer

"Q: is theheightcorrespondingo the analyzed layer



B 0wz Q w 2 "0: is thesummation of all the of all the masses times the corresponding
heights

‘i is the friction coefficient obtained by the Barton models for rockfill corresponding to the
analyzd layer

U '@ thepertinent normal force acting on the on #malyzdlayer
Chapter 9
“Y is the minimum tension allowed for resisting to the seismic action

¢ is thetotal number of theafters , for 3,6 m length wall = 12Each timber tidbeam is composed
by 2 rafters)

0 is the total massf the3,6 mlength wall

® is the seismic acceleration in g

"Qis the gravity acceleration constan®,81 m/$

Htchain is the height from the ground of the centroid of the roof rafter beam
H is the height of the centroid of the section of the wall

B is thehorizontal component of the centroid of the section of the walll

O is the external energy

O is the internal energy

b is the rotation angle for the overturning mechanism

1 pis the displacement of the centroid

1 ¢ is the displacement of the@jcation point of the considered seismic fofctesame case just the
roof force)

@ i ropotiamal multiplier between 0 and 1

W is the weight of the roof

w is the weight of the wall

1 ois the displacement of the application point of the considered seismic force of the wall
“Y is the minimum tension due to the seismic event on the roof tie timber beam

10 is the displacement of the application point of the roof timbamiseacting as a chain

‘00 isthe height of the roof timber beams acting as a chain



Chapter 10

n : number of rigid joints n = 4

m : number members m = 4

r : support reactionsr = 3

i : degree of indeterminacy i = ?

— :is the effective displacement in the effective structure

— :is the displacement due to the primary system on the i released
@ : is the unitary force in the position of the i released

— s the displacement of the point of application of the releaseatlie to the redoundant
€ . is the number of the released equal to the degree if indeterminacy i
- — due to Maxwell Theorem

0 @i :iis the mas involved for thepecific tietimber beam

"Q s the gravity accelleration

| :is the seismic load multiplier

0 : is the length of thevall

0 : is the length of thevall equal to 3.6 m

a: is the length of thevall where the load is distributed, equal to 2.78 m
'Q: is thedistances between all the timber elements, equal to 0.36 m

2 = 1.5safety factofor the amplification othe seismic actions.



1 INTRODUCTION

1.1 Background

Bhatar system is a traditional method of construction which invalwestical succession of dry
stacked stones masonry and timber beam. Thrthegbentury and countrigisis kind of

architecturénas beemised formany different purpose and differesdale temples foreligions

forts for military campsindhouses for @il use. Along the time some of these strucsufkthe past

are still standingfter importanearthquakethis suggest us that bhatar system has somehow a good
seismic behavior. The different between the constructlmatshave survived and those who dat

may be due to many factors. The knowledge of the khnow goes from an old generation to a new
one because of this there are many differences about materials, about the proper place where to
build but most of all the differences about the technigmeshe most important.

In the poor and lost areas whergestkind of architecture is uséslimportant to use local material

and to avoid the use of material or component which need to be imported from somewhere else, this
is not just because it is impartt to save money but most of all because there are no proper
infrastructureand this means more obstacles and some time the impossibility to be done.

In order to give a reference point, international organizasach as ERRA , UNHABITAT, SDC
andFRChave published #ABhh atldrusctonastterdu cgtuiiodnre f or ¢

Guidebook prepared by ti8wviss Agency for Developmeanhd Cooperation SDom Schacher,
technical advisorhn collaboration withFrench Red Cross and Belgian Red Citeshnical
research and developmehtN Habitat, NSET and NESPAKevisions)French Red Cross
(Translation into UrduMansehra, NWFP, April 2007

This guide shows how to buillp a bhatar housend the gross dimensions that must be satisfied.

Thus, this research wagrformed to ensure that this alternative building technique can be built in a
seismic region knowing that it will be a safe structure and that can be used fordispstsr
reconstruction in developing countries.

1.2 Justification of the document and objetives

The use obhatar system is a tradition&chniquem the construction field and it wgidely used all
over theHimalayan areaue to some factors such as durability of the structure, low environmental
impact, coseffective ratio.

Considering he advantages that this system carries, it can be an alternative building technique and
postdisaster reconstruction for houses in developing countries where it can be used for individual
housing or for community facilities. Thereby, this technique cabuiéein remote areas, locations



difficult to reach and poorly supplied areas with the advantage that gabion boxes are easily installed
and that deployment can be performed without special equipment and there is no need of highly
trained personnel.

Ontheot her hand, from a seismic point obhatari ew,
are heavy due to the rocks (i tods known t hat
proportional to the weight). Thus, the neddesearclnas been identéd in order to understand the

static and seismic behavior of this kind of structures focusing on the limitations of the system and
the structural safety under a certain seismic action.

1.2.1 General objectives

Based on the justification of this document, tHissertation aims atnalerstand the behavior-in
plane and oubf-plane underseismic actions of a modular box composed by walls-bpiltvith
bhatar method and towg practical suggestions and simple formulas for the dimensioning of the
structure, satising structural safety conditions.

1.2.2 Specific objectives

1 To comprehend the compression behavior and strength of a single Wall,composed by
elementar modules under vertical loads.

1 To verify the structural safety under seismic actionglame and oubf-plane of a wall
build-up withbhatar system

1 Conduct analytical considerations to examine the effect of lateral forces on the behavior of a
bhatar system

1 Propose constructions @ds and limitations to acquirenassurgyood seismic behavior of
the structure

1 To develop rules of thumb for a proper dimensioning and construction of this kind of
structures in order to be a seismic resistant structure.

1.3 Organization of the thesis
Thework has bee organized starting from tledementary elements used in the Bhatar system thus
startingfrom the geometry following thguide lineof Architect Tom Schacher

The following points shows the steps of hgic pathfollowed in the work:

 Studies of Tom Sacher manual
1 Definition of a single module



Definition of the wall

Definition of one room module (box)

Definition of material prperties: Timber SHOREA ROBUSTA
Definition of materiaproperties: Stones LIMESTONE

Studies orRock discontinuities: Barton model

Connections Eurocode 5 : EN 199%-1 :2004+A 1 DESIGN ULS
Static Analysis

Seismic analysis in plarieappication of Barton model

Seismic analysis outf planei Overturning

Seismic analysisut of plang Bending

Practical rules of thumb

=4 =4 4 -4 45 8 -4 45 -5 -9






2 BHATAR

2.1 Traditional definition of Bhatar
Bhataris a traditional construction system consisting of stone mortarless masonry walls reinforced
with horizontaltimber laddeitbeams, which combine to resist and dissipate the energy and stresses
induced during an earthquake.

SN

Figure 2-1 Project entry 2008 Asia Pacific'Advocacy of traditional earthquakesistantconstruction, NortH/\Vest Frontier
Province, Pakistan": fABhataro at Besham For
Through the century and countries this kind of architecture has been used for many different
purpose and different scale, temples for religimmts for military campand houss for civil use.

Along the time some of these structures of the past are still standing after important earthquake, this
suggest us that bhatar system has somehow a good seismic behavior. The different between the
constructionghat have survived and tbe who did notnay be due to many factors. The knowledge

of the knowhow goes from an old generation to a new one, because of this there are many
differences about materials, about the proper place where to build but most of all the differences
about the¢chniques are the most important.

In the poor and lost areas where this kind of architecture is used is important to use local material
and to avoid the use of material or component which need to be imported from somewhere else, this
is not just becauseig important to save money but most of all because there are no proper
infrastructures and this means more obstacles and some time the impossibility to be done.



This type of construction has been extensively used in Turkey,Afghanistan, Pakisaadnd

Nepal for many centuries, as shown in figure below.Nepal is the country taken as reference point

for the local material.
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Figure 2-2 Regions of the world where Bhatar is still used

Nepal is subjected toevy strong earthquake because its characteristic pastgiown in the
picture23.

TvIAW memeny

Northward underthrusting of India beneath
rasia generates numerous earthquakes and

This earthquake hazard map illustrates the peak ground
acceleration expected to be exceeded with 10%
probability during a 50-year period. The dark red zones
indicate accelerations of about 0.5g where g=acceleration
of gravity.

§

Figure 2-3 Nepal peak ground acceleration



2.2 Tom Schacher Manual :Bhatar construction - An illustrated

guide for craftsmen
Arch Tom Schacher

H@P¥ Bhatar construction

An illustrated guide for craftsmen

Bhatar (pl. bhateri) is a Pashtoo word for a beam
with a cross section of 3 to 4 Inches which Is
commonly used to reinforce stone walls,

Figure 2-4 Bhatar constructiorAn illustrated guide for craftsmen

2.2.1 Gross shape and dimensions
The fisrt thing described is the position of the structure and the grossAhdps shown in the
figure 25 it is always better to choose a simple and regular structure , if necessary it is better to

subdivide it into rectangular parts.
t-l-_-l- j el o J
vo [X]

i

r
L

YES

S

§

Figure 2-5 Divided rectangular structures

The first suggestion about the dimensions is the relation about the length and th€hgititbuse
must not be longer than three times the widas it is shown in figure-@



Figure 2-6 Gross dimensionratio length/width

2.2.2 Foundation and plinth band

The foundatiorshould be at least 2% feet(0,762 m) wide and 3 feet (0,91 m) Teeplinth band

should be placed 1 foot ( 0,3 m) above the foundation (1 foot out of the ground) itoardeid
the contact with watr, as it is shown in figure-2.

Figure 2-7 Foundations

The plinth bandnust pass under the door. It should be continous along all the perimeter (better if it
ismade in RC , ivill not rot ), , as it is shown in figure-8.

Figure 2-8 The plint

2.2.3 The Walls

The wallsmust be smaller than thalues reported in the figure®

5



g» 18 inch (0,46 m), thickness of the wall

7% S : i [y _— < p! Place the wall beams every 2
10 ft = (3,04 m) Y o i SS . L 3 o Leetd(0,61 m), above the plinth
e - L and.

£1ft 1ft=(0,3m)

; Max. ‘3 ft Place cross pieces at a maximum
: . & distance of 3 feet (0,91 m) from
- each other.

s

Figure 2-9 Wall dimensions

The draving is not in scale, in a real scale it would be appreciated the fact that the spaces are quite
small then the necessity to add the rooms.

2.2.4 Wall - joints
The timber elerants may be not enough longdover all the length of the wall so it is suggested to
use scarkeyed joint along their length but taking irdocount thaat each level they must be in
different position and not alongvartical lineas shown in figure-20., at the same time the
posiion of the stones mube always laidclown in order to have @ovetail as shown in figure 21

Figure 2-10 Spread the connection points.



Avoid vertical joints
They are weak.

Figure 2-11 Raise d walls together to avoid vertical joints

2.2.5 Kashmiri joint or Keyed scarf joint
The joints in the timber element must be done with Kashaiiri or normally known as keyed
scarf joint as shen in figure212.

Figure 2-12 Kashmiri joint or Keyed Scarf Joint

2.2.6 Connections- Corners

The connections on the corners stand due to lap jointsland i mum si ze ofm)beam i
high by 40 (asshwninfigue#3. ) wi de,

3”x 4!!

Figure 2-13 minimum size of the beams/rafters



Beams must bhooked together inthe corneut a notch of 106 (2,54 cm
beams. Add 2 nails (30 =7,62 c¢cm ) for phexs e se
for strengthAs shown in figure214.

Figure 2-14 Lap jointi dimension

2.2.7 Connectionsi Cross Pieces
Along the wall cross pieces must be insert in order to assure stadkiitgs pieces help to libthe
beams and walls togeth€nu need notches only on the cross pieces, but not on the main Beams.
shown in figure2l5

Cross piece

4” (10,16 cm)

Figure 2-15 Cross Pieces

2.2.8 Connectionsi Internal wall
In case of double room they apecified how the connections between the walls must be done.
Mi ni mum size of beam is 30 (7,62 cm) high by
only notch the internakall beams, not the main bearas,shown in figureZL6.



4” (10,16 cm)

1”7 (2,54 cm)

Figure 2-16 Internal wall joint

2.2.9 Openings
The dstance between openings stibbe minimum 3 feet (0,91 m) indows and doors must not
be wider than 3 feet (0,91 mhe windowsnust bebetween the beam&s shown in the figre217

Openings

Figure 2-17 Openings

2.2.1(MDoors

The integrity of the structure must be assured thus it must be avoided any modification and all the
openings must be bounded with cross pieseshown in figure-28

Don't trim the ends of the beams to
place your door. .

4” (10,16 cm )

Place cross pieces on both
sides of windows and doors.

Figure 2-18 Openings 2



2.2.1IWindows
The windows must beeinforced with beamsof lintel must beaddedtwo pieces of wood in
between the existing beams to support stones above. It must pass at least 1 fo@i{0,Bagonry
oneach side of the opening, as shown in figui®?2

. _min.1ft

Figure 2-19 Lintel reinforcement

2.2.12The Roof

The roof considered for this research is faeHeavy roof with earth coverhich is the worstase
but it does not need metal sheet to cover which are difficult te be found in far regions.

Some suggestions are given referring the fidnaew. ELet the top beams (bhateri) stick out of the

wall 1 foot on each side. Connect them with nailed cposses. 2Addt he 40x60r oof be
let them too stick out 1 ft on each side (also over the retainingvisaltkf there is) to protect the

wall againstain. 3 Nail the planks on the roof beams leaving a half inch gap betweendeach.

Place flat stonesalong the edge of the roof to contain dath. 5 Add twigs and small branches in

a layer 4 to 6 inclthick. 6 Covemwith earth 4 to 6 inckhick. 7~Avoid to make the earth cover

thicker over the years.

Ask an experienced
builder to help you
build the roof cover.

Figure 2-20the flat heavy roof with earth cover

10



3 STUDY CASE

Following theTom Schacher Manual

Following the guide lines given by Architect Tom Schacghkasbeendefined abasicmodule of
the wall which can be usext modular unit in order to built square or rectangular housing unit.

3.1 Single nodular unit
In accordance to the manual the single bag been drawn starting from the ground layer timil
roof support.The beams are placed every 60 cm exept the firstfb@ma the bottom and the roof
beam that are placed at 30 cm. The global measure are shown in the-figure 3

310.0

Figure 3-1 Modular unitperspective

11



3.1.1 Orthogonal projection
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Figure 3-2 Modular unit- Orthogonal projectiorin cm
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3.2 Single Wall

Using the modular unit it has been composed the largest wall suggested by the guide line. With a
length of 12 feet it has been approximated to 3.6 m, width of 0,46 meagiat of 3.1 m.

- —

3100

Figure 3-3Largest wall possible , length of 3.6m

3.2.1 Orthogonal projection
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Figure 3-4 Wallt - Orthogonal projection in cm
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3.3 One room bhox

Using four perimetric wall fo a total around 12 modular units@m ox have been defined. This
room box is the largest silgghabitat unit which can be built with the use of the guideTine.one
room box is composed by:

A Foundation and plinth band made ofrats
First seismic band made of wood
Dimensionglength : 3,60 m ;Width 3,60m; Height 3,0 m)

1 door

o T T I

2 window

Figure 3-5 One room box

14



3.3.1 Orthogonal projection
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Figure 3-6 One room box orthogonal projections in cm

In the guide linas described the possibility of enlarging the structure adding walls in order to
compose a second smaller habitat unit . The aim of the thesis is to understagtththertof the
basic structure thus all the studies regardd#sec room box and in particular the behavior of the
perimetric wall. As shown in the following figure the section AA represents the studied wall.
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Top view
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Isometric view

Front view Al Side view

Figure 3-7 Section AA studied wall

3.3.2 The Roof
The roof has been considered las fieavy roof with earth coverhich is composed , as show in the
figure below, by (from the bottom):

1 Last timber band

Roof beamd.0 cm height
Planks3 cm height

Ring offlat stoneslO cm height
Twigs 5 cm height

Earth20 cm height

= =4 4 -4
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Figure 3-8 Flat earth heavy roof exploded
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4 MATERIALS

This chapter describe the two basic material, timber and stones used in the Nepal region.

4.1 Timber : Shorea Robusta

Thanks to the suggestions of Archit&tartijn Schildkampwe know that exact timber traditionally
used in Nepal to build Bhatar structures is the so called Shorea Robusta in Nepal language is called
SAL.

4.1.1 Botanic Characteristics
Below in the figure are reported the botanic characteristics.

Kingdom : Plantae

Division Magnoliophyta
Class: Magnoliopsida
Order : Malvales

Family : Dipterocarpaceae
Genus : Shorea

Species : S. robusta
Scientific Name : Shorea robusta

Figure 4-1 Shorea Robusta SAL

4.1.2 Mechanical properties of Shorea Robusta

In order to find the proper mechanical properties of Shorea Robustalieba necessary a
bibliographic research. This reaserch ended with 4 important sources which are listed below:

1 Source 1 : MECHANICAL PROPERTIES AND DURABILITY OF SOME SELECTED
TIMBER SPECIES ( M. Bellal Hossain1 and A.S.M. Abdul Awal2*)

1 Source 2 : STUIES ON TENSILE STRENGTH PROPERTY OF COMMERCIAL
TIMBER SPECIES OF SOLAN DISTRICT ( Himachal Pradesh SEEMA BHATT,
BUPENDER DUTT, RAJESH KUMAR MEENA and TASRUF AHMAD?*)

1 Source 3 : COMPARISON OF TEST RESULTS OF VARIOUS AVAILABLE NEPALESE
TIMBERS FOR SMALL WINDTURBINE APPLICATIONS (R.Sharmall1l,R.

Sinha , P. Acharya , L. Mishnaevsky Jr. 2, P. Freere3)
1 Source 4 : TECNOLOGIA DEL LEGNO ( G. Giordano, UTET, Torino 1988.)
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The different values founiah the research have been averaged and they are reported in the
following table.

Tablel Shorea Robusta mechanical properties 1

Sal or Shorea robusta

Density Specific gravity uItimate gomprqssive Tensile Ultimate stress
Y 6 SG = substance / H20 AauUNBy3uK longitudinal axis (MPa)
source 1 921 0,84 48
source 2 / / / 78,1
source 3 913 or 950 / /
source 4 875 / 61
Average| 914,75 0,84 54,5 78,1
Table2 Shorea Robusta mechanical propertées
Sal orShorea robusta
Young's Bendin Minimum Static Minimum
Modului E: Strengtg Bending Strength ﬁ;\éirrig‘;;asr?:}?s:v%ﬁg Hardness
(Gpa) (Mpa) (Mpa) (Mpa)
source 1| / / / / /
source 2 / / / / /
source 3 12,55 83,85 61,7 87,5 (+642,5) 45
source 4 15,6 121 / medium/high /
Average 14,075 102,425 61,7 87,5 (+642,5) 45

4.1.3 Characteristic Values from EN 338

Comparison with Classification of timber in accordance with UNI EN 338 : 3D@%ea Robusta
is classified as D70 thukeyhave been used the following reference values.

Shorea Robusta eleteg
D70
Strength properties (in N/mmz)
Bending am, k 70
Tension parallel at, o0, 42
Tension perpendicular at, 90 0,6
Compression parallel ac, 0, 34
Compression perpendicular dac, 90 13,5
Shear av, k 5,0
Stiffness properties (in kN/mmz)
Mean modulus of elasticity parallel EO,mean 20
5 % modulus of elasticity parallel EO0,05 16,8
Mean modulus of elasticity perpendicular E90,mean 1,33
Mean shear modulus Gmean 1,25
Density (in kg/ms)
Density } k 900
Mean density J mean 1080




4.1.4 Design Values from EC 5 an&n.1995.1.1.2004 and NICOLE

Istruzioni CNR_DT206_2007

Following the Eurocode 5 and the national codes for the design timber structure they have been
selected and computed the following values.

Table3 Design Value ECHicole-1

DESIGN VALUE
the partial factor for a material property|o m 15
Service class 2
modification factor taking into account t Kmod
effect of theduration of load and moistur permanent 1.1

action

Depth factor kh From case
Table4 Design Value ECiicole-2
Strength properties (in N/mmz2)
Bending am, d 51,33
Tension parallel at, 0, 30,80
Tension perpendicular at, 90 0,44
Compression parallel ac, 0, 24,93
Compression perpendicular ac, 90 9,90
Shear av, d 3,67
Stiffness properties (in KN/mm2)
Mean modulus of elasticity parallel EO.d 13,33
5 % modulus of elasticity parallel E0,05d 11,20
Mean modulus oélasticity perpendicular E90,d 0,89
Mean shear modulus Gd 0,83
Density (in kg/m3)
Density } Kk 900
Mean density J] mean 1080

4.2 Stones : Main construction material since the Stone Age
In order to define thenost probable stone largely used for ¢bastruction of bhatahe research
has been started looking on which are the most common stones in the Nepal region taken as
reference point. Thanks to Architedartijn Schildkampwve know that people collect the stone
from the ground and sometimes thale them directly to the quarries.

The most common rocks and their used inNlbpalregion are listed below :

1 marble, basalt, granite and red sandstones are cut into slabs and used in decoration;

1 phyllite, slates, flaggy quartzite and schist are usedofafing;

1 limestone, dolomite, quartzite, sandstone are used for aggregate in various construction
works, road paving and flooring;



1 vast quantities of river boulders, cobbles, pebbles and sands are mined as construction
materials/ aggregates.

References :

DMG (Y.P. Sharma et al 1988) has evaluated such materials (boulders=347,006,000m3,
cobbles=214,261,000m3 and pebbles=229,205,000m3) in the major rivers of Terai region.

MINERAL RESOURCES OF NEPAL AND THEIR PRESENT STATURKrishna P. Kaphle,
Former Superitending Geologist, Department of Mines and Geology, Kathmandu, Repakr
President, Nepal Geological Society

The world Housing Encyclopedia (WHE) specify tHa tocls most used in wall and frame as
rubble stongareSlates ,Limestone, Quartzite.

ArchitectMartijn Schildkampcollected pictures during the construction of a bhatar house.
Comparing the pictures of the stones he sent and weaving togheter the possible material, it has been
choosen the strongest one, limestone.

Dolomite Sandstone/Arenaria Quartzite

Figure 4-3 Sedimentary rocks

21



The limestonk&Calcareahas been choosen for the following steps of the thesis.

Limestone is goodbr building, and is generally the same either in masonry or building block. It is
not a good fit for cobblestones because it is too soft.

Figure 4-4 Limestone/Calcarea

4.2.1 Limestone mechanical properties
In the context of this thesis tlmportant parameters of the limestone are:

91 Dry density

1 Rebound Number with Schmidt hammetylpe (MATEST of Italy)

T Unconfined Compressive Strength (Miller
1T JCS, joint compr efersulayl@5)st rength (Mill er

o O
n un

The importance of #se parameters Wibe explained in the ChaptBrwhich will describe the
surfaces behavior and the importance of the absence of the.mortar

In the table 5 are shown the results obtained by the research t€anRaimli Nazir Faculty of

Civil Engineering, Department of Geotechnics and Transportation, Universiti Teknologi Malaysia
(Mal aysia). The publication APrediction of Un
Samples UsingdTy pe Sc h mi d & beéhaaallyesefdl intorder to have preliminary

laboratory data for the application of the Barton model which will be explained in the following
Chaptes.
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Table5 Rock characterization results

No. Sample |Dry Density|R : UCS: Miller's UCS:Obtained in
Type (kg/m3) rebound correlation(MPa) Laboratory(MPa)
number
1 Limestone|2817,0 36,0 72,0 72,9
2 Limestone|2748,0 35,9 76,0 72,9
3 Limestone|2646,0 31,5 55,0 58,5
4 Limestone|2777,0 31,5 60,0 60,6
5 Limestone|2671,0 28,9 49,0 52,2
6 Limestone|2773,0 30,4 56,0 56,4
7 Limestone|2676,0 37,7 79,0 76,7
8 Limestone|2683,0 36,8 76,0 75,7
9 Limestone|2748,0 34,8 71,0 72,5
10 Limestone|2707,0 35,6 72,0 69,6
11 Limestone|2759,0 36,6 79,0 78,1
12 Limestone|2704,0 33,9 66,0 63,5
13 Limestone|2726,0 35,1 71,0 75,7
14 Limestone|2796,0 37,9 88,0 83,3
15 Limestone|[2822,0 36,4 82,0 85,6
16 Limestone|2730,0 36,0 74,0 76,2
17 Limestone|2720,0 36,0 71,0 74,8
18 Limestone|2887,0 35,0 72,0 70,5
19 Limestone|2699,0 39,0 81,0 83,6
20 Limestone|2679,0 37,0 76,0 73,4
Avaragge 2738,4 35,1 71,3 71,6




Table6 Miller's correlation 1972

Average data

Miller's correlation, 1972:

UCS =a, = 1283 % ¢ %0487*Rx

Dry Density 2738,40| (kg/m3)
R : rebound number 35,10 /
[UCS: Miller's correlation 71,30 | (MPa)
[UCS:Obtained in Laboratory 71,64 | (MPa)

Table7Miller's correlation 1965

Miller's correlation, 1965

Log10JCS = 0.00088  (¥) * (R) + 1.01

]CS =10 0.00088+#(y)*(R) + 1.01

Y 26,85 kN/m"3
R 35,10 /
JCS 69,10 MPa
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5 BARTON MODEL AND SHEAR STRENGTH OF
ROCKEFILL

One of the most peculiar aspect of Bfeatarsystem is the absence of mortar. This aspect is of

great importance in the study of in plane behavior during an earthquake. The bhatar for its nature is
already crackd. This means that micro displacements are posHil@se micro movements must be
considered as settlemeMicro slidings and displacements may be one ofé#asons thallows

the bhatar construction to dissipate energy.

From a safety engineering powftview in this thesis it has been studied the mechanism of

resistance of the rock in theall andthe role of the absence of the mortar.This has meant to find a
way to understand the behavior of rockfill. In order to do that the idea came readingrtssine

work of BARTON, Nicholas Rvho studieghe behavioof rock discontinuities in the field of
Geotechnical engineering.

5.1 Interfaces between material ;Timber-Stoneand Stone Stone
The behavior of the wall is strictly connected to the interfaces between the two main materials. The
interactionstonestoneandtimberstone(see figure L) is strongly related to the static frictional
coefficiens. The static frictional coefficient dfi¢ rocks is the most important for the aim of this
work.

QgL 7, Al il gt

it . Sl e bala ot ¢
t .’

Figure 5-1 Stone layer (black box abovefimber beam (black box below)
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Due to the characteristics and dimensions of the rubble stonleshheior of the stone layers have
been choosen as the peculiarity. The static frictional coefficient between the rocks is stongly higher
than the static frictional coefficient between the stone and the timber. For this reason it has been
made the hypothesthat the static frictional coefficient between the stone and the timber is
negligible and the behavior of the wall in the layers where there are the timber bands has been
studied using a reduction factor based on the areas of surfaces where the stonesraact.

The reduction factoe-has been computed as the ratio between the atha séction othe stmes
layer (Area) and the smaller area below the timber beam (Area*).

Area*

Figure 5-2 Contact surfaces

Table8 Reduction factor due to the presence of the timber beam

Ratio between the areas

Contact Surface stones layer

L module 1.2[m
Width 0,5|m
Area 0,6|m"2

Contact Surface below the timber beam

L module 1,2|m
Width 0,3|m
Area* 0,3| m"2
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Reduction factos-= Area/Area* 0,57

5.2 Shear strength of rock discontinuities
In the particular case of Bhatar it is necessary to evaluate the factors that control the shear strength
of the discontinuities in a wall.

The following pages have the main intent to expose the principal theories and methods used in the
analyses of stability for rock masses.

Starting from the Coul ombds | aw, it is shown
Different authors definedheir own methods to describe the rock joints behavior from more
idealized scheme (linear) to more realistic scheme-{inear).

The i mportant aspect of the Bart cpibdothéleakh od i
fill joint. The idea is to se the same approach of the rock masses analysis, witfilfgakt, in the
strength analysis of the in plane behavior of the wall.

5.3 Plane smooth joint
The first basic case is the most idealized one.

Hypothesis : plane and smooth joint surface

—»| [+ shear displacement &

v

4—— shear stress =

T

normal stress c,

Figure 5-3 Plane and smooth joint surface

Observed mechanicakebavior :shear stress quickly increaseish deformation level, until a
maximum value is reachethien, such value remaiapproximately constant



T T
T = G tang
/ Gl ) C)--l T.2 > !
/ G17% T a8
0 Yo [T Ne |
o Cp (o} Gy O,
Stress vs. strain diagram Mohr-Coulomb failure criterion

Figure5-4 Stress vs Strain diagram and MeBpulob failure criterion

9 Linear friction model without cohesion: c* = 0
1 Failure criterion (pure friction): T, 20 @ &o

Peak strength equal to residsgaiength

No dilatancy
5.4 ldealised rough joint (Patton , 1966)

Hypothesisr e g u | a-t o o folgknasw (asperities witihclination i).

G, >> 0,

normal stress o, —— o,

N | éi
< ; 5
| «—— shear stress T ~ Si
Gy

d

Figure 5-5 Roughjoint surface
Observed mechanichehavior. shear stress quickly reachepeak value. Then, increasitite
deformation level, thehear stresstabilizesto aresidual value

Dilatancy
When a shear stress is applied on a rawgface joint, sliding occurs by climbiriige asperities:

1 totrigger a kde, it is at first required that the shear stress is capable to remove the
embedding condition due to the asperities on the contact surface;
1 the stress to apply is consequently higher than on a smooth surface.

The shear strength of the joint will conseqtly increase;

The material (rock) will expand

Sliding and dilatancy for low normal stresses

iLowo nor mal stresses:



l

1
1

if the applied normal str,uepss On remains be
the upper rock block slides on the joint surface by climknegasperity angle (in i direction)

> S
the peak strength during slidirp , zO0A% Q
the residual strength after sliding , 2 0 %o
gho nor mal stresses:
if the applied normal stress 0n is above t

theasperities are sheared and the upper rock block moves almost horizontally (no dilatancy)

the peak strength before shearihg , 20 @ %o o¥ |
the residual strength after shearing , 2z O A% (P)L - oA

« Low » normal stresses:

9 Friction angle % Q
91 Dilatancy d
9 No cohesion

« High » normal stresses:

1 Friction angl€Xo
1 No dilatancy
§ Cohesiory

with,,  the critical normal stress
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d

Given:
%0= friction angle on asperities surface
%0 = friction angle on the joint surface
it can be assumed:
%o %ol
The residual strength after the sheawnthe asperities is:
t , 20 W%o
5.5 Real rough joint (Barton, 1973)
Hypothesis:

1 the joint surface presents an irregular roughness (asperities with variable inclination i);

Observed mechanidaghavior

1 progressive rupture of the asperities and some dilatancy
1 The MohrCoulomb criterion is niofully applicable to describe the relation between shear
strength and normal stress.

T T
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55 1Bartonds failure criterion
Laboratory results obtaindy means of a shear testimgchineThe test is performekeeping a
constant appliedormal stressThe circlesepresent thpeak value of the shestrength, while the
crosseslescribe the residual strendgvel.

552Bartonbés empirical mo d e |
A i eysa 2 o0 O7Y
t ., ZOAD YHA € O— %o

T rF peak shear strength

, €= applied normal stress

JRC = Joint Roughnes$pefficient

JCS = Joint wall Compressive Strength
%ol = residual friction angle

5.5.2.1 Joint Roughness Coefficient (JRC)
JRC is a number varying in the interval 0 + 20 and repreffemtglevance of roughness in defining
rockso6 s h(smooth sartacesRC g 0; very rough surfaces: JRC = 20).

JRC can be estimated by:

1. comparing the real profile of the asperities with standard profiles:
1 « Barton comb » is used on site to reproduce the real roughness profile;

Figure 5-6 45-D0566/A Profilometer (Barton comb), 150 mm length. ControlsGroup.
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1 the obtained profile is compared with the standard profiles;

JRC=0-2
= JRC=2-4
oo e e T e e e ———r JRC=4-8
e = JRC=6-8

e e e JRC=8-10

MM JRC=10-12
w JRC=14-16

M JRC=16-18
P, S b JRC=18-20

[v] 5cm 10

Figure 5-7 Roughness profiles and their corresponding JR(Cies (Barton and Choubey 1977)

T a value of JRC is assigned to evaluate tF
2. performing a « tilt test »
1 rock sample constituted by two parts separated by a joint;

USUAL RANGE\

LS T R . i . N £) OFg¢p,=25°—35°
Figure 5-8 Tilt test (or seHweight gravity shear test) faharacterizingrock joints. Note measurement

1 the sample is placed on a plane, slowly tilted until sliding between the parts occurs;
33



Figure 5-9 Tilt Test aparatus

' the angle of inclinatiot)is measured;
1 JRC is calculated by means of the equation:

R U I
VYO | %ol Z A € Q—
where, 22 @€ i| isthe normal stress in situ on a surface inclined by

3. measuring length and amplitude of Heperity profile and using a graphic correlation with

JRC.

E

the length of the asperity profile is measured;
the maximum amplitude of the asperity profile is measured;

a graphic correlation allows to determine the corresponding value of the Joint
Roughnes€oefficient (As shown below in figure 10).
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Figure 5-10 Alternative method for estimating JRC from Measuremens of surface roughness amplitude from a straight edge (Barton
1982).

5.5.2.2 Joint wall Compressivé&trength (JCS)
JCS represents the compressive strength of the pe#sured on the wall of the joint itself.

JCS can be estimated by:

1. comparing the alteration degree of the joint with the degree of alteration of the rock;

The degree of alteration of ti@int is compared to the one of the rock. The value of
JCS is then determined by means of a relation with the compressive strength of the
intact rock.
Degree of alteration of the joint surface:

f -equaltorocd0 6 Y, drock)

T - slighly higher thamock: 0 6 Y T®, drock)

- much higher than rockd 6 “Y T, drock)
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2. performing on site measures with the Schmidt rebound hammer.

The Schmidt rebound hammer is used in field observations to evaluate the Joint
Compressive Strength. Dependimg the inclination of the hammer, the measure

allows to know the Schmidt hardness. This parameter is combined with the unit
weight of the rock to obtain the value of JCS.
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Figure 5-11 Estimate of joint waltompressive strength from Schmidt hardness

Bartonds empiri

=a

c al mo d e |

-

Y

PPN D I o
t ., ZOAI0 YBd ¢ "QO— %o

the first term in parentheses represents the dilation angentribution of dilatancy to the

shear strength)

the more the joint surface is altered, the lower is the value of JRC and JCS and (as a

consequence) df
the | ess the

jointds
higher values of JRC give high dilation angles.
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5.6 Shear Strength ofRockfill

The real contact stress levels are believed to be close to compressive failure where rock joint
asperities andockfill stones are in contact (e.g. Figurel8for the case of rock joints). Therefore it
is perhaps possible to useeommon form otonstitutive equation for extrapolating the strength
measured at very low (index tearmal stress levels, to stress levels of engineering interest, as
inside a large rockfill dam, inside a rock duorpunder a rock slope formed of jointed rock.

High stress
gA

By r\/i ®
'% Contacts
- e

a @ ©

Figure 5-12 When peak shear strength is approached (joints and rockfill), the actuatoaokk contact stress levels are extremely
high, due to small contact areas.

It is believed that the real ratios of®#) & (dontact normal stress/joint wall compressive strength,

in the cas®f rock joints) and wZY(contact normal stress/particle strength,in the case of rockfill)

are equal to the ratid0 / Al representing the ratio of true contact arealened contact area.

The terms JCS and S representjtiet compressive strength and the particle strength, respectively.
In other words, contact area is a r@tiength or particle strength regulated phenomenon at peak
strength Tilt tests are performedn a regular basis to characterise the roughness of rock joints.

The equation for baekalculating the effective roughness (R) of rodldarticles is shown in
Figure 8(diagram 5). Exactly the same format is used to {zab&ulate the joint roughness
coefficient (JRC) for rockoints:

| °

VY0 ———= p

. 008y
‘”‘?*s‘é

where (Uno represents the very |l ow normal stre
ofamating rock j oi nt , ofdiltests onllaboradorgcale pint Samples|the t h e
normal stresss often as low as 0.001 MPa

A schematic examplef tilt testing forrock joints has been explained befomhile a suggested
method for testing rockfill at full scalgvithout needing pallel gradng curve$ is shown in Figure
5-13, from Barton and Kjeernsli (1981).



ISOLATE FROM SURROUNDING FiLL

BACK-CALCULATE (R)

. o- 9,
log(s/q, )

MEASURE TILT ANGLE (0') AT WHICH FAILURE OCCURS

Figure 5-13 lllustration of the tilt test principle for rockfill (Barton and Kjeernsli, 1981)

5.6.1 The shear strength of rockfill asmeasured
Leps (1970) is responsible for assembling a significant number ofdagde triaxial shear test data

for rockfills of various types.

The interpreted peak effective friction angles as a function of the estiefétetive nomal stress
are shown in Figure-34 a.

We can
dependent friction angles that (also) describe the shear stremrgttkfilis.

Ofi

t 0

f a mi

| i ar v a(Figueeb) that clokd®yy@natehrihe str@s€ S

Mid-range JRC values (to corresybto an Rrange of about 5 to 10, and lee-high range JCS

values (to correspond to arr&ge of about 10 to 100 MPa) generated by medium weak to medium

strongrock are seen to fit the test data.
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Figure5-14 Leps ( 1970)
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Left: Assembly of peak shear strength data for rockfills, from Leps (1970).

Right: Comparative JRC or R, and JCS or S values used to generate similar gradients to Leps 1970
data for rockfilLR =5 to 10, and S = 10 to 100 MPa appeeover the range of strengths
assembled by Leps.

Less compacted rock dump maakuesdbstivphdhkbdeddt
particles, since there will generally be less interlocking

The more conventionally plotted shear stress vezffastive stresscurvesfor rockfill, shown in
Figure5-15 from Marsal (1973), also confirm the similarities of the peak shear strehgibk
joints and rockfill.
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Figure 5-15 The peak shear strength etepes for rockfill have remarkable similarity to those for medium rough, medium strength
rock joints. Largescale test data from Marsal (1973)
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The large scale measurement of frictional strength of rock dumpiatsigbtained from mines in
the ChileanAndes shown in Figure-56 tend to further reinforce the idea of rlomear stress
dependent frictiomngles that are likely to apply to rock dumps in general (priv. comm., Sandra

Linero, SRK).
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Figure 5-16 Large rock dumps are a familiar feature of mines in the Chilean Andes.-caade triaxial shear tests performed in
Chile, with important results (black dots and Mohr circles) showinglm@ar stress ependent friction angles (Linero and Ral

2006

52°

‘ dmax =

100mm | @ gy=0-08MPa
_ © 03:0-08MPa
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P
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POROSITY n% [before consolidation)

Figure 5-17 The same ncfinearity with effective stress level is seen in lasgale triaxial tests performed at NGI (Strgm, 1974,
1975, 1978), with particle siz@ependence, rock strength dependence, anaisiigreffects also indicated

For comparison, Figure-58 shows shear strength envelopes for rock joints that have been
generated with th8RGJCS model introduced in Figurel®. The strongly varying peak dilation
angles, part of the reason for th@n-linearity, are also shown on each envelope, except at lowest
stress, where they may exceed 30°.
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g s [RG = 15
JOINTED ROCK B :
= 0. an[JRC, log(Jcsn]+ o] ®/ t;}cs“: : OiGOMPa

10 mg/
g JRG, = 10
= nae Q1 JCs, = 100MPa
8 @/ ¢r = 30°
= Peak dilation 5507
= angles (approx.) A
g |Eeetae | /
e 6 - 12, .
& o y o] RGy = 5
o JCS, = 25MPa
" 120 ®. = 25°
I |4 1.0%
2 1.5«/D
= u
wr
o

2

0 l I | | |

b 6 8 10 12 16

EFFECTIVE NORMAL STRESS, a,, (MPa)

Figure 5-18 Shear strength envelopes (and peak dilation angles) predicted for rock joints, using td€3R&@linear model of
Figure 510. Rockfill generally lies between curves #2 and #3

5.6.2 Estimating the shear strength of rockfill
As emphasised in all reports of rockfill shear strength, including Barton and Kjeernsli (1981), the
degree ofompaction and porosigchieved when building a dam or when preparing relevant
laboratory samples is athportant. The particle roughness and smoothness is also fundamental.
Figure5-19illustrates an empiricacheme developed by the writer, for estimating the likely R
valuefor rockfills, whether for rounded graveds for rough quarried rock. The high (relatively
uncompacted) porosities in mining rock dumps clearly plageb dumps in the middte right
hand areas of this diagram, and even sharp angular particles (rétewaaste rock, but perhaps
not al ways for tail i nvgasl)u easrée aubnolvsaekgesteytinoFigirre g eanse
5-14.

EQUIVALENT ROUGHNESS (R) _o
15 14 13 12 1 10 9

s EXAMPLES SHOWING DEGREE OF ROUNDEDNESS

B 7
‘ QUARRIED | TALUS | MORAINE [GLACIFLUVIAL FLUVIAL
e ROCK MATERIAL | MATERIAL
R%NDEDNESS L ]
H,wﬂ%rmg LAR™ V. '_‘; P j,.‘s 3:. ... ... :..
';;:7,:44 “.
Tt g | ..‘ L g :33 !20 -4
“RoRILy R TS
\\ ol o | 949 sod ese
= 200
o 8% %3 am ke
; SE -+ 4B+
20

POROSITY (n%) (after compaction)
(before consolidation)

Figure5-19 An empirical method for estimating the equivalent rowegs R of rockfill as a function of porosity and particle origin,
roundedness and smoothness. Barton and Kjeernsli (1981)
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As a result of the literature survey of numerous rockfill test data, Barton, 1980 and Barton and
Kjeernsli,1981 developed a simple stggh factoring scheme for estimating S as a function of UCS

( or U cparticlesiredd50) varied over a wide range. The points A and B in Figure 15 were

used to illustrate Saluee st i mati on for a rock with UCS = 15
0.3x1% =50 MPa) and whend50w2as4 0 mm (S & 0.2x150 = 30 MPa) .
triaxial strength data. Note the higher factapparently needed when planar (and lesggle) shear

is involved. Friction angles are typically sevetafjrees highgle.g. about 2° to 4°) when plane

tests are compared with triaxial tests on the same matehie is noticeably less crushing of

particles: hence thavo empirical curves in Figure-20.

TRIAXIAL TEST PLANE TEST

1.0 ]
08 villn
1] T / A
o 06 G T N U i
T
v
oy
0.4 -
0'22 3 4L 5678891 20 30 4050 100 200 300 400 500

dgp particle size {(mm)

Figure 5-20 Particle size strongly effects the strength of contacts points in rockfill. Triaxial or plane shear also infhebavés
Empirical S/UCS reduction factors for estimating S when evaluating equation 3.

5.6.3 Interface shear strength
Interface shear strengths between a (too smooth) rock foundation and a rockfill dam, seems to be
governebby t he 6dweakest | inkd rule. I f the roughn
amplitude/length profiling, is0o low in relation to particle size (d50), the interfacengtie is
controlled by JRC, and sliding occurs aldhg interface, as along the bottom face of a rock joint. If
on the other hand, the interface roughnessifficient to give good interlock to the rockfill
particles, sliding will occur preferentially wvhiin the rockfillLi n  acnonétRr ol | edd part i
smoothness or roughness dependent manner, with influence also of the pArsditymatic
illustration of the interface problem, and (probable) relevant controlling parameters is shown in
Figure 521.



RELEVANT

PARAMETERS
—— N 7]
Jcs
a / Unweathered rock e e}
@ 2 Weatheredici’.‘ IRC
e e S =
A Pr (or Pb)
s e 52 4
weathered
ROCKJOINT
unweathered
iy S (strength
@ R (roughness)
B ®r (friction)
b S (<JCS)
A &\ L) 2 .:\
@ ’ h.-.a-Weathered rock ) ARE. <Rl
A 6 Z / Unweathered rock]J D (<Pp)
¢ £44 _ A

INTERFACE

Figure 5-21 Asperity contact across stressed rock joints, and rockfill ipgeticle contact, and rockfill lying on a rock foundation.

Asperity contact across stressed rock joints, and rockfill-paeticle catact, and rockfillying on

a rock foundation, are each examples of poonitact stress levels that gn@bably close to
compressive failure, when peak shear strength is approached. Featiua the three cases have
many points in common, includingnglar nonlinear sheastrength envelopes

The peak shear strengths for rock joints, rockfill and interfaces are respectively:

Rock joints:
~ Y
., OAUbeasQ— %o C
Rockfill:
t  , 2OAWYza &€ QO— %o o
Interface:
PP 4
T ., ZOAD YBO € "QO— %o T

If the rockfill particles are not weaker than the rock foundation, as assumed in equation 4, then S >
JCS, andhe strength is determiddéy the weak foundation. In the case of rotkfilwaste rock
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that is freshlyblastedthe residual friction angl#%.assumed, can (initially) be replaced%y,

which is usually a few degrees higltean the weathered value. Conservative, {targ cesign

strength may nevertheless demandthe u$@ @ro per manent 6 rock dumps a
suggested in all three equations.

5.6.4 R-controlled or JRC-controlled behavior
As indicated above, the relative magnitudes of the interface parametetisemmuebssible contrast
tothes hear strength of the rockfill, will -deterr
cont rbehbvioéché ani ng preferential fadilure through
c o n t rbehbvioente@ningoreferential shead@ang the interface. A review of interface tests,
performed by Barton (1980) in response@ltwubts about the strength of a glaciedimoothed dam
foundation in Norway, resulted in the separatiop@formance identified in Figure-82.
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100 3 e /
/ a2 ay
2 /] I S |
B 50 ———— 7 -
< t oy i
G 4r a
-di+a?2
2 L~ | 950 a= 2122 (mm)
. 0 / l SN —
002 02 02 2 20 200
PARTICLE SIZE (mm) ROUGHNESS AMPLITUDE
' ¥ . T T TTTT = T
0.01 JEELL TRERLER L TR L ‘oo
! (R~ controlled
: behaviour)
o | OO O- o—0
TRANSITION H
1
|
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N

4 ¢ 7
very smooth (JRC - controlled /| veoy rough and
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e 2o o O-—cig)-0-0F D*é

|
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|
|
|
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Figure 5-22 A review of interface shear tests was performed in response to concern over insufficient roughness for the rockfill dam
foundation, in the glaciated mountain terrain in Norway.

5.7 Barton model applied onBhatar system
The Barton model have been studied in two different configurations :

1 Rockjoint
T Rockfill

In order to applied the Barton model and its equations they have been used the results about vertical
normal stresses obtained in the static analysis which will Haiagd in the following chapters.
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5.7.1 Rockjoint
In order to study the case aldkjoint interfaces of Bhatar construction we must refer to Case 1 of
Figure 521 described by equation (2).

In this case we consider an ideal plane as a continuous joint. The meohction surface can be
classified with the Barton parameters which are usually used to described a rock joint.

Different samples of stone may be tested and then It can be evaluated an average of the tanget:
0 W& YHBa € "Q— % which, for the Bhatar thesis, is the coefficient of friction.

RELEVANT
PARAMETERS
5 A "
a / Unweafhered rock JCS for ac |
Weathered rock \ IRC
® | p et
! \?l ®r (or @b}
B SE |
weathered
ROCKJOINT
unweathered
A Y
T ” z O T) Yéa 8 Q— %0 c

where

th= peak shear strength

» ¢ = applied normal stress

JRC = Joint Roughness Coefficient
JCS = Joint walCompressive Strength

%o = residual friction angle

5.7.2 Rockfill
Recdling what has been written until here,érder to study the case of rockfill interfaces of Bhatar
construction we must refer to CasefZgure 521 described by equation (3) :

A c oA Y
t ., ZOANzZO € "QO— %o o

where

T rF peak shear strength
, €= applied normal stress
R = Roughness
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S = Strength
%ol = residual friction angle

In the case of rockfill or waste rock that is freshly blasted, the rdsiduar i ct i on angl e
can (initially) be replaced by Gb, which is u

In order to estimate R :

EQUIVALENT ROUGHNESS (R) o

@ L 15 14 13 12 11 10 1
~ T ——

. P > T 8

— SMOOTHNESS

MEASURE TILT ANGLE (0) AT WHICH FAILURE OCCURS POROSITY (n%) (after compaction)
= or (before consolidation)

In order to estimate S :

TRIAXIAL TEST PLANE TEST

24

=

— A\

04 A B

8910 20 30 4050 100 200 300 400 500

dgg particle size (mm)

5.7.3 Voids ratio and Porosity
Theporosityof the soil is the percent of void space.

€ pma 9
W
Where
¢ is porosity (percentage)
W is volume of the void space (L"3 ; cm"3 ; m"3)

wis volume of the sample (L"3 ; cm”3 ; m"3)
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Thevoid ratio of the soil is the ratio of the volume of the wim the volume of the solids.
Q -

Where

Qis void ratio (percentage)

W is volume of the solids (L"3 ; cm"3 ; m"3)

The total volume is equal to the volume of the voids plus the volume of the solids.
The void ratio is closelyelated to the porosity if porosity is expressed as a ratio.

£ — and Q —

5.7.4 Limestone Mechanical Propertiedor application of Barton model
In accordance to the previookapterthey have been used the results of laboratory tests with the
Schmidt hammer.

Table : Rock characterization results

No. Sample Type Dry Density R: rebound UCS: Miller's UCS:Obtained in
(kg/m3) (kg/m3) number correlation(MPa) Laboratory(MPa)
L
1 Limestone 2817.0 36,0 72,0 72,9
2 Limestone 2748.0 35.9 76,0 72,9
3 Limestone 2646,0 31,5 55,0 58.5
4 Limestone 2777.0 31.5 60,0 60,6
5Limestone 2671,0 28.9 49,0 52,2
6 Limestone 2773.0 30,4 56,0 56,4
7Limestone 26760 37,7 79,0 76,7
8 Limestone 2683.0 36,8 76,0 75,7
9L imestone 2748,0 34,8 71,0 72.5
10Limestone 2707.0 35,6 72,0 69.6
11 Limestone 2759.0 36,6 79,0 78.1
12 Limestone 2704.0 33,9 66,0 63.5
13 Limestone 2726,0 35,1 71,0 75,7
14 Limestone 2796.0 37,9 88,0 83.3
15 Limestone 2822.0 36,4 82,0 85.6
16 Limestone 2730,0 36,0 74,0 76,2
17 Limestone 2720,0 36,0 71,0 74,8
18 Limestone 2887.0 35,0 72,0 70,5
19Limestone 2699.0 39,0 81,0 83.6
20Limestone 2679,0 37,0 76,0 73.4
Avarage 27384 35.1 71.3 71.6
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Miller's correlation, 1965

Average data
Log10 JCS = 0.00088 * *(R) + 1.01
Miller's correlation, 1972: 0 ()= (R)
UcCsS = go= 12,83 * eO,O487*RL ]CS =10 0.00088+#(y)*(R) + 1.01
Dry Density 2738,40 | (kg/m3) e
R : rebound number 35,10 / Y 26,85 kN/m”3
[UCS: Miller's correlation 71,30 | (MPa) R 35,10 /
[UCS:Obtained in Laboratory 71,64 | (MPa) JCS 69,10 MPa

5.7.5 Rockjoint results
Akt e s 0 OTY
T ., ZOAD YBG € ' QO— %o C
where
T rF peak shear strength
, €= applied normal stress
JRC = Joint Roughne<Coefficient
JCS = Joint wall Compressive Strength
%ol = residual friction angle

T — )
0 5eom 10

M JRC:‘GI‘

JCS

Comparing the alteration degree of the joint with the degree of alteration of thd hectegree of
alteration of the joint is compared to the one of the rock.vehee of JCS is then determined by
means of a relation with the compressive strength of the intactDegkee of alteration of the joint
surface:

-equal to rocd, 0 6 Y, drock)
- slighly higher than rockD 6 “Y @, drock)

- much higher than rockd 6 Y T, drock)

Table9 Rockjoint data

Rockjoint

Origin Quarried rock

L0
Asperties maximum T " OAt | &

JRC 20

O O0FNRY f 71,6 MPa
JCS (Miller 1965) 69,1 MPa
JCEomparison 71,6 MPa
o re 30 deg
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Rockjoint

7,00
6,00 | @
5,00
—~ 4,00
g 3,00
s
o 2,00 ® ® _p (Mpa)
' 1,00
0,00 &
21,00 0o 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8 2
-2,00
y 6ald v
Figure 5-23 Rockjoint functiorfor Bhatar
Table10 Barton method foRockjointBhatar results
Rockjoint
y 6alld o |_ L) 6all v > _ Lk VY |rad deg
0,036 -0,354468 -9,939 -1,47052 -84,255
0,045 -0,671098 -15,046 -1,50443 -86,198
0,056 -1,817527 -32,267 -1,53981 -88,225
0,068 -29,4048 -432,086 -1,56848 -89,867
0,080 3,661614 45,897 1,549012 88,752
0,090 2,26438] 25,235 1,53119 87,731
0,093 2,076058 22,379 1,52614 87,441
Rockjoint
10
S [ |
Em
0 = | |
5O,OOO 0,010 0,020 0,030 0040 0,050 ™0,060 0,070 0,080 0,090 0,100
g .10
=
o -15 ®_p (Mpa)
-20
-25
-30 |
-35
y o6alld o

Figure 5-24 Rockjoint function for Bhataiange of interest
Asintoticbehavior unreliable for our range of normal stress values.
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5.7.6 Rockfill results

T, 20AlYzZaé Q— %o
where
T rF peak shear strength
, €= applied normal stress
R = Roughness
S = Strength
%ol = residual friction angle
I n the case of rockfil!]l or waste
can (initially) be replaced by b, whi ch is wuswually
In order to estimate R :
EQUIVALENT ROUGHMNESS (R) - S
15 14 13 12 il 10 9
8
7
— — — o 1
ROUNDEDMNESS |— SBJ_O__QTHNESS
" ¥ SHARP, ANGULAR V. ROUGH ——|°
1 T i ¥ ROUGH

r ock

a

30 35 40 45
POROSITY (n%]) (after compaction)
(before consolidation)
In order to estimate S :
TRIAXIAL TEST PLANE TEST
1.0
/
08 X
v
S 08 y e
B I~
04 A B
03 4 567899 20 30 4050 100 200 300 400 500

dgg particle size (mm)
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Tablel1 Rockfill data

Rockfill
n : porosity ( %) 20
Origin Quarried rock .
R : Roughness = 10 Ao~ o~ o U 1]) C
d50 Particle size > 100 mm T ” OA b T | %
Aac (from | 71,6 MPa n
S/ ac 0,7
S : Strength = 50,12 MPa
dre 30 deg
Rockfill
4,5
4
3,5
—~ 3
g 25
g2
S 2
"15 _p (Mpa)
1
0,5
0
0 0,5 1 1,5 2 2,5 3 35 4 4,5 5
y o6alld o
Figure 5-25 Rockfill function for Bhatar
Reliable for ourange of normal stress values.
Tablel12 Barton method for Rockfill Bhatar results
Normal Stress Rockfill
KN/m”~2 |Kg/m"2 |Kg/cm”"2 y oal_ L) 6al>r _ Llrad deg
a1 34,99] 3566,30 0,36 0,036 0,066 1,840/ 1,073| 61,478
a2 43,75 4460,24 0,45 0,045 0,079 1,768| 1,056/ 60,507
a3 55,26| 5632,78 0,56 0,056 0,096 1,697| 1,038/ 59,493
a4 66,76 6805,31 0,68 0,068 0,112 1,643| 1,024| 58,672
a5 78,26| 7977,84 0,80 0,080 0,128 1,599| 1,012| 57,981
a6 88,03 8973,09 0,90 0,090 0,141 1,568 1,003 57,471
© 3ANR 91,01 9277,01 0,93 0,093 0,145 1,559, 1,001 57,326




Rockfill

0,200
y = 1,3791x + 0,017

0,150
R2 = 0,9996
0,100
_p (Mpa)

0,050 ——Linear (p (Mpa))

_p (Mpa)

0,000
0,000 0,010 0,020 0,030 0,040 0,050 0,060 0,070 0,080 0,090 0,100

y o6all v

Figure 5-26 Rockfill function for Bhatarange of interest

Reliable for our range of normal stress values.

5.8 Conclusions
The behaviorhaseen descri pted by using two different

T Bartonds mejpimod for Rock
T Bartonds mefilhod for Rock

In the first case the resulting formula is not useful due to the fadhttie range of our interest the
equation shows asmsymptote which distorts the reliability of the results.

In the second case, with the evaluation of the-fdlckhe behavior of the joint iproperly
described in the range of our interest and it seems to be correct.

This approach must be verified pyoper laboratory test on the different samples or if possible by
the use of | arge scale module as shown in Bar

Other kind of stones which are used in Nepal or different regions are :

9 Dolomite

1 Slates

1 Sandstone
1 Quartzite

TheB a r t oeth@ddor Rockill is one of the peculiar aspect of this thesis and it has been
fundamental for the analysis of the in plane behavior of the Bhatar wall system.
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6 TIMBER ELEMENTS AND CARPENTRY
CONNECTIONS

6.1 Geometry of Timber elements
In accordance to the guidelines given in reh. Tom Schachér mianual they have beelefined
and studied all the timber elemeRsof rafter beams, rafter beam and the cross pidee modular
unit is just an ideal modulehich allowsusto study the static behavior. All the walls and the room
box are built layer after layer with\gertical continuity from the plinth to the roof.

Figure 6-2 Carpentery connections
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6.1.1 Rafter

The rafter is the most common timber element which compose the all structure and it is laid down
on the stones layer parallel to the ground

/Y/r//>
5 s \’ ///
/_/ . /,/
e gt
,/’//' )/j///
L
P ) //
- //,/’/
e
// / ////
P o
i
/’////’ {///
//// el =
P
- /
. = /— //,/
s ///
ol S
//‘ /,/
Figure 6-3 Rafter beam
Top view
10 0 10. 0.0
W - e - - - - -
1 ] ) .
200, L 2680 o 259 Isometric view
m.%:‘:, et —ol
|_l_|_l_l D
I 380.0 \ 4_}0,5‘7
Front view Side view

Figure 6-4 Rafter beam Orthogonal projections in cm

55



6.1.2 Roof rafter
The roof rafter beam is used just at the roof level and the difference with respect tcetheesaft
is just the lengths of the two ends.The extremities are longer in order to support the heavy flat roof
of earth.

Figure 6-5 Roof rafter beam

Top view
i 440.0 i
L ] Isometric view
1 O 3,
\ op. ! . .
40.0 26.0 268.0 0D, Side view
Front view

Figure 6-6 Roof rafter beam Orthogonal projections in cm
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6.1.3 Cross piece
The cross pieces are the elenseviiich assure stabilityCross pieces help to libthe beams and
walls togetherYou need notches only on the cross pieces, but not on the main beams.

o

Figure 6-7Cross piece

Figure 6-8 Cross Piece Orthogonal projections in cm
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