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NOTATIONS
G Gravitational acceleration
As Area of steel
fe’ Compressive strength
Sa/g Design acceleration coefficient, obtained from the response spectra 1S1893
Vs Design base shear force
An Design horizontal seismic coefficient
fru Diagonal tension strength
Eqd Dissipated energy per cycle
Rp Ductility factor
D Effective depth
Ve Elastic base shear force
Lg Gauge length
Z Damping ratio
Vy Idealized yield strength
I Importance factor
T0 In-plane shear strength
Ei Input stored energy.
E Modulus of elasticity
Mn Nominal moment capacity
Rs Overstrength factor
Ad1 Recorded deformation in horizontal diagonal
Ad2 Recorded deformation in vertical diagonal
R Response modification factor
W Structural weight
Z Seismic zoning factor
Ve Shear capacity
0 Shear deformability
T Time period
A Whitney stress block depth
B Width of band
fy Yield strength
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KNOWLEDGE SUMMARY

Shake Table tests were conducted on following four Type Designs:

e Type Design 1 (SM_RC): Semi-dressed stone masonry in cement stabilized mud
mortar with reinforced concrete (RC) band, splints and Galvanized Iron (GI)
containment mesh on wall surfaces.

e Type Design 2 (SM_Gabion): Semi-dressed stone masonry in mud mortar with Gl
gabion band and containment mesh on wall surfaces.

e Type Design 3 (CSEB_RC): Cement stabilized earth brick (CSEB) in cement
stabilized mud mortar with RC bands and vertical bars at wall junctions and jambs.

e Type Design 4 (SM_Timber): Semi-dressed stone masonry in mud mortar with timber

bands and GI containment mesh on wall surfaces.

The test models of all Type Designs 1, 2, 3 and 4, were subjected to sinusoidal and seismic
excitations with moderate to high levels of peak ground acceleration, ranging up to 1.0g. The
models in almost all cases suffered damages but without partial or total collapse of walls and
without triggering any unstable mode of failures indicating the overall satisfactory performance
of the models. The reason for avoiding collapse in case of stone masonry models was the
effectiveness of horizontal bands coupled with surface containment. The good behavior of
CSEB model was due to the provision of horizontal bands and vertical re-bars at wall corners

and jambs.

Following is the knowledge summary of the investigation:

e If low strength masonry (LSM) building and its components could maintain integrity,
and volume, the loss of lives could be prevented. LSM buildings could survive very
strong shaking due to sliding and rocking of masonry distributed along bedding planes,

limiting shaking of the building system by cutting down the seismic force.
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The current building standards are not sufficient to address issues of LSM buildings as
these have been basically developed for reinforced concrete and steel-based
constructions, hence, the current codal provisions cannot be applied to LSM buildings
in entirety.

Reinforced concrete and steel frame structures dissipate seismic energy through few
plastic hinges, formed at the beam-column members during seismic excitation. But, the
seismic energy from LSM buildings is released from the building system through
distributed cracks in the walls, significantly larger than the conventional systems,
whereby the system control demand on structures. This makes LSM buildings far more
efficient from energy release point of view.

Strength capacity, i.e. minimum base shear capacity of LSM buildings cannot be the
sole criteria for understanding or evaluating performance of LSM buildings.

Strength capacity of LSM buildings cannot be enhanced substantially like concrete and
steel buildings, which is because of the limitations imposed by the mortar and/ or
masonry units.

If LSM buildings and their components could maintain integrity, these could deform
substantially, thereby can survive very strong shaking.

The LSM buildings may apparently have low base shear capacity, but unlike concrete
and steel-based construction, initial damping starts contributing at the early stages of
response. Seismic codes suggest 5% elastic damped response spectra for design that
inherently simulate the elastic damping of system, however, initial damping up to 10%
has been observed for the strengthened masonry during the shake table testing, that

helped in reducing the seismic forces.
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EXECUTIVE SUMMARY

This report presents the results of various tests conducted on four “one-room, single- story”
reduced scale masonry models: one Cement Stabilized Earth Brick Masonry (CSEB) and three
Stone Masonry (SM) models. The experimental investigation was conducted under TA-8910
NEP: Earthquake Emergency Assistance Project funded by the Asian Development Bank
(ADB). The preliminary design of these four Type Designs was carried out by the design
specialist Engr. Jitendra Bothara. In order to evaluate the seismic performance of the proposed
designs through a comprehensive experimental program, the ADB engaged Prof. Dr. Qaisar
Ali and Asst. Prof. Dr. Naveed Ahmad of Civil Engineering Department (CED), University of
Engineering and Technology Peshawar, Pakistan (UETP). The Central Level Project
Implementation Unit-Education (CLPIU-Edu) under National Reconstruction Authority,
Government of Nepal intends to use these designs, after verification of their compliance to
Nepal Building Code, for construction/reconstruction of schools in remote areas of Nepal
because construction of schools in those remote areas using modern material e.g. reinforced
concrete or steel, is considered to be very costly and logistically challenging.

The design specialist proposed the following four Type Designs:

e Type Design 1 (SM_RC): Semi-dressed stone masonry in cement stabilized mud
mortar with reinforced concrete (RC) band, splints and Galvanized Iron (GI)
containment mesh on wall surfaces.

e Type Design 2 (SM_Gabion): Semi-dressed stone masonry in mud mortar with Gl
gabion band and containment mesh on wall surfaces.

e Type Design 3 (CSEB_RC): Cement stabilized earth brick (CSEB) in cement
stabilized mud mortar with RC bands and vertical bars at wall junctions and jambs.

e Type Design 4 (SM_Timber): Semi-dressed stone masonry in mud mortar with timber

bands and GI containment mesh on wall surfaces.
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A comprehensive set of materials and subassembly tests were carried out to acquire various

structural properties. Compression and diagonal tension tests were conducted on masonry

samples for all representative models to determine their various properties, as reported in Table

ES1 and ES 2, respectively.

Table ES 1: Basic mechanical properties of stone and CSEB masonry prisms

Stone Prisms in Stone Stone Prisms Stone Prismsin  CSEB in
Mechanical Cement Prismsin without Mud Mortar cement
Properties Stabilized Mud Mud mortar with wire stabilized mud
Mortar (1:1:10) *  Mortar containment mortar
Compressive
Strength, fc’ 2.30 2.59 1.93 2.62 1.40
(MPa)
Modulus of
Elasticity, E 81.17 151.09 39.39 75 153.59
(MPa)

*Cement: Sand: Soil

Table ES 2: Mechanical properties obtained from diagonal compression test

Stone Wallettesin ~ Stone Wallettes in

CSEB Wallettes in

mud mortar Mud Mortar with stabilized mud
S.No Description without containment mortar
containment (Avg. of Four (Avg. of Three
(One Specimen) Specimens) Specimens)
1 Diagonal Tensile Strength 0.07 0.082 0.034
(MPa)
) Shear Strength 0.10 0.115 0.047
(MPa)
3 Modulus of Rigidity, G 408 396 3482

(MPa)

In-plane quasi-static cyclic tests were conducted in order to obtain in-plane response

parameters of wall piers for all four representative masonry models, as reported in Table ES 3.
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Table ES 3: Masonry wall in-plane response parameters

CSEB in
Stone Masonry in Unstabilized Mud
S.No Description stabilized mud
Mortar with containment
mortar
1 In-plane Lateral Strength, kN 12.26 9.0
2 Yield Drift (%) 0.37 0.09
3 Ultimate Drift (%0) 2.90 0.81
4 Ductility Ratio 7.80 8.26
5 Damping at Yielding (%0) 18.33 37.5
6 R-Factor (pier) 3.82 4.91
7 R-Factor (wall)* 2.65 2.89

*R-factorwany has been calculated from R-factorpiery using standard relationship available in the literature (Seismic
Vulnerability of Buildings, Kristin Leng)

Furthermore, as part of the project, eight shake table tests were also conducted on reduced scale
models (two tests for each representative prototype; one reduced to 2/3rd and other reduced to
1/3rd scale of the prototype). The reason for testing two models was that the Asian
Development Bank required the models not to be scaled down than 1/2 of the prototype and
that the models shall be subjected to acceleration time history. Although, a shake table of the
size (6m x 6m) was available at UET Peshawar, which could accommodate a 2/3rd test model,
the table presently (at the time of testing, June-2018) was capable of producing only sinusoidal
excitation. However, another shake table of the size (1.5m x 1.5m) was also available at UET
Peshawar, which could produce desired seismic excitation but could not accommodate more
than 1/3rd reduced scale model. Consequently, it was agreed between the UET team and the
Asian Development Bank after several sessions of discussions that two models, one 2/3rd scale
and another 1/3rd scale, should be tested. The 2/3rd reduced scale models were subjected to
sinusoidal excitations of multiple frequencies varied between 2 Hz to 12 Hz and base

displacements varying from 1.5mm to maximum, producing moderate-to-strong acceleration
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base excitations up to 1.0g. Moreover, the 1/3rd reduced scale models were subjected to
acceleration time history of the Northridge 1994 earthquake record, compatible with 5%
damped elastic acceleration spectrum (India Standard IS: 1893), linearly scaled from 5% to
240% (that is equivalent to 1.0 g). The 1/3rd scale models of Type Design 2, 3 and 4 were also
subjected to KIRT_EW. The KIRT_EW time history was recorded at Kirtipur, Kathmandu on
a rock site from the 25 April 2015 Gorkha earthquake and was used as supplementary test.
Consequently, the shake table tests were conducted according to the aforementioned
methodology. The experimental data obtained from both the tests was used for plotting the

force-deformation capacity curves, as shown in Figure ES 1.
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Figure ES 1: Combined Capacity Curves of all four Type Designs

To understand performance of cosmetically repaired models, the 1/3rd scale Type Design 2
and 3, and 2/3rd scale Type Design 3 were also tested on the shake table after cosmetic repair
and were subjected to the same test protocol to which the virgin models were subjected to

including KIRT_EW time history. Similar to the tests of the virgin models, these models were
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tested in the transverse direction. Following, testing of the repaired 1/3rd scale Type Design 3

model, it was also tested in the longitudinal direction without any further repair. The 1/3rd

scale Type Design 1, 2 and 4 were also re-tested after removal of 50% and 100% containment

wires from the wall surfaces. The force-deformation capacity curves were bi-linearized as

elasto-plastic curves to obtain the response modification factor (R-Factor), reported in Table

ES 4. The combined bi-linear idealized capacity curves are shown in Figure ES 2.
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Figure ES 2: Combined bi-linear idealized Capacity Curves of all four Type Designs

Table ES 4: Response modification factors of all fourType Desigs

Type Design

R-Factor of the Structures from Shake Table Tests

Type Design -1 Stone Masonry with RC Bands

Type Design -2 Stone Masonry with Gabion Bands

Type Design -3 CSEB with RC Bands

Type Design -4 Stone Masonry with Timber Bands

2.60

2.61

2.60

2.58

Note: The force-deformation plots that were derived for development of R-factor was constrained close to 2.5% drift
because of limited data available, despite the models survived much higher drift limits. Had the higher drift limits were
accounted for, that would have resulted in higher R factors. However, R-Factors of 2.50 has been recommended for all Type

Designs.
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The experimental investigation has shown that all stone masonry models (Type Design — 1, 2
and 4) were capable to resist strong excitations up to 1.0g, without triggering any unstable
mode of failures, except plaster spalling and fall of a few small stones from walls. A lack of
trigger of any unstable mode of failure, even at drift much higher than 2.50%, confirms that
the structures still have more reserve capacity to resist earthquake shaking. Under very extreme
shaking, the model showed significant sliding and rocking of stones in the in-plane wall panels,
due to in-plane forces and induced lateral displacement. At very extreme shaking the out-of-
plane walls also rocked severely. However, the containment wires played a re-centering role
and the wall panels were observed with no significant distress (permanent deformation). Both
sliding and rocking failures are generally regarded as efficient energy release mechanisms. This
confirms that the design schemes were capable to resist severe earthquake shaking without any
collapse or major damage that could endanger the occupant’s lives during the design level
earthquake event. Depending upon the band types, models either responded in the in-plane

mode (Type Design 1) or out-of-plane modes (Type Design 2 and Type Design 4).

The walls after removal of containment mesh were observed with significant loss of stone units,
however, walls with 50% containment mesh were observed with falling of few stone units from

the walls, yet maintaining strength and integrity.

Both models of the Type Design - 3 were capable to resist moderate-to-strong excitations,
without triggering any unstable mode of failures, except fall of few brick units and damage to
corner of walls and toe crushing of buttress at drift of 2.50%. Nevertheless, the vertical
elements and bands were able to avoid total or partial structural collapse and were able to
provide stability to structure for carrying gravity loads after the end of shaking. This confirms
that the design scheme is capable to resist design level earthquake shaking without serious
structural collapse that could endanger the occupants’ lives during the earthquake event. To

further increase the structural performance, an additional intervention (e.g. containment wire
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or similar like) will be beneficial to contain brick units after sliding out. This can avoid fall of
brick units during shaking that, in turn, will ensure safety of occupants. This Type Design

primarily responded in the in-plane mode.

The seismic design codes typically provide 5% damped elastic design spectrum for calculating
seismic forces. It is worth mentioning that up to 10% initial damping was observed, which has
also been confirmed during similar tests conducted by other studies (Benedetti et al, 1998) on
masonry in weak mortar. This indicates that the code specified design spectra shall not be
extended directly to considered structures for seismic design, but rather, the design spectra can
be reduced to represent the actual elastic damping of the structure. Similarly, the final damping

up to 20-30% were observed in each Type Design.

Attempts were made to define seismic performance levels as Immediate Occupancy Level (10),
Life Safety Level (LS) and Collapse Prevention Level (CP), as defined by the FEMA 273
(1997) guidelines for seismic rehabilitation of buildings. For this, the drift corresponding to
20% drop in the base shear force of structure was assumed as the CP limit state; the LS limit
state drift has been taken as 75% of the CP level drift; the 10 level has been taken as 70% of
the idealized yield drift of the structure. The corresponding Base Shear Coefficients (BSC) for
each drift limits were calculated from the equation of force-displacement backbone curves. The

limit state drifts and base shear coefficients are reported in Table ES 5.

Table ES 5: Performance Levels of all Type Designs

'[I;)ég)iz ) Parameters Immedia;cfl g)ccupancy Lif((eLSgI;ety CollapsEzCP.gvention
Type Drift (%) 0.67 1.85 2.47
Design-1 | BSC 0.29 0.46 0.37
Type Drift (%0) 0.72 2.02 2.69
Design-2 BSC 0.23 0.36 0.29
Type Drift (%0) 0.63 1.76 2.34
Design-3 | BSC 0.34 0.53 0.43
Type Drift (%0) 0.82 2.25 3.00
Design-4 | BSC 0.25 0.39 0.31
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In order to examine the usability of all four Type Designs in various seismic zones of Indian

Standard IS: 1893-2016, performance-based assessment of structures was carried out. The

demand base shear coefficient (An) for each zone was compared with the experimental base

shear coefficient (BSCe), in order to evaluate the seismic performance of structures in each

seismic zone. The BSCe was taken equal to the life safety BSC. Seismic performance of each

Type Design in various zones is shown in Table ES 6.

The experimental testing program, and the following-up analysis completed at the University

of Engineering and Technology (UET), indicates that the proposed Type Designs are compliant

to the Nepal Building Code (NBC) and are expected to survive very severe earthquake shaking

likely in the Zone V of the Indian seismic standard 1S-1893-2016.

Table ES 6: Seismic performance in various seismic zones (Indian 1S:1893-2016)

. Demand
Type Level of Zone D(g‘r;)aggrr?;gg) BSC Seismic
Desi Zone Seismic z (8% BSCe
esign Hazard Factor - Z Ah =(Zx | x Sa)/ damping) Performance
(2xRxQ)*L.F
I Low 0.1 0.11 0.09 OK
Type 11 Moderate 0.16 0.18 0.14 0.46 OK
Design-1 | v Severe 0.24 0.27 0.23 ' OK
\Y% Very Severe 0.36 0.41 0.33 OK
I Low 0.1 0.11 0.09 OK
Type 11 Moderate 0.16 0.18 0.14 0.36 OK
Design -2 v Severe 0.24 0.27 0.22 ' OK
\ Very Severe 0.36 0.41 0.33 OK
I Low 0.1 0.11 0.09 OK
Type 1l Moderate 0.16 0.18 0.14 0.53 OK
Design-3 | v Severe 0.24 0.27 0.22 ' OK
\% Very Severe 0.36 0.41 0.33 OK
I Low 0.1 0.11 0.09 OK
Type 1l Moderate 0.16 0.18 0.14 0.39 OK
Design-4 | |V Severe 0.24 0.27 0.22 OK
\ Very Severe 0.36 0.41 0.33 OK

** Based on calculated R-factor
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CHAPTER 1: INTRODUCTION

1.1 Background

The Central Level Project Implementation Unit under National Reconstruction Authority,
established after the 25" April 2015, Gorkha earthquake, is responsible for the execution and
implementation of Earthquake Emergency Assistance Project (EEAP) on schools. The Asian
Development Bank (ADB) provided financial support to the CLPIU for
construction/reconstruction of school buildings in the earthquake-affected areas of Nepal. This
investigation for design of school buildings employing locally available materials has been
undertaken under a Technical Assistance Grant from the ADB. With the goal of maximum use
of locally available materials and minimum use of imported materials, the design specialist
Engr. Jitendra Bothara proposed the following four Type Designs:

e Type Design 1 (SM_RC): Semi-dressed stone masonry in cement stabilized mud
mortar with reinforced concrete (RC) band, splints and Galvanized Iron (GI)
containment mesh on wall surfaces.

e Type Design 2 (SM_Gabion): Semi-dressed stone masonry in mud mortar with Gl
gabion band and containment mesh on wall surfaces.

e Type Design 3 (CSEB_RC): Cement stabilized earth brick (CSEB) in cement
stabilized mud mortar with RC bands and vertical bars at wall junctions and jambs.

e Type Design 4 (SM_Timber): Semi-dressed stone masonry in mud mortar with timber

bands and GI containment mesh on wall surfaces.

The ADB engaged UET Peshawar, Pakistan through TA-8910 NEP: Earthquake Emergency
Assistance Project for seismic performance verification of above mentioned four Type Designs

models through an extensive experimental program.
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1.2 Objectives of the Project

The core objectives of the assignment “TA-8910 NEP: Earthquake Emergency Assistance
Project - Experimental Verification of Remote School Type Designs (49215-001)” primarily
includes:

e To test scaled-models of one-room buildings representing the Type Designs to
simulated earthquake shaking on a shake table.

e Understand the model’s dynamic properties, seismic behavior, damage pattern, etc.

e Provide necessary material testing, and complete calculations and numerical

simulations prior to the shake table tests.

1.3  Scope of the Project

The laboratory experimental program included the following tests:

e Experimental tests on constituent materials and subassemblies (stone/CSEB units,
prisms, wallettes, walls/piers) for the mechanical characterization of building
construction materials.

e Shake table testing on 2/3rd and 1/3rd scaled one-room representative models of all the
four Type Designs, proposed by the design specialist.

e Test data analysis and calculation of resistance against earthquake forces.

1.4  Report Organization

Chapter 1 presents the general background, objective and scope of the project. Chapter 2
reports description of the proposed prototype configurations. Chapter 3 presents the numerical
modeling of prototype of test models and design of structural components for seismic actions.
Chapter 4 summarizes the basic tests carried out on constituent materials and sub-assemblages
and reports the experimentally obtained mechanical properties of masonry. Chapter 5
summarizes the shake table tests conducted on all test models (both 2/3rd and 1/3rd) and
describes the observed behavior of test models. Chapter 6 elaborate on the seismic performance
of test models and reports the basic seismic response parameters. Chapter 7 reports the

conclusions derived based on the experimental studies.
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CHAPTER 2: DESCRIPTION OF PROPOSED DESIGNS

2.1 General Configuration and Details

The design specialist proposed four Type Designs, for typical two-rooms and three-rooms,
single-story masonry school buildings, as shown in Fig 1 and Fig. 2. These Type Designs were
proposed to provide guidelines for construction/reconstruction of school buildings in remote
earthquake affected areas of Nepal. These proposed Type Designs primarily use local materials
like clay and stones, which are abundantly available in these remote areas. Keeping in mind
the observed behavior of low strength masonry in past earthquakes, the proposed four Type
Designs were provisioned with seismic interventions to improve their seismic behavior. The
general description and detailing of each Type Design are presented as follows. However,
minor modifications were made to the configuration of buildings before construction of test
models. A few of these are: 1) Thickness of all stone masonry walls were changed to 400mm
thick, 2) Thickness of all CSEB walls were changed to 380mm, 3) GI mesh grid changed to
200mmx200mm, 4) Interbedded geogrids were not used for any Type Design. All stone
masonry models were provided with buttresses to both long and short walls, however, to
understand behavior of buttress, these were only provided to one long and one short walls of

the Type Design 3.

2.2 Type Design 1 (SM_RC)

This Type Design composed of loadbearing walls was built in semi-dressed stone masonry
using cement stabilized mud mortar. The walls in this Type Design were provided with RC
bands at sill, lintel and eave levels (Fig. 3). Surface containment prepared of galvanized Iron
(GI) wire mesh is also applied on both the interior and exterior surfaces of walls, to avoid

falling of stones. The surface containments were connected through cross ties placed in the
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masonry courses at regular intervals. Furthermore, RC splints were also provided at the wall
junctions of building for strengthening purposes (Fig. 4). Interbedded GI mesh stitches were
also provided in walls at corners and wall junctions in masonry panel at mid-height between
plinth and sill level and sill and lintel levels to strengthen wall junction connections. Further
information regarding the preliminary geometric dimensions and structural detailing are shown

in Appendix Al.

2.3 Type Design 2 (SM_Gabion)

Similar to Type Design 1, this Type Design was also composed of load bearing walls built in
semi-dressed stone masonry but mud mortar. However, instead of RC bands, the walls in this
Type Design were provided with gabion bands at sill, lintel and eave levels (Fig. 5). Similarly,
surface containment prepared of GI wire mesh was also applied on both the interior and exterior
surfaces of walls. The surface containments were connected through cross ties placed in the
masonry courses at regular intervals. Furthermore, interbedded GI mesh stitches were also
provided in walls at corners and wall junctions in masonry panel at mid-height between plinth
and sill level and sill and lintel levels (Fig. 6). Corners, doors/windows jambs were
strengthened with additional vertical wires wrapped around the walls. Further information
regarding the preliminary geometric dimensions and structural detailing are shown in Appendix

A2.

2.4  Type Design 3 (CSEB_RC)

This Type Design composed of loadbearing walls, was built in cement stabilized earth brick
(CSEB) masonry in cement stabilized mud mortar. Unlike the stone masonry buildings, the
wall thickness of CSEB masonry is 250 mm which was later changed to 380mm. Consequently,
the plan dimensions of CSEB masonry buildings were a little different than the stone masonry
buildings (Fig. 7). Similar to Type Design 1, the walls in this Type design were provided with

RC bands at sill, lintel and eave levels (Fig. 8). Furthermore, the loadbearing walls were

4




Shaking Table Testing — Final Report TA-8910 NEP: Earthquake Emergency Assistance Project

reinforced with vertical re-bars at wall junctions and door/window jambs (Fig. 9). The wall
junctions were also reinforced with stitches. It is worth mentioning that surface containment
was not applied on walls in this Type Design. Further information regarding the preliminary

geometric dimensions and structural detailing are shown in Appendix A3.

2.5 Type Design 4 (SM_Timber)

Similar to Type Design 1 and 2, this Type Design was also composed of loadbearing walls
built in semi-dressed stone masonry but in mud mortar. However, instead of RC or gabion
bands, the walls in this Type Design were provided with timber bands at sill, lintel and eave
levels, similar to the timber band proposed in the National Building Code of Nepal (Fig. 10).
Similarly, surface containment prepared of Gl wire mesh was also applied on both the interior
and exterior surfaces of walls. The surface containments were connected through cross ties
placed in the masonry courses at regular interval. Furthermore, similar to Type Design 1 and
2, interbedded GI mesh stitches were also provided at junctions in masonry panel at mid-height
between plinth and sill level and sill and lintel levels. Wall junctions, doors/window jambs
were strengthened with additional vertical wires wrapped around the walls. Further information
regarding the preliminary geometric dimensions and structural detailing are shown in Appendix

A4,

2.6 Representative Prototype for Test Models

To fulfill the test models scaling requirements, shake table testing of two-rooms or three-rooms
model was not possible due to the size and payload capacity limitations of the seismic
simulators. Therefore, a representative single-room prototype was proposed for shake table
testing, taken out from two-room building with larger rooms considering higher vulnerability.
The dimensions and detailing of the prototype were confirmed with the Asian Development
Bank. The design of structural components of prototype and the detailing of the test models are

discussed further in Chapter 3.
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Figure 1: Typical two-rooms and three-rooms building plans for proposed designs (Stone Masonry).
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Figure 2: Front and side elevation of the proposed designs
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Figure 3: Type Design 1 (SM_RC): Semi-dressed stone masonry in cement stabilized mud mortar with RC
band, splints and Galvanized Iron (GI) containment mesh on wall surfaces.
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Figure 4: Close-up view of RC splints used in Type Design 1 (SM_RC)
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Figure 5: Type Design 2 (SM_Gabion): Semi-dressed stone masonry in mud mortar with GI gabion band and
containment mesh on wall surfaces.
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Figure 6: Wall cross-section for Type Design 2 showing placement of Gabion band and interbedded geogrid
mesh.
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Figure 8: Type Design 3 (CSEB_RC): Cement stabilized earth brick (CSEB) in cement stabilized mud mortar.
with RCC bands and vertical bars at wall junctions and jambs
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Figure 9: Light reinforcing of walls with vertical re-bars in Type Design 3 (CSEB_RC) (Source: Buildup
Nepal).
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Figure 10: Timber band arrangement proposed in the National Building Code of Nepal.
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CHAPTER 3: DESIGN OF PROTOTYPE

3.1 Numerical Modeling of Prototype

For the design of structural components, a 3D finite element based numerical models were
prepared for the one room prototype of all Type Designs in SAP2000 (Figure 11). The
structural walls and roof sheet were modeled using shell element (shell thin), while roof trusses,
purlins, vertical re-bars and bands were modeled using frame elements, which were assigned
with the appropriate material and section properties. Table 1, 2 and 3 reports details with regard
to member idealization and the considered material and section properties. For modeling of
timber and gabion bands, moment releases were considered at the frame elements corner to

avoid development of moments at the corners.

Figure 11: Finite element-based model for complete structure in CSI SAP2000.
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Table 1: Material properties considered in the design of stone masonry models (Type 1, 2 and 4)
S. No. Material Property Value
1 Compressive strength of stone masonry 2.50 MPa
2 Compressive strength of concrete 10 MPa
3 Modulus of elasticity of stone masonry 75 MPa
4 Poisson ratio of stone masonry 0.15
5 Unit weight of stone masonry 20.42 kN/mm?3
6 Modulus of elasticity of timber truss elements, 3345 MPa
7 Yield strength of galvanized wires 428 MPa
Table 2: Material properties considered in the design of CSEB masonry model (Type 3)
S. No. Material Property Value
1 Compressive strength of earth brick masonry 1.4 MPa
2 Modulus of elasticity of earth brick masonry 120 MPa
3 Poisson ratio of earth brick masonry 0.2
4 Unit weight of earth brick masonry 18.85 KN/mm?
5 Modulus of elasticity of Truss Elements 3345 MPa
6 Compressive strength of concrete 10 MPa
7 Yield strength of re-bars 500 MPa
Table 3: Prototype members idealization and section properties considered in modeling
Member
S.No. ID SAP Model Type | Element Type Material Size
2000
1 T50x100* Prototype Eﬁgfnn;?]t M-I;r#]?er Wood 50mm x 100mm
2 T75x75* Prototype Frame Truss -do- 75mm x 75mm
Element Member
3 Stor:l%gVall Prototype Elserrlﬁtlaln t Msa;{s()onnery Stone 400mm
4 RC Band Prototype Frame RC Concrete 400mmx75mm
Element

13
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3.2 Response Spectrum Analysis

The primary loading included the self-weight of the structure and the earthquake load, which
was defined through response spectrum functions and assigned with the 1S-1893:2016
specified building elastic response spectra. Figure 12 shows the elastic response spectrum
generated for the definition of response spectrum functions for the finite element based model.
The load combination factor for seismic (1.5) was also considered, as specified in the 1S-1893-

2016.

1.20
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0.80 ¥

0.60

Spectral Acceleration (g)
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0.20 |
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Time Period (sec)

Figure 12: Elastic response spectrum, specified in 1S-1893:2016 (Z=0.36, Medium Stiff Soil, Type II)
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The 1S1893-2016 has specified design horizontal seismic coefficient (An) for both the

equivalent static and modal response spectrum methods:

_ZIS,

A, =
"7 2R g
The corresponding seismic design base shear at the base of the principal building structure:

Vb = AhW

where,
Z: Seismic zoning factor, 0.36 (Zone V, the highest seismic zone, Table 3, 1S-1893)
I: Importance factor, 1.5 (school building, Table 8, 1S1893)

R: Response reduction factor, refer to the following Table 4, assumed as 2.5, herein
S?“: Design acceleration coefficient, obtained from the response spectrum

W: Seismic weight of the structure

An=0.27

Additionally, the above equation should also include a load factor of 1.5.

Table 4: Force Reduction Factor, R for masonry specified in the 15:1893:2016

- Building Force Reduction Factors
Building types

System/ Element R

Unreinforced masonry (designed as per 1S1893) with
In-plane walls 2.5

horizontal RC seismic bands and vertical reinforcing

bars at wall junctions and jambs of openings (with
Out-of-plane walls 2.5

reinforcements as per 1S4326)

15
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3.3 Design of Seismic Components

3.3.1 Type Design 1
3.3.1.1 RC Bands

The idea of using RC seismic bands is similar to masonry wall strengthening method; included
in the guidelines of Nepali Standards, NBC203 (1994) and appropriate Indian Standards, and
has satisfactory behavior in many past Himalayan earthquakes. The typical RC band comprised
of two longitudinal reinforcing bars tied through cross ties provided at 150 mm c/c (Figure 13).

RC seismic bands were modeled using frame elements with appropriate concrete section.

5

w Tee
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~
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-
-
N
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“
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Figure 13: Masonry Wall Strengthening Proposed for Low Strength Masonry (NBC203-1994) (Sketch: NSET)

The numerical model was analyzed and the member tension, shear forces and bending moment
were obtained, and the maxima were identified for the bands. The actions obtained were

retrieved and processed to compute the tensile, shear and bending stresses in each member,

16
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which are compared with the permissible limits. The following provide details of the calculated

forces for the RC seismic bands.

Design Calculation for Seismic Analysis Bands

Effective depth of band, d = (400-30) = 370 mm

Width of band, b =75 mm

Compressive Strength of Stone masonry, fc’ = 10 MPa (1.5 ksi)

Yielding strength of steel bar, fy = 500 MPa

Diameter of bar = 16 mm

Area of single bar = 201 mm2

Steel area =1 x 201 =201 mm?2

Depth of Whitney stress block, a= (As x fy)/ (0.85 fc’ b) = 152.75 mm

Nominal Moment Capacity, Mn=As x fy (d-a/2) = 29.571 x106 N-mm = 29571 KN-mm

While the nominal moment capacity of 12mm diameter bar in RC bands at sill level is 18527

kN-mm

Peak Demand on RC Bands from Response Spectrum Analysis:

Table 5: Peak demand on seismic bands at each level, obtained from RSA

Eave Band Lintel Band Sill Band
Moment Shear Moment Shear Moment Shear
(KN-mm) kN (KN-mm) KN (KN-mm) kN

15868 16.3 11260 8.93 5794 4.76

17
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Gravity Analysis for the lintel band above the openings
Flexure Design of RC band

Load from roof = 0.135 kN/m

Load of stone Wall on Lintel band above openings = 4.66 kN/m

Self-weight of Lintel Band above openings = 1.11 KN/m

Factored Load = 1.2*(0.135+4.66+1.11) = 7.1 KN/m

Factored moment = 7.1*1.272/9 = 1.28kNm

Depth of RC band = 125 mm

Effective depth of RC band, d = (125-30) = 95 mm

Width of band, b = 400 mm

Compressive Strength of concrete, fc’ = 10 MPa (1.5 ksi)

Yielding strength of steel bar, fy = 500 MPa

Diameter of bar = 12mm

Area of single bar =113 mm2

Steel area=1x 113 =113 mm2

Asxfy

=Y - 17 mm
0.85*fc’'*b

Depth of Whitney stress block, a=

Nominal Moment Capacity, Mn=As x fy (d-a/2) = 4.88 KN-m

Capacity to Demand ratio = 4.88/1.28 = 3.81

Shear Design of RC band
Shear demand = 8.93 kN

18
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Shear capacity = @Vc :% =15.4 kN

@Vcl2=15412=17.7
theoretically no need of web Reinforcement. (“2” is the factor of safety)

3.3.1.2 Splints
Design of Splints
Maximum moment demand on the Splint is 5836 kN-mm. The moment capacity is given

below:

Effective depth = (450-30) = 420 mm

Bar diameter = 8 mm

No. of bars =2

Bar area = 50.24 mm2

Steel area = 100.53 mm2

Yielding strength of bar = 414 MPa

Compressive strength (fm”) = 2.5 MPa

Depth of Whitney stress block, a= 400 mm

Nominal Moment Capacity, Mn=As x fy (d-a/2) = 9.15 x106 N-mm = 9150 kN-mm
Thus, the nominal moment capacity is greater than demand on splint.

3.3.1.3 Containment Wires
The design and verification of wire containment mesh included the design of vertical and
horizontal steel wires and specification of wires’ spacing for application. The demand on wall

was computed, as out of plane bending at multiple levels of wall, both vertical and horizontal,

19
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through response spectrum analysis of masonry building. The vertical and horizontal bending
capacity of wall is calculated using the simple reinforced concrete section analogy that

considers wire with tension capacity and stones to provide compression.

Out of Plane Bending Moment Capacity of Wall

Effective depth, d = 400 mm

Width of Wall, b = 1000 mm

Compressive Strength of Stone masonry, fm = 2.50 MPa

Yielding strength of wire mesh, fy = 414 MPa

Diameter of mesh wire = 3 mm

Area of single wire =7.06 mm2

Steel area per meter width =5 x 7.06 = 35.30 mm2

Depth of Whitney stress block, a= (As x fy)/(0.85 fm b) = 6.88 mm

Nominal Moment Capacity, Mn=As x fy (d-a/2) = 5.798 x106 N-mm/1000 mm

= 5798 kN-mm/m

Out of Plane Bending Moment Peak Demand from Numerical Model for RSA:

Table 6: Peak demand on out-of-plane bending walls, obtained from RSA

M22 Demand on stone masonry wall M11 Demand on stone masonry wall
Between Between sill Between lintel Between Between sill Between lintel
support and sill and lintel and eave support and and lintel and eave
sill
(kKN-mm/m) (kKN-mm/m) (KN-mm/m) (KN-mm/m) (KN-mm/m) (kN-mm/m)
15868 16.3 11260 8.93 5794 4.76
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The out of plane bending demand at all locations is less than the capacity of wall. However, it
is exceeded by about 20% between lintel and eave level. Based on the calculations and
considering size of the available stones, the wire of the containment mesh spacing was
proposed at 200mm spacing both horizontal and vertical. Containment mesh on both surfaces
of the walls were tied together by cross ties passing through the walls. The vertical wires pass

under the base and wrap around the wall.

3.3.2 Type Design 2
3.3.2.1 Gabion Bands

The idea of using galvanized welded wire mesh bands is similar to using RC or wooden seismic
bands; as included in the guidelines proposed by the International Association of Earthquake
Engineering (IAEE, 2013), which is also adopted by the Nepali Standards NBC203 (1998) and
Indian Standards 1S:4326 (1993). The typical gabion band comprised of a geogrid
mesh/galvanized welded wire mesh that basket courses of stone masonry, wrapped around and
tied through binding wires, see Figure 14. In the current case galvanized iron welded mesh has
been used for bands. Gabion bands were modeled using frame elements, all gabion bands were

assumed to be moment free and assigned with moment releases at their ends.

The numerical model was analyzed and the member tension and shear forces and bending
moment were obtained, and the maxima were identified for band. The forces obtained were
retrieved and processed to compute the tensile, shear and bending stresses in each member,
which are compared with the permissible limits. The following provide details of the calculated

forces for the gabion bands.
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Figure 14: Newly proposed Gabion/Geogrid band for stone masonry

Design Calculation for Gabion Bands

Effective depth of band, d = 400 mm

Width of band, b = 200 mm

Compressive strength of stone masonry, fm = 2.50 MPa

Yielding strength of wire mesh, fy = 248 MPa

Diameter of mesh wire = 3 mm

Area of single wire =7.06 mm2

Steel area =5 x 7.06 = 35.30 mm?2

Depth of Whitney stress block, a= (As x fy)/ (0.85 fm b) = 28.60 mm

Nominal Moment Capacity, Mn = As x fy (d-a/2) = 3.376 x106 N-mm = 3376 kN-mm
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Peak Demand on Gabion Bands from Response Spectrum Analysis:

Table 7: Peak demand on gabion bands at each level, obtained from RSA

Sill Band Lintel Band Eave Band
Moment Shear Moment Shear Moment Shear
(KN-mm) (kN) (KN-mm) (kN) (KN-mm) (kN)

732 0.65 2289 9.7 1690 2.17

3.3.2.2 Containment Wires

The design and verification of wire containment mesh included the design of vertical and
horizontal steel wires and specification of wires’ spacing for application. The demand on wall
was computed, as out of plane bending at multiple levels of wall, both vertical and horizontal,
through response spectrum analysis of masonry building. The vertical and horizontal bending
capacity of wall is calculated using the simple reinforced concrete section analogy that

considers wire with tension capacity and stones to provide compression.

Out of Plane Bending Moment Capacity of Wall

Effective depth, d = 400 mm

Width of Wall, b = 1000 mm

Compressive Strength of Stone masonry, fm = 2.50 MPa

Yielding strength of wire mesh, fy = 276 MPa

Diameter of mesh wire =3 mm

Area of single wire =7.06 mm2

Steel area per meter =5 x 7.06 = 35.30 mm?2

Depth of Whitney stress block, a= (As x fy)/(0.85 fm b) = 4.6 mm
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Nominal Moment Capacity, Mn=As x fy (d-a/2) = 3.871 x106 N-mm/1000 mm

= 3871 kN-mm/m

Out of Plane Bending Moment Peak Demand from Numerical Model for RSA

Table 8: Peak demand on out-of-plane bending walls, obtained from RSA

M22 Demand on stone masonry wall

M11 Demand on stone masonry wall

Between Between sill Between lintel Between Between sill Between lintel
support and sill and lintel and eave support and sill and lintel and eave
(KN-mm/m) (KN-mm/m) (KN-mm/m) (KN-mm/m) (KN-mm/m) (KN-mm/m)
969 2638 1574 1171 3197 7310

The out of plane bending demand at all locations is less than the capacity of wall. However, it
is exceeded by about 20% between lintel and eave level. Based on the calculations and
considering size of the available stones, the wire of the containment mesh spacing was
proposed at 200mm spacing both horizontal and vertical. Containment mesh on both surfaces
of the walls tied together by cross ties passing through the walls. The vertical wires pass under

the base and wrap around the wall.

3.3.3 Type Design 3
3.3.3.1 RC Bands

Design Calculation for Seismic Analysis Bands

Effective depth of band, d = (380-30) = 350 mm

Width of band, b =75 mm

Compressive Strength of Concrete, fc’ = 10 MPa (1.5 ksi)*

Yielding strength of steel bar, fy = 500 MPa

Diameter of bar = 12 mm
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Area of single bar =113 mm2

Steel area=1x 113 =113 mm2

Depth of Whitney stress block, a= (As x fy)/(0.85 fc’ b) = 85.9 mm

Nominal Moment Capacity, Mn=As x fy (d-a/2) = 17.39 x106 N-mm = 17390 kN-mm

Peak Demand on RCC Bands from Response Spectrum Analysis

Table 9: Peak demand on seismic bands at each level, obtained from RSA

Eave Band Lintel Band Sill Band
Moment Shear Moment Shear Moment Shear
(KN-mm) (kN) (KN-mm) (kN) (KN-mm) (kN)

15,743 11.28 12,368 9.9 6,674 47

Gravity Analysis for the Lintel Band Above the Openings
Flexure Design of RC band

Load from roof = .135 kN/m

Load of earth brick Wall on Lintel band above openings = 4.30 kN/m

Self-weight of Lintel Band above openings = 1.11 kN/m

Factored Load = 1.2*(0.135+4.3+1.11) = 6.65 KN/m

Bending moment = 6.65*1.2°2/9 = 1.06KNm

Depth of RC band = 125 mm

Effective depth of RC band, d = (125-30) = 95 mm

Width of band, b = 380 mm

Compressive Strength of concrete, fc’ = 10 MPa (1.5 ksi)
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Yielding strength of steel bar, fy = 500 MPa

Diameter of bar = 12 mm

Area of single bar =113 mm2

Steel area =1 x 113 =113 mm2

Asxfy  @x2x,/fcrxbxd

=18 mm
0.85xfc’*b 1000

Depth of Whitney stress block, a=

Nominal Moment Capacity, Mn=As x fy (d-a/2) = 6.65 kN-m
Capacity to Demand ratio = 6.65/1.06 = 6.27

Shear Design of RC band

Shear demand = 4.58 kN

Shear capacity = @Vc pzn[renbid 15.4 kKN

1000

@Vcl2 = 15.4/2 = 7.7 theoretically no need of web Reinforcement.

3.3.3.2 Vertical Re-bars

The design of vertical re-bars included the assessment of vertical bar carrying tension loads.

The vertical re-bar was modeled as an RC frame element, RC section was defined in section

designer and provided with single steel bar in center, with appropriate dimensions equal to the

pocket size (half-brick square). The model was analyzed through response spectrum analysis.

The vertical tension capacity of vertical re-bar was calculated as the tension capacity of single

steel bar.

Out of Plane Bending Moment Capacity of Wall

Bar diameter = 8 mm

Bar area = 50.24 mm?2
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Yielding strength of bar = 500 MPa

Nominal tension capacity = yielding strength * bar area = 500*50.24

Nominal tension capacity = 25120 N

Nominal tension capacity = 25.12 kN

Out of Plane Bending Moment Peak Demand from Numerical Model for RSA
Maximum demand on the tension members is 15.70 KN, which is less than the tension capacity

of vertical members.

Figure 15: Tension forces in vertical members from RSA.

3.3.4 Type Design 4
3.3.4.1 Timber Bands

Wooden seismic bands as included in the guidelines proposed by the International Association
of Earthquake Engineering (IAEE, 1986) and also adopted by the Indian Standards 1S:13828
(1993) provide sizes and details for the wooden seismic bands. The typical band comprised of
a wooden ladder type reinforcement that composed of two main members 75mm x 38mm

(Runners) connected through cross members 50mm x 30mm (Spacers), see Fig. 16.
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Figure 16: Wooden seismic band, IAEE (2004, 1986)

The model was analyzed and the member tension and shear forces and bending moment
were obtained. The maxima were identified for each runners and spacers. The forces
obtained are retrieved and processed to compute the tensile, shear and bending stresses in
each member, which are compared with the permissible limits. Since, the timber bands
runners and spacers were subjected to stresses more than the allowable limit, the timber band
scheme (layout) was modified (see Figure 17) from the originally proposed by IAEE 2013.
The modified timber band also included diagonal members, included with the intention to
increase band stiffness and minimize the lateral deflection of bands. The following provide
details of the calculated forces for the modified timber bands, which show reasonable

performance of the timber band.

[Ruace

1Moy
I (i)

Y

Figure 17: Details of modified timber bands in CSI SAP2000
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Design calculation for timber bands
Out-of-plane moment demand on timber bands of prototype building taken from numerical
model is shown in Table 10. Out-of-plane axial and shear capacity of the timber band is

calculated using reinforced concrete analogy as given below

Cross sectional area of Runners = (75x38) =2850 mm2

Cross sectional area of Spacers and Diagonal = (50x30) =1500 mmz2

Tensile strength of timber = 5.8 MPa

Shear Strength of timber = 0.57 MPa

Tension capacity = tensile strength * cross-sectional area

Tension capacity of runners = 5.8*2850/1000 = 16.53 kN

Tension capacity of spacers = 5.8*1500/1000 = 8.7 kN

Shear capacity = shear strength * cross sectional area

Shear capacity of runners = 0.57*2850/1000 = 1.62 kN

Shear capacity of spacers = 0.57*1500/1000 = 0.855 kN

Table 10: Peak demand on timber bands at each level, obtained from RSA

Sill Band Lintel band Eave band
Runner Spacers Runner Spacers Runner Spacers
Tension Shear Tension Shear Tension Shear Tension Shear Tension Shear Tension Shear
(V3 (Va) (V) (Vs) (Vs) (Va)
(kN) (kN) (kN) (kN) (kN) (kN) (kN) (kN) (kN) (kN) (kN) (kN)
6.04 0.367 | 0.967 | 0.609 | 13.57 | 0.778 6.3 0.644 17.8 0.789 7.17 | 0.78

Thus, the nominal moment capacity is greater than the demand on timber band.
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3.3.4.2 Containment Wires
Out-of-plane moment demand on stone masonry wall of prototype building

numerical model shown in Table 11.

Table 11: Demands on walls

taken from the

M2z Demand on stone masonry wall M11 Demand on stone masonry wall

Between Between sill Between lintel Between Between sill Between lintel
support and sill and lintel and eave support and sill and lintel and eave
(KN-mm/m) (KN-mm/m) (KN-mm/m) (KN-mm/m) (KN-mm/m) (KN-mm/m)

1136 2094 1341 1402 3309 5107

Out-of-plane moment capacity of the wall is calculated using reinforced concrete analogy is

given below:

Effective depth, d = 400 mm

Width of Wall, b = 1000 mm

Compressive Strength of Stone masonry, fm = 2.5 MPa

Yielding strength of wire mesh, fy = 414 MPa

Diameter of mesh wire = 3mm

Area of single wire =7.06 mm2

Steel area per meter =5 x 7.06 = 35.30 mm2

Depth of Whitney stress block, a= (As x fy)/(0.85 fm b) = 6.88 mm

Nominal Moment Capacity, Mn=As x fy (d-a/2) = 5.798 x106 N-mm/1000 mm

= 5798 KN-mm/m

The demand on wall is less than the capacity of stone masonry wall.
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3.4. Design Details of Test Models

The design of structural components performed on the basis of numerical modelling and
analysis of prototype of all Type Designs were transformed to test models as per the applicable
similitude requirements for simple model idealization of both 2/3rd and 1/3rd scale. This
involved linear scaling of all dimensions of walls, bands and reinforcement, etc. In case of
unavailability of exact required sizes of rebars, the necessary conservative approximations
were made. Geometric and reinforcement details of test models for Type Design 1, 2, 3, and 4

are shown in Appendix C1 to C4 for 2/3™ and D1 to D4 for 1/3" scaled models, respectively.
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CHAPTER 4: EXPERIMENTAL PROGRAM — CONSTITUENT
MATERIALS

4.1 Basic Tests on Materials and Sub-Assemblages

This section includes description of tests carried out for the estimation of mechanical properties
of the constituents of masonry such as units (stone/brick), cement stabilized and unstabilized
mud-mortar as well as the properties of masonry assemblages i.e. masonry prisms, wallettes
and piers (walls). Mechanical properties such as compressive strength, shear and diagonal
tensile strength, compression and shear moduli were determined. The tests were performed

using the following standard testing procedures:

e ASTM E-519-02c for wallettes tests,

e ASTM C-67-06 for masonry unit tests,

e ASTM C109/C109M-08 for mortar compression tests,

e ASTM C-1314-07 for masonry compression tests,

e E-519-02 and RILUM LUM B6 for shear and diagonal tension tests on masonry

wallettes.

Table 12 shows details of specimens’ tests relevant to stone masonry construction of models
of all Type Designs (Type 1, Type 2 and Type 4) while Table 13 shows details of specimens’

tests relevant to CSEB model (Type 3).

While constructing test specimens, attempts were made to simulate the field conditions of the
earthquake-affected areas of Nepal. To simulate the field conditions, quality control of the
construction materials and skills was kept to a minimum. This resulted in large variation in test

results.
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Table 12: Tests on constituent materials and sub-assemblages (Type 1, 2 and 4)

No.

Test Type

Samples

Cement
stabilized
mud mortar
with wall
surface
containmen
t

Cement
stabilized
mud mortar

Unstabilize
d mud
mortar
without

containmen

t

Dry
Ma
son

ry

Unstabilized
mud mortar
with wall
surface
containment

Wires

Total™

Compressive
Strength Tests - -
of Stone cores

Compressive
Strength Tests
of Mortar
cubes

33 -

69

102

Galvanized
wire-tension
test

(3+3)

containment+(3+3)
stitch+(3+3) cross ties

+ (3+3) Gabion

24

Stone masonry
compression 3 -
prisms

10

Direct in-plane
shear and
diagonal
tension test

In-plane quasi
static shear

tests on stone - -
masonry walls

Table 13: Tests on constituent materials and sub-assemblies (Type 3)

S. No. Test Type

Samples

In cement stabilized mud mortar only

1 Brick Units

6=3"+3"

2 Mortar cubes

15=6"+9"

3 Re-Bar Test

3

4 Compression Prism Tests

3

5 Concrete Cylinder Tests

17=9"+8"

6 Direct in-plane shear and diagonal tension test

3

7 In-plane quasi static shear tests on CSEB masonry walls

2

*: Cubes obtained during construction of 2/3 scale model for each Type Design
**: Cubes obtained during construction of 1/3" scale model for each Type Design

*okk

: The numbers are cumulative
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4.2 Units Tests

Stone Cores: The ASTM proposes C170-06 for compressive strength evaluation of stone units.
Core cutter was used to extract cores from the procured stones; core having diameter 1.75 inch
(44.50 mm) and length 3.63 inch (92 mm), with a height to diameter ratio of about 2.0. Four
samples were tested in compression in UTM giving compressive strength of 13,338 psi, 7,860
psi, 10,370 psi and 10,699 psi respectively, with an average compressive strength of 10, 566

psi (72.87 MPa) with a coefficient of variation of 21.20%.

R
.

Figure 18: Extracted stone cores for compression tests

CSEB Units: Compression tests were performed on CSEB unit in accordance to section 6 of
ASTM C-67. The test specimens were tested flat wise (that is the load was applied in the
direction of depth of brick) in accordance with section 6.3.1 of the ASTM standard. The
average compressive strength was found to be 714.45 psi (4.92 MPa) with a coefficient of

variation of 5.21%.

" %

Figure 19: Brick Unit compression tests
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4.3 Mortar Cubes

Mortar specimens were prepared during construction of both the 1/3™ and 2/3™ test models.
Mortar cubes of size 2 inch x 2 inch x 2 inch (50.8 mm x 50.8 mm x 50.8 mm) were prepared
as per the design specifications. Compressive strength tests of mortar cubes were conducted in
accordance with ASTM C-109. The specimens were tested after 28 days. The average
compressive strength of cement stabilized mud mortar cubes was 118 psi (0.814 MPa) with a
coefficient of variation of 53.43%, while the compressive strength of unstabilized mud mortar
cubes was 251.22 psi (1.73 MPa) with a coefficient of variation of 29.17%. Appendix Bl
(Type 1), Appendix B2 (Type 2), Appendix B3 (Type 3), Appendix B4 (Type 4) reports the

model specific mortar tests.

Figure 20: Mortar cube compression tests

4.4 Galvanized Wire Tests

Wires used in containment, stitches, crossties and gabion mesh of both 2/3rd and 1/3rd scale
models were tested. Table 14 describes wires types while Table 15 and 16 reports properties
of tested wires, for each 2/3rd and 1/3rd scale models, measured tension load carrying

capacity and calculated yield (tension) strength.

Table 14: Description of galvanized wire types used in each 2/3rd and 1/3rd model

S. No. Items Full Scale Model| 2/3rd Scale Model 1/3rd Scale Model
Containment Mesh 3mm(11-G) @ | 2 mm (14-G) @ .
1 200%200 133*133 1 mm (19-G) @ 67767
Acquired from Market 2mm (14-G) @ .
133%133 1 mm (19-G) @ 67*67
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WWM for 4 mm (8-G) @ 2.66 mm (12-G) @ .
» | stitches 100*100 67+67 1.33 mm (17-G) @ 34734
Acquired from Market 2mm (14-G) @ 1.33 mm (17-G) @ 25*25
50*50
Wire for Cross 2mm (14-G) @ | 1.33 mm (17-G) .67mm (23-G) *2 @
3 ties 200*200 *2 @ 133*133 67*67
Acquired from Market 1.33 mm (17-G)
*2 @ 133*133 1 mm (19-G) *2 @ 67*67
. 3mm(11-G) @ | 2mm (14-G) @ «
Gabion Mesh 50%50 33%33 1 mm (19-G) @ 17*17

Acquired from Market

1.33 mm (17-G) @
25%25

1 mm (19-G) @ 18*18

Table 15: Tests on galvanized wires used in 2/3rd model

Di Area, sg-in Yield Stress, ksi
S.N Description ey 3 Force CoV* (%)
.No escriptio in (mm) (mm9) (tons) (MPa)
0.079 0.005
(2.00) (3.226) 0.140 63.30 (436.44)
0.079 0.005
. 1.45
1 Conﬁéghme”t (2.00) (3.226) 0.138 62.39 (430.16)
0.079 0.005
(2.00) (3.226) 0.136 61.50 (424.07)
0.079 0.005
(2.00) (3.226) 0.102 46.12 (317.99)
0.079 0.005
3.90
2 WWMfor | (2.00) (3.226) 0.110 49.73 (342.88)
Stitches
0.079 0.005
(2.00) (3.226) 0.108 48.83 (336.67)
0.052 0.002
(1.32) (1.290) 0.062 63.40 (437.13)
: 0.052 0.002
Wire for Cross
3 ties (1.32) (1.290) 0.062 63.40 (437.13) 0
0.052 0.002
(1.32) (1.290) 0.062 63.40 (437.13)

*: Coefficient of variation
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Table 16: Tests on galvanized wires used in 1/3rd model

S No Description Diameter, in Area, sg-in Force Yield Stress, ksi CoV (%)
' (mm) (mmz) (tons) (MPa)
0.001
_ 0.039 (1.00) (0.645) 0.052 | 94.04(648.38)
1 Containment . i
Mesh 0.001 0
0.039 (1.00) (0.645) 0.052 | 94.04(648.38)
0.001
0.039 (1.00) (0.645) 0052 | 94.04 (648.38)
0.002
, 0.052 (1.321) (1.290) 0.052| 53.16 (366.53)
0.002
WWM for 0.052 (1.321) (1.290) 0.052 | 5316 (366.53) 0
Stitches
53.16 (366.53)
0.002
0.052 (1.321) (1.290) 0.052
0.001
; Wire for Cross 0.039 (1.00) (0.645) 0.052 94.04 (648.38)
0.039 (1.00) (0.645) 0.052 94.04 (648.38) 0
0.001
0.039 (1.00) (0.645) 0.052 94.04 (648.38)
0.001
0.039 (1.00) 86.81 (598.53)
4 Gabion Mesh (0.645) 0.048
0.001
0.039 (1.00) (0.645) 0.048 86.81 (598.53) 2.317
0.001
0.039 (1.00) (0.645) 0.050 90.42 (623.42)

(Note: Numbers in parenthesis are in Sl units)

4.5 Masonry Assemblage Compression Tests

Masonry prisms tests were conducted in accordance with ASTM C-1314. The specimens were
prepared in accordance with the model’s design specifications. Average size of each specimen
was approximately 296 mm x 285 mm x 165 mm, to simulate the test specimens of 2/3" scale
model, (Figure 21). After a curing period of about 7 days these specimens were tested. Concrete
pads were placed on the top and bottom of prisms to apply the vertical load uniformly using a
load cell. Load was applied incrementally using 200-ton UTM machine till the masonry unit’s

splitting/crushing was observed.
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Each dimension of length, width and thickness was measured at four points on the sample and

an average value was considered. The compressive strength was calculated as follows:

Load at Failure

Compressive Strength of Prism = Tength x Widih

Modulus of Elasticity: Modulus of elasticity of masonry was determined based on the data
acquired from masonry compression tests. Deformation gauges were mounted on samples to
determine axial deformations (compression). Since, concrete pads were used at the top and
bottom of the test specimens, corrections were applied to the acquired stress-strain

relationships. Figure 22 shows averaged combined plot.

Procedure for the determination of the Modulus of Elasticity “E” of the masonry prism as given

by ASTM standard is as follow:

E = A Stress/ A Strain

where

A Stress = (Stress corresponding to 1/3 of the compressive strength) - (Stress corresponding to

1/20 of the compressive strength)

A Strain = Difference of the strain at corresponding values of stress.
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Figure 22: Combined plot of all samples
(CSM: Stone Masonry in Cement Stabilized Mud Mortar, USM: Stone Masonry in Mud Mortar)

Table 17: Basic mechanical properties of stone and CSEB masonry

Compressive Strength, fc’ Modulus of Elasticity, E

(MPa) (MPa) Avg. Avg.
Description fc’ CoV E CoV
p (%) (%)
Sample | Sample | Sample | Sample | Sample | Sample (MPa) (MPa)
1 2 3 1 2 3

Stone Prisms in
Cement
Stabilized Mud 2.09 2.49 2.32 90.63 66.67 86.20 2.30 8.72 | 81.17 | 15.70
Mortar
Stone Prisms in
Unstabilized 2.80 3.04 1.95 300.00 | 107.14 46.15 2.59 22 151.09 | 87.7
Mud Mortar
Dry Stone Prisms 1.79 2.08 - 45.45 33.33 - 193 | 10.62 | 39.39 | 21.75
Stone Prisms in
Mud Mortar with 2.62 - - 75.00 - - 2.62 - 75.00 -

wire containment

CSEB in cement
stabilized mud 1.39 1.36 1.45 133.30 | 105.26 | 222.22 1.40 3.27 | 153.59 | 39.75
mortar
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4.6 Direct In-Plane Shear and Diagonal Tension Test

The test for the computation of shear strength properties was carried out in accordance with
ASTM E-519 and RILEM LUM B6. Representative of size 4’ x 4°, scaled close to 2/3", were
prepared as per the design specification, and tested in the loading frame in the diagonal
direction. Due to the low strength nature of stone and CSEB masonry, the specimens were not
possible to be tested diagonally using the classical vertical load arrangement for diagonal
loading. Instead a special arrangement was designed to apply the load diagonally to the

vertically standing wall, imposing diagonal load/deformation in wallettes (Figure 23).

Diagonal tension strength is calculated directly; dividing the failure load over the area (average
sides’ length x wall thickness). This loading setup provides information on the diagonal applied
load and induced deformations (i.e. diagonal shortening and elongation), the basic mechanics
formulae was used to transform diagonal force-deformation to lateral force-deformation in

order to obtain the in-plane shear strength (to), diagonal tension strength (fw) and shear

deformability (0) of wallettes.

Figure 24 shows the damage pattern of the wallette at the ultimate state. Figure 25 to 28 shows
the shear stress versus shear strain behavior of tested wallettes, while Figure 29 shows
combined plot of all specimens. Figure 30 to 32 shows the damage evolution of tests wallettes

under diagonal compression loading.
Shear stress-strain relationship and diagonal tension strength were calculated as follows:

t,= 0.707P

A, =Wxt

n

1= (0402
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where, W represents the wall width/length (average is taken) and t represents the wall
thickness; Ad1l and Ad2 represents the recorded deformation in the horizontal and vertical
diagonal respectively; Lg represents the gauge length (distance between the reference points
considered along horizontal and vertical diagonals). Table 18 reports the mechanical properties
of the masonry wallette; specifically shear strength, shear modulus, diagonal tension strength.
All specimens exhibit very similar elastic stiffness and cracking shear, however, peak strength

and ultimate strain were observed with larger uncertainties.

|
|

1300

{1 I 1 O 1 S T |
Yol pree e e o Rt R ]

| S L L B L L L

Figure 23: Diagonal Compression Test Setup
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Figure 24: Ultimate damage state of Wallette under diagonal applied load, Stone with surface containment
(left) CSEB (right)
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Figure 25: Stone Masonry Wallette in Unstabilized Mud Mortar with wire containment
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Figure 26: Stone Masonry Wallette in Unstabilized Mud Mortar without wire containment
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Figure 27: Stone Masonry Wallette in cement stabilized Mud Mortar with wire containment
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Figure 28: CSEB Masonry Wallette in cement stabilized Mud Mortar
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Figure 29: Combined plot of all samples
Note: Altogether they are 9 plots, however, some plots are hidden behind the other.

(CSM: Stone Masonry in Cement Stabilized Mud Mortar, USM: Stone Masonry in Mud Mortar)

Table 18: Mechanical properties obtained from diagonal compression test

Stone Stone
wallettes in Wallettes in
Cement unstabilized
S. Descrintion stabilized Stone wallettes in Unstabilized Mud Mud CSEB Wallettes in cement stabilized
No P mud mortar Mortar with wall surface containment Mortar mud mortar
with wall without wall
surface surface
containment containment
CoV CoV
Samples S-1 S-1|S2|S3]| S4 | Avg. (%) S-1 S-1 S-2 S-3 | Avg. (%)
Diagonal
1 gfrr;f]';h 0.104 0.08 | 0.08 | 0.07 | 0.098 | 0.082 | 14.22 0.07 0.027 | 0.030 | 0.044 | 0.034 | 26.68
(MPa)
Shear
2 | Strength 0.146 0.11 | 011 | 0.10 | 0.139 | 0.115 | 14.64 0.10 0.038 | 0.042 | 0.063 | 0.047 | 28.57
(MPa)
Modulus of
3 Rigidity 12.204 332 | 232|411 | 3309 | 3.26 | 22.48 4.08 - 27.97 | 41.67 | 34.82 | 27.82
(MPa)
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Figure 30: Damage evolution of the stone masonry wall in unstabilized mud mortar under diagonal tension
test — without containment

46




Shaking Table Testing — Final Report TA-8910 NEP: Earthquake Emergency Assistance Project

Figure 31: Damage evolution of the stone masonry wall in unstabilized mud mortar under diagonal tension

test — with containment
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Figure 32: Damage evolution of the CSEB wall under diagonal tension test
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4.7  In-Plane Quasi-static Cyclic Tests on Masonry Walls

For in-plane shear tests on masonry walls, a short pier was considered for quasi-static cyclic
testing, specifically the pier between sill and lintel level. The pier was subjected to pre-
compression; 975 kg and 758 kg in case of stone and CSEB masonry, respectively, and a lateral
load through displacement-controlled horizontal actuator (50-ton capacity), as shown in Figure
33. The bottom concrete beam is fixed with test floor while the top end (also provided with RC
beam) is allowed to freely rotate and translate. The load is measured with load cells.
Displacement transducers are used to record the lateral displacements. The load cells and
displacement transducers are attached to a data acquisition system. In-plane lateral
displacements are measured through gauges 1 and 2 installed on front and back face of the

specimen at the level of horizontal load.

Four displacement transducers were used to measure displacement at four different locations
as shown in Figure 33. String pots 1 and 2 were used to measure horizontal displacements at
the horizontal load level on both faces of the specimen while gauge 3 and 4 were used to record
vertical rocking displacements at both ends of the specimen. All these load and displacement

gauges were connected to the data acquisition system, UCAM-70.

The tests were performed in a displacement-controlled environment, using gauge 1 as the
controlled displacement. Each displacement cycle was applied to a specified displacement level
and repeated three times. The specified displacements were applied and increased
incrementally or till the specimen was found in unstable condition. Each displacement cycle
was completed in about 75 to 125 seconds at a variable displacement rate, low for small
displacement cycle and high for large displacement cycle, test data recorded at a scanning speed
of about 4 samples per second. The specimen was thoroughly examined and photographed for
the cracks produced in it after each set of target displacement. The tests were halted when the

specimen was found in the incipient collapse state.
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Figure 33: Test setup for in-plane quasi-static cyclic tests on masonry piers (pier thickness scaled to 2/3" of

the prototype)

Figure 34 to 38 reports the hysteretic behavior and force-displacement response of the stone

walls, bi-linear idealization and damping for stone masonry, while figure 41 to 45 reports the

same for CSEB respectively. In case of stone masonry, Sample 1, 2 and 3 are in unstabilized

mud mortar with wire containment while sample 4 is in unstabilized mud mortar only. Also, in

case of CSEB, both the samples are in cement stabilized mud mortar. Furthermore, the

hysteretic curves were analyzed to calculate the dissipating energy per cycle (Ed), the elastic

stored input energy (Ei) and, the hysteretic damping.
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L Ed
P D pE

where Eq is the dissipated energy per cycle, Ei is the input stored energy.

Figure 39 and Figure 40 shows the damage evolution of stone masonry walls; with and without
containment, subjected to in-plane loading. Under smaller lateral displacement, only few slight
cracks were observed in plaster, which increased spatially upon subjecting wall to large
displacement resulting in the spalling of plaster. The wall compressed vertically, and the
individual stone units experienced sliding under lateral load. For specimen with wire
containment, the wall distortion stressed the containment wires in tension, providing capacity
against lateral loading. The alternate tension-compression and vertical settlement of stones to
get packed, resulted in to the buckling of wires. However, the containment kept the stones in
cage and didn’t allow the partial and total collapse of wall. Due to vertical settlement under
large displacement, wall with containment was observed with little out-of-plane bulging,

however, stone dislocation and stone sliding was observed in wall without containment.

Wall without containment was observed with horizontal crack at the top beam bottom level
and roughly diagonal cracks. The diagonal cracks width increased with increasing lateral
displacement demand that resulted into separation of wedge like portion from masonry walls
on both left and right top ends. The wall was also observed with out-of-plane bulging and
sliding of stones and the specimen was found in incipient collapse state. Table 19 reports the

mechanical properties calculated for stone masonry walls.

Figure 46 and 47 shows the damage evolution of the CSEB wall specimen, subjected to in-
plane loading. In case of wall S1, under smaller lateral displacement cycles, clear diagonal
cracks were observed on both diagonals, which aggravated upon subjecting wall to large

displacement resulting in severe diagonal shear cracking along the mortar joints.

51




Shaking Table Testing — Final Report

TA-8910 NEP: Earthquake Emergency Assistance Project

Table 19: Stone Masonry wall in-plane response parameters

Unstabilized
mud mortar

s Unstabilized mud mortar with surface containment without

Nb Description surface
containment

Sample | Sample | Sample CoV
1 2 3 Avg. (%) Sample 4
1 Lateral Strength, kN 11.4 11.9 13.5 12.26 8.94 8.7
o | Lateral Stiffness, 2.53 5.3 3.30 3.71 38.53 8.78
kN/mm

3 Yield Drift (%) 0.45 0.26 0.4 0.35 28.13 0.10

4 Ultimate Drift (%) 3.20 2.54 2.95 2.9 11.49 1.8

5 Ductility Ratio 7.11 9.66 7.37 8.04 17.45 18.18

6 (DO/"Z;“p'“g at Yielding 15.0 20.0 20.0 18.33 15.74 25.0

Note: As expected large variation in results in masonry construction, the results of Sample 4
cannot be considered reliable enough because of limited number of tested samples.
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Figure 34: Force-Deformation Hysteresis Loops for stone masonry (Sample 1-3 unstabilized mud mortar with
surface containment, sample 4 unstabilized mud mortar without containment)
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Figure 35: Force-displacement backbone curves for stone masonry
Note: It is worth mentioning that stone masonry piers with containment exhibited significant

sliding after damage. For calculating pier ductility and R-Factors, very large deformations
(approximately above 3%) due to sliding have been ignored.

Initially, shear sliding along the crack path was observed, which was followed by rocking of

the specimen wedges. A large wedge was about to separate from the left/right sides of wall

under imposed displacement of 10 mm. In case of Wall S2, under smaller lateral displacement

cycles, horizontal cracks appeared few courses above the toe at both corners. Clear horizontal

bed-joint cracks were formed and the wall started sliding over the bed-joint surface. Masonry

below the sliding surface exhibited multiple cracks and was subjected to toe crushing due to

uplifting of sliding (rocking) wall portion at both the corner. Corner splitting and wedge

separation was observed under large displacement cycles. Table 20 reports the mechanical

properties calculated for CSEB masonry walls.
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Figure 36: Bi-linear idealized force deformation capacity curves for stone masonry
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Figure 37: Combined bi-linearized capacity curves for Stone Masonry
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Figure 38: Variation of hysteretic damping of stone masonry pier with drift

Table 20: CSEB Masonry wall in-plane response parameters

S.No Description Sample 1 | Sample 2 | Average | CoV (%)
1 Lateral Strength, kN 7.0 11.0 9.0 31.42
2 Lateral Stiffness, kKN/mm 7.0 15.7 11.35 54.20
3 Yield Drift (%) 0.107 0.068 0.09 30.64
4 | Ultimate Drift (%) 0.61 1.01 1.04 27.19
5 Ductility Ratio 5.71 14.86 12.50 51.76
6 Damping at Yielding (%) 35.0 40.0 375 9.42
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0.0mm

Figure 39: Damage evolution of the stone masonry wall under in-plane quasi-static cyclic load - No

Containment
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Figure 40: Damage evolution of the stone masonry wall under in-plane quasi-static cyclic load — Containment

(Sample no. 2)
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Figure 41: Force-Deformation Hysteresis Loops of CSEB masonry
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Figure 42: Force-displacement backbone curves for CSEB masonry
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Figure 43: Experimental backbone and bi-linear idealization for CSEB masonry
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Figure 44: Combined bi-linear idealized capacity curves for CSEB Masonry
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Figure 45: Variation of hysteretic damping of CSEB masonry pier with drift
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Figure 46: Damage evolution of the CSEB wall under in-plane quasi-static cyclic load-Wall S1
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Figure 47: Damage evolution of the CSEB wall under in-plane quasi-static cyclic load-Wall S2
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CHAPTER 5: EXPERIMENTAL PROGRAM — SHAKE TABLE
TESTS

5.1 Test Models Construction

The model buildings were constructed with the same materials as that of the idealized
prototype. For the shake table test models, all the prototype buildings’ geometry and its
elements including wire diameters were linearly reduced to 1/3rd and 2/3rd size of the
prototype, respectively. In case of unavailability of exact dimensions, for example that of wires
for containment, the necessary conservative approximations were carried out. The
stones/bricks were also scaled down to 1/3rd and 2/3rd scale to suit scaled model buildings so
the number of bedding plane remains same to that of the prototypes. The reduced scale CSEB
units were made in the laboratory. Model Type Design 1 and Type Design 3 were constructed
in cement stabilized mud mortar, while Type Design 2 and Type Design 4 were constructed
using unstabilized mud mortar. The vertical containment wires (in case of Type Design 1, Type
Design 2 and Type Design 4) were not anchored into the base slab, however, vertical rebars
used in case of Type 1 and Type 3 models were anchored to the base using epoxy. It is worth
mentioning that welded wire mesh (WWM) was used in case of 2/3rd model of Type Design 1
while wires were used in all other cases. The roof was constructed of corrugated iron sheets
supported by timber trusses. The model buildings were provided with the earthquake resistant
elements including surface containment mesh (Type Design 1, Type Design 2 and Type Design
4) as discussed earlier. Attempts were made to simulate the field conditions of the earthquake-
affected areas of Nepal while constructing the test model buildings. To simulate the field
conditions, quality control of the construction materials and skills was kept to a minimum. The
model buildings were mud plastered (except Type Design 3) and whitewashed, so the cracks

could be visible during the testing. The 2/3rd and 1/3rd scale model buildings were tested on

62




Shaking Table Testing — Final Report TA-8910 NEP: Earthquake Emergency Assistance Project

60 ton (large shake table) and 8 ton (small shake table) payload capacity shake tables,

respectively.

5.1.1 2/379 Scaled Model Building (Large Shake Table Tests)

The 2/3" scaling of the proposed prototype resulted in model building of size for stone
masonry: 5.08m (L)x3.94m (B)x2.64m (H) and for CSEB masonry: 5.08m (L)x3.94m
(B)%x2.53m (H), including roof space, but excluding buttresses. Appendix C1 (Type Design 1),
Appendix C2 (Type Design 2), Appendix C3 (Type Design 3) and Appendix C4 (Type Design
4) presents details of the actual 2/3™ scale model building prepared for shake table testing.
Figure 48, 50, 52 and 54 depicts images from the laboratory site, at various stages of 2/3" scale

model construction.

5.1.2 1/3rd Scaled Model Building (Small Shake Table Tests)

The 1/3rd scaling of the proposed prototype resulted in size for stone masonry: 2.54m
(L)x1.97m (B)x1.32m (H) and CSEB masonry: 2.54m (L)x1.97m (B)x1.27m (H), including
roof space, but excluding buttresses. Appendix D1 (Type Design 1), Appendix D2 (Type
Design 2), Appendix D3 (Type Design 3) and Appendix D4 (Type Design 4) shows details of
the actual 1/3" scale test model prepared for shake table testing. Figure 49, 51, 53 and 55

depicts images from the laboratory site, at various stages of 1/3rd scale model construction.

Before dismantling of 1/3rd scale Type Design 1, the model was also tested after the removal
of 50% and 100% wall surface containment mesh from the in-plane walls. Similarly, 1/3rd
scale Type Design 2 model was also tested after the removal of 50% and 100% wall surface

containment mesh from both the in-plane and out-of-plane walls.

To understand performance of repaired models, the 1/3rd scale Type Design 2 and 3, and 2/3rd
scale Type Design 3 were also tested on the shake table after cosmetic repair. These models

were tested in the transverse direction. The 1/3rd scale Type Design 3 model was also tested in
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the longitudinal direction (without any further repair) after testing it in the transverse direction.
Due to time limitation, the data obtained from the tests conducted on repaired models were not
analyzed for calculating response parameters, but their observed damage behavior is discussed

in this report.

Figure 48: Construction stages of 2/3rd Scale Model Building of Type Design 1
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Figure 49: Construction stages of 1/3rd Scale Model Building of Type Design 1
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Figure 50: Construction stages of 2/3rd Scale Model Building of Type Design 2
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Figure 51: Construction stages of 1/3rd Scale Model Building of Type Design 2
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Figure 53: Construction stages of 1/3rd Scale Model Building of Type Design 3
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Figure 54: Construction stages of 2/3rd Scale Model Building of Type Design 4
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Figure 55: Construction stages of 1/3rd Scale Model Building of Type Design 4

5.2 Input Motions and Testing Protocols

Both 1/3rd and 2/3rd test models were shaken in the transverse direction considering high
vulnerability of the long walls under face load. In addition to this, there is almost similar total
length of in-plane walls and piers in both directions of the model. The model buildings were
subjected to increasing intensity of excitation (i.e. PGA). To track softening of the model
buildings, the buildings were subjected to free vibration after each episode of significant
excitation. After every run, the models were inspected for possible damages, which were
recorded/documented in the form of visual observations, still photographs and continuous

recording through cameras (CCTV and DSLRS).
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The 1/3rd scale Type Design 2 and Type Design 3 were also tested after cosmetic repair
subjecting them to the same protocol as that of the virgin model. Follow-up of this, the 1/3rd

scale Type Design 3 model was also tested in the longitudinal direction.

5.2.1 2/3rd Scaled Models (Large Shake Table Tests)

These models were tested under sinusoidal base excitation of varying frequency and base
imposed displacement, employing the 60-Ton large shake table. The input frequencies were
varied between 2 Hz to 12 Hz (2-to-12 Hz and then 12-to-2 Hz) and the base target
displacement were selected based on the pseudo relationship, varying from 1.5mm to
maximum displacement, calculated not to exceed the base acceleration more than 1.0g, which
is the maximum acceleration limit of the seismic simulator. Refer to Appendix G1 (Type
Design 1), Appendix G2 (Type Design 2), Appendix G3 (Type Design 3) and Appendix G4
(Type Design 4), for corresponding specified frequency and table displacements. A number of
runs (refer to Appendix G1, G2, G3, and G4 for testing protocol) were carried out, considering
different combinations of input frequency and base target displacement, and additional free

vibration tests after significant runs.

The 2/3rd scale Type Design 3 model was tested after repair and subjected to the same shaking

protocols as that of the virgin model.

The models were instrumented with accelerometers and displacement transducers to record the
structure acceleration and displacement response under the lateral vibrations. Appendix E1
(Type Design 1), Appendix E2 (Type Design 2), Appendix E3 (Type Design 3) and Appendix

E4 (Type Design 4) shows the instrumentation plans adopted herein.

5.2.2 1/3rd Scaled Models (Small Shake Table Tests)

The 1/3rd scale models were tested on 8-Ton small shake table, seismic simulator. These

models were tested under earthquake acceleration record, which included: (i) acceleration time
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history of the Northridge (USA) earthquake of 17" January 1994 recorded at 090 CDMG
STATION 24278. The acceleration time history was matched to the code specified design
acceleration spectrum (IS 1893) (Refer Figure 56). The 1/3rd scale models (Type Design 2 and
3) were also tested on the shake table after cosmetic repair and were subjected to the same
testing protocol to which the virgin model was subjected to. Additionally, the models were
tested on KIRT_EW time history. The repaired model of Type Design 3 was also tested in the

longitudinal direction after testing it in the transverse direction.
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Figure 56: Compatibility of acceleration record spectrum and code specified elastic respomse spectrum

To meet the scaling requirements (Bothara et al., 2010; Tomazevic, 2000), the acceleration
time history frequency was increased by Scale Factor®® = 3%%in the present case. Two sets of
acceleration records were prepared; EQ1, matched to design spectrum and EQ2 scaled to 1.0g,
which was 240% of the design spectrum represented rare earthquake shaking. The models were
subjected to multiple excitation of EQL, linearly scaled from 5% to 100%. Similarly, the

models were subjected to EQ2, linearly scaled from 60% to 100%. Appendix F1 (Type 1),
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Appendix F2 (Type 2), Appendix F3 (Type 3) and Appendix F4 (Type 4) shows the
instrumentation plans for 1/3rd scale test model. Testing protocol is presented in Appendix 11

(Type 1), Appendix 12 (Type 2), Appendix 13 (Type 3) and Appendix 14 (Type 4).

5.3 Observed Behavior of Tested Models
5.3.1 Type Design 1
General

Both the 2/3 and 1/3™ models behaved very similar under subjected input base excitations.
Under low and moderate shaking, the models didn’t show any significant/visible damages in
structural or non-structural components. Very few cracks were appeared in the plaster of walls
under moderate to strong shaking, and some spalling of plaster was observed. Under very
extreme shaking, the model showed significant sliding and rocking of stones in the in-plane
wall panels due to in-plane forces and induced lateral displacement. However, the containment
wires ensured integrity of walls which allowed re-centering of the building with no significant
distress in walls (permanent deformation). The deformation in the structure, clearly observed
even visually, were well distributed over the whole area of wall panels. The out-of-plane walls
were subjected to global rocking, with respect to the base, like a continuum body due to the
bands, wire mesh containment and buttresses. No any damage was observed in the out-of-plane
walls, except slight cracks over large area of walls, and a few spalling of plaster at the toe of
buttresses. Tremendous energy dissipation capacity has been observed in the model, which is
due to well distributed cracks in walls, horizontal sliding and rocking of stones at multiple
locations in the in-plane wall panels. The model was even capable to resist acceleration of 1.0g,

with no collapse/delamination of stones and no major damage to walls.

The design scheme is capable to resist future design level earthquakes without any collapse or

major damages that could endanger the occupant’s lives during the earthquake event.
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2/3rd Scale Model
The test model was not observed with any visible cracking or damage during excitations having
frequency of 2 Hz. Similarly, no damage was observed during excitations having frequency of

4 Hz and table-imposed displacement of 3mm or below.

Under base excitation of 4 Hz and table-imposed displacement of 6mm, the test model was
observed with horizontal cracking to in-plane Wall 4, just below the eave band. The same wall
was also observed with minor plaster spalling. For the same input frequency (4 Hz), increasing
the table-imposed displacement to 12 mm, the extent of damage to model increased. The
existing cracks on Wall 4 further widened and more spalling of plaster was observed. Similar
to Wall 4, Wall 3 was also observed with horizontal crack at the eave band level. Out of plane
wall (Wall 1) was observed with rocking at the base of buttress. Further, Wall 1 was observed
with slight horizontal cracking just below the eave band level. Minor spalling of plaster was

also observed. This run seemed to have vibrated the model around its predominant frequency.

On further increasing the base input frequency from 6 Hz to 12 Hz, with varying amplitudes of
table-imposed displacement, didn’t cause any further significant damage, except the widening
of existing cracks and spalling of plaster. The high frequency excitation induced localized

multiple vibrations of stone units on walls.

The low frequency excitation at 4 Hz was repeated with imposed table displacement of 12 mm
with total duration of 20 sec. The excitation proved to be the intense shaking for the test model,
causing violent vibration of the model. Under this run, toe crushing of buttress (movement of
stones) on Wall 2 was observed. Crushing and spalling of concrete from splint at the corner of
the building, junction of Wall 4 and Wall 2, was observed. The longitudinal re-bar was visible
at the base and observed to have buckled. Cracks and damage were distributed over large area

of walls, indicting significant energy dissipation of the model. Despite the intense shaking and
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long duration of excitation, the model was able to resist the lateral loads without collapsing or
exhibiting any serious damage. Appendix G1 reports all the test runs with respective observed

damages while Appendix H1 reports observed damages under significant runs.

1/3rd Scale Model

The model under design base earthquake EQ1 was not observed with any significant damage

except minor horizontal cracking in the in-plane walls.

Under EQ2 90% test run, the test model was observed with toe crushing (delamination of
stones) of buttress on face-loaded wall W1. The existing cracks in the in-plane walls further
widened. Under 100% test run, the model vibrated violently that increased the severity of
cracks in the models. The model was also observed with spalling of plaster from walls at
various locations. After the model softening, EQ2 was repeated, the existing damage in the
model further aggravated. Toe crushing (delamination of stones) on in-plane was also

observed. Both the in-plane walls were observed with significant plaster spalling.

The model surface containment was reduced by 50% in wall 3 and by 100% in wall 4 for further
runs. EQ 2 runs were repeated, the model under 70% run was observed with falling of few
stone units from the in-plane walls. In-plane walls were observed with severe sliding of bands.
Under 100% run, wall 4 was observed with significant falling of stone units. Appendix I1
reports all the test runs with respective observed damages while Appendix J1 reports observed

damages under significant runs.

5.3.2 Type Design 2

General
Both the 2/3rd and 1/3rd scale model buildings behaved very similar under subjected input
base excitations. However, in general the 2/3™ scale model suffered more damage than the

1/3rd scale model because of bi-directional loading (the shaking of the table platform was little
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eccentric), although the damage patterns were very similar. Under low and moderate shaking,
the model buildings didn’t show any significant/visible damages to structural or non-structural
components other than slight cracks at the base of the long walls and buttresses. Under
moderate to strong shaking, the models were observed with a few plaster spalling particularly
at the base levels (between plinth and sill level at buttress) and between sill and lintel level over
walls. This Type Design 2 model didn’t show any horizontal sliding of gabion bands at any
level, which is due to the homogenous nature of gabion band and walling materials
interconnectivity of gabion stones with wall courses. The models were observed with
significant rocking of the face-loaded walls (front wall W1 and rear wall W2), with horizontal
sliding of masonry at their bases over in-plane walls (W4 and W3) at very strong shaking. The
observed behavior of Type Design - 2 indicates that it was relatively more flexible, particularly

the out-of-plane walls, than Type Design - 1.

2/3rd Scale Model

Under base excitation of 2 Hz frequency and imposed base displacement of 24 mm, the model
was observed with flexural cracking of buttress with distributed horizontal cracks at the base,

with some minor damage to plaster.

Under base excitation of 4 Hz frequency and imposed base displacement of 3 mm, local out-
of-plane vibration of W1 was observed at lintel level. Further increase in base imposed
displacement up to 6 mm caused resonance of the building with significant rocking of
buttresses and out-of-plane walls (W1 and W2). Plaster spalling from walls was observed in
small chunks. Sagging of door/window lintel was observed due to movement of piece lintel.
Cracking to in-plane wall (W4) was also observed. Further increasing imposed displacement
up to 12 mm caused severe resonance of buildings i.e. rocking of buttresses and out-of-plane

walls. Plaster spalling from walls and aggravation of cracks to in-plane wall (W4) were
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observed. Plaster spalling due to toe crushing at base of buttress (actually delamination of

stones along the bottom masonry layers) was observed.

Increase in frequency up to 6 Hz and imposed displacement up to 6mm, caused plaster spalling
and horizontal sliding of stones units. Reducing again frequency to 4 Hz while increasing
imposed displacement up to 15 mm caused severe sliding of stones in out-of-plane walls.
Rocking of walls and buttresses was observed. However, as the masonry units were well

contained in the containment mesh, the walls remained stable.

The model was also tested under frequency of 3 Hz with imposed lateral base displacement of
20 mm, with intense shaking of 20 sec duration. This resulted in intense shaking of building
with distributed rocking of face loaded walls and buttresses causing sliding of stones. But, no

loss of masonry units was observed due to containment mesh.

Excitation of 4 Hz frequency and imposed displacement of 15 mm was repeated for a long
duration of 20 sec. The model under this run was observed with severe sliding of stones but
stones still contained in the wall surface containment mesh. Loosening of a roof truss anchor
over out-of-plane wall was observed. Cracks on both out-of-plane and in-plane walls were
aggravated with significant sliding of stones and wall bulging, however, these stones were
basket by containment mesh and did not fall. However, few very small stone than the standard
one fell off the walls. Appendix G2 reports all the test runs with respective observed damages

while Appendix H2 presents photographic images of observed damages under significant runs.

1/3rd Scale Model

Under EQ1 shaking, the design level earthquake excitation, during the initial “self-check” of
the shake table, the model was subjected to strong seismic excitation by the system than
intended. This resulted in significant damage to the model. The model under this run was

observed with out-of-plane rocking of buttresses of walls (W1, W2). Horizontal cracks were
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observed below the lintel on W1 and W2, propagating from door and window corners. As
planned, the model was subjected to design level earthquake record (EQ1), with multiple
intensities varying from 5% to 100% following the self-check of the table. However, no further

notable damage was observed.

The model was then subjected to rare earthquake ground motion (EQ2) i.e. simulated through
scaling design level earthquake to PGA of 1.0g. The model was first subjected to “self-check”
before starting EQ2 shaking. Although not intended, under this run the model was again
subjected to severe shaking due to the shake table malfunction. The model experienced
significant out-of-plane rocking of long walls and buttresses, followed by horizontal sliding of
model at the base. The existing cracks in walls further aggravated. Under 70% of EQ2, the
model was observed with toe crushing of buttresses (actually delamination of stones along
bottom layer of masonry) that was followed by plaster spalling because of toe crushing. Toe
crushing followed by spalling of plaster was also observed on walls W1 and W2, near in-plane
wall W3. Slight distributed cracks were also observed on W3. Toe crushing (actually
delamination of stones along bottom layer of masonry) at base of buttresses and long walls
(W1, W2) further aggravated under run of intensity 100% of EQ2, which was followed by
further plaster spalling. Plaster spalling was also observed on W2 in small chunks from wall
between lintel and eave level. Appendix 12 reports all the test runs with respective observed
damages while Appendix J2 reports observed damages under significant runs. The model was

not tested for KIRT-EW to save it for testing after repair.

This model was cosmetically repaired for retesting in order to see the performance of repaired
model under the same testing protocol used for the virgin model. Under EQ1, the model was
observed with slide cracking “mostly the appearance of previous cracks which were concede
through mud plaster”. The face loaded walls W1 and W2 of model were observed with minor

rocking at the buttresses. Under EQ2, for intense shaking, the model was observed with
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significant rocking of out-of-plane walls W1 and W2 at buttresses. Toe crushing at the base of
buttresses was observed which was followed by movement of stone units and push out of
mortar. Plaster spalling at few locations was also observed. Damage at the wall to truss
connection, particularly the end one, was also observed. The model was subjected then to
KIRT_EW, under which significant rocking of the out-of-plane wall was observed. This caused

heavy degradation of model and damage to spandrels.

For further runs, the wall surface containment was removed from in-plane wall W3 and out-
of-plane wall W1 and W2 at their junctions with W3. Surface containment on half of the length
of in-plane wall W3 and adjoining part of half of the length of W2 was reduced by 100%.
Under intense shaking, extensive expulsion and movement of stone units from wall with no
containment was observed. Damage to door spandrels aggravated and failure of connection
between wall and truss connections was observed. Detailed description of observed damages

under each run is reported in Appendix 12-R.

5.3.3 Type Design 3

General

Both the 2/3rd and 1/3" scale model buildings behaved very similar under subjected input base
excitations. However, in general the 2/3' scale model suffered more damage than the 1/3rd
scale model because of bi-directional loading (the shaking of the table platform was little
eccentric), although the patterns were very similar. Under low intensity shaking, the model
buildings didn’t show any significant/visible damages in structural or non-structural
components other than slight cracks at the base of long walls and buttresses. Under moderate
shaking, the models were observed with horizontal shear sliding cracks between sill and lintel
level (mid-height) over wall 3 and wall 4. The models were observed with significant rocking
of the face-loaded walls (front wall W1 and rear wall W2), followed by toe crushing of buttress

of wall 1, and severe horizontal and diagonal shear cracking (sliding of masonry units along
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the mortar joint) of masonry over in-plane walls (wall 3 and wall 4), mostly between sill and

lintel level piers. Corner damages and fall of brick units have been observed.

2/3rd Scale Model

Under base excitation of 4 Hz frequency and imposed base displacement of 6 mm, the model
was observed with horizontal crack just below the lintel band on wall W2, due to out-of-plane
rocking of wall panel. For the same frequency and imposed base displacement of 12 mm,
horizontal cracks appeared on panels over Wall 3 and Wall 4 between sill and lintel bands (mid
height), with additional inclined cracks on panel (between sill and lintel band) at the wall
corners. Toe crushing at base of buttress was observed during rocking of Wall 1. Few slight

cracks also appeared in panel over Wall 3 between eave and lintel bands.

Increase in frequency up to 6 Hz and under imposed displacement up to 3 mm, the buttress on
wall 1 was observed with significant rocking at lintel level. Under further increase in table
displacement up to 6mm, horizontal cracks in panel over Wall 3 increased in number and the
existing cracks further widened. Sliding out of brick units from Wall 3 was observed over wall
panel between lintel and eave bands and lintel and sill bands, with a brick unit fall from panel
between lintel and eave band. Severe out-of-plane rocking of buttress was observed on Wall 1,
a wedge like portion from buttress was about to separate right below the lintel band. Diagonal
cracks (passing through mortar joints) were also observed on Wall 1 between buttress and door
opening, over wall panel between sill and lintel bands. Frequency of excitation was increased
but no significant damage was observed except localized vibrations of units, with a fall of a

brick unit under excitation of 8 Hz frequency.

After high frequency excitation, the model was again subjected to excitation with frequency of

6 Hz and imposed displacement of 6 mm, masonry splitting was observed at the toe of buttress
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on out-of-plane rocking Wall 1. Buttress on Wall 1, right below the lintel level, detached with

wedge like masonry. Sliding out of further brick units was observed on Wall 3 and Wall 4.

Excitation with 4 Hz frequency was also repeated. For this frequency and imposed
displacement of 12 mm, the model was observed with toe crushing of buttress of wall 1 and
also separation of masonry wedge from buttress right below the lintel band. Damage to corner
of walls between Wall 1 and Wall 4 was also observed right below the lintel band. Under
further increase in imposed displacement up to 15 mm, out of plane failure of bricks was
observed at corner of Wall 1 and Wall 4 just below lintel band. However, this didn’t jeopardize
the stability of structure, as the vertical elements were still able to provide vertical support to
the structures. Out-of-plane failure of and fall of significant number of brick units from panel
of Wall 1 between sill and lintel band was observed. Appendix G3 reports all the test runs with
respective observed damages while Appendix H3 presents photographs of observed damages

under significant runs.

This model was then cosmetically repaired for retesting. The model was repaired by replacing
the damaged wall with new CSEB units in cement stabilized mud masonry. Few bricks in walls
cracked/broken were also replaced with new units and the buttresses were removed. The model
was tested under similar protocol of that virgin model. The repaired model behaved almost
similar to the virgin model; initially cracking and spalling of mortar was observed that was
followed by masonry sliding at the bed joint. Under resonance frequency, the model was
observed with significant damages in walls; falling units from walls and masonry crushing at
the model corner were observed. The model was still able to resist peak base acceleration of

0.80g. Detailed damage observations of the repaired model are reported in G3-R.
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1/3rd Scale Model

Under EQ1 shaking, the design level earthquake excitation, during the initial “self-check” of
the shake table, the model was subjected to strong seismic excitation by the system than
intended. This resulted in significant damage to the model. The model under this run was
observed with significant horizontal cracks in in-plane Wall 3 and Wall 4. Horizontal sliding
of lintel and eave bands was also observed. Toe crushing of buttresses on wall 1 and wall 3
was also observed. As planned, the model was subjected to design level earthquake record
(EQL), with multiple intensities varying from 5% to 100% following the self-check of the table.

However, no further notable damage was observed.

The model was then subjected to rare earthquake ground motion (EQ2) i.e. simulated through
scaling design level earthquake to PGA of 1.0g. The model was first subjected to “self-check”
before starting EQ2 shaking, which was followed by runs with multiple intensities varying
from 60% to 100%. The existing cracks in walls further aggravated under 70% of EQ2. Also,
falling of bricks from W3 just above sill level was observed due to shear cracking. Toe crushing
of Wall 3 at the corner i.e. at junction of Wall 3 and Wall 2, was observed. Under 100% of
EQ2, further falling of brick units from buttress of Wall 3 was observed at the horizontal shear
cracks. Corner wedge separation at toe of Wall 3 and Wall 4 observed. In-plane cracks both to
Wall 3 and Wall 4 were aggravated, however, the extent of damage was high on wall having
no buttress. Sliding out of brick units was observed over in-plane Wall 4 between sill and lintel
band, right above the stitch location. Appendix 13 reports all the test runs with respective
observed damages while Appendix J3 present photographs of observed damages under

significant runs. This model was not tested for KIRT-EW to save it for post repair testing.

This model was also repaired to investigate its performance under the testing protocol similar
to that of virgin model. First the damaged part of masonry was replaced and the model was

then plastered to conceal the previous cracks. The repaired model under EQ1 and EQ 2 behaved
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similar to the virgin model; existing cracks reappeared in the model and sliding was observed
at lintel bands. The in-plane walls suffered diagonal cracking (cracks passing through mortar
joints) in the masonry panel between lintel and sill levels. The out of plane walls were observed
with significant rocking. Masonry walls crushing at in-plane walls corners was observed.
Falling of few units was also observed. However, the model still possessed capacity to resist

shaking. Detailed damage observations of the repaired model are reported in 13-R.

This model was rotated and tested in the longitudinal direction under the same testing protocols.
The model in this direction was observed with significant rocking of in-plane piers on long
walls. Since, the model was already significantly softened under the transverse excitations, the
out of plane sliding and fall of brick units from out of plane walls were observed under intense
shaking. The model was found at the incipient collapse state. It is worth mentioning that the
model under longitudinal excitation was severely damaged already under multiple phases
excitations in transverse direction. Detailed damage observations of the repaired model in

longitudinal direction are reported in 13-RL.

5.3.4 Type Design 4

General

Both the 2/3rd and 1/3rd scale model buildings behaved very similar under subjected input
base excitations. However, in general the 2/3rd scale model suffered more damage than the
1/3rd scale model, although the patterns were similar. Under low and moderate shaking, the
model buildings didn’t show any significant/visible damages in structural or non-structural
components other than a few cracks. Under moderate to strong shaking, the models were
observed with few plaster spalling particularly at the base levels (between plinth and sill level)
and at eave level. Unlike models of Type Design 1, models of Type Design-4 showed
significant horizontal sliding of timber bands at sill, lintel and eave levels with prominent

sliding at eave level and sill levels. One of the truss connection right above the buttress was
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detached and few purlins were also detached. Overall, the model was observed with significant

rocking of the face-loaded walls (front wall W1 and rear wall W2).

2/3rd Scale Model

Under base excitation of 4 Hz frequency and imposed base displacement of 3 mm, the
model was observed with intense out-of-plane rocking of walls (W1, W2), prominently at the
lintel band (rocking of masonry panel between lintel and eave level). Under further large
displacement of 15 mm for the said excitation (i.e. at 4 Hz), a few of the small stones fell off
the W1 (front wall) and W4 (side wall) with a few more dislocated but did not fall. Stone
falling was observed particularly from the buttresses at the lintel level (right below the lintel
band). Unlike models of Type Design - 1, Type Design — 4 model was observed with multiple
rocking of Wall 1 and Wall 2 (face loaded wall) at plinth, sill and lintel levels. This showed
face loaded walls of Type Design - 4 was relatively more flexible than Type Design - 1. This
was possibly due to the timber bands, which are more flexible than the reinforced concrete
bands and effect of using wires for containment instead WWM (welded wire mesh). However,
despite all the intense shaking, the model and its components did not trigger any unstable mode
of failure or loss of masonry units. Appendix G4, provided with the excel sheet, shows each
run with the observed significant damages. Appendix H4 records photographic images of the

damage suffered by the model.

1/3rd Scale Model

Under EQL1 shaking, the design level earthquake excitation, during the initial “self- check” of
the shake table, the model was subjected to strong seismic excitation by the system than
intended. This resulted in significant damage to the model. The model under this run
experienced horizontal sliding of timber bands, clear horizontal sliding at sill and lintel levels

on all of the walls. As planned, the model was subjected to design level earthquake record
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(EQ1L), with multiple intensities varying from 5% to 100% following the self-check of the

table.

The model was then subjected to rare earthquake ground motion (EQ?2) i.e. simulated through
scaling design level earthquake to PGA of 1.0g. The model was first subjected to “self-check”
before starting EQ2 shaking. Although not intended, under this run also the model was
subjected to 1.06g shaking due to the shake table malfunction. The model experienced
significant out-of-plane rocking of long walls, following spalling of plaster from long walls.
Also, truss connection has shown significant horizontal sliding and rocking that forced

connections failure.

The model was then subjected to Gorkha earthquake recorded at Kirtipur on rock site
(KIRT_EW). Under this run, the modal experienced very large deformation of long walls due
to out-of-plane bending and rocking because of the long period contents of the record.
However, despite large displacement and horizontal sliding of the bands, the model remained

intact without triggering any unstable mode of failure. The model suffered plaster spalling.

To check sensitivity of survival of model to the containment mesh, the 50% and 100% of
containment mesh wires were removed (each alternative wire was removed) from both in-plane
and out-of-plane walls and the model was subjected to EQ2 and KIRT-EW. The walls with
50% containment behaved very similar to the case with 100% containment mesh. However, a
few stone falls were observed at the sill and lintel level bands on long walls (walls W1
and W2). In case of walls where 100% containment mesh had been removed, significant sliding
of stones and wide cracks in the walls were observed. Appendix 14 provides testing sequence
along with observed significant damages with these runs. Appendix J4 shows photos of the

damage suffered by the model.
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CHAPTER 6: RESULTS AND DISCUSSIONS

6.1 Introduction

This section discusses the experimental recorded data analysis for calculation of various elastic

and inelastic seismic response properties, listed as follows:

e Fundamental vibration period

e Structural damping

e Acceleration amplification

e Force-displacement capacity curves

e Ductility and response modification factors

e Damage states and performance Levels

The above listed properties for each Type Design are further elaborated in the following

sections.

6.2 Fundamental Periods

Free vibration tests data were analyzed for estimation of fundamental frequency of the models.
The uncracked fundamental period of model was estimated using the data from free vibration
F1 test run. The time history response of acceleration recorded at the eave level was obtained
and analyzed in SeismoSignal for base line correction and filtering. Fourier amplitude of

acceleration was correlated with the frequency to obtain the power spectral density (PSD).

Figure 57 shows the PSD obtained for 2/3rd scale model for out-of-plane responding wall
while Figure 58 shows PSD obtained for in-plane walls of Type Design 1. The minimum
frequency at the peak response was obtained as the resonance frequency, which is 8.20 Hz
(0.122 sec) for out-of-plane wall and 8.45 Hz (0.118 sec) for in-plane wall. This corresponds

to prototype fundamental vibration period, calculated as V(3/2) x 0.122 = 0.15 sec for out-of-
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plane and V(3/2) x 0.182 = 0.145 sec for in-plane response of structure. For both in-plane and

out-of-plane response, and for all Type Designs, maximum frequency at peak response was

obtained as the resonance frequency that basically corresponds to initial uncracked frequency.
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Figure 57: PSD developed for free vibration acceleration response of 2/3™ scale model for out-of-plane
response- Type Design 1
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Figure 58: PSD developed for free vibration acceleration response of 2/3rd scale model for in-plane response-

Type Design 1

Figure 59 shows the PSD obtained for 2/3" scale model for out-of-plane responding wall while

Figure 60 shows PSD obtained for in-plane walls of Type Design 2. The minimum frequency

at the peak response was obtained as the resonance frequency, which is 5.50 Hz (0.18 sec) for

out-of-plane wall and 10.74 Hz (0.09 sec) for in-plane wall. This corresponds to prototype
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fundamental vibration period, calculated as V(3/2) x 0.18 = 0.22 sec for out-of-plane and
V(3/2) x 0.09 = 0.11 sec for in-plane response of structure. For both in-plane and out-of-plane
response, maximum frequency at peak response was obtained as the resonance frequency that
basically corresponds to initial uncracked frequency.
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Figure 59: PSD developed for free vibration acceleration response of 2/3™ scale model for out-of-plane
response- Type Design 2
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Figure 60: PSD developed for free vibration acceleration response of 2/3" scale model for in-plane response-
Type Design 2

Figure 61 shows the PSD obtained for 2/3rd scale model for out-of-plane responding wall

while Figure 62 shows PSD obtained for in-plane walls of Type Design 3. The minimum
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frequency at the peak response was obtained as the resonance frequency, which is 9.40 Hz
(0.11 sec) for out-of-plane wall and 9.40 Hz (0.11 sec) for in-plane wall. This corresponds to
prototype fundamental vibration period, calculated as V(3/2) x 0.11 = 0.13 sec for out-of-plane
and V(3/2) x 0.11 = 0.13 sec for in-plane response of structure. For wall response, maximum
frequency at peak response was obtained as the resonance frequency that basically
corresponds to initial uncracked frequency.
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Figure 61: PSD developed for free vibration acceleration response of 2/3™ scale model for out-of-plane
response- Type Design 3
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Figure 62: PSD developed for free vibration acceleration response of 2/3 scale model for in-plane response-
Type Design 3

Figure 63 shows the PSD obtained for 2/3rd scale model for out-of-plane responding wall

of Type Design 4. The minimum frequency at the peak response was obtained as the
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resonance frequency, which is 3.96 Hz (0.25 sec) for 2/3"" Model. This corresponds to
prototype fundamental vibration period, calculated as V (3/2) x 0.25 = 0.31 sec. Similarly,
Fig Figure 64 shows the PSD obtained for 2/3' model for in-plane responding walls of Type
Design 4. The maximum frequency at the peak response was obtained as the resonance
frequency (this basically corresponds to initial uncracked frequency), which is 8.40 Hz (0.12

sec) for 2/3" model. This corresponds to prototype fundamental vibration period of 0.15 sec.
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Figure 63: PSD developed for free vibration acceleration response of 2/3™ scale model for out-of-plane
response — Type Design 4
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Figure 64: PSD developed for free vibration acceleration response of 2/3™ scale model for in-plane response —
Type Design 4
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Comparison of Fundamental Time Period of Type Designs

Table 21 reports the fundamental period for prototype of all Type Designs. Slight variation
was observed in the time period of models for in-plane response, whereas the variation in the
time period seemed considerable for out-of-plane responding walls, which was expected.
Models with RC bands (Type Design 1 and 3) that ensured in-plane integrity of the structural
walls observed with similar time period for both in-plane and out-of-plane responses,
indicating coupled in-plane and out-of-plane response of model. This further indicates the

global in-plane mechanism of the models.

Models with flexible bands like gabions (Type Design 2) and timber truss (Type Design 4)
exhibited higher time period for out-of-plane response. The in-plane and out-of-plane periods
of these models were well apart, indicating de-coupled in-plane and out-of-plane response of
the models. Free vibration tests conducted after actual test run indicated that the time period
of all models elongated with the onset of damage during actual test runs. Fundamental time

period up to 0.40 sec was observed for damaged models.

Table 21: Fundamental time period for prototype of all Type Designs (based on virgin models)
Time Period (sec)
Type Design
In-Plane Out-of-Plane
Type Design 1 0.15 0.15
Type Design 2 0.11 0.22
Type Design 3 0.13 0.13
Type Design 4 0.15 0.31
6.3 Damping

The decay function for the time history of the response acceleration as proposed by Chopra

(2003) is used to calculate the model damping:

z= 1 Ln(Alj
znp A"
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where C represents elastic damping coefficient; A1 represents the peak amplitude of response
displacement at reference point 1; An represents the peak amplitude of response displacement

at reference point after n cycles; and n represents the number of cycles between the peaks.

The models’ damping was calculated from the free vibration tests of the model, carried out by
means of table impulse loading. The structure displacement response at the top was considered
and analyzed for calculating the decay in the displacement history. The damping was
calculated from the logarithmic decay of the last two cycles. Table 22 reports the final

maximum and final average structural damping ratio for all the Type Designs.

An initial structural damping up to 10% was observed for all the models, which has also been
confirmed by similar tests conducted by others on similar building types with weak mortar

(Benedetti et al, 1998).

The experimental investigation has shown that all the models possessed significantly higher
initial and final structural damping as compared to other structural types such as steel and

reinforced concrete structures.

Table 22: Viscous damping of all Type Designs (based on virgin models)

Final Structural Damping Ration (%0)
Type Design
Max. Avg.
Type Design 1 31 25
Type Design 2 32 21
Type Design 3 33 20
Type Design 4 32 25
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6.4 Amplification

The model amplification was calculated for face loaded (i.e. long walls) walls when the model
was shaking in the transverse direction. It was calculated by dividing the structural peak
response acceleration (at eave level at the top of the buttress on the long wall) over the peak

input acceleration at the base of the model (base of buttress on long wall).

_— [max Aeave J
Amp =| ———cawe
max A4

base

where Amp represents the amplification factor; max Aeave represents the peak acceleration
observed at the eave level, at mid-span of long wall (i.e. at the top of the buttress on the long
wall); max Avase represents the peak acceleration observed at the base of the model (i.e. at the
base of the buttress on the long wall). Table 23 reports the maximum and average amplification

factors estimated for all Type Designs.

Table 23: Acceleration amplification factor of all Type Designs (virgin models)

2/3rd Models 1/3rd Models
Type Design
Max. Avg. Max. Avg.
Type Design 1 3.96 2.06 291 1.74
Type Design 2 2.32 1.80 3.47 2.67
Type Design 3 3.26 2.08 3.13 1.94
Type Design 4 3.72 2.72 3.07 2.33

6.5 Capacity Curves

Lateral force-deformation capacity curves for both in-plane and out-of-plane response of test
models were developed. Both the in-plane and out-of-plane response modes of structure are
considered as uncoupled modes of vibration for calculating in-plane and out-of-plane capacity

curves. This will facilitate mode specific design and assessment of similar structures.
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For in-plane capacity curve, the in-plane walls’ peak relative displacement response observed

at the eave level was normalized over the in-plane wall height to calculate in-plane walls’ drift.

The in-plane capacity of test model was presented in terms of base shear coefficient (BSC),
which is calculated using the procedure described in Ali et al. (2013). This involved
transforming model observed peak acceleration on in-plane walls (average of the two in-plane
walls) at the eave level to prototype using the actual applicable scale factors for model to
prototype conversion (Tomazevic, 2000). The in-plane walls’ response acceleration was
multiplied by the structural masses including self-weight of roof (timber trusses and purlins

and GI Sheet) and loadbearing walls (considered as 50% of the total mass of walls).

i~
[
4+
7+

Drift %) ° ——I\WW\/ : —
ER
L
&
-Jm 13500
'
AL

e « sl

05 4 —
.

15 L . . ; . .
1000 110 15000 1250 15000 15500

Time (sec)

Figure 65: Drifts and corresponding base shear coefficient
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Figure 66: Adopted Lateral Force Deformation Capacity Curves- Combined (2/3™ and 1/3")- Type Design 1
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Figure 67: Adopted Lateral Force Deformation Capacity Curves- Combined (2/3" and 1/3")- Type Design 2
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Figure 68: Adopted Lateral Force Deformation Capacity Curves- Combined (2/3" and 1/3)- Type Design 3
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Figure 69: Adopted Lateral Force Deformation Capacity Curves- Combined (2/3" and 1/3")- Type Design 4
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In-plane drifts and base shear coefficients for both one third and two third scaled models were

calculated and plotted individually for each run, as shown in Figure 65.

Peaks from both the plots were obtained for each run and plotted against each other. Since the
plotted data was too scattered, standard procedure for selecting points was not followed. After
discussions, the procedure followed is; taking into account stiffness of the model, lines were
marked in the plotted graph to remove outliers from the plot. After removing outliers, final
plots are shown in Figure 66 to Figure 69. Although the models were able to deform beyond
2.5% drift remaining stable, generally 2.5% adopted was considering limited data available

after 2.5% drift.

6.6 Ductility and Response Modification Factors

In the present research the seismic response modification factor R of structural models is
calculated by the procedure used by Ali et al (2013). Generally, R factor for a structure can be

calculated knowing the inelastic lateral force-deformation behavior of the structure.

Rn*Rs

=~
1

NS
1

SR
*

ST
I

Where, Ve represents the elastic force the structure will experience, if responded elastically
under earthquake demand; Vy represents the idealized yield strength of the structure; Vs
represents the design base shear force; Ru represents the ‘ductility factor’, i.e. structure
ductility dependent factor, Rs represents the ‘overstrength factor’, i.e. structure overstrength
dependent factor. The overstrength factor Rs is calculated directly from the lateral force-
deformation capacity curve of the structure (i.e. dividing the idealized yield strength over the
structure design strength), however, the ductility factor Ry is related to the structural ductility

(Newmark and Hall, 1982, Tomazevic, 1999) as given:
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Short Period T < 0.20 sec. R,=10 Structure
Vibration

Intermediate Period 0.2sec. < T <0.5 sec. R, =+2m-1 Period:

Long Period T> 0.5 sec. R, =m T=2p kﬁ

Where, T is the yield vibration period of idealized single degree of freedom system. Using the
classical formulae of time period i.e. Ty = 2m(m/ky)*°, Ty (sec) = 0.51, 0.60, 0.50 and 0.62
were calculated for Type Design 1, 2, 3 and 4, respectively. It is worth mentioning that the
yield period is based on the elasto-plastic idealization of system and thus depends on the yield
stiffness of the system, which is usually larger than the initial stiffness. Therefore, the yield
period is always greater than the initial period or period obtained through low amplitude free
vibration tests. This suggests using the ductility and R relationship recommended for long
period structures in order to estimate R factor for all Type Designs. This has been supported
also by the observed dynamic seismic response of the models, exhibiting flexible behavior;

deforming to very large lateral drift and exhibiting multiple rocking and sliding behaviors.

Bi-linearized Capacity Curves for Prototype Structure

R factor calculated in this research is model specific and based on the combined data of models
for global response. For this purpose, the force-deformation capacity curve data obtained from
both the 2/3rd and 1/3rd models were combined, and a single capacity curve was developed

for prototype structure.

For calculation of structural global ductility and yield force, the structure force-deformation
capacity curve was bi-linearized as an elasto-plastic curve (Figure 70 to Figure 73), based on
the energy-balance criterion (Magenes and Calvi, 1997). The structure’s global ductility p was
obtained by dividing the ultimate displacement capacity over the idealized yield displacement

capacity of structure model. The ultimate displacement was limited to close to 2.5% drift,
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despite the models were stable at much higher drifts. The results indicate that R factors

calculated for tested structures are marginally higher than the IS: 1893:2016 specified R factor.

Response modification factors are reported in Table 24, which are applicable to both in-plane

and out-of-plane response. R factor for all models may be approximated as 2.50 for the design

and assessment of structures of similar constructions.

Table 24: Response Modification Factors-R

Type Design E'ﬁlfcti Ulg?fe:te Ductility Ru Rs] R
Type Design -1 Stone Masonry with RC Bands 0.95 247 2.60 2.60 11260
Type Design -2 Stone Masonry with Gabion Bands 1.03 2.69 2.61 2.61 11261
Type Design -3 CSEB 0.90 2.34 2.60 2.60 11260
Type Design -4 Stone Masonry with Timber Bands 1.17 3.00 2.58 2.58 1] 258
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Figure 70: Bi-Linearized Lateral Force Deformation Capacity Curve- Type Design 1
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Figure 71: Bi-Linearized Lateral Force Deformation Capacity Curve- Type Design 2
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Figure 72: Bi-Linearized Lateral Force Deformation Capacity Curve- Type Design 3
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Figure 73: Bi-Linearized Lateral Force Deformation Capacity Curve- Type Design 4

6.7 Damage states and performance levels

Attempts were made to define seismic performance levels were determined as Immediate
Occupancy Level (I0), Life Safety Level (LS) and Collapse Prevention Level (CP), in
accordance with the guidelines document, FEMA 273 (1997) for seismic rehabilitation of
buildings. The drift corresponding to 20% drop in the base shear force of structure was
assumed as the CP limit state. The LS limit state drift has been taken as 75% of the CP level
drift. The 10 level has been taken as 70% of the idealized yield drift of the structure. The
corresponding base shear coefficients for each drift limits were calculated from the equation

of back bone curve. (Refer Table 25).

In order to examine the usability of all four Type Design in various seismic zones of Indian
Standard IS: 1893-2016, performance-based assessment of structures was carried out. The 5%
damped demand base shear coefficient (An) for each zone was compared with the experimental
base shear coefficient (BSC.) in order to evaluate the seismic performance of structures in

each seismic zone. The BSCe has also been compared with conservatively adopted 8%
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damped BSC, although the tests have shown initial damping up to 10%. The BSCe is taken

equal to the life safety BSC. Seismic performance of each Type Design in various zones is

shown in Table 26.

Table 25: Performance Levels of all Type Designs

Parameters Immediate Occupancy Life Safety Collapse Prevention
Drift (%0) 0.67 1.85 2.47
Type Design -1
BSC 0.29 0.46 0.37
Drift (%0) 0.72 2.02 2.69
Type Design -2
BSC 0.23 0.36 0.29
Drift (%) 0.63 1.76 2.34
Type Design -3
BSC 0.34 0.53 0.43
Drift (%0) 0.82 2.25 3.00
Type Design -4
BSC 0.25 0.39 0.31
Table 26: Seismic performance in various seismic zones (Indian 1S:1893-2016)
o Demand
Type Zone Iég;/ser:]?g Zone Demag:ﬂ?;gg) o B(Sag* BSCe Seismic
Design Hazard Factor—-Z | Ah=(Zx1xSa)/ (2 dam ion ) Performance
XxRxg)*L.F ping
1 Low 0.1 0.11 0.09 OK
Type 11l Moderate 0.16 0.18 0.14 0.46 OK
Design-1 | v Severe 0.24 0.27 0.22 OK
\% Very Severe 0.36 0.41 0.33 OK
1| Low 0.1 0.11 0.09 OK
Type 11l Moderate 0.16 0.18 0.14 0.36 OK
Design-2 | v Severe 0.24 0.27 0.22 OK
\ Very Severe 0.36 0.41 0.33 OK
I Low 0.1 0.11 0.09 OK
Type i Moderate 0.16 0.18 0.14 0.53 OK
Design-3 | |v Severe 0.24 0.27 0.22 OK
\ Very Severe 0.36 0.41 0.33 OK
I Low 0.1 0.11 0.09 OK
Type 1] Moderate 0.16 0.18 0.14 0.39 OK
Design-4 | v Severe 0.24 0.27 0.22 OK
\Y Very Severe 0.36 0.41 0.33 OK

** Based on calculated R-factor
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CHAPTER 7: CONCLUSIONS

7.1  Global Behavior
The 2/3rd and 1/3rd models of Type Design 1, 2, 3 and 4, were subjected to sinusoidal and

seismic excitations with moderate to high levels of peak ground acceleration, ranging up to
1.0g. All the models survived without partial or total collapse of walls triggering any unstable
mode of failures, other than fall of few bricks and partial collapse of a buttress in case of Type
Design 3, indicating the overall satisfactory structural performance of the models. The reason
for avoiding collapse in case of stone masonry models was the effectiveness of horizontal
bands coupled with surface containment. The good behavior of CSEB model was due to the

provision of horizontal bands and vertical rebars at wall corners and jambs.

7.2 Damage Mechanism

Based on the observed damages, Type Design 1 and 3 indicated favorable in-plane
mechanism. Although, less desirable out-of-plane performance was shown by the Type
Designs 2 and 4 models, these were able to maintain strength and stiffness without loss of any
element. The reason for in-plane mechanism of Type Design 1 and 3 was the coupled behavior
of all the walls due to the integrity provided by RC bands indicating the bands’ beneficial role

in the overall seismic performance.

Under extreme shaking, all the models exhibited significant sliding and rocking both locally
and globally, that helped the structure to undergo large deformation without collapse
indicating flexible behavior of the structures. Consequently, the seismic demand on the models
reduced significantly. Moreover, the surface containment prevented the dislodging and falling
of stones and played role in re-centering of the walls, which is considered excellent

performance from the seismic design point of view.
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7.3 Energy Dissipation and Structural Damping

The structural damping was calculated from the free vibration tests conducted on the models.
The structure displacement response at the eave level was considered and analyzed for
calculating decay in the displacement history. The damping was calculated from the
logarithmic decay of the last two cycles. All the models possessed significant initial (in the
range of 10%) and final structural damping (20 to 30%), due to the multiple cracking and
distributed damage over large area of walls. This has been also confirmed by the in-plane
quasit-static cyclic tests conducted on wall piers, exhibiting wide and stable hysteretic non-
linear response. A structural damping of 8-10% may be conservatively assumed for the elastic
response (initial damping) of the model and 20% may be assumed for structure, responding in

the inelastic state (final damping).

7.4  Response Modification Factors

For calculation of structural global ductility and yield force, the structure force-deformation
capacity curve was bi-linearized as an elasto-plastic curve, based on the energy-balance
criterion. The structure’s global ductility factor p was obtained by dividing the ultimate
displacement capacity over the idealized yield displacement capacity of structure model. The
calculated R factors for tested structures (2.60, 2.61, 2.60 and 2.58 for Type Design 1, 2, 3 and
4, respectively) are almost equal to the Indian Standard, IS: 1893:2016 specified R factors.
Consequently, R factor for all Type Designs may be taken as 2.50 for the design and
assessment of structures of similar constructions. It should be noted that the drift of the models
was constrained close to 2.5% because of limited data available beyond this limit, despite the
models survived much higher drift limits. Had the higher drift limits were accounted for, that
would have resulted in higher R factors. However, a response modification factors of 2.5 has

been recommended for both in-plane and out-of-plane responses of all Type Designs.
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7.5 Seismic Performance Levels

Performance based damage scale and strength-deformation capacities in terms of drift limits
and base shear coefficients were deduced using the FEMA specified guidelines. The base

shear coefficients and drifts limits for all Type Designs are given below:

Type Design Parameters Immedmte_ Life Safety Collapse Prevention
Occupancy

Drift (%) 0.67 1.85 247
Type Design-1

BSC 0.29 046 0.37

Drift (%) 0.72 202 2.69
Type Design -2

BSC 0.23 0.36 0.29

Drift (%) 0.63 1.76 234
Type Design -3

BSC 0.34 0.53 043

Drift (%) 0.82 225 3.00
Type Design -4

BSC 0.25 039 0.31

The values in the above table show that all the Type Designs possess significant deformation

and strength capacity corresponding to various occupancy levels.

Additionally, using the Indian Standard 1S: 1893-2016, code-based assessment of all Type
Designs was carried out through comparison of base shear capacity with the base shear
demand obtained from the code specified design acceleration response spectrum
corresponding to 5% damping and 8% damping. It may be noted that, initial damping up to
10% was estimated, however, conservatively only 8% damping has been accounted for

calculation of BSC. The resulting values are reported as follows:
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. Demand
Type Level of Zone [zg‘?/j:aggn?slﬁ ) BSCH Seismic
D yp Zone Seismic - pIng (8% BSCe
esign Hazard Factor - Z Ah=(Zx IxSa) damping) Performance
(2xRxg)*L.F
I Low 0.1 0.11 0.09 OK
Type 1l Moderate 0.16 0.18 0.14 0.46 OK
Design-1 1 v Severe 0.24 0.27 0.22 ' OK
\ Very Severe 0.36 0.41 0.33 OK
] Low 0.1 0.11 0.09 OK
Type Il Moderate 0.16 0.18 0.14 0.36 OK
Design-2 1 |v Severe 0.24 0.27 0.22 ' OK
\ Very Severe 0.36 0.41 0.33 OK
I Low 0.1 0.11 0.09 OK
Type 11 Moderate 0.16 0.18 0.14 0.53 OK
Design-3 1 |v Severe 0.24 0.27 0.22 OK
\Y Very Severe 0.36 0.41 0.33 OK
I Low 0.1 0.11 0.09 OK
Type 1l Moderate 0.16 0.18 0.14 0.39 OK
Design-4 1 v Severe 0.24 0.27 0.22 ' OK
\Y Very Severe 0.36 0.41 0.33 OK

** Based on calculated R-factor

The comparison shows that Type Designs 1 and 3 can perform satisfactorily at the life safety
level in the very severe seismic zone V at code defined 5% damping. A conservatively adopted
8% initial damping would result in all Type Designs compliant at the life safety level as
required by 1S1893-2016. Consequently, Type Design 2 and Type Design 4 will also be able
to perform satisfactorily in the very severe seismic zone V. It should be noted that the code
specified 5% damping is typical for reinforced concrete buildings, which poses much lower
level of damping than masonry buildings. As reported above, the structural damping calculated
from experiments for all the models was in the range of 20% to 30%. This means, once the
building has been damaged, this will lead to overdamped system resulting in dissipation of

seismic energy as long as building can maintain integrity.
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APPENDIX
Appendix Al — Preliminary Design Drawings for Prototype

(Type Design 1)
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Shaking Table Testing — Final Report TA-8910 NEP: Earthquake Emergency Assistance Project

Appendix A2 — Preliminary Design Drawings for Prototype
(Type Design 2)
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Appendix A3 — Preliminary Design Drawings for Prototype
(Type Design 3)

112




rontesus | 8Z-0-L10Z:930A| (QL:) :9]edS | sealy ajoway Joy uSisaq odAL Bulpjing Jooyds :adA) | HUN uohiejuswaldwi 303fo.d 19497 Je3U)

ONITT13AON 04 ANV LN3IINdOT13A3A
H3IHLYN4 ‘NOISSNISIA HO4 NDIS3A a3d013A3a

lajowelp Jeqxy :sieq buipuaq 1o} Jejowelp puaq wnwiul
P02 uaq aq |[eys sJeq buloiojuiay

SpLBOOLX00} @ Wiy :181awelp Ysaw alim Pap|dpn
2dIN00S :epeib [981S

|991s Buioiojuiay

SpJepuBlS JUBAS|B) 198W PINOYS uo11onpoid 81840U0)
WWIGg :18A09 81940U0D)

sAep gz 1e edINOZ : Yibualls aAissaidwod 81810u0)
9)212uU0) [ein}oniS

(sy0BS 19M YlM palanod aq pinod) syoam om} :Aiuosew -
(S)oES 19M Ylm palanod aq pinod) buund bl uayl (sAep g-g) sAep Jo 9|dnoo 1sJij e 1o} Bulnd oN :Youg -
:Buun)
(sBuimesp ul pajou si Jansieym JO aAl0adSalll) WWOSE :SSBUNOIYL [[BM
(PuUes %01 ppe UBWaD JO %8-G ‘PaYsI|qeIsd JUsBWad) YdINgZ- | :yibusais Jelop
(luswid9 JO °4,8-G ‘pPaysI|gelse WBwWad) ed\y < :yibuans youg
WIWIQ | :SSBUXOIY] JeLO
WIWGGX0¢ 1 X0G¢ -suoisuawip 3olg
Auosep
uoljeoi}ioads |eriale|n

AFYOLS IANO SANVE DY ANV ¥VLIOW A3ZITI9VLS LINIWID NI ¥OIH9 HLYV3 @3ZITI9V.LS LNIW3D :NOISIA IdAL




10-LS :Ag uSiseq 1239 You4) :3)3LL Bulmelq uol1eaNp3 JO ALsiuty

“oNiesys | 8Z-p0-LL0Z:93ed | (09:) :3]@dS | Ssealy Sj0way 10y uSisaqg adAL Suipjing Jooyss :adA) | Hun uonejuswaldwj 3103f01d [3A37 [e1IUS)

ue|d youail

s L7777 7777 777 P77 7/ 727
=i} |
Ml s 0589 =il 0589 il
7
7
o )
S
4l
1
LTI 77 % A A,

AJYOLS 3NO SANVE DJ3¥ ANV ¥VLINOW QIZITIGVLS INIWID NI ¥D1¥9 HL¥V3 a3zZIgvLs LNIWID NOISIA IdAL




Wils :Ag usisag 12q JeD13I9A PUR SpURq UIM UB]d 1331 Buimeig uoreanp3 o Anstuw

oNiedus | 8Z-70-L10T:93eQ| Q3L :9]eds | sealy 210wy Joy uSisaq adA] Suipjing jooyds :adA) | 3un vonejusweldwi 33(0id |94 jes3US)

0L-LS JoH e
e IE}SQ Uonounp-1 Blrls 0o
9] le18] 19%50d JOuI0T
llejoq quier q !
[w | _n ) /c._ / nc/ 12 ;_.m B <] m._

_ e L | ) lf

_ 80-1S Ilel=q pued Joy

A3Y¥01S INO SANVE 22¥ ANV ¥VLYOW Q3ZITIGVLS INIWID NI MG HLINVI 3ZITIgVLS INIWID INDISIA IdAL




L"C0-LS

'ON J00US

:Ag uBisag

S|iesp yous :a)3il 8uimelq

8¢-¥0-L10T-93eq

OL:} <o)eds

seauy ajoway Joj usisaq adA] Sulpjing jooyds :2dAL

uonyesnp3 jo Anstulw
3un uorjejuswsaldwi 309foud 19A7 jes3ud)

lake| Jepow ayy ul pappaqua NMM -
v0lV pue €01V

JoY ‘|oAa7 [alul] pUe ||IS pue ‘[aAda7 ||IS pue Odd
usamiaq paoeld (INMM) USBIN SIIM POPISM -

R

_______

LN

|
11

A
F

USSIA SJIM P3PS
Buo] wwoog

A

T
|

ARl

1 T1TH

NN
S

[ TT1]

1

USSIN SJIM POPIOM
Buo wwooz|

AFYOLS IANO

SANVE DY ANV ¥VLIOW A3ZITI9VLS LINIWID NI ¥OIH9 HLYV3 @3ZITI9V.LS LNIW3D :NOISIA IdAL




€0-LS

BINREETNC

:Ag usisaqg

Uol123s jelniongis 331 Suimelqg uoleaNp3 40 Ansiuny

8¢-#0-L10T:93eq

0G-L :9183S

sealy 210wWway 10} usisag adA] Sulp)ing jooyds :adAj | HuN voneluswaldw| 3109(01d 94T Jenus)

[T ]
s

01°60°80-LS 19joy puUE] uId

01'60°80-1S 4819y pueq IS

0L'60°80-LS Jeiey pueq [aul|

yepuelap

LL-1S 18jey
[le1ep Jeqal quer__|

€1L-1S Jajey buyjied ssjey

1'60'80-LS 190y

pueq saAe3g

GL-1S 18i9y Ssnu| Jooy

AJYO0LS 3NO

SANVE J0¥ ANV ¥VLYOW Q3ZITIgVLS LNIWID NI MDI¥E HLYNV3I @3zZIIgvLs LNIw3D :N9ISIa IdAL




¥0-LS :Ag usisag (13u10)) v 3@ j1e3aq 333204 1331 Sutmelq UOIEINPT 40 ALSIUIW

“oNieeus | 8Z-p0-L£10T:93eQ| QL:) :9]eds | seasy 330wy Joy usisaqg 9dAL Supjing jooyds :adA) | IHuUN uoeiuswsjdwi 393(0.1d |94 JRIIUSD

(uonyepuno4) uoyoes |l
AN I
ACATAS

ki BT i U e
X NS IESOEST

8caTacd

oLg/euols

LP

o
uollepuno- suolg b L DQ
N

.\\
T~/ yuild —— \
[lem mmmol\

AF¥O0LS 3INO SANVE 0¥ ANV ¥V.LINOW Q3ZITIGVLS LNIW3D NI XO1¥g HI¥V3 Q3ZITIgV.LS LNIW3D :NDISId 3dAL




€0-LS :Ag usisaq | (uoldUNr J3ul0)) V1@ |1B13Q 19370 33l Suimelq uoLIeINP3 30 ANSIuIy
ONiesus | 8Z-P0-L10T:iSed| QL:l i9JRIS | sealy 230wy Joj uSisaq adAL Sulpjing jooyas :adAy | HuUN uoneluswajdwi 323(0ud |9AST [eAIUS)
(uonounp Jaulo))
(uonounp Jsuio)) 8s1n09 J9AeT 1Sl
98JNn09 JsAe puoossg
I |7 |# P |# ) Vi
Tal e o oo o Lot ot ez zn =i
N -, e 5.
W ] 3 gt o AL
S hie 5 \ <) =
@ = A B\
© N Ry 7 K.
b B =N N -
AW N W AN
\ S X
N N
legs. Joj 19)20d N Jeqal 10} 193004 N
BN &
L. N
53 <
N
N
AM, 5
L
Yoel T sy 2LV —
ATYOLS 3NO

SANVE J0¥ ANV ¥VLYOW Q3ZITIGVLS LNIWID NI NDRE HLYVI @3ZITIgvLs LNIw3D :N9ISIa IdAL




90-LS :Ag uSisag (uorpunp-1) g e je3aq 39¥20d :3)3LL Suimelq uoL3eINP3 40 AnSiuty
TONTesus | 8Z-¥0-L10Z:R3Rd | (QL:L 9IS | sealy Sjoway 10) usisag adAL Sulpjing jooyds :adA) | Hun uonejuswsldw 3109(0ld |9AST jesIUS)
(uonounl-1)
(uonounl-1) 9sIN09 Joke 1sii
98.IN02 JaAe puooog
Vi V4 | ¢

Y g \_\ AP Y 121V m:\_\ vie 1z’ vie \_ N:u_

1Tzviavi e e zivl zivl vl 2 -
Vﬂ N \M\A‘ —L = —_

= |y i\. N

- TS -

S SR \ IS

N = P AZ

V.M -

T Jeqgael 1oL 193004 N

legal Joj 193004 N -

S -~

~
N3 M,
yf iasg/ TIL'L
L
an_wwm\ zive 7

AFYO0LS INO

SANVE J0¥ ANV ¥VLYOW Q3ZITI9V.LS LNIW3D NI MJ¥g HLIYV3I @3ZI719VLS LNIw3D NDISIQ IdAL




LO-LS :Ag usisag (8uruadg quier) J je J1e3aQ 393204 33t Suimelq

TONSeus | 8T-70-L10T:93eQ| QL) :9]@dS | seauy 210wy Joj udisag odA] Suipjing jooyds adA)

uorieonp3 JO Answuiw

3un uoneuswajduwi 33(01d |97 Jeljud)

(Quer mopuipn/iooQ)
9S4N02 JaAeT puooeg

4\ z/ lx z/ S_\N:

z/V 2/

L
N

/€

Jegal Joj 19300

(quer mopuipn/ooQq)
8S1In092 Jake 1s.i4

Axm:\w z/ Rﬁ N:\_Ji\ N_i\ z/L
N
= N = O

JeqgaJ 10} 183904

AJYOLS 3NO SANVE 2J¥ ANV ¥VLYOW Q3ZIIgVLS LNIW3D NI MD1g HLIYVI a3zZIMigvLs INIWID INDISId 3dAL




S0-LS n>m F_Mm.mma s|ie}aq pueg n@_u_r_l m...__.;MLQ uoreanp3 Jo au.mm.c_.z
ToNiedus | 8T-¥0-L10T:93eQ | QLiL 9IS | sealy S10way Joy uBisaqg adAl Suipjing jooyds :adA) | Hun uonejuswadwi 103(0ud [9AST [eIUS)
wwz saneq
wwg| puEq Ul
wwigL pueq [|IS
wwzl pueq yuid
(X)
OA9| pue
ue|d pueq [edldA| selewelq egey | OM01PUeE
— spueq ul 8zIs Jeqoy
elo ue
4 d llelaq pueg
V-V le uolosg
N
Y
_ 0/0 WWOGL® sdnuns giuiwg @.4_ J@ >
U0 Py 5 ww YlIMm Jeqgal guiw X-Z —
Gl
0/0 WWQS L ® sdnuns giwwg
o BroreSLi7 UUM IEQ GUIL X
AJ¥0LS 3ANO SANVE 0¥ ANV YVLIOW d3ZITIGVLS INIW3D NI MDI¥E HINVI AIZIMIgvLs INIWID :NDISIa 3dAL




60-LS :Ag uSisaqg Jre3sp uoijoun( Jsul0d je pueg 9131 Suimesq uoLyeanp3 40 Ansiuy
FONieeus | 8T-¥0-LLOZ:i91Rd@| (QL:) 9]@dS | Sealy aj0way Joj usisag adA] Sulpjing jooyds :adAj | un uoneluswsldwi 108(01d 9497 [esua)
uoinjoun( Jaui09 e |ielep pueg
Vs
\ 7
=
» : wwg | soneq
wwg| pueq [S1ulT
wweg| pueq ||IS
I wwz | pueq ypulld
(%)
9AS| pue
i Jelswelq Jeqgay RS P
Spueq ul 8ziIs 1eqay
—
Jegal [euipnyibuo] @ wwix -z
A
—
9/0 W sdnuns guw
/ 0S1@ o H&m\w \..W wwoot wuwgl
7 wuwio0zZ wwz
\( y Isjswelq 1eqay
L yibus| deq
7
AJHO0LS INO SANVE 204 ANV ¥V.LIOW Q3ZITI9VLS INIWID NI MD1¥g HINYI d3Zigv.Ls LNIw3D INOISId IdAL




01-1LS u.ﬁm ﬁm_.m@Q !/ pueg jooy 3L MC_.;th uotjeonp3 Jo BH.M-.C-.E
ONwEets | 8C-#0-L10T:e3RA | 0L:L 9|RdS | sealy Sjoway Joy uSisaq adAL Buipjing jooyds :adAy | 3un uonejuswsa)dwy 32804 j9A9T Jesjus)
uonoun( -] je |ielep pueg
A_\
.
*
1
o =
. 5
Jeqgai [euipnyibuo] gww X -z
A
wwg| saAeq
0/0 WWS L@ sdnuns gwwg wwgL pueq e
wwel puUEq [|IS
).\ wwgi pueqg yjuld
(X)
g = e Jslawelq Jeqey 1949] pueg
wwooz wwz| 4 :
= TR Spueq Ul 9zIs Jegay
yibus| de

ATYOLS 3ANO SANVE 20 ANV ¥VLYOW G3ZITIFVLS LNIWID NI DN HIMVI @IZIMIGVLS LNIW3D :NDISIa IdAL




[1-LS :Ag usisaq S|le19p JOyDuUe 1eq [Bd11USA (33 Suimelq uoL3RINPT O ALISIuIy

oNiesus | 82-F0-L10T:93eQ | Qf:) :9]eds | sealy 210wy Joy uisaq odA) Suipjing jooyas :adA) | 3uN vonejusweldw) 323f0ud |9Ae] jenua)

s19)00d Jaulo9d

e Jegad [ediHeA @ Wwg\
= — — 4 — =——.

pueq yiulld wwg/

pueq [|iIs wwg/

w Jgoa ||| -~ squeljeleqal - |l mopllipy
A[EOBA @ wuig

PUEq [[jul] wwig),

pueq SeAes WWiG/

AJY¥OLS 3NO SANVE 303 ANV ¥VLNOW Q3ZITIgVLS INIW3D NI MDINE HIYVI d3zZITIgvLs LINIw3D INDIS3d 3dAL




Z1-1S :Ag uSisag s]ie3ap SuLioo]4 13]3] Suime.q uoLIEINPT 40 ALISIUI
ONwERUS | 8C-70-L10T:918d | 0g:) 9JedS | seauy Sjoway Joj usisaq adAL Bulpjing [ooyos adK) | U uolrluswa|dw] 123[0.1d |9AST JeU)

AN i

n/&AM«..Aa ».mA‘.f ”6)6.
BCECESOE e
Ceses
)

5 i \ \ /
7 EEEGES o = L5 TS S T A S o T S LSy T RERELS = RIS =
# B i o 3 T T I T A . = G- - R e

Yyepueliap

Butjiig yues
Buijos 2u0)s 3y WWQgG |
(7:2:1) D0d b Ww G/
Buipeaiog WWQoH
Buluung juswan

N

AJYOLS 3ANO

SANVE 3D0¥ ANV ¥VLYOW Q3ZITIGVLS LNIWID NI MDING HI¥VI d3zZITIavLs LNIw3D NDIS3d 3dAL




AJHOLS INO

Wwolf 9/0 WWQQS® pabuey
Hoddns Jequiil wWwsgzxsz

P— :Ag uSisaq sjLe3ap Buyjkad asjed 3)aLL Suimesq N ri—
oNweuS | 8T-¥0-L10TZi93RA |  QL:L i9jedS | sealy 210wsy Joj uSisag adA| Sulpjing jooyds tadA) | Hun uoneluswaldwi 138(01d [2AST Jel3us)
UEJ PIOYD WONoq SsnJ}
Puieo
as|e} se pesn Meljs coquieq

TN

ue|d uoddns Buijiso esjeq

AHouR woyoq seu)
Eﬂ%a WALOSE (abuey
____ NS Jequip WEZRSE

s

SANVE 334 ONV YVLYOW GIZIMIFVLS LNIWID NI DG HLI¥V3I 3ZIMaVLS INIWID :NOISIA IdAL




10-9V :Ag usisaq uejd Joo]4 19|31 suimeaq uonesNp3 4O Asstuty
“oNieRus | 8T-¥0-£10T:918Q | G/:L :9]eds | sealy 3j0wsdy J0j uSisaqg adA Suipjing jooyds :adAj | HuN uoljejuswsjdwi 309[0id oA [e4IUSD
0002 0S¥S S
5 - A“_D&n/mmm A m
T .Tm o T T =T %
yepueson = 8
o
S
- - el — (V)
e - e X 0507 5762 0021 SZz]
E6EL ~ 00CL Gl6¢C omom‘a\ 7 009
& Z
&)
o
a1 a1 [an
= |J1 [CO
o © [
Nsllle
wbs yz'ge=paly wrbs Jz'gg=ealy
0S89 0589
= — —F T, @
77520r 00zL *00be 002 " Ge0igeg G20l 00gr 00k 002 520
-
00c. | 00cL t
omkﬁv_\ )
© (@ ()
ATIOLS ANO SANVE D0 ANV ¥VLIOW Q3ZITI9VLS LNIW3D NI MIRg HLIMVI @3zI1IgvLs LNIW3D NDISId IdAL




20-9V :Ag uBissq ue|d jooy :3)3LL Buwmelq uoiyeonp3 Jo Ansiuly

TONiRNS | 8C-#0-L10Z:938Q | G/i) 9jeds | sealy ajoway Joy uBisaq adAl Suipjing jooyas :adAj | HuN uoneluswaldwi 193(0.d 343 [RUS)

m _ T _ T T _____
S T _ R _F__
R |
= | | a1 oom
o ™ |
@) _ it
| | _ |
[ B~
_ ~
_ Ul
_ o
& /T N AN
5 |
37 ado|s _
| 0
| | JLAEL :
| n
TTTT] lﬁ TV T e T
N ado|g
< w
a1 N W W et %
| o
| i1 e
Il |
o
I-L
o

d.oum\, 0S.¥L dd.@uj

09esgl

AJHOLS INO SANVE 30¥ ANV ¥VLYOW Q3ZITIGVLS LNIWID NI DI¥E HLI¥VI d3ZIMIGVLsS INIWID INOISIA IdAL




oYY usﬂm —-_m_.mmﬁ SuoLleAS]3 9]3LL mcm.;M.—Q uolyeanp3 40 }Lu.m___-___i
“oNieeus | 8Z-p0-LL0Z:93eA | QOL:) :9]eds | Sealy 3jowsy Joj uSisaq odAl Suping jooyds :adA] | 3N uoneIusWa|dw] 193(0.d 1949 [eAUS)

(2-Z pHD)
1'20-LS Zpwyord T AF ) NOILYATT3 Y0vea
VRAL 7 BFLF U Nt TDTIG Lw D

R ] %WN\C\ h.u_r.._.nnqﬂ QWMW le\( ﬂ
- X E
pueq 5=__n.|“|) 3
pueq |15 — 1 ’ e T

PUBG [AUI mpe _ \

DUE] JO0Y —| /

<
R\‘.wémﬁw\.w\.n\ uw\mw u \
D2he7 Yoz 2w Ny IIIIFNT

52w 39T 23973/

(S0
NOILYATT3 LNOYH
- R R e
= —— B =S
i
\_ =111 :
\ ﬁ RRLk ! 5\
b PLE] DLUSIES
il (LA ﬁ Il

5 @ ®

AJYOLS INO SANVE D34 ANV YVLYOW Q3ZIMIGVLS LINIW3D NI ¥DOI¥9 HINY3 Q3ZITIGVLS LNIWID :NDISId 3dAL




0~V :Ag usSisag SUOLILAR|7 9L Sulmelqg UoL3EINP3 JO ANSIuTy
oNieeus | 8Z-#0-L10T:938Q | QO0L:L i91eIS | sealy 2j0wsy Jo) ubisaqg adAL Suipjing jooyas :adA | HuN uonejuswsjdwi 393(0ld j9AST jes3ua)
)29 -LS \R\wmsﬂ»m £320 ) P purmow
ni TaaqaaqWT HSaw 3y:™
JTAI2M NG WwWw oo
(0-0 R V-V pu9) (0-0 ® V-V pu9)
NOILVYAZ13 3AIS NOILVA3TE 3dls
T
—
AFYOLS INO SANVE JD0¥ ANV ¥VLYOW Q3ZITIGVLS LNIWID NI MD1¥9 HLIYV3 @3zZM1gv.Ls LNIwID NDIS3d IdAL




SO-dv

:Ag usisag

SU0I323¢§ :3]3L] Suimelq

'ON 1934S

8¢-¥0-L10Z:33eq

0S:1 :9eds

sealy 210wy 104 usisaq adAL Sulpjing jooyds :adAL

un uonejuswsldwi 199f0dd |9AaT jes3ua)

uoweonp3 jo Asjstuy

05¥0-

73A3T ANNOYED /ﬂ

0000 *

(L1) XX 1V NOI1D3S

Jeuow

PNW U] @UOJS JO 93}2I0U0D WN|d

TEATTHINGG O 7 ——
pueq Uilild Wwg/
0060+ @ a8 quiel mopuim/i00p " el
SELERRATS | ,  Jeeeguug | B S
PUEq IS WS/ o = Nl ° S
(-] (=]
S D
0012+ pueq [sju wwg, N MR _fﬁmh
IIAITIIINIT > - 2INIONUS AU WWGZXGZ it — L.
0042 yim (ysew ooqueq) Buljieo esje
+
TEATT9001  © -
mm._ Eq JOOI WWGS/
i 7
0188+ o jvz ’
100Y 39aly R e
1@8ays hoo._fumymm:tou
ATYOLS INO

SANVE 23¥ ANV dV.LNOW Q3ZITIgVLS INIW3D NI MDI¥g HI¥VI Q3ZITIgVLS INIWID INOIS3Iq IdAL




90~V :Ag uSiseq |le32Qq MOpUL 13]3L] Suimelq uo1IeINPT 30 ANSIUIW
“oNiesus | 87-p0-LL0Z:91eQ| QG:| :9]eds | Sealy 330wy Joy usisag 2dAL Sulpjing jooyds :adAy | Hun uonejuswsldwi 393014 [9A97 JeIIUS)
5 S
= 15
= 5 B
\w\ =2 1
07|
= A
i BT S
m f 1 Ll Jwa
il 095 7 09 7
ov ob |
7 0021 .

ue|d a|NpayoS MOPUIA) J100(]

7 V7777 aj\g_é\\\\xﬂﬂt\\
), @ @ w

P

77— T

ot
R

i ¥ 7 VA7

AFYOLS 3ANO

SANVE 2J¥ ANV YV.LNOW Q3ZITIgVLS INIWID NI ¥DOIIEG HI¥Y3I @3ZITIgVLS INIWID INOISIAd IdAL




LOY :Ag usisag 1le19q 400Q:3)ILL Suimelq uoLesNp3 JO ANSIUIW

“oNweus | 87-P0-LL0OT9IeQ| 0G:) :9]edS | sealy 0wy 4oy uSisaq adAL Suipjing jooyds :adAp | 3unN uoneluswsjdwi 3o3fold |98 jeIuS)

MIVL) feve Yy
%
B 14
=
\W\ \w\ < m
oF| o7
f'rr o
15 g
| ;rr =]
”W_ feiei g # G887 7
(0] P oF |
2 0S0L 4

AFYOLS INO SANVE JD¥ ANV ¥VLYOW Q3ZITIGVLS LNIWID NI MD1¥9 HLINVI IZITIgVLS LNIWID INDISIA IdAL







Shaking Table Testing — Final Report TA-8910 NEP: Earthquake Emergency Assistance Project

Appendix A4 — Preliminary Design Drawings for Prototype
(Type Design 4)
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Timber (permissible strengths)
Bending strength: 8.9MPa
Tensile strength: 5.8MPa
Shear strength: 0.57MPa


Drawings shall not be scalled
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MNole: The drawings are anly for disgcussion not consiruction.

Type 4: Block stone masonry with timber bands and wire containment
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Mate: The drawings are only for discussion not construction.

Type 4: Block stone masonry with timber bands and wire containment
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Type 4: Block stone masonry with timber bands and wire containment




e :Ag uSisa ue JU4] 331 SULME
10-LS d Mg Id YoUSLL:33LL suimelg uoLeINP3 1O ALISIULW

TONSRUS | 87-p0-L10Z:93e@| QG:) :9]ed§ | seasy jowsy Joj usisaq adAl Suipjing jooyss :adk) | Fun uoheluswSjdwi 198(0.1d |9A9T JesIUS)

F§

00i 0589 v 0589 v

PP O

D

0G1S

]
Ze =

RIS

=
(=]
(@]

A3¥0LS 3INO JuawiuIRIuUO) 3JIM pue spueq Jaquiil yum Aiuosew auols yo0|g i adAL




20-1S :Ag uBisaqg  ‘squiel ‘suonounl [[em 1e SeJIm [BOILSA ‘PUB] Ylulld (Ol L

Seyolls sassang pue

uoreonp3 j0 Anstuly

YON 193uS 33eq 9eds | seauy Sjowsy Joy ubiseq adAL Suipjing jooyds :adAy | HUN uoleIusWSdw| 3109f0.d [9A9T [euUR)

|9A8] SBABS pue |alul] Usamlag -
lI's pue yuljd usamieg -

|]oA8| SeABS puE [a1uUl] ‘||IS ‘Yiulld -
‘1e Saydll1s sassallng apinold

$9SsSsa4)INg [euIdlUl A0WSI ‘B|qissod Ajjenionls §| -
Ajuo anneussaldal ate sjulds 10} UMOYS SaAlIAA -
AJJBJD 1O} UMOYS J0U SANLIS pueq Yld -

AlJejo 10} UMOYS 10U SaJIM JudWUulBluo) -

90-1S Jajey ‘gs idg GO-1S Jojey ‘1S idg

=
i
.

JIArrn

[ X7

rxl LK}

» 8 [ X]

EEEENEL
11
L1

_ ? 80-LS Iiej=Q pued Joy

ﬁwu:mﬁ_;o_mn 1snf)
Usa M PapIam

s == Ty

E

O O - mMM_ Cx 3

e

AJHOLS 3NO

JUBWIUIBIUOD JIM pue spueq Jaquil Yyim Aluosew auols yoo|g :p adAL




20-LS :Ag uSisaq s|nesp yous 9Ll suimelq uo1IeONP3 4O ALISIUIW

vON1eRys :93e(Q :ajeds | seauy ajoway Joy uSisaq adAL Sulpjing jooyds :adA) | HUN uoneuswaldw 303(0.d 19497 |e13USD

Jake| Jeyow ayy ul pappaquia NMM -

01V pue g0ly

JoY ‘[oAa7 [S1ulT pue ||IS pue ‘[9Aa7 |IIS pue Odd
usamiaq paoeld (INMM) USBIN SIIM PBPIDM -

T -
15l
151

I1111

NN
|-

|

| |

1

—
I
I

1|l

| ==
EF qII
I 1|
=l

USSIN 8JIN PBPIBM
_ _ 80-1S leyegplieg joy  Buo| WWOOY

-

1

|
L

S L]
Shfmi
Sqilm/

PEu

piaz i
=TT

E | FH , __H
|EEH]

USSIN JIM PapIoM
Buo wwoozt

]

AFYOLS INO JUSWIUIRIUOD 3JIM puB Spueq Jaquiil yum Aluosew auols yoolg ¢ adAL




€O-LS :Ag uSisaq Uo1123§ |eanIdNLIS 331 Suimelg uoneINP3 JO AISIUIW
“ON 1eRUs 23eQ :9jeds | sealy sjoway Joj usisaq adAL Sulpjing jooyds :adAp | HuUN uoliezuswaldw] 3o3foid 12497 jRIIUSD
70-1S 18j8y Uooag ||ep)
80-LS Jejod pPUEq Uilid LL-1S Joiey |e1eq Bunooly ” Uepuelap
L0-1S 1=iay
i "Ph o8t ® o8
[lejep quiep
I8l puEeq s , ! FHIYParen LD nVEc...do
5 o PMD 00X o
- @ gt e 1% P §
lsjoy pueq || i ACKER S S
Zl-LS 8oy Buijieo ssjey
* puUEQ SaABRg
| pL-LS J9jey ssnu) Jooy k
|
|
AJH0LS 3ANO

JUSWIUIRIUOD 3JIM pue Spueq Jaquil yum Aluosew auols yoolg ¢ adA L




Y018

:Ag uSisaqg

1te33q uoI3S JIeM:9J3LL Sulmelg

uonyeonp3 jo Anstuy

rON 1e8ys

:31eq

:9]eds

sea.y 9joway Joj usisag adAy suipjing jooyds :adA]

1un uonjejuswsajdwi 303fold [9AS] je1IUS)

\

(UojEpUNO4) UoKISS |[BAA

[ /0h PP ISy pofl )
WM\QW\M\W o0k @

¢
o — | MJﬁL
3 JEFOS0OSCH
a0 e
UOIIEPUNO 2U0]S 2. _
2 Mw X
DN ) BN
T 2\
-I_lv
I~
o
< Wy =)
15 £
e ﬂ
W w\ o e Y =
angQ yulld — ..a
—Tanzan donﬂm
iy
) ©
Jeyow pnw pazijige)s ul [[em fduosew suolg o o
LS P
P e d237 2 £X00T ©
= s 7 ,_
7 G A G g — HZ3W 300 2D Quane
= S
9/2006 ® SUCIS pueg Lrgﬂ;
SO
¥ P
oor 7

AZYOLS INO

JUSWUIRIUOD M puk spueq Jaqui} yum Aluosew auols }o0|g ¢ adAL




SO-LS :Ag usSisag

Itezaq Juljds Joulo):aj3LL Suwmelg

"ONRus | 8Z-P0-L10Z:9¥e@| (Q}:) :31eds

uoryednp3 J0 Ansiuly

sealy 230waYy Joy uSisaq 2dA) Sulpjing jooyas :adAy | 3un uonelusws|dw] 308f0ld |9AT [e3US)

.aUré
QPEXOGE @ YTIw BT TD
QW E MW rewnUSS

1S ids Jeui0)

Aluo annjeluasaidal aJse sjulds 10} UMOYS SAlIA -

£ o . g =

vl

<3
LY
D’

\ SFILSTONT
FH2C7 T G P

Oaw

sallm |5 Jajawelp
wwg [euonippy

2.0

| x\mﬂw I

AJHOLS INO

JUBWIUIRIUOD JIM pue Spueq Jaquil Yyim Aluosew auols yoo|g :p adAL




90-LS :Ag uSisaq Ite32q 3unds uondun(r-L:3)3LL Sutmelq uoBesNp3 30 ALISIULY
FON JS3uS :9leg :3]eds | seasy oj0way Joy uSisaq adA) Suipjing jooyas :adAL | Hun uoneluswaldw] 309f0.d [9AT JeI3US)
Ajuo anneuasaldal aie sjulds 10} UMOYS SaAUIAA -
ZS ids uopounp -1
Salim |5 Js)awelp
wwg [euoippy
n .v @Q‘
o ,\, S
0 | m
=
il EVaslY |
ddﬁ.&\,u\r ,.u\.?ﬁu ) \II@ f—=
.me..J#unbfrU.(g) J)._u._.\um.__. : ..U\u a2, w
X2y 52439 \anrlm...u.ﬂl 17 xﬂ t7vs 2
AF™OLS INO

JUSWIUIBIUOD 3JIM pue spueq Jaquil yiim Aluosew auojs yoo|g : adAL




2 ] A €32 <
L0-LS g uSiseq (=] quier:s|iLL Summelq uoneanp3 O Anstuy

FONjs3US r:91eq :9jeds | sealy Sj0way Joy uStsaq adA| Suipjing jooyas :adA | HUN uoheusWSldw] 393f0.g [9AST JeIIUS)

Ajuo anneussaldal aJe sjulds 10} UMOYS SBUIAA -

€S wids quep

Jreerg 7715 Wu

MOPUIAN wl
L |

—

T~ ]

&

J](,—\ I\
2
Ly
% _

y
A5 o/ e

Tw

P

L
P x ] | Pyt
/

L Lpsunelne D0 7057
s 73INT \ e

ot 22 7705 ppy

AJYOLS 3INO JusWUIBIUOD dJIM pue spueq Jaquil yum Aluosew auojls 3o0|g 7 adA L




002

80-LS :Ag UsIsaq YUl d:eRLL Suimelg uolgesnp3 Jo Anstuty
FON 193us 31eq 9ledg | sealy Sjowsy Joy uSisaq adAL Sulpjing jooyds adAp | HUN UonRIUsWS|dw] }o3[01d |2AST [esjus)
AUB|D 10} UMOUS 10U SBJIM JUBWIUIBIUOD
uonoun( -| V-7 & Uo[oes
SY - | t
PR 1 00w !
5 e — | |
S 002
2 = A =
002 o
9/2 WwwQsL @ sdnuys Guwg yim Jegal
=2 {_ [euipnyibuo] guwz)-z
[EEE B3
Jeqal [euipnifuo| @ WwzL-Z
0/0 WWQS L@ sdnugs @uwg T 002
R
2
N
p Y S
ooy “ =
i A
Y \\\\\\.._...\.
SHOO0Y YUM Salim @uig mw_ Yooy N guwg A
|
L
008 i 90 WWOSL® sdnuys guwg
)\

AJY¥OLS INO

JUBWIUIRIUOD JIM pue spued Jaquil Yum Aluosew auols yoo|g ;i adAL




:Ag usisaqg Jle3aq pueg |23uUr]:3)iLL Suimelq

60-LS

I'ON J99YUS :9)ens Sealy aj0way 10} usissq 2dA] Sulpjing jooyds :adAL

uongesnp3 JO Alsiuly
3un uonejuswajdwi 3aloud |9 JeIUDD)

‘pabeinooud
ale s|Ie1op pueq aAleuIs) R 10} |lesodoid

€1L0g ‘33IV wouj paydopy

“wial Ul =12 suolsuswip || q

1 e | : =] —
ssaupIyL [|em:5q g

AJYO0LS 3NO

JUSWIUIBIUOD AIIM puUe Spueq Jaqui} yum Aluosew auols yoo|g i adA L




0I-LS

YO j9RYS

:Ag uSisag

Jle1aQ pueg saAR3:3)3L] Suwmelq

193eQ

:9]eas

sealy 910wWay J10j usiseaqg adAL Sulpjing jooyds :adAL

"W Ul 312 SUoISUSWI ||y
SSaLpIYL [lem g g

nn_ ...\x.\.\q__f

x....xq_hx \

‘pabeinoous
aJe s|le1ap pueq aAljeula)e o) lesodoid

i

uolyeonp3 jo Anstuly
Jun vonriuswajdwi 3193[0ud 12497 |RI3US)

€10g ‘33v| woij paydopy

S

e

-.rrr.r.-
™~
a e
Fd

ry

A3dOLS INO

JUBWIUIRIUOD BJIM pue spued Jaqui} Yum Aluosew auols yoo|g ;i adAL




CO-YV :Ag uSisaq SBYOHIS :9)3LL Suimelq uoLeINP3 30 ALISIUIW

vON1eRys :93eq | 00L:} :9)eds | seauy oj0way Joy uSisaq adAL Sulpjing Jooyds :adAy | Hun uohiejuswaldwi 3103fo.d 19497 Je3U)

(1'20LS Buime.p Jai) 1ake| serow

Ul peppaquie sayoms v 8dAL INMM (e-€ puD)
NOILVATT3 MOvd
XN W [~ Juds Jeui0n —— uids uonounp-1 3NN R
£ llep uo
%Wo@%@%@%emw e
Yy 1 e Ye
e co=ii I M [[:b=iieo= proc| MM oca-icos| MM oot
ﬂ«] O=(=0=0=0-0=(0: 0= 0-0-0-4=0- QIO 0= 0-0- 00, -0 0-0=0=0-0-8

AN

(yibusgy Jaid |Iny) 10Ahe|

Jejow ui pappequia v INMM (1-1 PuD)
NOILVAT13 LNOYH
R RN R juids uopounp-L. ——y —— uids quer ds Jeuoy —— XN

[
1

llem{uo

AN
/ﬂ
JUBLUUIBIUOD BliIm r@@@ﬁ@wﬁw
i X DS
la@laI@a@al@a]@a)

\

Gwognw iTos0s0:

O(}
OIND

F b el
TS @ralib= o Ya) D= Ya) S04 Yol

WNL L v|| pueq olwsieg
S@Spis — e L L

@ @ © ® ®

AFYOLS INO JUSWIUIRIUOD 3JIM pue Spueq Jaquiil yum Aluosew auols yoolg ¢ adA L




L0V :Ag uSisaq SuoLIeAd]3:93LL Buimelq uoLeINP3 30 ALISIUIW

vON1eRys :93e(Q :a]eds | sealy ajowsy Joj usisaq adAL Suip)ing jooyds :adAl | HUN uonejuawa|dwi 333(0.d |9A97 [e13USD

(1'20LS Buimelp jai) 1ahke| seuow ul
pappaqwe v 8dA1 INMM S8yomis buoj wwoos

(3-3 puo)
NOILVAIT3 3dIS

(v-v pu9)
OlLVAT13d 3dIS

BE[

7T

yepuelisp \ %

PSS WSS @S WS W SES WS

SUHSOSOS0OS( O% SO Juids Jauiod ds Jeuiod SOSLSOISUS
D S
g 0009 S0l a]
3@& 3@& W&A WJA W&N

AFYOLS INO UBWIUIRIUOD 3JIM puUk Spueq Jaquiil yum Aluosew auols yoo|g ¢ adAL




Shaking Table Testing — Final Report

TA-8910 NEP: Earthquake Emergency Assistance Project

Appendix B1 — Mortar Cubes Compression Test Data

(Type Design 1)

114




Test: Compression Test of Mud Mortar Cubes

DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Agency: Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar
Model Type:  Type 1 (One Third)

Level: Between Plinth and Sill Level

Asian Development Bank Project

Sample Casting Date: 10/01/2018
Sample Testing Date: 12/02/2018

S. No. Identification Load (Tons) Crushing Strength (psi)
1 MM 1 0.42 231
2 MM 2 0.46 253
3 MM 3 0.62 342
Dr. Qaisar Ali

Incharge

Material Testing Lab.



Test: Compression Test of Mud Mortar Cubes

DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Agency: Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar
Model Type:  Type 1 (Two Third)

Level: Between Plinth and Sill Level

Asian Development Bank Project

Sample Casting Date: 12/01/2018
Sample Testing Date: 12/02/2018

S. No. Identification Load (Tons) Crushing Strength (psi)
1 MM 1 0.34 187
2 MM 2 0.38 209
3 MM 3 0.46 253
Dr. Qaisar Ali

Incharge

Material Testing Lab.



Test:
Agency:
Model Type:
Level:

DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Compression Test of Mud Mortar Cubes

Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar
Type 1 (One Third)

Between Sill & Lintel Level

Asian Development Bank Project

Sample Casting Date: 23/01/2018
Sample Testing Date: 08/03/2018
S. No. Identification Load (Tons) Crushing Strength Average
(psi) Compressive
Strength (psi)
1 SL1 0.38 209
2 SL2 0.51 281 238
3 SL3 0.41 226
Dr. Qaisar Ali
Incharge

Material Testing Lab.




Test:
Agency:
Model Type:
Level:

DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Compression Test of Mud Mortar Cubes

Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar

Type 1 (One Third)
Between Lintel & Eaves Level

Asian Development Bank Project

Sample Casting Date: 07/02/2018
Sample Testing Date: 08/03/2018
S. No. Identification Load (Tons) Crushing Strength Average
(psi) Compressive
Strength (psi)
1 LE1 0.57 314
2 LE 2 0.71 385 383
3 LE3 0.82 451
Dr. Qaisar Ali
Incharge

Material Testing Lab.




Test:
Agency:
Model Type:
Level:

DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Compression Test of Mud Mortar Cubes

Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar

Type 1 (Two Third)
Between Sill and Lintel Level

Asian Development Bank Project

Sample Casting Date: 28/01/2018
Sample Testing Date: 08/03/2018
S. No. Identification Load (Tons) Crushing Strength Average
(psi) Compressive
Strength (psi)
1 SL1 0.40 220
2 SL2 0.36 198 196
3 SL3 0.31 171
Dr. Qaisar Ali
Incharge

Material Testing Lab.




Test:
Agency:
Model Type:
Level:

DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Compression Test of Mud Mortar Cubes

Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar

Type 1 (Two Third)
Between Lintel & Eaves Level

Asian Development Bank Project

Sample Casting Date: 08/02/2018
Sample Testing Date: 08/03/2018
S. No. Identification Load (Tons) Crushing Strength Average
(psi) Compressive
Strength (psi)
1 EL1 0.43 237
2 LE 2 0.31 170 220
3 LE3 0.46 253
Dr. Qaisar Ali
Incharge

Material Testing Lab.
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Test:
Agency:
Model Type:
Level:

DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Compression Test of Unstabilized Mud Mortar Cubes

Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar
Type 2 (Two Third)

Between Plinth & Sill Level

Asian Development Bank Project

Sample Casting Date: 02/06/2018
Sample Testing Date: 03/07/2018
S. No. Identification Load (Tons) Crushing Strength Average
psi (MPa) Compressive
Strength
psi (MPa)
1 PS 1 0.56 310 (2.13)
2 PS 2 0.58 325 (2.24) 308 (2.1)
3 PS 3 0.52 290 (2)
Dr. Qaisar Ali
Incharge

Material Testing Lab.




Test:
Agency:
Model Type:
Level:

DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Compression Test of Unstabilized Mud Mortar Cubes

Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar
Type 2 (Two Third)

Sill and Lintel Level

Asian Development Bank Project

Sample Casting Date: 11/06/2018
Sample Testing Date: 10/07/2018
S. No. Identification Load (Tons) Crushing Strength Average
psi (MPa) Compressive
Strength
psi (MPa)
1 SL1 0.58 320 (2.20)
2 SL2 0.55 305 (2.10) 307 (2.11)
3 SL3 0.54 298 (2.05)
Dr. Qaisar Ali
Incharge

Material Testing Lab.




Test:
Agency:
Model Type:
Level:

DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Compression Test of Unstabilized Mud Mortar Cubes

Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar
Type 2 (Two Third)

Lintel and Eaves Level

Asian Development Bank Project

Sample Casting Date: 26/06/2018
Sample Testing Date: 27/07/2018
S. No. Identification Load (Tons) Crushing Strength Average
psi (MPa) Compressive
Strength
psi (MPa)
1 LE1 0.50 280 (1.93)
2 LE 2 0.52 288 (1.98) 277 (1.91)
3 LE 3 0.48 264 (1.82)
Dr. Qaisar Ali
Incharge

Material Testing Lab.




Test:
Agency:
Model Type:
Level:

DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Compression Test of Unstabilized Mud Mortar Cubes

Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar
Type 2 (One Third)

Between Plinth & Sill Level

Asian Development Bank Project

Sample Casting Date: 04/07/2018
Sample Testing Date: 03/08/2018
S. No. Identification Load (Tons) Crushing Strength Average
psi (MPa) Compressive
Strength
psi (MPa)
1 PS 1 0.50 280 (1.93)
2 PS 2 0.48 265 (1.82) 285 (1.96)
3 PS 3 0.56 310 (2.13)
Dr. Qaisar Ali
Incharge

Material Testing Lab.




Test:
Agency:
Model Type:
Level:

DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Compression Test of Unstabilized Mud Mortar Cubes

Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar
Type 2 (One Third)

Sill and Lintel Level

Asian Development Bank Project

Sample Casting Date: 12/07/2018
Sample Testing Date: 15/07/2018
S. No. Identification Load (Tons) Crushing Strength Average
psi (MPa) Compressive
Strength
psi (MPa)
1 SL1 0.50 279 (1.92)
2 SL2 0.53 292 (2.01) 278 (1.92)
3 SL3 0.48 264 (1.82)
Dr. Qaisar Ali
Incharge

Material Testing Lab.




Test:
Agency:
Model Type:
Level:

DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Compression Test of Unstabilized Mud Mortar Cubes

Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar
Type 2 (One Third)

Lintel and Eaves Level

Asian Development Bank Project

Sample Casting Date: 24/07/2018
Sample Testing Date: 26/08/2018
S. No. Identification Load (Tons) Crushing Strength Average
psi (MPa) Compressive
Strength
psi (MPa)
1 LE1 0.50 277 (1.91)
2 LE 2 0.53 291 (2.00) 277 (1.91)
3 LE 3 0.48 263 (1.81)
Dr. Qaisar Ali
Incharge

Material Testing Lab.







Shaking Table Testing — Final Report

TA-8910 NEP: Earthquake Emergency Assistance Project

Appendix B3 — Mortar Cubes Compression Test Data

(Type Design 3)

116




DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Test: Compression Test of Cement Stabilized Mortar Cubes
Agency: Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar

Model Type:  Type 3 (One Third)
Level: Between Plinth and Sill Level

Asian Development Bank Project

Sample Casting Date: 01/08/2018
Sample Testing Date: 31/10/2018
S. No. Identification Load (Tons) Compressive Average
Strength, Compressive
psi (MPa) Strength, psi (MPa)
1 PS1 0.12 66.12 (0.456)
2 PS 2 0.07 38.57 (0.266) 58.77 (0.405)
3 PS3 0.13 71.63 (0.494)
Dr. Qaisar Ali
Incharge

Material Testing Lab.




DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Test: Compression Test of Cement Stabilized Mortar Cubes
Agency: Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar

Model Type:  Type 3 (One Third)
Level: Between Sill and Lintel Level

Asian Development Bank Project

Sample Casting Date: 01/10/2018
Sample Testing Date: 31/10/2018
S. No. Identification Load (Tons) Compressive Average
Strength, Compressive
psi (MPa) Strength, psi (MPa)
1 SL1 0.27 148.77 (1.026)
2 SL2 0.28 154.28 (1.064) 147.28 (1.01)
3 SL3 0.25 138.81 (0.957)
Dr. Qaisar Ali
Incharge

Material Testing Lab.




DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Test: Compression Test of Cement Stabilized Mortar Cubes
Agency: Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar

Model Type:  Type 3 (Two Third)
Level: Between Plinth to Sill Level

Asian Development Bank Project

Sample Casting Date: 08/10/2018
Sample Testing Date: 06/11/2018
S. No. Identification Load (Tons) Compressive Average
Strength, Compressive
psi (MPa) Strength, psi (MPa)
1 PS1 0.05 27.55 (0.19)
2 PS 2 0.08 44.08 (0.304) 33.06 (0.288)
3 PS3 0.05 27.55 (0.19)
Dr. Qaisar Ali
Incharge

Material Testing Lab.




DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Test: Compression Test of Cement Stabilized Mortar Cubes
Agency: Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar

Model Type:  Type 3 (Two Third)
Level: Between Sill to Lintel Level

Asian Development Bank Project

Sample Casting Date: 08/10/2018
Sample Testing Date: 06/11/2018
S. No. Identification Load (Tons) Compressive Average
Strength, Compressive
psi (MPa) Strength, psi (MPa)
1 SL1 0.14 77.14 (0.532)
2 SL2 0.16 88.16 (0.608) 75.5(0.52)
3 SL3 0.11 61.2 (0.42)
Dr. Qaisar Ali
Incharge

Material Testing Lab.




DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Test: Compression Test of Cement Stabilized Mortar Cubes
Agency: Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar

Model Type:  Type 3 (Two Third)
Level: Between Lintel & Eaves Level

Asian Development Bank Project

Sample Casting Date: 13/10/2018
Sample Testing Date: 09/11/2018
S. No. Identification Load (Tons) Compressive Average
Strength, Compressive
psi (MPa) Strength, psi (MPa)
1 LE1 0.09 49.59 (0.342)
2 LE 2 0.07 38.57 (0.266) 44.08 (0.304)
3 LE3 0.08 44.08 (0.304)
Dr. Qaisar Ali
Incharge

Material Testing Lab.
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Appendix B4 — Mortar Cubes Compression Test Data

(Type Design 4)
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DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Test: Compression Test of Mud Mortar Cubes

Agency: Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar
Model Type:  Type 4 (One Third)

Level: Between Plinth and Sill Level

Asian Development Bank Project

Sample Casting Date: 14/03/2018
Sample Testing Date: 25/04/2018

S. No. Identification Load (Tons) Crushing Strength Average Compressive
(psi) Strength (psi)
1 PS1 0.43 236
2 PS 2 0.37 203 218
3 PS3 0.39 215
Dr. Qaisar Ali
Incharge

Material Testing Lab.




DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Test: Compression Test of Mud Mortar Cubes

Agency: Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar
Model Type:  Type 4 (One Third)

Level: Between Sill and Lintel Level

Asian Development Bank Project

Sample Casting Date: 24/03/2018
Sample Testing Date: 25/04/2018

S. No. Identification Load (Tons) Crushing Strength Average Compressive
(psi) Strength (psi)
1 SL1 0.39 215
2 SL2 0.25 138 197
3 SL3 0.43 237
Dr. Qaisar Ali
Incharge

Material Testing Lab.




DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Test: Compression Test of Mud Mortar Cubes

Agency: Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar
Model Type:  Type 4 (One Third)

Level: Between Lintel and Eaves Level

Asian Development Bank Project

Sample Casting Date: 06/04/2018
Sample Testing Date: 25/04/2018

S. No. Identification Load (Tons) Crushing Strength Average Compressive
(psi) Strength (psi)
1 LE1 0.23 127
2 LE 2 0.31 171 171
3 LE3 0.39 215
Dr. Qaisar Ali
Incharge

Material Testing Lab.




DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Test: Compression Test of Mud Mortar Cubes

Agency: Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar
Model Type:  Type 4 (Two Third)

Level: Between Sill and Lintel Level

Asian Development Bank Project

Sample Casting Date: 29/03/2018
Sample Testing Date: 25/04/2018

S. No. Identification Load (Tons) Crushing Strength Average Compressive
(psi) Strength (psi)
1 SL1 0.39 215
2 SL2 0.58 319 268
3 SL3 0.49 270
Dr. Qaisar Ali
Incharge

Material Testing Lab.




DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF ENGINEERING AND TECHNOLOGY PESHAWAR
MATERIAL TESTING LABORATORY

Test Report

Test: Compression Test of Mud Mortar Cubes

Agency: Dr. Naveed Ahmad, Assistant Professor, CED, UET Peshawar
Model Type:  Type 4 (Two Third)

Level: Between Lintel and Eaves Level

Asian Development Bank Project

Sample Casting Date: 06/04/2018
Sample Testing Date: 25/04/2018

S. No. Identification Load (Tons) Crushing Strength Average Compressive
(psi) Strength (psi)
1 LE1 0.40 220
2 LE 2 0.72 397 290
3 LE3 0.46 253
Dr. Qaisar Ali
Incharge

Material Testing Lab.




Shaking Table Testing — Final Report TA-8910 NEP: Earthquake Emergency Assistance Project

Appendix C1 — School Design Detailed Drawings-2/3rd Scale Model
(Type Design 1)

118




yueg jusawdo|aAaq uelsy

ddVv

T 9dA

spueg DDY pue JeloA PNIN pazi|igels
JUBWD Ul AJuoSe|A 2U01S JO ssuimelq p4iyl om] pasodouid




5099

L

9

66#80%683ﬂ@267l

28 - e
& (sz © & & & (sz 1 & & (> (sz © & & (> (sz & & (Sb § (‘%
g@%@@%ﬁ%@@ﬁﬁ%@gﬁw @Q@gﬁ%@@ﬁﬁ%ﬁ% IRIE
™ I
X = i og
oY = - T
0 §
S 3 %
07 2 )
L e ¢ o@
§ U/ OGU/ Oo 2 g : Oo Oo §
- 1 o
& O‘% €EVE 96%6% &
¢ b? z
? 8 f { :
o
51 9
2 0F = 0F 8 8g
hy I AN N S TN AN AN AN A X
I %8l o e S Ree 0%%@%%%%%%% B,
o
0981 0981

Client Name:

Asian Development Bank

Consultant Name:

University of Engineering and
Technology Peshawar.
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Shaking Table Testing — Final Report TA-8910 NEP: Earthquake Emergency Assistance Project

Appendix C2 — School Design Detailed Drawings-2/3rd Scale Model
(Type Design 2)
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Shaking Table Testing — Final Report TA-8910 NEP: Earthquake Emergency Assistance Project

Appendix C3 — School Design Detailed Drawings-2/3rd Scale Model
(Type Design 3)
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Shaking Table Testing — Final Report TA-8910 NEP: Earthquake Emergency Assistance Project

Appendix C4 — School Design Detailed Drawings-2/3rd Scale Model
(Type Design 4)
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Shaking Table Testing — Final Report TA-8910 NEP: Earthquake Emergency Assistance Project

Appendix D1 — School Design Detailed Drawings-1/3rd Scale Model
(Type Design 1)
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Shaking Table Testing — Final Report TA-8910 NEP: Earthquake Emergency Assistance Project

Appendix D2 — School Design Detailed Drawings-1/3rd Scale Model
(Type Design 2)
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Shaking Table Testing — Final Report TA-8910 NEP: Earthquake Emergency Assistance Project

Appendix D3 — School Design Detailed Drawings-1/3rd Scale Model
(Type Design 3)
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Shaking Table Testing — Final Report TA-8910 NEP: Earthquake Emergency Assistance Project

Appendix D4 — School Design Detailed Drawings-1/3rd Scale Model
(Type Design 4)
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Additional 2-1mm GI Wires

Lintel Band (Timber)
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300 mm long stitches WWM Type A embedded in mortar layer
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Corner Splint (Indicative Only)

Buttress Stitches

Side Elevation
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Wire containment on wall

Base Slab
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embedded in mortar layer

Buttress Stitches

Corner Splint (Indicative Only)
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Date: 03/03/2018
2Hz
Voltage (mv) Remarks Observations
n I
R1 1.5 | 50 | 2 | 0.024 No significant damage observed.
R2 3| 100 [ 2 Joos No significant damage observed.
R3 5 | 200 [ 2 Joow No significant damage observed.
F2
10 min
R4 2| 400 [ 2 o No significant damage observed.
10 min
RS | 800 [ 2 Joss No significant damage observed.
F3
10 min
48 | 1600 | 2 | 0.773
20 min
4 Hz
d o g Rema Observatio
R6 1.5 50 4 0.097 No significant damage observed.
5 min
R7 3 100 [ 4 Jos No significant damage observed.
10 min
1. Horizontal cracking below the eaves band observed in W4.
e 6 | 200 | 4 | 0.386 2. Very minor spalling of plaster observed on W4.
F4
10 min
1. In W4, cracks in the plaster widened and few spalling of mud plaster from the
toe observed.
2. In W4, rocking observed at toe of buttress.
R 12 400 4 0773 3. In W3, slight horizontal cracks at Eave band observed.
4. In W1, rocking at the base of buttress, spalling of mud plaster and few
horizontal cracks at Eaves band observed.
20 min
F5
6 Hz
d oltage g Rema Obse 0
R10 15 50 6 0.217 No futher significant damage observed.
10 min
R11 3| 100 [ 6 Joas 1.1n W3, minor cracking in the plaster observed.
10 min
F6
1.In W2, plaster cracking was observed.
20 .
Ri2 6 | 0 | N | 0869 2. In W4, spalling of mud plaster and widening of cracks observed.
20 min
F7 [ [
8 Hz
d oltage g Rema Observatio
R13 15 50 8 0.386 No futher significant damage observed.
10 min
R14 3 100 8 0.773 1. In W4, further spalling of mud plaster observed.
20 min
F8
10 Hz
d oltage g Rema Obse 0
R15 15 50 10 0.604 No futher significant damage observed.
10 min
F9
12 Hz
d oltag g Rema Observatio
R16 1.5 50 12 0.869 1. In W2, plaster cracking was observed.
F10
4 Hz
d oltag g Rema Observatio
1. In W2, toe crushing at buttress observed.
R17 12 400 4 0.773 2. In W3, minor sliding of eaves band observed.
3. In W4, considerable amount of spalling of mud plaster observed.
F11
6 Hz
d 0 g Rema Observatio
1. In W3, cracks in the plaster aggravated, especially at the interface of eaves
R18 6 200 6 0.869 band and the wall.
2. In W4 further significant spalling of mud plaster observed.
15 Seconds duration
F12
4 Hz
d o g Rema Observatio
R19 12 4 0.773 1. In W4 further significant spalling of mud plaster observed.
10 Seconds duration
4 Hz
d oltage g Rema Obse 0
1. In W2, toe crushing at buttress and spalling mud plaster observed.
2. At the base of Splint in W2, spalling of concrete also observed.
20 2 400 4 0.773 3. In W3, cracks further widened and spalling of mud plaster also observed.
4. In W4 further significant spalling of mud plaster observed.
20 Seconds duration
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| Type 2 Two Third Model H

Dated: 25/26-05-2018

Run 2 Hz.
F1
RL s T E T s T oz No damage observed Conducted
Smin
2 3 T 00 s T 0% No damage observed Conducted
Smin
& 3 T 200 T s T 007 Conducted
F2
O min
Ra 0 T 700 5 T 0153 o damage observed Conducted
Omin
Fiexare cacking of butress with
distrbuted horizontalcracks at the base.
2 500 s 038 minor damage to plaster, able Conducted
rotated and tilted (Wall # 2 side went
RS «down) during the shaking.
)
0 min
R6 I 1600 s o773 F
[No further damage Conducted
Smin
Local GOP vibration of Wall 1 seen at
3 100 s 0193 lintel level, cracking and plaser spaling Conducted
R8 atbuttress base of Wall 1and2,
Omin
Resonance of buiding rocking of
buttresses 81 and B2 and minor rocking
of Wall W1 and 2. Some cracking to
3 20 s 038 wall WA, Minor rocking of buttress B3 Conducted
and 84, spaling of wal plasters n small
chunks, minor damage to base of
o buttress B1,door lintel sagged.
F5
0min
Severe resonance of bulding, ocking of
all buttresses including B2 and B4 (may.
be due to torsional vibration of the
table, plaster salling,in-plane wl (W)
2 400 s 073 cracking and widening of cracks. Plaster Conducted
spalingat base of buttress B1 and 62
due to toe crushing. Sagging of door/
window lintels, sliding of stone blocks
R10 past each other.
Wmin
F6
Run # 6 Hz.
R11 15 50 5 0217 No further damage Conducted
0min
R1Z 3 T 00 T s T 0435 Nofurther damage Conducted
Omin
F7.
Paster spaling, siding of masonry Blocks
6 200 5 0.869 past each other, no notable additional Conducted
R13
omin
F8
Run # 8 Hz
R14 15 50 s 038 No further notable damage Conducted
Omin
RIS 3 T 00 5 T 0773 No further notable damage Conducted
Tomin
F9
Run # 10 Hz
R16 15 E s 0604 Mo further notable damage Conducted
I Omin I I |
I F10 [ [ |

No further notable damage

Conducted

Vibration of the building in al sort of
direction like a card board box, plaster

e 0869 spaling, but no further notable structural Conducted
R18
omin
12
Run# [T

Plaster spalling, but further notable
structural damage

Conducted

5 min

R20

0773

Plaster spalling, but further notable
structural damage

Conducted

5 min

15 500 5 0970

Severe sigIng of stones in OOP wall,
focking of face loaded walls and
buttresses (mainly W1 and W2, B1 ad
82), rest same as Run # R20.

Conducted

T0min
w23 m T 1600 T 5 T 077
20 min
R24 60 | 2000 5 | 097
TOmin
[ [ [ I |
20min | |

R25

Intense shaking, but no further notable
damage other than aggravated sliding of
blocks past each other,

Conducted

20min

R26

20 666.67 20 072

Tntense shaking, but no further notable
structural damage other than slding of
blocks past each other, distributed
rocking of face loaded walls and
buttresses (mainly W1, W2, B1, 82),
iamage to in-plane wall W4 (ittle
damage to Wall W3)

Conducted

Run #

R21 Repeat

15 500 20 0970

Long intense shaking, resonance. Severe
sliding of blocks, loosening of one roof
truss anchor to wall, 0OP sliding of
masonry blocks but basketed by
containment mesh, wide cracks and
distributed rocking of wall W4 observed
but contained by containment mesh, a
few small stones, typically =50mm size
fell of walls (Wa), buttress B1 bent
vertically by = 20mm, some local bulging
of walls, stones below lintel siid off wall,
but did not fal, wide cracks to walls (25
30mm wide) due to slding of stone
blocks. Immediate Occupancy.

Conducted

0 min

Notations
0P

BL...B4
wi..wa

Notes:

Out of plane
Buttresses attached to wall 1 to wall 4
Walls W1 to Wa

Wall Wa suffered significantly more damage than W3 due to torsional vibration of the table. Wall Wa suffered nominal damage.

Significant movement of the stones was observed, however, the stones were

ks in the wall devel

mesh which

stones.

, but would close once

Distributed cracking along the bed joint and sliding of the stone blocks past each other was observed in early stage intense shaking,

No separation between bands and wall was observed. The plaster to b:

Iy did not spall

than

Run R10 initiated major damage to the model, however, as the in-plane

able to aggravate

‘widening of gap between the stone blocks only, the shaking could not lead to global failure as at no point the 00P walls were detached from the in-plane walls

Itis possible that i

the Run # 21R may. during Run

he these could not

table was in operation and was not permitted to get closer to the table because of Health and Safety reasons.
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Type 3 Two Third Model Test Protocol (24_10_2018)

[ 0.024 |No significant damage observed

5 min
R2 3] 100 [ 5 T0.048 |No significant damage observed
5 min
R3 6 | 200 [ 5 [0.097 [No significant damage observed
F2
10 min
R4 12 400 [ 5 0.193 [Nossignificant damage observed
10 min
RS 24| 800 [ 5 ] 0.386 |No significant damage observed
F3
10 min
R6 48 | 1600 | 5 [0773
20 min
F4 |

No significant damage observed

5 min
RS 3] 100 [ 5 T0.193 |No significant damage observed
10 min
Minor cracks appeared in the mortar just below the sill level on
R9 © ‘ 200 ‘ ° ‘ 0386 | all 2 near the door.
F5
10 min
1. Horizontal cracks on Wall 3 and Wall 4 observed at location b/w
sill and Lintel
R10 12 400 5 0.773 2. Slight diagonal cracks also observed in the in-plane walls (W3 and
W4) at location b/w sill and lintel level.
3. Brick crushing in Buttress of Wall 3 observed.
20 min
6
Run # 6 Hz

0.217 |No further significant damages observed.

| |
F7
1. Horizontal cracks further widened and its number increased.
2. B/w lintel and sill level horizontal and diagonal cracks were
observed in the inplance Walls (W3 and W4).
3. Due to out-of-plane action sliding of bricks were observed in Wall

R12 3 100 S 0.435 |Rocking of buttress on Wall at Lintel level observed.

R13 6 200 5 0.869 3 and Wall 4.
4. Rocking of buttress between lintel and base in Wall 1 was
observed.
5. Diagonal cracks were observed b/w sill and lintel level in Wall 1.
20 min
F8
Run # 8 Hz

0.386 |No further significant damages observed.

10 min
R15 3 100 S 0.773 |Falling of one brick observed in Wall 4.
20 min
F9
Run # 10 Hz

No further significant damages observed.

0.869 |No further significant damages observed.

1. Splitting observed at the toe of buttress of Wall 1.
2. Wedge separation at below the lintel level in Wall 1 buttress
observed.

0.869 (3. Sliding out of further units of bricks are observed in Wall 3 and
Wall 4.

4. After R-18, A1, A2, D1, D2 and D13 were removed to avoid

R18 damage to instruments.

No further significant damages observed.

5 min
1. Toe crushing of Wall 1 buttress and separation of wedge from
Wall 1 buttress observed,

220 2 200 s | 0773 |% Comer failure b/w W1 and Wa just below the lintel level
observed.
3. After R21, DS, A10, A5 and D10 were removed to avoid damage
to i

5 min

1. Out-of-plane failure of bricks at corner just below lintel band of
Wall 1and Wall 4 observed.

R21 » 500 5| 99705 out-of-plane sliding of brick units of inplane wall 4 right below
the lintel band observed.

Run # 3 Hz

R21 Repeat
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Type Design # 3 Two Third Scale Model Test Protocol (Retesting after repair)

Date

27/11/18

Run # 2 Hz

F1
RI 15 50 | | 0024 [Nodamage
S min
R2 3 100 | | 0.048 [Nodamage
5 min
R3 6 200 | | 0.097 [Nodamage
F2
10 min
R4 12 400 | | 0.193 |No damage
10 min
RS 24 800 | | 0.386 |Spalling of mortar (both in-plane and out-of-plane walls), minor cracking of masonry
F3
10 min
R6 48 1600 | | 0773 [Not conducted
20 min
F4
Run # 4 Hz
R7 1.5 50 0.097 |No further damage
5 min
3 100 0.193 Spalling of mortar (both in-plane and out-of-plane walls), minor sliding along mortar layers,
R8 vertical crack to Wall W4
10 min
Diagonal cracks to wall W4, separation between band and masonry wall W4, sliding of masonry
RY 6 200 0.386
wall below eaves band (wall W4)
F5
10 min
Extensive damage to masonry walls, spalling of bricks, separation of bands from masonry walls
12 400 0.773  |(W1 and W4), no damage to bands, damage to wall corners, expulsion of bricks at corners (wall
R10 W2 and W4), fal of
20 min

F6




Run # 6 Hz
R11 1.5 50 0.217 |OOP walls flopping (OOP vibration) due to out of plane vertical bending, no further damage to building
10 min
RI2 3 100 | | 0435 [No conducted
10 min
F7
R13 6 200 | | 0.869 |No further damage, some minor spalling, flipping of OOP walls
20 min
F8
Run # 8 Hz
R14 1.5 50 0.386 |No further damage other than wall W2 (brick spalling from below lintel level)
10 min
3 100 0773 Spalling of bricks (W2), expulsion of bricks from W4, further cracking of walls, fall of masonry
R15 ) from door jamb of Wall W3
20 min
F9
Run # 10 Hz
R16 1.5 50 0.604 |No further damage
10 min
F10
Run # 12 Hz
R17 1.5 50 0.869 |Not conducted

F11




Run # 6 Hz
R18 6 200 5 0.869 |Not conducted
10 min
F12
Run # 4 Hz
R19 6 200 5 0.386 |Not conducted
5 min
R20 12 400 | 5 | 0.773 [Not conducted
5 min
R21 15 500 | 5 | 0970 [Not conducted
10 min
F13
Run # 2 Hz
R22 24 800 5 0.386 |No further damage
10 min
R23 48 1600 | 5 | 0.773 [No conducted
20 min
R24 60 2000 | 5 | 097 [Notconducted
10 min
20 min
Run # 3Hz
R25 20 666.67 20 0.72 |Not conducted
20 min
R26 20 666.67 | 20 | 072 [Notconducted
10 min
F14
Run # 4 Hz
R21 Repeat 15 500 20 0.970 |Not conducted
10 min

F15
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Run #

R1 1.5 50 I 0.024 No Damage Observed Co
5 min
R2 3 100 0.048 No Damage Observed Co
5 min
R3 6 200 0.097 No Damage Observed Co
F2
10 min
R4 12 400 0.193 No Damage Observed C
10 min
R5 24 800 0.386 No Damage Observed Co
F3
10 min
Observed observations are as follows,
1. Spalling of Plaster
2. Horizontal Sliding of Timber Bands
3. Opening of connections of timber bands right
above buttresses
R6 48 1600 0.773 4. Detachment of Purlins from Truss Chord at corner Conducted
of Wall 3 and 4.
5. The detached Purlin is connected again.
6. Huge rocking was observed in buttress of Wall 1
7. Buckling of Containment wires is observed
20 min
F4
Run # 4 Hz
R7 1.5 50 0.097 Spalling of Mud Mortar observed Co
5 min
1. Significant out of plane deflection in Wall 1 and
\Wall 2 in the masonry panel b/w Lintel and Eaves Level
at the mid of wall is observed.
R8 3 100 0.193 2. Accelerometers (A1, A2, A3, A4) and Displacement Conducted
Transducers (D1, D2, D3, D4), installed on buttress of
Wall 1, is removed.
10 min
R9 6 200 0.386 Spalling of Mud Mortar observed Co
F5
10 min
R10 12 400 I 0.773 Spalling of Plaster at Band Level is observed Co
20 min
F6
Run # 6 Hz
R11 1.5 50 0.217 No Damage Observed Conducted
10 min
R12 3 100 0.435 Spalling of Mud Mortar observed Co
10 min
F7
R13 6 200 0.869 Spalling of Mud Mortar observed C
20 min
F8

20 min

F9

R14 200 0.386 Spalling of Mud Mortar observed

5 min
R15 12 400 I 0.773 Spalling of Mud Mortar observed Co

5 min

Few stones in buttress of Wall 1 and Wall 4 were
R16 15 500 0.970 displaced but not fallen. Conducted
Only few stones have fallen.
10 min
Few stones were fallen particularly from buttress at
R17=R16 Repeat ® 500 0.970 Lintel level fron: Wall 1 ar‘(d Wall 4. S

Run #
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Figure 2: Pre-test Picture of Model



Figure 3: Run 9, 4 Hz frequency, 12 mm displacement

Figure 4: Run 9, 4 Hz frequency, 12 mm displacement



Run 12, 6 Hz frequency, 6 mm displacement

Figure 5

lacement

isp

Run 12, 6 Hz frequency, 6 mm di

Figure 6



Figure 7: Run 16, 12 Hz frequency, 1.5 mm displacement
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Figure 8: Run 16, 12 Hz frequency, 1.5 mm displacement



Figure 10: Run 18, 6 Hz frequency, 6 mm displacement



Figure 12: Run 18, 6 Hz frequency, 6 mm displacement



Figure 14: Run 20, 4 Hz frequency, 12 mm displacement



Figure 15: Run 20, 4 Hz frequency, 12 mm displacement

Figure 16: Run 20, 4 Hz frequency, 12 mm displacement
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Figure 1: Pretest Picture of Model

Figure 2: Run 9, 4 Hz frequency, 6mm displacement



Figure 3: Run 9, 4 Hz frequency, 6mm displacement

Figure 4: Run 9, 4 Hz frequency, 6mm displacement



Figure 6: Run 21, 4 Hz frequency, 15mm displacement
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Figure 8: Run 26, 3 Hz frequency, 20mm displacement



Figure 9: Run 26, 3 Hz frequency, 20mm displacement

Figure 10: Run 26, 3 Hz frequency, 20mm displacement



Figure 11: Run 26, 3 Hz frequency, 20mm displacement
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Figure 12: Run 26, 3 Hz frequency, 20mm displacement



Figure 14: Run 21-Repeat, 4 Hz frequency, 15mm displacement



Figure 16: Run 21-Repeat, 4 Hz frequency, 15mm displacement
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Figure2: Pre-test Picture of Model
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Figure 3: Run 13, 6 Hz frequency, 6 mm displacement

Figure 4: Run 13, 6 Hz frequency, 6 mm displacement



Figure 5: Run 13, 6 Hz frequency, 6 mm displacement

Figure 6: Run 13, 6 Hz frequency, 6 mm displacement




Figure 7: Run 18, 6 Hz frequency, 6 mm displacement
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Figure 8: Run 18, 6 Hz frequency, 6 mm displacement



Figure 10: Run 18, 6 Hz frequency, 6 mm displacement



Run 20, 4 Hz frequency, 12 mm displacement

Figure 11

Figure 12: Run 20, 4 Hz frequency, 12 mm displacement



Figure 13: Run 20, 4 Hz frequency, 12 mm displacement

Figure 14: Run 20, 4 Hz frequency, 12 mm displacement




Figure 15: Run 21, 4 Hz frequency, 15mm displacement

Figure 16: Run 21, 4 Hz frequency, 15mm displacement




Figure 17: Run 21, 4 Hz frequency, 15mm displacement

Figure 18: Run 21, 4 Hz frequency, 15mm displacement
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Figure 1: Pretest Picture of Model

Figure 2: Run 6, 2 Hz frequency, 48 mm displacement



Figure 4:Run 6, 2 Hz frequency, 48 mm displacement



Figure 5:Run 6, 2 Hz frequency, 48 mm displacement

Figure 6:Run 6, 2 Hz frequency, 48 mm displacement



Figure 7:Run 6, 2 Hz frequency, 48 mm displacement

Figure 8: Run-10, 4 Hz frequency, 12 mm displacement



Figure 9:Run-10, 4 Hz frequency, 12 mm displacement

Figure 10: Run-15, 4 Hz frequency, 12 mm displacement
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Figure 11: Run-17, 4 Hz frequency, 15 mm displacement
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Figure 12: Run-17, 4 Hz frequency, 15 mm displacement
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Shake Table Test, Type 1 One Third

EQ %age Remarks Damage Observations
F1 Conducted
Self Check 1  [Conducted 1. No significant damage observed
Self Check 2 |Conducted 1. No significant damage observed
F2 Conducted
5 Conducted 1. No significant damage observed
10 Conducted 1. No significant damage observed
20 Conducted 1. No significant damage observed
EQl 30 Conducted 1. Minor cracks in plaster of W3 observed.
40 Conducted 1. No further significant damage observed
50 Conducted 1. No further significant damage observed
F3 Conducted
60 Conducted 1. No further significant damage observed
70 Conducted 1. No further significant damage observed
80 Conducted 1. No further significant damage observed
90 Conducted 1. No further significant damage observed
100 Conducted 1. No further significant damage observed
F4 Conducted
Self Check 3 [Conducted 1. No further significant damage observed
F5 Conducted
60 Conducted 1. No further significant damage observed
70 Conducted 1. No further significant damage observed
80 Conducted 1. In W4, cracks in the plaster observed.
EQ2 F6 Conducted
1. Toe crushing at buttress of W1 observed.
90 Conducted 2. Cracks in plaster of W4 widened.
3. In W3, cracks widened further.
F7 Conducted
100 Conducted 1. Cracks in W3 widened further, and also spalling of mud plaster.
F8 Conducted
60 Conducted 1. No further significant damage observed
70 Conducted 1. Spalling of plaster from W4 observed.
80 Conducted
1. Further spalling of plaster from W4 observed.
EQ3 %0 Conducted 2. Rocking observed at the base of W1.
1. Further spalling of plaster from W4 observed.
100 Conducted 2. Toe crushing at buttress of W4 observed.
3. Sever spalling of mud plaster from W3 observed.
F9 Conducted
Self Check4 | Conducted 1. Cracks in W4'further widened and spalling of plaster was also observed.
2. Further spalling of plaster from W3 observed.
EQ4 100-1 Conducted 1. Further spalling of plaster of W4 and toe crushing at buttress
of W1 observed.
100-2 Conducted 1. Further spalling of plaster from W3 and W4 observed.
F10 Conducted
60 Conducted 1. Falling of few stone units from W4 observed.
Qs 70 Conducted 1. FLfrt.her faII'ing of ston'e units from W4 observed.
50%Containment W3 2. Sliding of Lintel band in W3 observed.
No Containment W4 80 Conducted 1. Further falling of stone units from W4 observed.
90 Conducted 1. Severe falling of stone units observed from WA4.
100 Conducted 1. Severe falling of stone units observed from W4.

Sine Sweep

Not Conducted
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F1/ Pulse Test
Self Check 1 1. Out of plane wall (W-1) rocking at the base of buttress observed.
2. Horizontal cracks observed right below the lintel level on W-1 and W-2.
F2/ Pulse Test
5 No further significant damage observed.
10 c No further significant damage observed.
20 '% No further significant damage observed.
30 2 5 No further significant damage observed.
EQl 40 Q, = No further significant damage observed.
50 E § 1. Further slight crack observed in the W-1 and W-2 wall b/w lintel and eaves
% w level following containment pattern.
F3/ Pulse Test g
60 = No further significant damage observed.
70 No further significant damage observed.
80 No further significant damage observed.
90 No further significant damage observed.
100 No further significant damage observed.
F4/ Pulse Test
Self Check 2 1. Rocking of buttress at W-1 observed.
1. Diagonal cracks in W-1 b/w lintel and eaves level observed b/w buttress and
60 door.
2. Cracks further aggravated b/w lintel and eaves level on W-2.
F5/ Pulse Test
1. Spalling of plaster from W-1 and W-2 b/w lintel and eaves level observed.
70 _5 2. Rocking of buttress of W-1 and W-2 observed. Spallling of Plaster at toe of W-
E 2 observed.
-g _E 3. Horizontal ctracks observed in W-1 and W-2 below sill level.
’=}
EQ2 80 é b No further significant damage observed.
F6/ Pulse Test E u%
90 a No further significant damage observed.
F7/ Pulse Test E
1. Significant rocking has been observed for W-1 and W-2. Toe crushing of
buttress and near the door on W-1 has been observed. Similar toe crushing of W
100 2 has also been observed.
3. Horizontal sliding is also observed at the base level.
4. Slight cracks have been also observed in the inplane walls.
F8/ Pulse Test
F9/ Pulse Test
Self Check 3 1. Buttress rocking of W-3 and W-4 due to out-of-plane rocking of Walls
observed with significant deflection.
F10/ Pulse Test No further significant damage observed.
5 c No further significant damage observed.
10 2 No further significant damage observed.
20 b No further significant damage observed.
= c
30 oo No further significant damage observed.
[
EQ1l 40 ® 8
£ G
50 T x
S5 W
F11/ Pulse Test s
60 s
-
70
80
90
100
F12/ Pulse Test
Self Check 4
F13/ Pulse Test 5
60 s
70 £s
80 =
© ©
EQ2 F14/ Pulse Test SE
50 £
F15/ Pulse Test ®
100 S
F16/ Pulse Test
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Time History Yoage Observations Remarks
F1/ Pulse Test Rocking of buttresses of OOP wall
Self Check 1 Rocking of buttresses of OOP wall Unlntendéd strong
shaking
F2/ Pulse Test
5 No further damage
10 No further damage
20 No further damage
30 No further damage other than minor rocking of buttresses of OOP wall (Wall W1)
40 No further damage other than minor rocking of buttresses of OOP wall (Wall W1)
EQ1 50 No further damage other than minor rocking of buttresses of OOP wall (Wall W1)
F3/ Pulse Test No further damage other than minor rocking of buttresses of OOP wall (Wall W1)
60 No further damage other than minor rocking of buttresses of OOP wall (Wall W1)
70
80 No further damage other than minor rocking of buttresses of OOP wall (Wall W1)
%0 No further damage other than progression of earlier damages, minor rocking of
buttresses of OOP wall (Wall W1),
100 No further damage other than progression of earlier damages, minor rocking of
buttresses of OOP wall (Wall W1),
F4/ Pulse Test
Self Check 2 No further damage other than progression of earlier damages, minor rocking of
buttresses of OOP wall (Wall W1), plaster spalling,
60 No further damage other than progression of earlier damages, minor rocking of
buttresses of OOP wall (Wall W1),
F5/ Pulse Test
70 No further damage other than progression of earlier damages, minor rocking of
buttresses of OOP wall (Wall W1), plaster spalling,
No further damage other than progression of earlier damages, minor rocking of
80 buttresses of OOP wall (Wall W1), plaster spalling, toe crushing (delamination of
EQ2
stones, movement of stone blocks, pushout of mortar)
F6/ Pulse Test
No further damage other than progression of earlier damages, minor rocking of
90 buttresses of OOP wall (Wall W1), plaster spalling, further toe crushing (delamination|
of stones, movement of stone blocks, pushout of mortar)
F7/ Pulse Test
100-1 ExtensiYe rocking of buttresses and walls (Poth in-plane and OOP), damage to Violent shaking
connection between walls and trusses (particularly the end ones)
F8/ Pulse Test
1002 ExtensiYe rocking of buttresses and walls (Poth in-plane and OOP), damage to Violent shaking
connection between walls and trusses (particularly the end ones), toe cursing
Self Check 3
KIRT_EW F9/ Pulse test
100% Heavy degradation of model, rocking damage to spandrel
After removal of 50% and 100% of wire containment
EQI-R 100% Softening of spandrels in-plane walls (above door and windows), violent rocking of
buttresses
EQI-R 100%-2 Softening of spenders of in-plane walls (above door and windows), violent rocking of
buttresses
Self Check 5
EQ2-R 80% No further damage other than spalling of more mortar
EQ2-R 90% No further damage other than spalling of more mortar
EQ2-R 100% No further damage
EQ2-R 100%-1
EQ2-R 100%-2 Expulsion of stones from 100% containment removed areas
Extensive expulsion and movement of stones from wall with no containment, very
EQ2-R 100%-3 little movement or expulsion of stones from wall with 50% containment, extensive
rocking of buttresses, damage of door spandrels, failure of connection between wall
and truss connections.
Notations
OOP:|Out of plane
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F1/ Pulse Test
1. Significant in-plane cracks developed in the in-plane walls i.e W3 and W4.
Self Check 1 2. Horizontal Sliding observed at Sill and Lintel level bands.
3. Horizontal (Shear) sliding were also observed b/w Sill and Lintel of W4.
4. Toe crushing at Buttresses of W1 and W3 also observed.
F2/ Pulse Test c
5 2 No further significant damage observed
10 § c No further significant damage observed
20 'é 2 No further significant damage observed
30 g % No further significant damage observed
40 g & No further significant damage observed
50 H No further significant damage observed
EQl F3/ Pulse Test S
60 No further significant damage observed
70 No further significant damage observed
80 No further significant damage observed
90 No further significant damage observed
100 No further significant damage observed
F4/ Pulse Test
Self Check 2 No further significant damage observed
F5/ Pulse Test
60 No further significant damage observed
70 1. In 70-80%, Falling of bricks from W3 just above Sill level observed due to horizontal
80 shear crack and at toe end of butresses observed.
F6/ Pulse Test 8
90 E No further significant damage observed
F7/ Pulse Test S .5
EQ2 ] E 1. Further falling of Brick units from buttress of W3 at the horizontal shear crack
§ 3 observed.
2 2. Corner wedge separation at toe of W3 and W4 observed.
E 3. Inplane cracks both on W3 and W4 aggravated, however the extent of damage was
high on wall having no buttress (W4).
4. Sliding out of brick units from inplane wall W4 observed b/w Sill and Lintel level (at the
100 stitch location).
F8/ Pulse Test
F9/ Pulse Test
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Type 3, One Third, Shake Table Test Protocols (retest after repair) [28-11-2018]

Time History Y%age QObservations Remarks
F1/ Pulse Test
Self Check 1 Mortar spalling, separation of lintel and eave band from masonry (Wall W3), cracking to inplane
wall
F2/ Pulse Test
5 NC
10 No further damage
20 NC
30 No further damage other than sliding of lintel band (Wall W3)
40 Sliding of linel band, small diagonal crack in in-plane wall
50 Sliding of linel band, small diagonal crack in in-plane wall, further progression of earlier cracks
EQ1 F3/ Pulse Test
60 Sliding of linel band, small diagonal crack in in-plane wall, further progression of earlier cracks/
damages
70 Sliding of linel band, small diagonal crack in in-plane wall, further progression of earlier cracks/
damages
20 Sliding of linel band, small diagonal crack in in-plane wall, further progression of earlier cracks/
damages
90 Sliding of linel band, small diagonal crack in in-plane wall, further progression of earlier cracks/
damages, minor crack at junction of walls at corners
100 No further extenstion of damage
F4/ Pulse Test
Self Check 2 Minor crusing of bricks, extenstion of earlier damages
60 Extenstion of earlier damages, but no stability of walls or any other components
FS/ Pulse Test
70 Extenstion of earlier damages, but no stability of walls or any other components
80 Extenstion of earlier damages, but no stability of walls or any other components
EQ2 F6/ Pulse Test . . _ .
90 Extenstion of earlier damages, but no stability of walls or any other components, rocking of
OOP walls, spalling and falling of broken bricks in small chunk
F7/ Pulse Test
100 Extenstion of earlier damages, but no stability of walls or any other components, rocking of
OOP walls, spalling and falling of broken bricks in small chunk
F8/ Pulse Test
Self Check 3
KIRT_EW F9/ Pulse test
100 No further new damage, extension of earlier damages




Shaking Table Testing — Final Report TA-8910 NEP: Earthquake Emergency Assistance Project

Appendix 13-RL — Shake Table Test Protocol, Records of Damage
and Table Acceleration - 1/3rd scale Model

(Type Design 3 — Repaired — Longitudinal Direction)

148




Time History

Yoage

Observations Remarks

EQ1

F1/ Pulse Test

Self Check 1

F2/ Pulse Test

5

10

20

30

40

50

F3/ Pulse Test

60

70

80

90

100

Rocking of walls between bands (lintel and sill), expulsion and fall of bricks from OOP walls,
sliding of wall along mortar layers, no damage to bands

F4/ Pulse Test

EQ2

Self Check 2

60

F5/ Pulse Test

70

80

F6/ Pulse Test

90

F7/ Pulse Test

100

Extensive collapse of OOP walls between bands, toe crushing, severe damage to at wall
junctions, severe damage to in-plane walls, no damage to bands, the vertical reinforcing elements

encased in masonry appeared intact.

F8/ Pulse Test

KIRT EW

Self Check 3

F9/ Pulse test

100

OOP: Out of plane

Note: the model building was in extensively damaged state at the start of the test as the model
was already been tested in the transverse direction after cosmetic repair (after testing in the
longitudinal direction of virgin model).
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Time History %age PGA (g) Observations Remarks
F1
Self Check 1 50 Clear horizontal cracks observed at sill and lintel
level on all the walls.
F2
5 0.04 No further observations observed
10 0.09 No further observations observed
20 0.12 No further observations observed
30 0.14 No further observations observed
40 0.21 No further observations observed
EQ1 50 0.26 No further observations observed
F3
60 0.32 No further observations observed
70 0.39 No further observations observed
80 0.5 No further observations observed
90 0.57 No further observations observed
100 0.67 No further observations observed
F4
1. Horizontal cracks at sill and lintel level aggravated.
2. Plaster falling has been observed mostly from the
eaves level band.
Self Check 2 1.06 3. Significant horizont.al s.Ii'ding at the eavv.as level was
observed due to the significant thrust action of truss. 15-5-2018
Truss connection on W-3 has been detached. Gusset
plate was teared.
F5 All Instruments
60 0.54 No further observations observed in Place
70 0.71 No further observations observed
80 0.81 No further observations observed
F6
Spalling of Mortar Cover observed
%0 0.86 from Wall 1 and Wall 4
EQ2 F7
100 0.89
1. The existing cracks (horizontal) at the band level
£s further aggravated a bit.
2. Rocking of buttress on the face loaded wall was
observed.
Self Check 3 0.51 No further observations observed
1. Significant sliding observed at the sill, lintel and
eaves band.
KIRT 100 115 2. Out of plane wall was deforming to very large
lateral displacement.
3. Significant spalling of plaster was observed on all
walls.
Self Check 4 2.54 No further observations observed
60 0.72 No further observations observed
EQ3=EQ2 70 0.71 No further observations observed
. 80 0.82 No further observations observed
50%Containment removed from whole - — Instruments
Model 90 1.14 Spalling of motar from stone joints observed removed 23-5-2018
100 1.41 Rocking of Wall 1 buttress observed except at Al
Self Check 5 1.63 Spalling of loose stone from Wall 1 observed and D1
KIRT 2=KIRT 100% 1.62 No further observations observed A1=6513
60 0.72 No further observations observed D1=5P-02
70 0.71 No further observations observed Ref: Acc= 6520
KIRT NEW=KIRT 3 (scaled to 1.0g) 80 0.82 No further observations observed 24-5-2018
90 1.14 No further observations observed
100 1.41 No further observations observed
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Figure 2: Pre-test Picture



Figure 3: Self Check

Figure 4: Self Check



Figure 5: EQ2, 100%
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Figure 6: EQ2, 100%



Figure 7: EQ2, 100%

Figure 8: EQ2, 100%
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Figure 9: EQ3, 100%

Figure 10: EQ3, 100%



Figure 11: EQ3, 100%

Figure 12: EQ3, 100%




Figure 13: EQ4, 100%

Figure 14: EQ4, 100%



Figure 15: EQ4, 100%

Figure 16: EQ4, 100%
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Figure 18: EQ5, 100% (After removal of Containment)
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Figure 1: Pre-test Picture

Figure 2: Pre-test Picture



Figure 3: EQ1, 100%

Figure 4: EQ1, 100%



Figure 5: EQ1, 100%

Figure 6: EQ1, 100%



Figure 7: EQ2, Self-Check 2

Figure 8: EQ2, Self-Check 2



Figure 9: EQ2, Self-Check 2
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Figure 10: EQ2, Self-Check 2



Figure 11: EQ2, 70%

Figure 12: EQ2, 70%



Figure 13: EQ2, 70%

Figure 14: EQ2, 70%



Figure 15: EQ2, 100%

Figure 16: EQ2, 100%



Figure 17: EQ2, 100%

Figure 18: EQ2, 100%
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Figure 19: EQ2, 100%

Figure 20: EQ2, 100%
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Figure 1: Pre-test Picture

—

Figure 2: Pre-test Picture



Figure 4: Self Check 1



Figure 6: Self Check 2



Figure 7: Self-Check 2

Figure 8: Self-Check 2



Figure 10: EQ2, 100%



Figure 11: EQ2, 100%

Figure 12: EQ2, 100%



Figure 14: EQ2, 100%
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Figure 1: EQ1, 100%

Figure 2:EQ1, 100%



Figure 3: EQ1, 100%

Figure 4:EQ1, 100%



Figure 5: EQ2, 100%

Figure 6:EQ2, 100%



Figure 7: EQ2, 100%

Figure 8; EQ2, 100%



Figure 9: KIRT, 100%

Figure 10: KIRT, 100%
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