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ABSTRACT 

Traditional Assam-type wooden houses are popular housing systems in the seismically 

active north-eastern Himalayan region of India. Due to the high seismicity of this region, 

local people developed a unique earthquake-resilient housing typology using locally 

available materials. These houses are also commonly known as Ikra houses as the walls and 

roof of Assam-type houses are sometimes made of Ikra (locally available reed found on 

river beds). Assam-type houses are light-weight, have good thermal and acoustic qualities, 

are easy to construct and maintain, and therefore are quite inexpensive. The uniqueness of 

this type of house from other traditional wooden houses lies in its construction methodology, 

timber framing system, special type of connection between framing members, light-weight 

walls and roof, and good wall-to-frame connections that contribute to their earthquake 

safety. Yet, the seismic behavior has not been studied so far. The primary objective of the 

study was to evaluate the lateral load behavior of Assam-type houses scientifically.  

In this study, full-scale frames of a single-story Assam-type house were tested under 

quasi-static cyclic and monotonic lateral loads. Results showed excellent behavior in terms 

of high lateral drift and ductility capacity without any significant drop in the lateral strength. 

Failure occurred primarily due to the separation of secondary stud members at connections 

and flexural failure of vertical posts at very high lateral drift levels during monotonic 

loading. However, the connections of the main posts with the foundation and the top wall 

plate beam remained intact. The physical and mechanical properties of timber species, 

commonly used as framing elements in Assam-type houses, were evaluated experimentally 

in both parallel and perpendicular to grain directions. The lateral load behavior of Ikra wall 

panels used in Assam-type houses was evaluated by diagonal compression testing. The 

behavior of seven different connections generally provided in Assam-type houses was also 

evaluated using quasi-static cyclic tests and pull-out tests. Most of the primary connections 

showed promising performance in terms of high deformability and ductility. The primary 

connections of the timber frame hardly suffered any significant damage under the lateral 

loading, and the performance was found to be much superior compared to the behavior of 

connections in other vernacular houses.  
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Further, to understand the behavior under dynamic loads, shake table tests were 

carried out on a full-scale 3D house specimen using four different ground motions with 

increasing PGA amplitude. The specimen exhibited excellent behavior without any 

significant damage even under extreme level of shaking. The connections between various 

members of the house also remained intact during the test sequence consisting of 112 ground 

motions. Such performance of the house can be attributed to the unique type of connections 

between different wooden members, the light mass of walls and roof, good wall-to-frame 

connections, and good quality and strength of materials used. Since the house specimen did 

not suffer significant damage under dynamic loads, a quasi-static test was carried out on the 

same house specimen after the shake table test to evaluate its lateral load carrying capacity. 

The experimental results showed very high deformability and ductility capacity of the 

house. Separation of wall-frame interface connections and joint failure of the vertical post 

with wall plate beam were found to be the primary reasons for failure. Most of the other 

joints of the house remained intact during the entire test. 

Simplified finite element simulation (macro model) as well as detailed finite element 

simulation (micro model) were carried out to predict the lateral load behavior of frames of 

Assam-type houses. While the macro modelling was found to be very effective in estimating 

the lateral strength of the frames, the micro modelling was found to satisfactorily simulate 

even the damage accumulated in different members. Results obtained in the experimental 

study were finally used to develop an empirical regression model for estimation of the lateral 

strength of Assam-type housing frame and the entire house.   

The extensive experimental study on Assam-type wooden housing can be used to 

scientifically convince the local people, who have started constructing reinforced concrete 

buildings without fully understanding their construction and design aspects, to again adopt 

the practice of construction of such houses. This, in turn, may reduce the seismic risk in the 

region by controlling the construction of informally constructed reinforced concrete 

buildings. The experimental data obtained in this study will also be useful in developing 

numerical models for the analysis of such houses. 
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1.1 OVERVIEW 

Traditional timber-frame houses are very popular in seismically active regions of different 

countries due to their superior performance during earthquakes. These houses are 

characterized by a timber frame infilled with a variety of materials, such as masonry, rubble 

stone, mud, wood products, etc. These timber frame constructions vary in different places 

and known by various names, such as Edificios Pombalinos in Portugal; Casa Baraccata in 

Italy; Fachwerk in Germany; Ksilopikti Tichopiia in Greece; Colombage in France; 

Bindingverk in Scandinavia; Half-timber in the United Kingdom; Entramados in Spain; 

Dhajji-dewari and Ikra in India; Pagoda in China; Quincha in Peru; and Bagdadi, Hımıs, 

and Dizeme in Turkey as mentioned in various studies (Rai and Murty 2005; Kaushik et al. 

2006; Langenbach 2007; Ali et al. 2012; Poletti 2013; Kouris et al. 2014; Quinn et al. 2016). 

Their performance in past earthquakes also proved that these structures are highly resilient 

to earthquake shaking (Cardoso et al. 2004; Rai and Murty 2005; Kaushik and Jain 2007; 

Ali et al. 2012).  
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Assam-type wooden house (Fig. 1.1) is one of such houses that are traditionally 

constructed in the seismically active north-eastern Himalayan region of India. These houses 

are also commonly known as Ikra houses as the walls and roof of such houses are sometimes 

made of locally available river reed named Ikra. These houses have shown exceptionally 

good performance during several past earthquakes, including some great earthquakes that 

have struck this region. Therefore, these houses are among the most popular choices from a 

large number of building typologies prevalent in the region, especially in the rural and semi-

urban areas. Moreover, many such old buildings in urban areas are in good condition and 

are still occupied. Assam-type houses have been used as residential houses, temples, 

churches, offices, as well as for other commercial purposes where the structural 

configuration changes according to the functional requirements (Fig. 1.2). Several 

modifications have been observed in the construction methodology and materials used in 

Assam-type housing at various places to suit the local requirements. This type of 

construction does not require commercially processed materials or a highly skilled labor 

force; instead, local labourers possessing basic carpentry and other traditional skills can 

conveniently construct an Assam-type house. 

 
Fig. 1.1. Assam-type school building in Sikkim. 

 

This type of construction has been in practice for many decades, perhaps more than 

150 years. The local people mostly use locally available materials and resources to construct 

such houses to reduce the cost. The housing is known to have several seismic features that 

contribute to their seismic safety; these include (a) architectural aspects: regular plan, small 

openings, and their location, and small projections; (b) structural features: good timber 

framing system, light mass of walls and roof, good wall-frame interface connections, and 

(c) flexible connections (using steel flats/plates, bolts, nails, grooves, etc.) between various 

members at different levels. The uniqueness of Assam-type houses from other traditional 

wooden houses lies in its construction methodology, timber framing system, special type of 

connections between framing members and those between framing members and 
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foundation, light mass of walls and roof, flexible wall-to-frame connections, etc. Therefore, 

these houses have excellent ability to safely resist seismic loads, even those in which other 

prominent housing typologies have suffered significant damage and subsequent collapse 

(Kaushik and Ravindra Babu 2009; Kaushik and Dasgupta 2013; Jain 2016). However, 

these houses have not received due attention, and their performance under seismic action 

has not been scientifically studied so far. 

   
 (a) (b) 

   
 (c) (d) 

Fig. 1.2. Different configuration of Assam-type houses at Guwahati as per the functional 

requirements: (a) a century old government municipal corporation building, (b) 

side view of Assam-type church, and (c) side view of Cotton college building, 

and (d) front view of new arts building in Cotton college (Kaushik and Ravindra 

Babu 2009). 

1.2 STRUCTURAL DETAILS OF ASSAM-TYPE HOUSE 

A typical Assam-type house may have its plan geometry in rectangular, L, H, or U shape. 

These are mostly one-to-two storey high structures; rarely three-storey houses are also found 

at some places. Timber, bamboo, river reed (Ikra), and some binding materials (cement 

mortar or mud mortar) are the primary construction materials in Assam-type houses. The 

frames and panels of the windows and doors are made of locally available wood. The timber 

framing system is very simple and inexpensive, as it uses only a few timber elements. The 

TH-2456_136104013



Chapter 1 Introduction 

4 
 

timber framing is regular and aligned in the vertical and horizontal directions only. Unlike 

some other vernacular houses, diagonal members are generally not provided in the timber 

frames of Assam-type houses; thus limiting their lateral stiffness. The acceleration demand 

on the flexible timber framing system of the house will therefore be less due to lesser 

amplification of the ground motion in the structure. The presence of a lesser number of 

members in each joint further reduces the chance of joint failure, which governs the 

performance of any timber frame housing system under lateral loads. Hence, the system is 

more resilient under lateral loading, rendering the lateral load behavior of Assam-type 

houses far better than other similar typologies. Aktas (2014) carried out a study on timber 

frame Himis houses and highlighted the significant influence of layout of timber framing 

members on the lateral load response. Unlike other timber construction, the number of 

members in the timber frame system of Assam-type houses is quite small, and therefore, it 

is easier to provide openings in the walls. Termination of intermediate vertical timber 

members (vertical studs) at sill level helps in their protection from ground moisture, thereby 

increasing their life span.  

The main wooden posts of the house supported on plain concrete pedestals 

constructed over the ground up to plinth, and the connections between wooden posts with 

foundation are achieved through steel L-clamps. An essential aspect of this housing type is 

the connection between various elements: main posts, intermediate horizontal and vertical 

studs, wall plate beams, infill wall panels, roof trusses, and roofing elements; these are 

discussed in the later chapters. Due to the simple construction methodology, Assam-type 

houses demand less maintenance and are easy to repair in case of damage or deterioration. 

One of the most important features in such houses is a unique kind of infill material used 

above the sill level. The infill walls, also known as Ikra walls, are constructed by dividing 

the timber frame into smaller panels and filling each panel either with woven bamboo strips 

or with woven river reeds. Such a construction practice makes the panels light-weight due 

to which the house does not require extensive foundations, and therefore, can be constructed 

in varied geotechnical conditions. Also, these walls have good thermal and acoustic 

qualities. Design or construction guidelines for such houses are practically non-existent; 

local people living in the earthquake-prone Himalayan region have developed these seismic 

features with their own experiences and evolved a unique earthquake-resistant housing 

typology using locally available materials. This makes Assam-type houses easy to construct, 

maintain, and economical. Typical Assam-type houses have false ceilings made of timber 
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and bamboo mats, while in modern construction, plywood or gypsum sheets are used. 

Timber beams and wooden planks are used to support the gravity loads on the floor levels. 

Such type of light-weight roof, flexible connections, and light-weight wall materials are not 

commonly found in other vernacular housing typologies. Nowadays, pitched CGI 

(Corrugated Galvanized Iron) sheet roofing over timber trusses is the most common form 

of roofing used in these houses. However, in older days and even today in some rural areas 

Ikra (river reed) is used as roofing. 

1.3 MAJOR CONCERNS AND NEED OF THE STUDY 

In the event of an earthquake, huge loss of life and property is reported due to unsafe and 

poor construction practice. Such devastating situations have been witnessed worldwide and 

after many earthquakes in India (Latur 1993, Bhuj 2001, Sikkim 2006, 2011). In the north-

eastern part of India, this loss can be attributed to the replacement of the traditional wooden 

structures by improper non-seismically designed reinforced concrete (RC) structures (which 

have performed quite poorly during earthquakes) for which both knowledge and expertise 

is not easily available to the local people. Also, due to the economic constraints, people are 

constructing mixed types of housing systems, for example, improper replacement of wall 

and frame members with brick masonry and unsafe concrete members, which makes these 

houses seismically vulnerable. Moreover, unavailability of design and construction 

guidelines and restriction by the government on timber used as a construction material has 

led to an alarming increase in the construction of unsafe buildings in seismically-prone 

regions of north-eastern India and elsewhere. The major challenge now is to revive the 

construction of Assam type houses, highlighting their intrinsic seismic properties with the 

introduction of proper analysis and design guidelines with the help of a scientific study. 

1.4 OBJECTIVES OF THE PRESENT STUDY 

As already discussed, seismic performance of Assam-type houses has not been studied so 

far despite their unique earthquake-resistant features. Therefore, an attempt has been made 

in the present study to understand the seismic behavior of Assam-type houses, and the 

present research addresses the concerns mentioned above with the following primary 

objectives: 

1. Evaluation of lateral load carrying capacity of Assam-type house under seismic 

loading conditions 

2. Material characterization of wooden members and infills used in these houses 
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3. Study the behavior of different joints used in the houses under relevant loading 

conditions 

4. Develop simplified and detailed numerical and analytical models  

5. Identify the strengths and flaws in the construction practice  

6. Develop empirical models for lateral strength estimation of these houses 

7. Develop analysis and construction guidelines for Assam-type houses 

 The results obtained in the study will help the engineering community to 

scientifically adopt the construction of the Assam-type houses in seismically active regions 

in which other popular construction types have not performed satisfactorily during past 

earthquakes. 

1.5 METHODOLOGY 

An extensive study was undertaken to achieve the above-mentioned objectives by carrying 

out several tests on Assam-type house specimens and their individual components, followed 

by numerical simulation and analytical study. The adopted methodology is briefly discussed 

below:  

1. To evaluate the seismic behavior of Assam-type house, in-plane cyclic quasi-static and 

monotonic tests were carried out on individual full-scale wall and house specimens. 

The behavior of individual members, joints, and infills of the frame specimens was 

closely monitored. A similar type of loading condition was later used for 

experimentally studying the performance of individual members and joints.  

2. The mechanical properties of materials used in timber framing and infill (Ikra) panels 

of the house were experimentally evaluated under relevant loading conditions.  

3. Depending on the behavior of joints in wall specimens under quasi-static lateral 

loading, quasi-static lateral load tests and pull-out tests were carried out on seven 

different connections generally provided in Assam-type houses to study the behavior 

of each joint under similar loading conditions. 

4. Experimental results were used to develop simplified and detailed numerical, and 

analytical models to analyze traditional Assam-type houses. The developed numerical 

and analytical models were also validated with the experimental results of tested 

specimens. 
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5. To study the dynamic behavior, shake table tests were performed on full-scale single-

storey house specimen using a large number of recorded and synthetic ground motions. 

6. Finally, construction guidelines for Assam-type houses were made to further improve 

the seismic performance. 

1.6 ORGANIZATION OF THE THESIS 

Besides the present introductory chapter, the thesis is divided into seven chapters. The 

organization of the thesis is as follows: 

A detailed review of timber-frame structures of different typologies around the 

world is presented in Chapter 2 and gap areas in the state-of-the-art are identified as far as 

Assam-type houses are concerned. In Chapter 3, a detailed discussion on the experimental 

behavior of individual frames of Assam-type house is presented.  

In Chapter 4, a discussion on material characterization tests carried out on two types 

of timber used in the study is presented. The experimental study carried out to evaluate the 

capacity of seven different joints used in the walls of the traditional Assam-type house is 

discussed in Chapter 5.  

Two simple numerical approaches were developed to model the frame specimens, 

and the results were validated with experimental results, as discussed in Chapter 6. Further, 

a detailed numerical technique is developed to capture detailed nonlinear behavior of the 

frame specimens as well as their different joints and components.  

In Chapter 7, shake table testing of a full-scale single room house specimen of a 

typical Assam-type house is discussed. Further, a quasi-static behavior of the same full-

scale Assam-type house specimen is examined. Empirical models are finally developed in 

an analytical study to predict the lateral strength of Assam-type housing frames as well as 

of the entire house. The summary of the study is presented in Chapter 8, along with the 

conclusions drawn from the extensive experimental, numerical, and analytical studies. 

Based on the results of the study, recommendations are made to improve the seismic 

performance of the Assam-type houses.  
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2.1 OVERVIEW 

Traditional timber-frame houses are very popular in seismically active regions of different 

parts of the world. These houses are characterized by infilled timber frames and the infill 

material can be made of masonry, rubble stone, mud, wood products, etc. These timber 

frame constructions vary in different places in terms of their framing members, infill 

material, construction methodology, etc. Several experimental and numerical studies have 

been carried out in the past to understand their behavior. In this chapter, relevant literature 

has been reviewed to understand the earthquake load behavior of timber-frame structures. 

Seismic behavior of wooden structures in past earthquakes is discussed first. Material 

properties of different types timber and its behavior under different loading conditions are 

discussed. Experimental behavior of different wooden structures under different loading 

conditions are discussed. Different numerical models developed for simulating the lateral 

load behavior of wooden structures are also reviewed. This is followed by a discussion on 

wooden connections and their influence on the overall behavior. Finally, based on the 
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available literature, the gap areas were identified, and the objectives of the present study 

were formulated.  

2.2 PAST PERFORMANCE OF TIMBER-FRAME STRUCTURES 

Timber is one of the oldest construction materials used in the construction of houses around 

the World. Timber-framed structures are generally constructed with vertical, horizontal, and 

diagonal timber elements with different infills. Different types of popular wooden structures 

that are constructed in seismically active regions of the world are shown in Fig. 2.1. The 

popularity of these structures is mainly due to its readily available material, low cost of 

construction, its aesthetics, and, most importantly, its good seismic resistance ability (Dutu 

et al. 2012). The past earthquake performance of wooden structures has been very good 

compared to other types of construction, such as masonry and concrete structures. 

Traditional timber-framed structures exhibited a remarkable seismic behavior in recent 

earthquakes (Turkey 1999, Greece 2003, Kashmir 2005, and Haiti 2010) compared with 

that of modern construction of masonry blocks or concrete. Fig. 2.2 showed excellent 

performance of traditionally constructed timber buildings in the 1999 Duzce earthquake in 

Turkey as compared to other nearby structures. This was due to the lack of proper practice 

of building codes and standards for the design of structures and poor quality of construction 

and material in modern construction. Moreover, modern construction techniques are 

inaccessible to most local populations due to their demand of the implementation of building 

codes and a relatively high construction cost (Vieux-Champagne et al. 2014). 

In general, the earthquake incurred damages in traditional timber-framed structure 

is due to cracking and falling of plaster, failure of mortar, dislodgement of the masonry 

infill, loosening, and connection failure. The extent of the damage incurred can vary for the 

different types of traditional timber-framed structures. This can be attributed to the specific 

properties of the different timber framed systems. For example, in Turkey, the Dizeme type 

of timber construction, which consist of timber laths as infill material, exhibited rather slight 

damage compared to its counterparts wherein stone, masonry (Himis) and lighter material 

(Bagdadi) is used as the infill material which are also found in Turkey (Dogangun et al. 

2006). The high strength-to-weight ratio of timber material, the redundant structural system, 

and ductility of connections were some of the attributes which caused the Dizeme systems 

to incur less damage. 
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Fig. 2.1. Timber frame structures suitable with the local constraints and potential (Vieux-

Champagne et al. 2014). 

 

Similarly, the Assam-type houses have shown to exhibit extremely good performance 

during multiple earthquake scenarios of the past (Kaushik and Dasgupta, 2013). Fig. 2.3 

shows some of these buildings unaffected in past earthquakes as compared to the poor 
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performance shown by RC structures. The only damage observed in Ikra type was in a third 

storey classrooms of the school constructed over a two-storey RC building. This may have 

been due to ground motion amplification along the height of the building. However, no 

injury due to falling of light-weight debris of Ikra walls was reported. On the other hand, 

damage sustained by the reinforced concrete part of the school building was severe, and the 

building was abandoned. 

  
(a)                                                                         (b) 

Fig. 2.2. (a) and (b) view of traditional timber and reinforced concrete buildings after the 

1999 Duzce earthquake in Turkey (Dogangun et al. 2006). 

 

   
(a)                                                           (b) 

Fig. 2.3. Performance of structures during past earthquake in Sikkim: (a) damages and 

collapse of RC structures, and (b) undamaged Ranka Senior Secondary School 

(Kaushik and Dasgupta 2013). 

2.3 TIMBER AND ITS BEHAVIOR UNDER DIFFERENT LOADING 

The timber for carpentry can be classified into two categories: softwoods and hardwoods. 

Softwoods are not durable and are obtained from trees with needle-like leaves (conifers). 

For their durability they must be protected with preservatives. Contrarily, Hardwoods are 

durable (harder and stronger than softwoods) and are obtained from broad-leaved trees, 
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mostly deciduous. Some, types of hardwood can last for centuries (e.g., oak) and may not 

require the use of preservatives. Hardwoods are expensive compared to softwood as the 

hardwood trees grow slowly. Hardwoods finds greater application in furniture, interior 

finishing, and cabinetwork rather than structural purposes (Aydin et al. 2007; Keyser 1986). 

Wood is classified as a highly anisotropic and nonhomogeneous material. It is 

considered to have three directions, i.e., the longitudinal, the radial, and the tangential to the 

growth rings. For the purpose of structural analysis, timber is generally defined as 

homogeneous and isotropic in the transverse direction, i.e., possessing identical properties 

in the radial and the tangential directions (Patton-Mallory et al. 1997a). The combined radial 

and tangential direction are referred to as perpendicular to the grain, whereas the 

longitudinal direction is parallel to the grain (Fig. 2.4). The behavior of wood is different 

from other construction materials like concrete and steel. This is because wood is 

anisotropic due to its cellular nature and structural orientation of the micro fibrils in the wall 

layers. In the timber, this structure causes the wood cells to buckle and collapse under 

compression loads. Clear wood (defect-free timber) on being subjected to compression 

parallel to grain exhibits plastic softening. 

 
Fig. 2.4. Loading of wood in different directions (Saleh et al. 2006). 

Under compression perpendicular to the grain, it exhibits plastic yielding and hardening, 

followed by densification at higher strains. Under the action of tension and shear, wood 

primarily exhibits a linear elastic behavior. Additionally, the failure is characterized by 

brittle crack formation which possesses a cascading pattern in parallel to grain direction. In 

perpendicular to grain direction, the crack pattern is rather distinct and straight in parallel 

to grain. Moreover, the majority of micro fibrils are aligned at only a small angle to the 

longitudinal axis, which is easier to rupture the cell wall in perpendicular to grain than 

parallel to grain under the load application (Dinwoodie 2001; Saleh et al. 2006; Aydin et al. 
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2007). Before modelling of wood, it is important to know its mechanical properties, such as 

stress-strain relation, modulus of elasticity, and other properties on which these depend 

upon, such as moisture content, defects in wood, etc., which are discussed in the following.  

2.3.1 Mechanical Behavior of Timber 

For modelling purposes, it is important to know the shape of the entire stress-strain 

relationship of timber material. Fig. 2.5 shows typical stress-strain relationships for wood. 

It can be observed that the relationship remains nearly linear up to the maximum load under 

tension. Additionally, the nature of the failure is brittle. A combination of tension and 

shearing parallel to grain are generally observed failure patterns. The tensile strength of 

timber gets reduced in timber due to the presence of knots and various defects in timber. 

Shear failure between the fibers or cells is the main cause of failure in tension. On the other 

hand, timber behaves in a much more ductile fashion under axial compression, wherein the 

stress-strain relationship is linear up to a proportional limit and subsequently exhibits ductile 

yielding. Yielding often produces a long decreasing plateau. A combination of crushing or 

wedge splitting or compression and shearing parallel to grain but without splitting is the 

typical compression failure patterns shown by wood in compression. When measured 

parallel to grain, the tensile strength of clear, straight-grained timber is significantly higher 

than its compression strength. This is because the compression loads lead to plastic crushing 

or buckling of the fibers. On the other hand, the phenomenon observed in structural timber 

containing knots and possessing distorted grain is rather opposite.  

 
Fig. 2.5. Stress-strain relationships for wood (Buchanan 1986). 

 

To take advantage of the high strength of the timber (in the parallel to the grain 

direction), the flexural members are oriented to the applied loading such that the bending 
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stresses develop in the direction parallel to the grain. Similarly, the compression members 

are oriented to loading such that axial compression stresses are developed parallel to the 

grain (Aydin et al. 2007). During the service life of the timber, it is very much expected that 

the bending stresses would be commonly applied to it. The flexural strength of the timber, 

measured by the modulus of rupture, is expected to lie between the tensile and compression 

strength (Dinwoodie 2001). In clear wood beams, the failure in the compression zone is 

initiated by wrinkles, whereas, in the tension zone, it is the cracking that causes the failure.  

In the tension zone, the fibers distributed near defects (knots or other localized slope of 

grain) exhibit cracking caused by the tensile stresses in perpendicular to the grain direction. 

2.3.2 Factors Affecting Timber Property 

The mechanical properties of timber share a good correlation between strength and 

density/specific gravity (Shepard and Shottafer 1992; Zhang 1995). The density of timber 

is a measure of both the cell wall and cell cavity thickness, and an increase in density leads 

to an increase in the magnitude of the mechanical properties (Aydin 2007). Hence density 

is the best predictor of timber strength (Kliger et al. 1995; Dinwoodie 2001). The maximum 

crushing strength of timber in the parallel to grain direction could be linearly related to 

specific gravity (Zhang 1997). Modulus of elasticity on the other hand, does not share a 

linear relationship and is rather poorly related to specific gravity. 

Moisture content of timber is the most important factor affecting its mechanical 

properties. A decrease in the moisture content leads to an approximately linear increase in 

the strength of clear timber, which may go up to 3 times on reaching the oven-dry state. 

Compared to the saturated state, the strength of the timber is 40% higher when the moisture 

content is reduced to 15%. This is because a decrease in moisture content leads to 

contraction, thereby reducing the inter-fiber spacing leading to a stronger bonding between 

the fibers (Widehammar 2004). Contrary to strength, the toughness of the timber decreases 

with a decrease in moisture content. 

Due to the presence of defects, the behavior of timber in bending and tension is 

different from that in compression. Presence of defects also leads to a variation in the 

strength across the length and depth of the timber member. The magnitude of the mechanical 

properties of the timber are significantly reduced in the presence of defects, such as, checks, 

cross grain, knots, pitch pockets, shakes, and warp. Therefore, it is essential to consider the 

effect of the presence of defects in the design of timber structural members. For example, 
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to overcome the weakening effect of knots in tension, as far as possible, it should be ensured 

that the beam is positioned such that the knots lie under compression (Keyser 1986). 

2.3.3 Summary 

Wood is unique and different from other engineering materials as the wood strength is quite 

variable in different directions. Strength and ductility are different under tension and 

compression. Increase in density results in an increase in the magnitude of the mechanical 

properties of timber. Therefore, the density of timber is considered as the best predictor of 

timber strength.  Moisture content affects the mechanical properties of timber. The presence 

of defects changes the behavior of timber in bending and tension than in compression. 

Defects significantly reduce the magnitude of the mechanical properties of the timber. 

2.4 EXPERIMENTAL BEHAVIOR OF TIMBER-FRAME STRUCTURES 

Recently, interest of research community in traditional timber buildings has increased, and 

several studies have been carried out on wooden structures to characterize their seismic 

performance. Two types of testing have been found to be useful, i.e., quasi-static cyclic and 

dynamic load tests, which are discussed in the following sections. 

2.4.1 Quasi-static Behavior of Wooden Structures 

Quasi-static tests give ultimate lateral load carrying capacity irrespective of the demand on 

them. The quasi-static loads using servo-controlled hydraulic actuator are applied cyclically 

at low frequency to understand the cyclic behavior of such houses during earthquakes and 

to observe the failure modes. Such tests are important because they are conducted slowly to 

get an insight into the performance of various members at varying lateral drift levels. Some 

of the results of past studies are discussed here in which quasi-static testing has been 

performed on timber-frame structures. Numerous experimental studies have been carried 

out on individual walls or frames of traditional timber-framed masonry constructions. 

2.4.1.1 Role of Infill 

The role of infill in seismic performance varies for the different types of traditional timber 

frame housing systems. For some systems, the role of infill is quite significant, while for 

some, it is negligible and still, for others, its influence is limited to the initial portion of the 

seismic response. The following discusses the role of infill in the different types of 

traditional frame housing systems found in the different regions of the world.  
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The Dhajji-dewari system (building system found in and the surrounding 

mountainous northern regions of Kashmir) possess enormous resilience to lateral forces. 

Tests have revealed that these systems can undergo numerous loading cycles at drift ratios 

of around 1.5% without losing its structural integrity (Ali et al. 2012). In these systems, the 

type of infill has no contribution on its seismic performance and the choice of infill (hard 

infill with stone-to-mud ratio of 9:1 or soft infill with stone-to-mud 7:3) barely affected the 

ultimate strength and ductility of Dhajji walls. This is because the lateral load capacity of 

Dhajji-dewari systems depends mainly on the performance of the timber frame.  

In the Quincha1 house (Fig. 2.6), found on the coast of Peru, the presence of infill 

increases the system stiffness by more than four times and doubles the ultimate lateral 

strength (Quinn et al., 2016). This is because the overresponse of these systems relies on the 

shear stiffness of the infill and the infill-frame contact interaction. Similarly, for the 

Ottoman2 houses (commonly found in Turkey), the presence of infill and cladding increases 

the lateral strength by 1.74 times and 2.25 times, respectively (Aktas et al. 2014). The 

corresponding increase in the stiffness due to the presence of infill and cladding is about 2.2 

and 4 times, respectively. Although the capacity to demand ratio of the Ottoman houses 

reduces due to the presence of infill or cladding (since an increase in stiffness due to infill 

and cladding is counter balanced by the increase in the mass of the system), the absolute 

magnitude of the capacities consistently remains lesser than the demand. This is since the 

increase in the natural periods and damping ratios leads to a reduction in seismic demand, 

which can sufficiently compensate the increase in the demand due to the addition of the 

infill and cladding mass. 

In the "Kay Peyi" systems3 (found in Haiti), although the infill exerts some influence 

on the initial stiffness (primarily due to the lattice-like behavior exhibited by the elementary 

                                                 
1 Quincha houses are somewhat similar to the Assam-type houses in terms of the infill construction, 

albeit with presence of diagonal bracing members. Sometimes partial height masonry along with 

small diagonal braces are provided both at the bottom and top of each wall on each floor. The infill 

comprises of a timber frame infilled with a courser weave (compared to that used in Assam-type 

houses) of canes covered with mud and plaster 

 
2 Ottoman houses constitute of frame made of yellow pine and fir, with and without infill (brick and 

adobe) or cladding (Bagdadi and Samdolma) 

 
3 Kay Peyi" systems are timber-framed structures which are infilled with natural stones and earth 

mortar 
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cell), however, it does not have any influence on the lateral load capacity.  This was because 

the infill offered low lateral load capacity (Vieux-Champagne et al. 2014). 

  
 (a) (b) 

Fig. 2.6. Quincha houses in Peru: (a) walls showing infill material, and (b) diagonal 

bracings used in walls to improve stability. 

 

The Quincha house, found on the coast of Peru, is somewhat similar to the Assam-

type houses in terms of the infill construction, albeit with the presence of diagonal bracing 

members. Sometimes partial height masonry along with small diagonal braces are provided 

both at the bottom and top of each wall on each floor (Fig. 2.6). The infill comprises of a 

timber frame infilled with a courser weave (compared to that used in Assam-type houses) 

of canes covered with mud and plaster. The infill used in Quincha houses increases its 

stiffness by more than four times and doubles the ultimate lateral strength compared to its 

bare frame counterpart (Quinn et al., 2016). The overall response of the frame 

is fundamentally different when infill is present and relies on infill shear stiffness and 

contact between infill and frame.  

In the present-day world, many examples of the traditional timber housing systems 

exist that are age-old. For the protection and preservation of these buildings, it may be 

required to employ different retrofitting/strengthening of its different components.  

Strengthening of the walls with the help of steel bolts may not provide significant advantage 

in terms of the post-peak resistance and energy dissipation and could rather be advantageous 

in only improving the initial response (Poletti and Vasconcelos 2012). Contrarily, 

strengthening by providing steel plates on the main posts of the timber frames could 

significantly stiffen the wall and increase its load capacity considerably. This improvement 

in the seismic behaviour, however, could lead to a compromise in the ductility. 
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2.4.1.2 Role of Connections 

The functioning of connections (particularly those between the bottom plate and the vertical 

posts) governs governed the system capacity of the Dhajji-dewari systems (Ali et al. 2012). 

In the Ottoman houses, the plastic energy dissipation mechanism of the nailed connection 

leads to the exhibition of high ductility and the failure of these houses is governed by the 

failure at the connections at the corners (right and left) and at the ends of diagonal braces 

(Aktas et al. 2014). This is because an exhibition of disintegration (in the form of loosening 

and dilation) first, ultimately leads to the overall failure of the frame. Moreover, the failure 

at the connection, developing even before the wood is stressed to its strength, dictates the 

frame failure, therefore, the type of wood used in these houses is non-influential. In the "Kay 

Peyi" systems the connection scale the resistance exhibited by the connections is 

proportional to the number of nails (in both normal and tangential directions). The 

connections in the timber framework of these systems (Type-1 in Fig. 2.7) possess the 

ability to undergo large deformations and energy dissipation, thereby exhibiting high 

ductility when compared with that of the other configurations. 

 

Fig. 2.7. Connections in shear wall of Haitian timbered masonry structure (Kay Peyi) 

(Vieux-Champagne et al. 2014). 

2.4.2 Dynamic Behavior of Wooden Structures  

The dynamic loads applied through the shake table provide details related to the dynamic 

behavior of structures required for the design. The dynamic characteristics of some the 

wooden houses, their failure patterns, and damage patterns in various members due to 

dynamic loading are discussed in the following.   
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Shake table testing (free vibration and seismic shaking) on a full-scale timber-

framed structure with infill was conducted by Vieux-Champagne et al. (2017). It was 

observed that even after being subjected to five seismic ground motions, the transverse wall 

did not fail. However, the two infill triangles collapsed. In the study, it was observed that 

the shear walls adequately braced the structure, thereby limiting the deformations. Analysis 

of the global hysteretic response of both the transverse wall and shear wall showed similarity 

in shape, highlighting large deformations and high energy dissipation mechanisms. It was 

observed that the steel connectors and infill incurred the main damage. With the application 

of each ground motion, the nailed connections pulled out, specifically on the roof and at the 

top of the transverse walls. The energy dissipation was observed to take place through the 

infill panels at their interface with the wood structure. The infill damage in the shear wall 

was observed to be limited. The study highlights the importance of infill behavior since it 

enhances the light-weight wood structures' efficiency to resist seismic action without 

incurring major damage.    

To investigate seismic performances of wooden frames with various structural 

elements, shaking table tests were carried out by Yamada et al. (2004). They took the test 

specimens as a basic wooden frame and three frames by adding traditional plaster walls, 

wooden bracings, and plywood walls. They increased the excitation intensity gradually until 

severe damage took place. Hysteretic behavior of the specimens were investigated, different 

failure modes were observed for the specimens, and seismic performances of the different 

seismic resistant elements were evaluated and compared. The test results showed that the 

plaster-wall specimen has a high restoring force, a large critical deformation angle, and 

flexible characteristic at the peak point; therefore, it was regarded as the best among the 

three seismic resistant elements. 

   Ali et al. (2017) carried out shake table tests on Dhajji-dewari traditional structures 

with two reduced scaled models, i.e., 1/3rd scaled single room model and 1/4th scaled two 

rooms house model. The models were subjected to excitation using natural accelerograms 

with varying intensity to cause varying levels of deformations. Despite the extreme level of 

shaking the structure was subjected to, it demonstrated excellent seismic performance as it 

exhibited large lateral displacements without affecting the global stability. Under bi-

directional loading, the model showed relatively reduced lateral strength and deformation. 
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This was because, under bi-directional loading, the walls experienced both in-plane and out-

of-plane loading.  

The dynamic performance of multi-storey traditional Chinese Pagoda was studied 

by Wu et al. (2018). The study employed the use of shaking table to subject a one-fifth-

scaled seven-story model to artificial and natural earthquake excitation of varying 

intensities. Although the Pagoda model exhibited lateral displacement of upto 1/36 of the 

model height, still it was able to survive all the input earthquake excitations up to 0.44g in 

PGA with only minor damages in dou-gong connections. A decrease of only 16% in the 

model frequencies was observed after subjecting model to the different earthquake 

excitations. Moreover, the damping ratio increased from 1.24% to more than 10%.  This 

indicated good seismic resilience of the Pagoda. The model exhibited good recovery in the 

capacity after being subjected to major earthquakes. It was found that the detected 

frequencies relied on the shaking intensity. This is due to the transition between static and 

sliding friction among wood members. Moreover, the recoverable looseness of pulling-out 

and pushing-back of the mortise and tenon joints was also contributory. The study showed 

that the simplified lumped mass model developed based on the equivalent inter-story 

stiffness could predict the displacement time history of the floors of the Pagoda with a 

difference of less than 15%.  

Dynamic tests on initially damaged two-story, single-family, wood-frame house 

with the walls sheathed with oriented strand board (OSB) and stucco on the exterior and 

gypsum wall board on the interior, indicated a significant degradation in seismic 

performance during subsequent earthquakes (Fischer et al. 2001). Dynamic tests on large-

scale three-storey wood-frame residential buildings have shown that the stucco and interior 

gypsum boards considerably reduced the maximum story drift in the open front but 

increased the story shear (Mosalam et al. 2002). Moreover, the retrofitting of the steel 

moment frame and the finishes applied considerably reduces the maximum story drift, story 

shear and rotations observed at higher storey levels. 

Goncalves et al. (2018) proposed a strengthening technique for the Pombalino 

buildings in Portugal on the basis of results obtained in shake table tests. The strengthening 

technique proposed the reinforcing of the timber-framed "frontal" walls, which consisted of 

connecting the timber elements concurring in the cross-halving joints with bolted 3 mm 

thick steel plates. The models were (a) without damage and reinforcement (Model 1-1); 
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model with previous damage after the dynamic test, strengthened by links between floors 

and laterally braced (Model 1-2); (c) model without damage and reinforced in all cross-

halving joints with steel plates and laterally braced (Model 2-1); (d) model with previous 

damage after the dynamic tests strengthened by links between the floors and laterally braced 

(Model 2-2), as shown in Fig. 2.8. In all the models, the modal frequencies decreased after 

the application of each ground motion excitation. 

  

 (a) (b) 

 

(c) 

Fig. 2.8. Strengthening technique for the Pombalino buildings proposed by Goncalves et 

al. (2018): (a) Model 1-2, (b) Model 2-1, and (c) Model 2-2. 
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The models without any reinforcing suffered more damage due to the lack of 

connection between the floors. The strengthening applied to this model in the links between 

floors and lateral bracing (Model 1-2) could not regain the original initial stiffness. 

However, a significant improvement in the behavior was observed in the model. 

Additionally, the evolution of damage was less when the steel plates were connected 

between the bottom and upper floor vertical timber elements. The third model that was 

reinforced with steel plates in all cross-halving joints and laterally braced (Model 2-1) was 

stiffer, and hence, exhibited lesser damage. The effect of reinforcement was studied by in 

fourth model reinforced by strengthening the links between the floors and laterally braced 

(Model 2-2). A decrease in the initial stiffness and increase in the damage was observed 

when the reinforcement was removed. The damage in the model reduced by half when it 

was reinforced with plates on the cross-halving joints between the floors (Model 1-2 and 2-

2) compared to the model without reinforcement (Model 1-1). Similarly, the model 

reinforced in all cross-halving joints (Model 2-1) showed a 70% decrease in the damage. 

Despite a clear difference in the stiffness between all the models, the order of base shear 

was of the same magnitude in all models. This was due to the dominant first mode frequency 

of the models lying in the plateau region of the acceleration response spectrum (ranging 

from 2.5 Hz to 5 Hz). The study showed that reinforcing of damaged models does not restore 

the initial stiffness, thereby exhibiting higher vulnerability compared to the originally 

reinforced model. It was also shown that the continuity of the vertical elements (mainly 

between the floors) should be taken into consideration as it played a major role in the 

performance of the structure. Some investigations of traditional timber-framed structures 

have also been conducted by Fujita et al. (2006), Suzuki and Maeno (2010), Zhang et al. 

(2011), Seo et al. (2015) and Rinaldin and Fragiacomo (2016). The reader is advised to refer 

to these studies for obtaining more details on dynamic behavior of timber-framed structures. 

2.4.3 Behavior of Timber-Frame Joints  

When compared with other structural components, the joints are often the weakest parts in 

timber-frame houses. A timber frame may possess different types of joints. For example, 

the Dhajji-dewari systems (Ali et al. 2012) is made up of three different types of mortise 

and tenon connections, as shown in Fig. 2.9. The behaviour of each type of joint in timber-

framed houses can be different and the failure of the frame is always governed by the failure 

at the connections. The corner connections (far right and left) and the ones at the ends of 

diagonal braces exhibit disintegration first in terms of loosening and dilation, and 
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subsequently cause the overall failure of the frame. Hence for timber structures, it is 

essential to study the mechanical behavior of joints. The factors affecting the structural 

performance of a joint are (a) the geometry of the member and joint, (b) orientation of the 

load with respect to the grain of the timber, and (c) clearance and friction between the joint 

members (Sawata and Yasumura 2003; Gattesco and Toffolo 2004; Quinn and D’Ayala 

2013). The following discusses some important aspects influencing the seismic performance 

of connections from past studies on joints. 

 
Fig. 2.9. Details of connections used in Dhajji wall specimens (Ali et al. 2012). 

2.4.3.1 Effect of Nailing on Joints 

The current design concept suggests that joint fastened together using multiple nails in a 

row would carry a lateral load equal to the product of the number of nails in a row and the 

lateral capacity of single nail joint. However, the fasteners in a row do not transmit the load 

uniformly. The lateral load carried by each of the multiple nails in a row of a joint was not 

the same as that carried by a corresponding joint fabricated with a single nail (Thomas and 

Malhotra 1985). Hence, the present design concept overestimates the overall capacity of the 

joint. To overcome this shortcoming, modification factors are applied while estimating the 

joint capacity (modification factor of 1.0 when the joint had up to three nails in a row and 

0.9 when the number of nails in a row were greater than three). The interface frictional force 

in the joints fabricated with single nail joints (1-3 nails) increases linearly with the number 

of nails; however, for multi-nailed joints, the frictional force is rather constant. Therefore, 

practically it can be said that the effect of friction on joint stiffness at ultimate slip could be 

considered as insignificant for multi-nailed joints. 
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2.4.3.2 Strengthening of Joints 

Generally, the overall failure of the timber frame failure is governed by the failure of joints. 

Therefore, it is possible that employing strengthening schemes onto the joints could improve 

the seismic performance of the overall frame. There are various types of strengthening 

schemes that can be employed onto a type of joint. For example, studies on strengthening 

of half-lap joints of traditional timber-frame shear walls (Poletti et al. 2016) have been 

conducted by employing of: (a) glass fiber-reinforced polymer (GFRP) sheets, (b) self-

tapping screws, (c) steel plates, and (d) near-surface mounted steel bars as shown in Fig. 

2.10. Although these strengthening techniques demonstrate an improvement in the 

hysteretic behavior, energy dissipation, and load-bearing capacity of the joints, the failure 

of the connections is likely to take place. The quality of interlocking of the joints also 

influences the pull-out and in-plane cyclic behavior. Tests conducted on these joints 

exhibited similar deformational features as observed in the walls, wherein the connections 

would open out-of-plane due to asymmetry in thickness of half-lap. Retrofitted specimens 

under pull-out tests exhibited a great increase in initial stiffness and energy dissipation 

capacity.  

It is observed that great attention needs to be given to the desired level of strength, 

so that brittle failure is avoided. In this regard, it has been observed that a post-peak 

softening behavior was guaranteed when the retrofitting was performed with screws and 

steel plates (Poletti et al. 2016). The researchers highlighted the need to conduct a 

complementary study on self-tapping screws as it had the potential of being a simple and 

cheaper invention for retrofitting. Moreover, the use of uni-axial GFRP sheets was deemed 

inappropriate as they exhibited early rupture and debonding under shear forces. The 

prosthesis solution was also an inappropriate strengthening solution as it developed a 

weaker section in the post. The NSM configuration adopted as a strengthening scheme 

guarantees sufficient anchorage length to the rods, without an early failure of the welding. 

Sometimes it is not also suitable to upgrade the carpentry joints for seismic actions. 

This is because it often resulted in the over strengthening of the joints. A study on the 

mechanical behavior of carpentry joints used in roof structures (Parisi and Piazza 2008) 

revealed that that excessive strengthening could cause brittle failures. Although 

reinforcement of the joints could help achieve satisfactory cyclic behaviour, however, to 
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inhibit the development of brittle failure modes, addition of well distributed local 

reinforcement in critical areas in the form of small size steel elements is desirable. 

 

 (a) (b) 

   

 (c) (d) 

Fig. 2.10. Half-lap joint and several strengthening techniques employed by Poletti et al. 

(2016): (a) half-lap joint, (b) steel plates, (c) glass fiber-reinforced polymer 

(GFRP) sheets, and (d) near-surface mounted steel bars. 

2.5 NUMERICAL MODELLING OF TIMBER-FRAME STRUCTURES 

Timber is a unique engineering material due to its anisotropic and defect-filled nature. 

Hence, the modelling of timber or wood is different from other conventional materials like 

concrete or steel. Numerical simulation has proved to be an effective tool for the evaluation 

of the seismic behavior of traditional timber structures (Ferreira 2017). In this regard, 
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several experimental studies have been carried out on timber-frame buildings. Based on 

their experimental study, many researchers have proposed several numerical and analytical 

models to study the behavior of timber-frame buildings. Some of these numerical studies 

are discussed in the following. 

Kappos and Kouris (2012) carried out non-linear static analysis of timber-framed 

masonry structures. Two types of modelling strategy, i.e., a detailed approach using ANSYS 

and a simplified approach using SAP2000, were proposed. The detailed modelling approach 

was intended for analysis of small sub-assemblages of timber-framed structures, whereas 

the simplified modelling approach was intended for analysis of entire structures using the 

force-displacement curve that provides the constitutive law for the simplified model. The 

detailed model considered orthotropic behavior for timber elements, and for interaction, 

Mohr-Coulomb friction without cohesion was used. Associated isotropic work-hardening 

plasticity based on Hill’s yield criterion was used for modelling the behavior of timber 

elements. To model the opening and closing of joints in frame elements, contact elements 

were used. Weak masonry infills were not modelled directly due to their minor contribution 

to lateral load in the post-elastic range. The effect of masonry was considered indirectly by 

preventing buckling of the diagonal timber braces. In simplified model, timber posts and 

lintels were modelled using beam elements, and the diagonal elements were modelled using 

link elements with non-linear axial hinges. The detailed model was able to capture the 

gradual softening in the response of walls, whereas simplified model provided the pushover 

curve in the bilinear form. 

Using the finite element software, DIANA, a numerical model for nonlinear cyclic 

behavior of wood was developed by Ayoub (2007). The numerical model included all types 

of degradation. In the study, it was found that the load-deformation response of shear walls 

made of wood was highly nonlinear. The response was governed by a degrading pinched 

hysteretic behavior exhibited by the fasteners under reversed cyclic loading. The monotonic 

envelope in the experimental testing results exhibited capping, i.e., strength softening at 

high levels of deformations. The experimental tests showed several types of cyclic 

degradation, viz, (a) strength degradation, (b) unloading stiffness degradation, (c) 

accelerated stiffness degradation, and (d) cap degradation. Due to strength degradation, the 

specimen exhibited a decrease in the yield force as a function of the number of cycles. The 

unloading stiffness degradation led to a decrease in the unloading stiffness as a function of 
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the number of cycles, whereas the accelerated stiffness degradation led to a decrease in the 

reloading target stiffness. The cap degradation caused the onset of strength softening to 

reach an earlier stage. The study further proposed a SDOF system, possessing degrading 

pinched hysteretic behavior, suitable for evaluating the global behavior was proposed. 

Moreover, a newly developed finite element model was proposed to model the shear wall. 

The model consisted of (a) a shell element to model the plywood shear walls, (b) beam 

elements to model the studs and top and bottom plates, and (c) nonlinear degrading 

distributed interface elements to model the nail behavior. The developed model could 

simulate the different damage states under severe loading conditions, as observed during 

the experimental study. 

A procedure for the nonlinear analysis of buildings possessing sheathed stud walls 

as the primary load resisting elements was proposed by Ekwueme and Hart (2000). Based 

on the comparison of the experimental results with the analytical results, a methodology for 

applying the nonlinear properties of individual walls was presented.  The study concluded 

that properties from individual walls could be assembled and used for the determination of 

the nonlinear response of light-framed wood buildings. The results of the analysis showed 

an excellent comparison with that of the full-scale tests of light-framed sheathed walls. To 

accurately represent various behavior modes of timber, Xu et al. (2014) developed a 

constitutive relationship which utilize commonly used material property parameters. In the 

study, Hill yield criterion was used to model the hardening in the elastoplastic modelling of 

the timber in compression. Additionally, for timber in combined tension and shear, modified 

Hill failure criterial was used, which considers brittle behavior.  The developed material 

model was employed in finite element model to simulated the 3D nonlinear behavior of 

timber joints subjected to various loadings. To model the development of damage and its 

propagation, element removal technique was used, which was administered by means of 

failure criterion based stress evaluation. To evaluate the possible brittle failure location, the 

failure index as provided by the numerical model was used. Although the model exhibited 

good agreement in terms of stiffness and failure (location and load), joint ductility was 

underestimated. The lateral load carrying capacity of traditional timber-frame structures can 

be expressed as a function of its elemental components. For example, the lateral load 

carrying capacity of Dhajji-dewari houses can be expressed using a simplistic equation (Ali 

et al. 2012) as given below: 
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1.72F L=  ,   (2.1) 

where, F is lateral load carrying capacity in kN, and L is length of the specimen in meters. 

In the above equation the lateral load carrying capacity of the Dhajji-dewari houses is 

expressed as of the length of the specimen. The lateral load carrying capacity estimation 

method developed for other vernacular housing systems cannot be used for Assam-type 

housing as the behavior is different due to differences in the structural components at the 

elemental level.  

2.6 GAP AREAS 

In the literature review, it was observed that no experimental, numerical, and analytical 

studies have been carried out on Assam type house, although there are a few qualitative 

reports on its seismic performance. Most research related to wooden structures have 

concentrated on wooden shear wall buildings, and their strengthening, especially 

strengthening of joints, and very less work has been done on traditional wooden houses. 

Among the work carried out on traditional timber-frame structures, most of the research has 

been done on single storey timber-framed structures having brick masonry or stone masonry 

as infill along with bracing. It has been observed in the past literature that lateral load 

performance of wooden houses depends on primarily the quality of connections between 

different framing members. Mostly it is the connections, and most importantly, the 

connections between primary vertical posts and the foundation, that fail during earthquakes 

or experimental testing, either collapsing the entire structure or damaging it severely. To 

validate the numerical results and to get a deeper insight into understanding the seismic 

behavior and failure mechanism, experimental testing of Assam type house is really 

important to be carried out. Based on the literature review, the following gap areas have 

been identified: 

1. Experimental studies on Assam-type housing have not been carried out for lateral load 

performance evaluation. 

2. Analytical models for the estimation of lateral load carrying capacity of some 

vernacular houses are available in the literature. Similar models are required to be 

developed for Assam-type houses. 

3. It has been observed that poor connection detailing between various framing members 

and between main vertical posts and foundation are responsible for severe damage or 
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collapse of wooden houses. To investigate this aspect in Assam-type houses, 

experimental and analytical studies are required to be undertaken to understand the 

connection details in the case of Assam-type houses.  

4. As no work has been carried out so far on Assam-type houses, it is important to develop 

numerical and analytical models and construction guidelines for these houses. 
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3.1 OVERVIEW 

Assam-type houses, also known as Ikra houses, are one of the traditional housing systems 

that have performed extremely well during the past earthquakes compared to other popular 

structural systems (reinforced concrete frame buildings and masonry buildings) in India. 

Due to the historical high seismicity of the north-eastern region of India, the natives 

developed a unique housing system in terms of both the construction methodology and the 

materials (Ikra and bamboo as infill). However, their seismic performance has not been 

studied scientifically so far. Therefore, to get a deeper insight into the lateral load behavior 

of Assam-type houses, a maiden experimental study has been carried out in the present 

research work. In the experimental campaign, full-scale frame specimens of a single-story 

Assam-type house were considered and tested under quasi-static and monotonic lateral 

loads. The primary objectives of the study discussed in this chapter were: (i) to 
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experimentally evaluate the lateral load behavior of frame specimens of Assam-type house 

under cyclic and monotonic loading and to understand possible reasons for superior 

behavior of these houses built without any engineering intervention, and (ii) to study the 

influence of various joints, infills, and openings in infills on lateral load behavior of the 

frames. The details about the different types of specimens considered, experimental setup, 

and test results are discussed in the following sections.  

3.2 SPECIMEN DETAILS 

The specimen considered and its various component details are demonstrated in a schematic 

diagram shown in Fig. 3.1. The connection between each main post and the foundation, 

which is a concrete pedestal, is achieved using steel L-clamps and nut-bolts. The timber 

posts are simply rested on the pedestal and bolted to the steel L-clamps, which are inserted 

in the pedestal in different orientations (Joints A and B). In one post, the steel L-clamps are 

provided along the wall direction (Joint A), while in the other post, the clamps are provided 

along the transverse direction (Joints B). Therefore, Joints A and B are mutually provided 

such that one joint resists rotation of the main post in the plane of the frame (Joint A), while 

the other joint allows the rotation (Joint B) as shown in Fig. 3.2(a) and Fig. 3.2(b). In other 

words, Joint A resists the rotation of the main post in the plane of the frame, while Joint B 

resists it in the normal (out-of-plane) direction. These post-foundation connections used in 

the tests exactly represent the actual post-foundation connections used in the real houses on 

site. The concrete pedestal is monolithically constructed over a reinforced concrete slab 

bolted rigidly to the strong floor to prevent siding during the lateral load testing. A wall 

plate beam is connected to the top of the main posts using open mortise and tenon joint 

(Joint C), and the joint was further strengthened using the steel flat and bolts (Fig. 3.2c). 

The main posts and wall plate beam are made of the same type of timber known locally as 

Sal (botanical name: Shorea robusta). 

The lower part of the frames up to sill level is infilled with a 75 mm thick brick 

masonry constructed over the reinforced concrete slab. Two long steel nails (150 mm 

length) are used as shear connectors between the timber main posts and the brick masonry 

by placing the nails in the mortar layer and driving them into the posts to provide out-of-

plane stability to the masonry wall. Above the sill level, the frames are divided into smaller 

square panels (known as Ikra panels) of about 0.9 m to 1 m size using horizontal and vertical 

timber elements (studs). The horizontal studs are connected to the timber main posts using 
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mortise and tenon joint (Joint D) alternatively at one end and wedge and groove joint (Joint 

E) at the other (Fig. 3.2d and Fig. 3.2e). Joint E acts as a shear key that facilitates the in-

plane movement while restraining the out-of-plane deformation. The vertical studs are 

connected at sill level to a timber beam (a horizontal stud) resting over the masonry wall 

using a tooth-groove connection fastened by a nail, as shown in Fig. 3.2(f) (Joint F).  

 
Fig. 3.1. Details of a typical frame of Assam-type houses. 

 

The same type of connections is provided between all the horizontal and vertical 

studs and between vertical studs and top wall plate beam. The horizontal and vertical studs 

are made of the same type of timber known locally as Jam (botanical name: Syzygium 

cumini). The grooves cut along the length of the beams, and horizontal studs are about 5 

mm wide and 15 mm deep. Each Ikra panel is infilled either with locally available bamboo 

(by making a woven mesh of 25 mm wide bamboo strips) or river reeds (Ikra), which are 
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inserted in the grooves made in the horizontal studs. The bamboo mesh is also inserted into 

the holes made in the main posts and vertical studs to provide out-of-plane stability. The 

panels are then plastered using mud or cement mortar in two layers making the total 

thickness of Ikra panels to be about 45 mm. 

 
(a) (b) (c) 

 
 (d) (e) (f) 

Fig. 3.2. Details of connections used in typical Assam-type houses: (a) Joint A, (b) Joint 

B, (c) Joint C, (d) Joint D, (e) Joint E, and (f) Joint F.  

 

Four full-scale frame specimens of a typical Assam-type house were tested in the 

present study. Specimen 1 was a bare frame with masonry infill up to sill level (no Ikra 

panels above sill); this was a basic frame, which was common in all the specimens. In 

Specimen 2, Ikra panels were provided above the sill level, making it a fully infilled frame 

without any opening in the walls. Comparison of lateral load behavior of Specimens 1 and 

2 was essential to understand the influence of Ikra panels on the lateral load response of the 

frame. To understand the influence of window and door opening on lateral load response, 

Specimen 3 had a central window opening in the Ikra panels above the sill level, and 

Specimen 4 had a central door opening as detailed in Table 3.1. As per the prevalent 

construction practice, the connections of window frame with the main housing frame were 

mortise and tenon type, whereas the doorposts were simply rested on the foundation without 
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any connection. The four test specimens considered in the study are shown in Fig. 3.3. 

Material properties of timber used in the study were determined experimentally and will be 

discussed in the next chapter. 

Table 3.1. Details of specimens tested in the present study 

Specimen Details of Frames Tested 

Frame 1 Frame with masonry wall below sill and no Ikra panels above sill 

Frame 2 Frame with masonry wall below sill and Ikra panels without opening above 

the sill 

Frame 3 Frame with masonry wall below sill and Ikra panels with central window 

opening above sill 

Frame 4 Frame with masonry wall below sill and Ikra panels above sill with central 

door opening 

    
 (a)  (b) 

    
 (c)  (d) 

Fig. 3.3. Test specimens: (a) Frame 1, (b) Frame 2, (c) Frame 3 and (d) Frame 4. 
 

3.3 TEST SETUP AND LOADING HISTORY 

The experimental set up for lateral load testing of the specimens is shown in Fig. 3.4. The 

concrete slab, over which the specimen was supported, was rigidly bolted to the strong floor 
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to prevent sliding during the cyclic loading. The lateral load was transferred to the specimen 

from the top beam level using wooden plates connected by steel rods on both ends of the 

specimens to facilitate cyclic loading. To prevent the out-of-plane movement of the 

specimens during the in-plane loading, lateral supports with the roller-bearing arrangement 

were used on both sides of the specimens.  

 
(a) 

 
(b) 

Fig. 3.4. Details of the experimental setup for lateral load testing: (a) schematic diagram, 

and (b) actual test setup. 
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Quasi-static cyclic loading was first applied to the specimen using servo-controlled 

hydraulic actuator of 250 kN load capacity and stroke length of ±250 mm. Subsequently, 

the same specimen subjected to monotonic loading till lateral displacement of 500 mm as 

the specimen did not fail during the quasi-static cyclic loading. ISO protocol displacement 

history was adopted in the present study based on recommendations of past studies (e.g., 

Poletti 2013). As no experimental studies have been carried out on Assam-type housing 

frames, the loading histories were carefully developed by keeping the frequency of each 

cycle of displacement amplitudes very low. In addition, the displacement amplitudes were 

also incremented very slowly.  

Three cycles of each displacement level were applied, and the response was recorded 

using a data acquisition system. The applied lateral displacement was increased by 2.5 mm 

after every displacement cycle up to 25 mm, and thereafter the displacement was increased 

by 5 mm. The frequency of application of each displacement cycle was considered as 0.015 

Hz, ensuring the quasi-static loading, as shown in Fig. 3.5. The displacement history applied 

as a fraction of yield displacement for Frames 2, 3, and 4 are also shown in Fig. 3.5. The 

lateral response of the specimens was recorded by the load cell and displacement transducer 

in the hydraulic actuator, in addition to LVDTs (linear varying displacement transducers) 

attached to the specimens (Fig. 3.4). Strain gauges were also attached to the steel L-clamps 

at the bottom of the vertical posts to assess if there is any inelastic deformation of the clamps 

under lateral loading. 
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(b) 

 
(c) 

 
(d) 

Fig. 3.5. Displacement history applied as a fraction of yield displacement Δy: Frame 1, 

(a) Frame 2, (b) Frame 3, and (c) Frame 4. 
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3.4 OBSERVATION AND INFERENCES: CYCLIC LOADING 

The lateral load performance of the specimens was characterized by observing the 

experimental behavior of framing members, their connections with other members, and 

damage to infill panels (both masonry and Ikra). Further, the influence of the presence of 

window and door openings on the lateral load behavior of Assam-type house was also 

studied. The lateral deformation of all the frames under cyclic as well as monotonic loading 

is shown in Fig. 3.6. The influence of various important components on lateral load behavior 

of the frame specimens is discussed in the following. 

3.4.1 Influence of Connections 

The main posts and wall plate beam of test specimens exhibited a large lateral deformation 

as one of the main post-foundation connections (Joints B) in the frames allowed rotation at 

the bottom, whereas the other (Joint A) resisted it. Due to this difference in the support 

conditions of the main post-foundation joints, the deformation profile of both the posts was 

different under the lateral loading. Even after subjecting to large deformation, Joints A, B, 

and C of the main framing members of all the specimens remained intact during the entire 

cyclic testing signifying the importance of flexible connections in lateral deformation. As 

already discussed, the main posts were not inserted into the foundation (concrete pedestal); 

therefore, the damage at the bottom of the main posts (Joint A and B) was very limited, 

unlike the damage observed in the main joints of other traditional houses like Dhajji-dewari, 

Pombalino construction, etc. (Ali et al. 2012; Aktaş et al. 2014; Vasconcelos et al. 2013; 

Vieux-Champagne et al. 2014). Since these connections govern the overall lateral load 

performance of the houses, flexible connections of the main framing members (Joint A, B, 

and C) resulted in a very high lateral drift and ductility capacity of these frames. A close-up 

view of all these connections after cyclic testing is shown in Fig. 3.7. The connection of the 

horizontal studs with the main posts was alternatively such that if one end was mortise and 

tenon joint, the other end was open grooved resting on a small wooden projection in the 

main post (Fig. 3.2e). Under the lateral loads, such connections behaved quite flexibly with 

the loosening of the nails in the joints, allowing large deformation without noticeable 

damage in the joints. Similarly, at a higher lateral drift, the tooth and groove joint between 

the vertical and horizontal studs assisted the sliding of the vertical studs in the groove of the 

horizontal studs. Such sliding can be observed from the non-alignment of the vertical studs 

in Fig. 3.6. The excellent lateral load performance of the framing system can be attributed 

to the simple and flexible connections in the frame members. 
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(a) 

      

 (b) 

      

(c) 

 

(d) 

Fig. 3.6. Assam-type housing frame specimens during quasi-static testing and after 

monotonic testing: (a) Frame 1, (b) Frame 2, (c) Frame 3, and (d) Frame 4. 

Frame 4 was not tested under monotonic loads.  
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 (a) (b) (c)  

       
 (d) (e) (f)  

Fig. 3.7. Close up view of different joints in the tested specimens: (a) Joint A, (b) Joint 

B, (c) Joint C, (d) Joint D, (e) Joint E, and (f) Joint F. 
 

3.4.2 Influence of Ikra Panels 

The influence of Ikra panels on the lateral load response of Assam-type housing frames was 

examined by comparing the results of two specimens: Frame 1 (without Ikra panels) and 

Frame 2 (with Ikra panels). Under the cyclic loading, Frame 1 expectedly underwent large 

lateral deformation. Initially, nails in the joints were loosened, followed by loosening of 

horizontal stud connections (Joint D and Joint E) with the vertical posts. Due to loosened 

connections, vertical studs showed rocking behavior over the horizontal studs. Minor 

flexural cracks were observed in the main posts of Frame 1 at the sill and lintel level at about 

4.7% - 4.9% lateral drift due to excessive bending above the masonry infill level (sill level) 

without causing any damage to the infill wall (Fig. 3.6a). A completely different lateral load 

behavior was noticed in the case of Frame 2, where sliding of vertical studs and Ikra panels 

was observed over the horizontal studs rather than the rocking motion of the vertical studs.  
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Due to the flexible connection of the Ikra panels with both the studs, sliding 

movement of the Ikra panels was observed above and below the lintel level without any 

visible damage to the Ikra panels (Fig. 3.6b and Fig. 3.6c). The sliding of Ikra panels 

resulted in the formation of the interface crack between the panels and the surrounding studs 

along the periphery of the Ikra panels. With the increase in the lateral displacement, the gap 

between the vertical interfaces between the Ikra panel and the main posts increased at corner 

zones. On further increase in drift, the horizontal studs got detached from the vertical main 

posts. Though the horizontal studs were detached, the lateral load resistance was still 

provided by the Ikra panels, masonry infill, and to a certain extent, by the interaction of the 

Ikra panels with the timber frame as ascertained from the hysteretic response. The masonry 

infill (below sill level) did not suffer any significant damage. The Ikra panels helped in 

maintaining the lateral in-plane stability of the frame, and no major crack was observed in 

the main post of Frame 2. Though the presence of Ikra panels increased the lateral stiffness 

and strength of Frame 2, Ikra panels helped in improving the lateral deformability of the 

frame (8.8% drift), maintaining a higher level of lateral strength compared to Frame 1. 

3.4.3 Influence of Window Opening 

Window openings are an integral part of any house; therefore, it is essential to evaluate the 

influence of window opening on the lateral load behavior of Assam-type house. Frame 3 

had a central window opening, and it was observed during lateral load testing that the 

relative sliding of Ikra panels above and below the lintel level stud was slightly higher in 

Frame 3 in comparison to Frame 2. At higher drift levels, more damage was observed in the 

top Ikra panels of Frame 3 (Fig. 3.6b and Fig. 3.6c) due to the presence of stiffer window 

panel below, resulting in higher deformation in the top panels. The stiffness in the window 

panel comes from the mortise and tenon joints in window posts and iron rods in the window 

grill. As discussed later, the presence of a significantly stiffer window panel in Frame 3 led 

to better lateral load performance of Frame 3 than Frame 2.  

3.4.4 Influence of Door Opening 

The influence of door opening on the lateral load response of Assam-type housing was 

examined in Frame 4, in which a central door opening was provided. The behavior of the 

frame was found to be very different from the other specimens tested. Under lateral load, 

first, an interface crack developed between the masonry wall and the concrete slab, and with 

increasing lateral displacement, the doorposts started lifting up with the masonry wall. The 
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masonry wall showed rocking motion while restraining the bending of the main posts and 

the timber beam at the sill level. Because of this, bending in the vertical posts was visible 

only above the sill level, with a higher concentration of bending above the lintel level. 

Moreover, the lintel level horizontal stud started to show a double curvature type of bending. 

Subsequently, the plaster on the top Ikra panels started cracking (2.5% drift) followed by 

its complete dislodgement (3.9% drift), as shown in Fig. 3.6(d). Later on, the lateral loads 

were transferred only by the lintel level stud and the wall plate beam, causing the frame to 

deform between the lintel and the top-level beam. The load transfer between the sill level 

beam and the main posts could not be achieved due to the discontinuity in the length of the 

beam at the sill level because of the presence of the door opening. It was also observed that 

the load transfer mechanism was different in Frame 4 due to the presence of the door as 

compared to the other frames. The doorposts acted as intermediate vertical posts and 

assisted in the development of the strut action in the infill panels. Further, the non-fixity of 

the doorposts at the bottom resulted in dislodgement of the bottom of the doorposts when 

the horizontal beam hit the doorposts at the sill level damaging the masonry panel severely. 

Because of this, wider cracks developed in the masonry wall at about 6.5% drift level, and 

the horizontal and vertical studs started separating from the frame (Fig. 3.6d). The non-

fixity of the doorposts at the bottom changed the entire behavior of the frame. The higher 

deformation of the lintel level horizontal stud caused displacement concentration in the top 

panels leading to complete dislodgement of plaster in top Ikra panels. In contrast, the main 

posts, beams, and their connections were found to be in good condition. The cyclic test 

results showed that a proper connection must be provided between the doorposts and the 

foundation to improve the lateral load performance of Assam-type house. 

3.4.5 Influence of Workmanship and Aging 

Several past studies have highlighted that workmanship plays a significant role in the overall 

seismic performance of the traditional timber-framed system (e.g., Aktas 2017; Aktas and 

Turer 2016; and Stellacci et al. 2018). This is because the workability not only varies from 

frame to frame but also within the same frame. Deterioration is often observed in various 

locations of Assam-type houses due to poor workmanship and quality of timber, joinery, 

and mortar, and due to corrosion in nails and steel L-clamps. The influence of these 

problems gets worse with aging due to cyclic wetting and drying of different materials. 

Therefore, houses that are not maintained properly over the years are generally abandoned. 

Better workmanship and timber quality, weather treatment of timber, anti-corrosion coating 
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on steel members, etc., eventually contribute towards enhanced lateral load performance of 

such houses. Since the structural performance of Assam-type houses is also influenced by 

workmanship and aging, it is difficult to draw general conclusions on the behavior of such 

systems. The present study is not concerned with the influence of workmanship and aging 

on the structural performance of Assam-type housing. Nevertheless, care was taken in the 

present study to use the same lot of wood in the construction of the frames by the same 

carpenter to minimize the influence of workmanship and inherent heterogeneity in material 

properties of timber on lateral load behavior of the frames. 

3.5 INFLUENCING PARAMETERS 

The effect of various influencing components, discussed in the previous section, on lateral 

load behavior of all the specimens is quantified in this section by comparing their hysteretic 

behavior, load-deformation characteristics, energy dissipation, and stiffness degradation. 

3.5.1 Hysteretic Response 

The hysteretic lateral load response for the first cycle of every displacement level for each 

specimen is shown in Fig. 3.8. The hysteretic behavior of all the test specimens was 

unsymmetrical in push and pull directions due to different support conditions at the bottom 

of the main posts and the nonhomogeneous nature of wood. Frame 1 demonstrated 

extremely good ductile behavior with the lateral load carrying capacity remaining almost 

constant in the entire cyclic loading up to 8.8% drift (Fig. 3.8a). It can be observed that the 

nature of the hysteretic response of Frames 1 and 2 (Fig. 3.8a and Fig. 3.8b) are significantly 

different from each other due to the presence of Ikra panels in Frame 2. Unlike Frame 1, the 

hysteresis loops of Frame 2, Frame 3, and Frame 4 showed several kinks with increasing 

lateral drift levels (Fig. 3.8b, Fig. 3.8c, and Fig. 3.8d) due to the readjustment of Ikra panels 

and interface joints with the surrounding frame. From the hysteresis curves in Fig. 3.8(b) 

and Fig. 3.8(c), it can be observed that Frame 3 displayed a better hysteretic response than 

Frame 2 in terms of sustained lateral load carrying capacity and lateral stiffness. This is 

because of the presence of mortise and tenon joints in window panels that prevented the 

sliding movement of Ikra panels in Frame 3. In contrast, tooth and groove joints between 

horizontal and vertical studs facilitated the sliding movement of Ikra panels in Frame 2. 

This resulted in Ikra panels resisting lesser lateral loading in Frame 2. Thus, the hysteretic 

response of Frame 2 was found to be poorer than that of Frame 3 in the sense that several 

kinks and vertical drop in the capacity were observed in the response of Frame 2. This is 
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because of the separation of several joints in Frame 2 due to excessive deformation. In 

Frame 4, the lateral load resistance increased till a drift level of about 3.5%, after which the 

load suddenly dropped (Fig. 3.8d) due to the formation of huge cracks in masonry walls, 

damage in Ikra panels, and separation of horizontal and vertical studs from the other 

members of the frame (Fig. 3.6d). It is clear that though Frame 1 exhibited the most stable 

hysteretic response, its lateral load carrying capacity was very low because of the absence 

of Ikra panels. Unarguably, the best hysteretic response was observed in the case of Frame 

3 and the worst by Frame 4, primarily because of the influence of the openings on the lateral 

load response. 

 
 (a) (b) 

 
 (c) (d) 

Fig. 3.8. Experimental hysteretic response and envelop curves for: (a) Frame 1, (b) Frame 

2, (c) Frame 3, and (d) Frame 4. 
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Push Pull 

3.5.2 Response Envelope Curves 

Fig. 3.9(a) shows a comparison of the envelope of lateral load response of specimens under 

cyclic loading. The lateral load carrying capacity of Frame 1 was found to be the minimum, 

whereas Frames 2, 3, and 4 showed approximately similar lateral load carrying capacity 

highlighting the beneficial influence of Ikra panels in Assam-type houses. The lateral load 

carrying capacity of Frames 2, 3, and 4 were found to be at least 3.3 times more than that of 

Frame 1 (bare frame), as given in Table 3.2.  

 
(a) (b) 

 
 (c) (d) 

Fig. 3.9. Comparison of performance of four tested specimens: (a) envelope curves of 

hysteresis loops (The load is normalized with respect to the peak load of Frame 

4 in Push direction), (b) cyclic stiffness degradation in push and pull directions, 

(c) cumulative energy dissipation curves from cyclic tests, and (d) monotonic 

test results. 

 

Aktaş and Türer (2016) studied lateral load behavior of Himis frames with 

adobe/brick infill and frames with Bagdadi/Samdolma cladding. They made a similar 
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load behavior. The study also highlighted the significant influence of the layout of timber 

framing members on the seismic performance of Bagdadi houses.  Interestingly, infill walls 

in other traditional houses (for example, Dhajji-dewari and Haitian houses) have been 

found not to have much influence on lateral capacity (Ali et al. 2012; Meireles et al. 2012).  

Table 3.2. Comparison of the influencing parameters for the specimens under cyclic and 

monotonic loads 

Frame 
Cyclic load Monotonic load 

Initial stiffness (kN/m) 
CED 

(kNm) 
K1 K2 

Push (kN) Pull (kN) Drift (%) Push (kN) Drift (%) Push Pull Push Pull 

Frame 1 -4.3 6.9 8.8 8.0 17.5 50 50 60 50 26 

Frame 2 -23.2 22.4 8.7 25.4 12.5 780 800 920 1040 201 

Frame 3 -23.3 18.9 8.4 22.1 17.5 2610 1900 2750 2230 239 

Frame 4 -24.9 16.8 6.7 - - 1180 1690 1390 2230 65 

 

From Table 3.2, it can also be observed that there is a significant difference in load 

carrying capacity of Frames 1, 3, and 4 in push and pull directions. This is primarily because 

of the sudden change in the lateral stiffness of these frames at sill level in Frame 1 and lintel 

level in Frames 3 and 4. The absence of Ikra panels in Frame 1 and the presence of window 

or door opening in Frames 3 and 4 resulted in a drastic reduction of lateral stiffness of these 

frames at different levels. As clear from the damage observed in these frames (Fig. 3.6), 

most of the damage was concentrated in these frames above these levels, i.e., sill level in 

Frame 1 and lintel level in Frames 3 and 4. This, in turn, resulted in different resistance 

offered by the portion of the frame above these levels in the push and pull directions. On 

the other hand, the damage was well distributed along the whole height of Frame 2, resulting 

in almost similar load resistance in both push and pull directions. The load carrying capacity 

of Frame 4 was highest as the doorposts act as intermediate vertical posts in the frame. It is 

also clear that Frame 3 maintained the lateral load carrying capacity till 8.8% drift without 

any appreciable drop in capacity and possessed more initial stiffness compared to the other 

specimens (Fig. 3.9a).  

3.5.3 Stiffness Degradation 

The initial stiffness of the specimens was determined from the experimental data recorded 

in the first displacement cycles of loading using two methods: European standard method 

and secant stiffness method, as recommended by Poletti and Vasconcelos (2015). According 

to the ISO 21581 (2010), the lateral stiffness (K1) is computed using Eq. (3.1) as: 
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max max

max
1

40% 10%

0.3

F F

F
K

 
=

−
, (3.1) 

where, 
max40% F and 

max10%F are the displacement values at 40% and 10% of the maximum 

lateral load ( maxF ) of that cycle, respectively. Secant stiffness (K2) was calculated as the 

slope of the load-deformation curve between 40% and 0% of the maximum load in a 

particular loading cycle. It can be observed from Table 3.2 that the stiffness values obtained 

by the secant stiffness method are consistently higher than those obtained by the European 

Standard. The initial stiffness of Frame 3 is significantly higher than that of the other frames 

in both directions of loading, followed by the stiffness of Frame 4. The presence of window 

and door openings in the frame is perhaps responsible for the higher initial stiffness of 

Frames 3 and 4. Interestingly, the lateral load carrying capacity of Frame 2 is similar to 

Frames 3 and 4 though the initial stiffness of Frame 2 is substantially lesser. 

Fig. 3.9(b) shows a comparison of the cyclic stiffness of the tested specimens 

calculated as the maximum lateral load divided by the corresponding displacement observed 

in various cycles of loading. It was observed that the difference in stiffness in the push and 

pull direction of Frame 1 is comparatively lesser in initial drift levels, and it increases with 

an increase in drift level. The difference may be attributed to the separation of horizontal 

studs from the main post in the push direction. It was also noticed that at higher lateral drift 

levels, the cyclic stiffness degradation in the case of Frames 2, 3, and 4 was similar in both 

push and pull directions, unlike Frame 1. This indicates that the presence of Ikra panels in 

the frames helped in maintaining the stiffness even after the loosening of connections in 

internal members of the frame, and the frames were able to maintain their lateral load 

capacity even at higher drift levels. 

3.5.4 Energy Dissipation 

The cumulative energy dissipation (CED) was calculated by summing the area enclosed by 

the three hysteresis loops at every displacement level, and the comparison of energy 

dissipated by the tested specimens is shown in Fig. 3.9(c). The source of energy dissipation 

in Frame 1 was mainly from joint deformation and yielding of fibers in the framing 

members. In case of Frames 2, 3, and 4, the energy dissipation was largely attributed to the 

sliding of the Ikra panels and the interaction of different connections with the framing 

members. The amount of energy dissipated by Frame 3 was found to be the highest among 

all the specimens; it was about 9 times, 1.2 times, and 3.7 times higher than that of Frames 
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1, 2, and 4, respectively (Table 3.2). The high energy dissipating characteristic of Frame 3 

was due to the presence of the window panel and its sustained displacement capacity till 

large drifts. The reasons for less energy dissipation in Frame 4 was the formation of interface 

crack between masonry wall and concrete slab, the absence of any connection between 

doorposts and foundation, and early separation of both horizontal and vertical studs from 

the other members of the frame at about 6.5% drift. 

3.6 OBSERVATION AND INFERENCES: MONOTONIC LOADING 

All the specimens, except Frame 4 that had a door opening, performed well and suffered 

minor damage during the cyclic loading (up to 8.8% drift). Therefore, these frames were 

further subjected to monotonically increasing lateral displacement till failure (up to about 

17.5% lateral drift). In Frame 4, separation of various internal framing members and major 

cracks in Ikra walls as well as masonry infill panel were observed during the cyclic loading; 

therefore, Frame 4 was found to be unsuitable for further monotonic load testing. In the 

monotonic tests, all the specimens underwent large lateral deformation resulting in sliding 

of Ikra panels and vertical studs in the frame and separation of horizontal stud joints from 

the main posts. All three frames suffered major damage under the action of monotonic 

loading, and the damage was found to be concentrated at the junction of the main posts with 

the horizontal studs (Fig. 3.6a, Fig. 3.6b, and Fig. 3.6c). No major reduction in the lateral 

load resistance was observed till failure in any of the specimens even during monotonic 

loading, although the applied lateral deformation was increased to about two times than that 

applied in case of cyclic loading. In Frames 1 and 2, the final failure was characterized by 

the failure of the main post by splitting of the timber fibers at the sill level. Whereas, the 

main post in Frame 3 failed at the lintel level because of the presence of a stiff window panel 

above the sill level.  

As already discussed, Frames 1, 2, and 3 were subjected to monotonic loading since 

these specimens did not suffer much damage during the cyclic loading. From Fig. 3.9(d), it 

is observed that all three specimens exhibited very high deformability under monotonic 

loads. Frames 1 and 2 even showed a slight increase in the lateral load carrying capacity of 

16% and 9%, respectively, under the monotonic loading compared to the cyclic loading 

(Table 3.2). Frame 2 displayed the highest lateral load carrying capacity, but it drops 

suddenly after a 12.28% drift level due to the failure of the main post at the sill level. From 

the final failure mode and maximum lateral load carrying capacity of all the frames, it is 
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clear that the flexural resistance of the main posts governs the ultimate lateral load carrying 

capacity of the frames. 

3.7 SUMMARY 

The lateral load behavior of individual frames of Assam-type house was experimentally 

evaluated. The study showed that the ability to undergo high lateral deformation without 

undergoing major damage is primarily due to its typical framing system, flexible joints of 

the framing members, and light-weight infill walls (Ikra). Unlike other similar housing 

typologies, the connections of the main posts with the foundation in Assam-type houses are 

such that the posts are not inserted into the foundation, thereby reducing the possibility of 

the failure of the post-foundation connection. These connections between the main wooden 

posts and foundation are unique in nature; they allow rotation in one direction, whereas 

restricting it in the perpendicular direction. Further, the flexible connections between the 

horizontal and vertical studs make the frame even more deformable. Such types of 

connections between different members of the frame, and between the Ikra panels and the 

frame are not commonly observed in other traditional housing systems. The observations 

discussed in the chapter are summarized below. 

1. The absence of rigid joints in the entire wall-frame system is one of the primary reasons 

for the better performance during past severe earthquakes.  

2. Further, the Ikra panels in the house do not damage the surrounding timber frame even 

at large lateral drifts because of their light-weight and their unique flexible connection 

with the timber frame that allows sliding of the Ikra walls in the frame. Since the Ikra 

panels did not suffer any visible damage, they helped in maintaining the stability of 

the wooden frame even under large lateral drifts. 

3. From the comparison of experimental results, it can be concluded that there is a 

significant influence of Ikra panels, used as infills, on the lateral strength, stiffness, 

energy dissipation, and the overall lateral load behavior of Assam-type house.  

4. Due to the presence of both Ikra panels and window panel in Frame 3, initial stiffness 

and energy dissipation were much better than that observed in the other frames.  

5. Frames 2, 3, and 4 possessed nearly the same lateral load carrying capacity, and Frame 

1 possessed only about one-third to one-fourth of that strength. Also, the lateral load 
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carrying capacity of Frame 3 remained more or less constant and did not drop even at 

a drift level of 8.4%.  

6. Even though the cyclic tests were carried out till 8.7% lateral drift, the tested frames 

incurred very little damage, except for Frame 4.  

7. Major damage was observed in the frames only during monotonic loading at higher 

lateral drift levels (about 12%).  

8. The insufficient connection of the doorposts with the foundation was the primary 

reason for the worst performance shown by Frame 4. Therefore, the posts of the door 

must be secured with the foundations for better performance of Frame 4.  

9. All the frames exhibited a very promising performance, especially quite high 

deformability under lateral loads without any significant damage, except in the case of 

Frame 4. Further tests are required to be carried out on full-scale Assam-type houses 

to fully understand their behavior under static and dynamic loads.  
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4.1 OVERVIEW 

The in-plane quasi-static cyclic as well as monotonic tests were carried out on full-scale 

frames of Assam-type house. It was observed that the frame specimens performed 

exceptionally well under lateral load and exhibited large deformability. Such a promising 

behavior was mainly attributed to the flexible timber framing system and their connections, 

good wall-to-frame interface connection, and lightweight infill (Ikra panel). The main posts 

and wall plate beam of test specimens exhibited large lateral deformations without much 

damage due to flexible timber elements and connections (Fig. 4.1). Due to the presence of 

Ikra panels in the frame, the lateral load carrying capacity of the frame specimens increased 

by at least three times. At a higher lateral deformation, the crushing of plaster was observed 

in the Ikra panel in the specimen with window opening due to diagonal compression, as 

shown in Fig. 4.1(c). The failure of the frames occurred due to excessive bending of the 

main posts either at sill or lintel level under large lateral deformation, as shown in Fig. 4.1. 

Overall, the behavior of the main posts and Ikra panels of the frames governed the lateral 
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strength and deformability of the frame specimens. Therefore, it is important to characterize 

the material properties of timber elements and Ikra panels of the frames to scientifically 

study their behavior and understand their contribution in the global lateral load carrying 

capacity of Assam-type houses. In the present study, compression and tension tests, bending 

tests, and diagonal compression tests were carried out on timber members and Ikra panels 

to evaluate their physical and mechanical properties experimentally. The results are 

discussed in terms of failure patterns, strength, and deformation capacity. Evaluation of 

different physical and mechanical properties of all the members of the house will help in 

understanding the lateral load behavior of such houses. The developed material models will 

further help in developing analytical and numerical simulation models for the houses. 

  
 (a) (b) 

  
 (c)  (d) 

Fig. 4.1. Failure of frame specimens of Assam-type house under lateral load: (a) bare 

frame (Frame 1), (b) fully infilled frame (Frame 2), (c) frame with window 

opening (Frame 3), and (d) frame with door opening (Frame 4). 
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4.2 DESCRIPTION OF MATERIALS AND TESTS 

Two species of timbers were used in the members of Assam-type house specimen in the 

present study, i.e., Sal (botanical name: Shorea robusta, plant family: Dipterocarpaceae) and 

Jam (botanical name: Syzygium cumini, plant family: Myrtaceae) timber, which are widely 

found in several parts of India and used for various purposes. Sal trees are considered to be 

one of the better quality timber, and therefore, Sal timber was used as main framing 

members in Assam-type houses. Whereas, Jam timber was used in the secondary members 

of the house. Timbers used in the study were of the same lot and log of trees that were used 

in the construction of the frame and house specimens. In the present study, various physical 

and mechanical properties, i.e., the moisture content, specific gravity, compression strength 

(parallel and perpendicular to grain), tensile strength (parallel and perpendicular to grain), 

and bending strength, were determined for both species of timber by following the standard 

testing procedures outlined in Indian Standard 1708 (BIS 1986) and ASTM D-143 (2014).  

Tension and compression tests were conducted on a servo-controlled 

Universal Testing Machine (UTM) with load capacity of 250 kN and stroke length of 160 

mm. Bending tests and diagonal compression tests were conducted using a servo-controlled 

hydraulic actuator with load capacity of 250 kN and stroke length of 250 mm. The double 

averaging method was used to obtain the average stress-strain curves and load-deformation 

curves (Kaushik et al. 2007; Basha and Kaushik 2015). In this method, the predetermined 

stress or load values were plotted on the ordinate corresponding to the averaged strain or 

deflection values plotted on the abscissa, which were also averaged across different 

specimens. Modulus of elasticity was calculated from the slope of the segment of the stress-

strain curves between 5% and 33% of the ultimate strength of the specimens. 

4.3 METHODS, RESULTS AND DISCUSSION 

4.3.1 Moisture Content and Specific Gravity 

Moisture content is one of the important factors that affect the mechanical properties of 

timber. The strength of clear timber increases approximately linearly with a decrease in 

moisture content from the fiber saturation point, and the toughness decreases with drying. 

Depending on the species of wood, the strength at moisture contents of around 15% would 

be around 40% higher than that determined at the saturated state (Widehammar 2004; Aydin 

et al. 2007). The moisture content of the timber specimens is defined as the loss in moisture 

in the specimen upto constant weight by keeping it in a controlled temperature of 103 ± 2°C. 
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The test was carried out on six specimens obtained from both species of timber used in the 

study by oven dry method and expressed in terms of percentage. The average 

moisture content was found to be 17.3% for Sal timber [coefficient of variation (COV) of 

0.0024] and 17.2% for Jam timber (COV of 0.0036), as given in Table 4.1. The density of 

the timber specimens (Sal and Jam) was determined as per the relevant Indian standards 

(BIS 1986). To determine the adjusted specific gravity, moisture contents of 17.3% and 

17.2% were considered for Sal and Jam timber specimens, respectively. The average 

adjusted specific gravity of the Sal timber specimen was found to be 0.83 (COV of 0.078), 

and for Jam timber specimen, it was 0.73 (COV of 0.012).  

Table 4.1. Moisture contents of timber species 

Specimen 

Sal Jam 

Initial 

reading (gm) 

Final 

reading (gm) 

Moisture 

content (%) 

Initial 

reading (gm) 

Final 

reading (gm) 

Moisture 

content (%) 

1 65.59 55.93 17.27 55.89 47.68 17.23 

2 66.10 56.38 17.25 55.83 47.65 17.17 

3 67.91 57.88 17.32 55.47 47.31 17.25 

4 65.07 55.47 17.30 55.25 47.18 17.10 

5 66.69 56.89 17.23 54.96 46.93 17.11 

6 67.08 57.23 17.22 56.64 48.36 17.13 

  Average   17.27   17.16 

4.3.2 Compression Tests 

The compression tests along both parallel as well as perpendicular to grain directions were 

carried out at a loading rate of 0.6 mm/min (Fig. 4.2a, Fig. 4.2b, Fig. 4.4a, and Fig. 4.4b). 

Under compression loading, most of the specimens underwent significantly large 

deformation after achieving the strength while maintaining sufficient resistance due to the 

densification of fibers in timber specimens. A combination of crushing, inclined plane 

failure or wedge splitting, or shearing parallel to grain was typical compression failure 

patterns observed in the specimens loaded parallel to grain as shown in Fig. 4.2(c), Fig. 

4.2(d), and Fig. 4.2(e). Stress-strain curves obtained for Sal and Jam timber specimens in 

compression parallel to grain are shown in Fig. 4.3(a), and Fig. 4.3(b). The average 

compression strength for Sal and Jam timber was 44.5 MPa (COV of 0.12) and 36.41 MPa 

(COV of 0.12) at a strain value of 0.012 and 0.023, respectively. 

The compression loading perpendicular to grain was applied using a metal plate as 

specified in the relevant standards. In compression perpendicular to grain, cracking due to 

tension perpendicular to the crack plane resulting in the splitting of fibers was the observed 
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failure modes in the specimens (Fig. 4.4c, and Fig. 4.4d). The stress-strain curves for Sal 

and Jam timber specimens loaded perpendicular to grain are presented in Fig. 4.5(a) and 

Fig. 4.5(b). The average compression strength for Sal and Jam timber specimens was found 

to be similar (about 35 MPa) at a strain value of 0.24 and 0.34, respectively. After the linear 

region (beyond strain level of 0.05), the compression stresses in the specimens further 

increased due to the densification of fibers in the specimens under compression loading. 

                                  
 (a) (b) 

              
 (c) (d) (e) 

Fig. 4.2. Compression tests on timber specimens loaded parallel to grain: (a) dimensions 

of specimen in mm, (b) test setup, (c) inclined plane failure, (d) splitting failure 

in Sal, and (e) shearing parallel to grain in Jam. 
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 (a) (b) 

Fig. 4.3. Stress-strain curves under compression parallel to the grain: (a) Sal timber 

specimens, and (b) Jam timber specimens.  

 

         
 (a) (b) 

   
  (c) (d) 

Fig. 4.4. Compression tests on timber specimens loaded perpendicular to grain: (a) 

dimensions of specimen in mm, (b) test setup, (c) shearing along the grain in 

Sal timber, and (d) shearing along the grain in Jam timber. 

 

The average compression strengths and modulus of elasticity of the specimens are 

given in Table 4.2, with their COV values in square brackets. As expected, in both species 

of timbers (Sal and Jam), the compression strengths of specimens loaded parallel to grain 

were greater than that loaded perpendicular to grain due to the difference in distribution of 

cells in the timber specimens. The ratio of compression strength parallel to grain to that of 

perpendicular to grain was about 1.25 in Sal timber and 1.04 in Jam timber, indicating a 

higher degree of anisotropy of Sal timber compared to Jam timber. The modulus of elasticity 
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of both Sal and Jam timber specimens was found to be higher (about 5.2 to 8 times) when 

loading was applied parallel to grain, indicating significantly higher stiffness of timber 

under loads applied in the direction parallel to grain. These results also show the complexity 

of the behavior of timber under different actions. 

 
 (a) (b) 

Fig. 4.5. Stress-strain curves under compression perpendicular to the grain: (a) Sal timber 

specimens, and (b) Jam timber specimens. 

 

Table 4.2. Average test results for compression tests on timber specimens 

Timber 

Species 
Tests 

Compression 

Strength (MPa) 

Corresponding 

Strain 

Failure 

Strain 

Modulus of 

Elasticity (MPa) 

Sal 
Parallel to grain (14)# 44.50 [0.12]* 0.012 [0.17] 0.044 [0.63] 5506 [0.28] 

Perpendicular to grain (8) 35.48 [0.12] 0.237 [0.16] 0.237 [0.16] 682 [0.10] 

Jam 
Parallel to grain (8) 36.41 [0.12] 0.023 [0.64] 0.041 [0.21] 2642 [0.12] 

Perpendicular to grain (10) 34.99 [0.22] 0.343 [0.09] 0.343 [0.09] 509 [0.23] 

 ( )# Number of specimens, *[COV] 

4.3.3 Tension Tests 

The tensile strength of timber loaded parallel to grain was determined on specimen size 

specified in Indian Standard 1708 (BIS 1986) at a loading rate of 1 mm/min (Fig. 4.6a, and 

Fig. 4.6b). Under the tensile loading applied parallel to grain, shear failure of fibers of the 

specimens was the observed failure mode as shown in Fig. 4.6(c), Fig. 4.6(d), and Fig. 

4.6(e). The tensile stress-strain curves for Sal and Jam timber specimens loaded parallel to 

grain are shown in Fig. 4.7(a), and Fig. 4.7(b). The average tensile strengths of Sal and Jam 

timbers were 82.33 MPa (COV of 0.21) and 82.81 MPa (COV of 0.25) at strain values of 

0.013 and 0.01, respectively. Both Sal and Jam timber specimens exhibited almost linear 

behavior till failure, where the capacity of the specimen dropped suddenly. 
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 (a) (b) 

        
 (c) (d) (e) 

Fig. 4.6. Tension tests loaded parallel to grain: (a) dimensions of specimen in mm, (b) 

test setup, (c), (d) shear failure in Sal timber, and (e) shear failure in Jam timber. 
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 (a) (b) 

Fig. 4.7. Stress-strain curves under tension parallel to grain: (a) Sal timber, and (b) Jam 

timber specimens. 

 

The tensile strengths of both the species of timber loaded parallel to grain were found 

to be about twice of the compression strengths, primarily due to the buckling failure of 

timber fibers under compression loading. The tensile strength of timber has been found to 

reduce due to the presence of knots and other defects (Dinwoodie 2001; Aydin et al. 2007). 

It has also been reported that in tension parallel to grain, the timber exhibits the highest 

strength, and the value can also exceed the modulus of rupture. However, in the present 

study, it was found that the modulus of rupture (bending strength) determined by one-point 

loading (discussed in a later section) was higher than the tensile strength parallel to grain. 

Nevertheless, it is not the critical determining factor for engineering design, though it is an 

important fundamental property in evaluating the performance of timber as reported by 

Markwardt and Youngquist (1957), and Ardalany et al. (2010). 

The tensile strength of specimens loaded perpendicular to grain was determined on 

specimen size according to Indian Standard 1708 (BIS 1986), as shown in Fig. 4.8(a), and 

the load was applied through mild steel shoes at a rate of 2.5 mm/min (Fig. 4.8b). Formation 

of tensile and shear cracks developing parallel to grain was the observed failure pattern in 

the specimens loaded under tension perpendicular to grain (Fig. 4.8c and Fig. 4.8d). The 

tensile stress-strain curves for Sal and Jam timber specimens are shown in Fig. 4.9(a) and 

Fig. 4.9(b). The average tensile strengths of Sal and Jam timbers were 3.12 MPa (COV of 

0.42) and 4.95 MPa (COV of 0.42) at corresponding strain values of 0.023 and 0.035, 

respectively, which were very low as compared to tensile strength parallel to grain. Barrett 

(1974) also observed that the tensile strength perpendicular to grain in all timber species is 

usually less than 6.89 MPa even for small clear specimens. It can be noted that the tensile 
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strength of Jam timber (both along parallel and perpendicular to the grain) was higher as 

compared to Sal timber due to the lower degree of anisotropy of Jam timber. Generally, the 

tensile strength perpendicular to grain varies widely, a fact also recognized by design codes, 

which use a higher factor of safety in allowable tensile stress calculation. This is primarily 

due to the formation and propagation of natural cracks (checks) in radial and tangential 

planes (perpendicular to grain) of the specimens because of drying and wetting cycles 

caused by temperature changes and due to changing environments (Barrett 1974). 

    
 (a) (b) 

   
 (c) (d) 

Fig. 4.8. Tension tests loaded perpendicular to grain: (a) dimensions of specimen in mm, 

(b) test setup, (c) failure pattern of Sal timber, and (d) failure pattern of Jam 

timber. 
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 (a) (b) 

Fig. 4.9. Stress-strain curves under tension perpendicular to the grain: (a) Sal timber, and 

(b) Jam timber. 

 

Table 4.3 summarizes the tensile test results for the timber specimens. The tensile 

strength of specimens loaded perpendicular to grain was about twenty-six times lesser than 

that in the parallel to grain in Sal, and it was about sixteen times lesser in Jam timber. 

Similarly, the modulus of elasticity of both species of timbers was found to be very low in 

perpendicular to grain direction as compared to parallel to grain. This shows that the timber 

specimens possessed better properties in parallel to grain direction, while the specimens 

were remarkably weaker in perpendicular to grain direction. Ardalany et al. (2010) also 

recognized that the low strength and stiffness of timber specimens loaded perpendicular to 

grain create a possibility of failure unless it is properly accounted for in the design. These 

results further demonstrate that the mechanical behavior of timber under different loading 

conditions is extremely complex, and therefore, it is very important to determine these 

properties for different species of timber scientifically. 

Table 4.3. Average test results for tension tests on timber specimens  
Timber 

Species 
Tests 

Tensile Strength 

(MPa) 

Corresponding 

Strain+ 

Modulus of 

Elasticity (MPa) 

Sal 
Parallel to grain (8)# 82.33 [0.21]* 0.011 [0.13] 7912 [0.13] 

Perpendicular to grain (6)  3.12 [0.42] 0.023 [0.41] 139 [0.05] 

Jam 
Parallel to grain (5) 82.81 [0.25] 0.010 [0.42] 8454 [0.28] 

Perpendicular to grain (12) 4.95 [0.42] 0.035 [0.33] 130 [0.39] 

 ( )# Number of specimens, *[COV], + Failure strain is same as the corresponding strain. 

4.3.4 Bending Tests 

The experimental study on the frame specimens showed that only the main posts made of 

Sal timber underwent bending action under the lateral loading; therefore, bending tests were 
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carried out on Sal timber specimens only. To determine the bending strength of timber, 

static bending tests were carried out under one-point loading as well as two-point loading 

conditions at a constant rate of 2.5 mm/min, according to IS 1708 (BIS 1986) and ASTM 

D-143 (2014). Bending tests were carried out under two different loading conditions 

because both the loading conditions are mentioned in the relevant standards. In one-point 

loading tests, the loading was transferred through the cylindrical block as per ASTM D-143 

(2014), as shown in Fig. 4.10(a, b). The mid-span deflection was measured using the linear 

variable displacement transducer (LVDT) placed at the bottom of the specimen. In two-

point loading, the vertical loads were applied symmetrically and equidistant from the center 

of the beam, as shown in Fig. 4.11(a, b). The deflection values were measured by the LVDTs 

attached at the bottom face of the specimen (Fig. 4.11a).  

 
  (a)  

  
(b) 

Fig. 4.10. Bending tests under one-point loading: (a) dimensions of the specimen in mm, 

and (b) test setup and typical failure mode. 
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(a) 

   
   (b) 

Fig. 4.11. Bending tests under two-point loading: (a) dimensions of the specimen in mm, 

and (b) test setup and typical failure modes. 

 

Under one-point loading tests, the typical failure mode observed is shown in Fig. 

4.10(b), and the plot of applied loads and corresponding mid-span deflections are shown in 

Fig. 4.12(a). Under two-point loading, the typical failure mode is shown in Fig. 4.11(b), and 

the load-deflection curves of the specimens are shown in Fig. 4.12(b). As given in Table 

4.4, the average bending load in one-point loading is 13.7 kN (COV of 0.11), whereas, in 

two-point loading, it is 23.9 kN (COV of 0.10) corresponding to the deflection of 19.14 mm 

and 25.44 mm, respectively. The results indicate that specimens underwent large deflection 

before failure. In one-point loading tests, the failure occurred at the tension face of the 

specimens near mid-span by the delamination of fibers, as shown in Fig. 4.10(b). Whereas, 

in two-point loading tests, similar failure occurred near the loading points, as shown in Fig. 

4.11(b). 

50 
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  (a) (b) 

Fig. 4.12. Load-deflection curves of Sal timber specimen: (a) under one-point loading, and 

(b) under two-point loading. 

 

At the time of failure, a sudden drop in peak load was observed; this was followed 

by the gradual reduction in the capacity under one-point loading, as shown in Fig. 4.12(a). 

This was primarily due to the gradual failure of individual layers of fibers along the depth 

of the specimen originating from the bottom surface. Whereas, in two-point loading tests, 

the failure in specimens (longitudinal shear failure within the depth of the specimen) was 

sudden, characterized by an instantaneous drop in loads with splitting failure in the 

specimens (Fig. 4.12b). This can be attributed to the development of equal tensile stresses 

in the bottom fiber layers over the length of the specimens due to pure bending, thereby 

inducing a sudden failure across a fiber plane. A similar type of failure in the main posts of 

the frame specimens was observed at either sill or lintel level under large lateral deformation 

during the testing of frame specimens.  

Table 4.4. Average test results for bending tests on timber specimens 

Tests 
Bending 

 Load (kN) 

Corresponding 

Deflection (mm) 

Bending Stress (MPa) Modulus of 

Elasticity (MPa) Yield Max. 

One-point loading (6)# 13.7 [0.11]* 19.14 [0.16] 61.61 [0.13] 123.21 [0.12] 18976 [0.12] 

Two-point loading (5) 23.9 [0.10] 25.44 [0.09] 51.53 [0.1] 85.89 [0.14] 3578 [0.07] 

( )# Number of specimens, *[COV] 

The bending strengths of the specimens were calculated from one-point loading and 

two-point loading tests using Eqs. (4.1-4.4), according to Indian Standard 1708 (BIS 1986) 

as: 

          ( ) 2

3

2
y O

Pl
f

bh
= , (4.1) 

0

2

4

6

8

10

12

14

16

0 10 20 30 40

L
o

ad
 (

k
N

)

Deflection (mm)

Sp. 1 Sp. 2

Sp. 3 Sp. 4

Sp. 5 Sp. 6

Average
0

5

10

15

20

25

30

0 10 20 30 40

L
o

ad
 (

k
N

)

Deflection (mm)

Sp. 1 Sp. 2

Sp. 3 Sp. 4

Sp. 5 Average

TH-2456_136104013



4.4 Diagonal Compression Testing of Ikra Panels 

67 
 

 ( )max 2

3 '

2O

P l
f

bh
= , (4.2) 

 ( ) 2

3
y T

Pa
f

bh
= , (4.3) 

 ( )max 2

3 '
T

P a
f

bh
= , (4.4) 

where, fy and fmax are the yield and maximum bending stresses (modulus of rupture) of the 

timber specimens in MPa. The subscripts ‘O’ and ‘T’ denote one-point loading case and two-

point loading case, respectively. P is the applied bending load at the limit of proportionality, 

and P' is the maximum load. The bending load at the limit of proportionality P can be 

determined from the slope of the linear part of the load-deflection curves; it was found to 

be 6.84 kN for the one-point loading test and 14.31 kN for the two-point loading test. l is 

the span length, a is the distance between the point of application of load and support, and 

b and h are the width and depth of the specimen, respectively. Similarly, the modulus of 

elasticity was determined from one-point bending tests (EO) and two-point bending tests 

(ET) using Eqs. (4.5-4.6), respectively, according to IS 1708 (BIS 1986) as:  
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,   (4.6) 

here, Δ is the deflection under the load at the limit of proportionality. Average recorded Δ 

values were 6.08 mm in one-point loading tests and 11.52 mm in two-point loading tests. 

The average bending strength of the specimens was 123.21 MPa (COV of 0.12) under one-

point loading and about 85.89 MPa (COV of 0.14) under two-point loading as given in Table 

4.4. The bending strength and modulus of elasticity of timber specimens under one-point 

loading were found to be significantly higher (1.43 times and 5.30 times, respectively) than 

that under two-point loading, as given in Table 4.4. 

4.4 DIAGONAL COMPRESSION TESTING OF IKRA PANELS 

The Ikra panels are made from a mesh of either bamboo strips or river reeds (known locally 

as Ikra) oriented in the vertical and horizontal directions. Then mud mortar or cement mortar 

is used as cladding by plastering both sides of the mesh. In the present study, bamboo mesh 

panels were used in the construction of wall panels. During the construction, bamboo strips 

(20-25 mm wide) were cut and slipped into the grooves made in the horizontal timber stud 
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members. These bamboo strips were woven alternatively with horizontally placed bamboo 

strips, which were inserted into the holes drilled in the vertical frame members at 150-200 

mm spacing (Fig. 4.13a and Fig. 4.13b). Two layers of cement mortar were plastered over 

the bamboo mesh making the total thickness of Ikra panels to be about 40-45 mm (Fig. 

4.13c). Such connectivity with the surrounding frame provides excellent out-of-plane 

stability to Ikra panels. These types of infill panels made using light-weight materials and 

flexible connections are not commonly found in other vernacular housing typologies. 

     
 (a) (b) (c)  

Fig. 4.13. Details of Ikra panel: (a) bamboo mesh panel, (b) bamboo strip weaving, and 

(c) plastered Ikra panels. 

 

To determine the shear strength of Ikra panels, diagonal compression testing was 

carried out on full-scale Ikra panels in the present study. Two sizes of Ikra panels were used 

in the frame specimens (0.9 × 0.9 m above the lintel level and 0.9 × 1.065 m below the lintel 

level); panel specimens of both these sizes were tested under diagonal compression loading. 

Two different sizes of full-scale Ikra panels were considered, i.e., Ikra panels above lintel 

level (top panels) of size 900 × 900 × 45 mm (5 specimens), and Ikra panels below lintel 

level (bottom panels) of size 900 × 1065 × 45 mm (6 specimens). The specimens were 

constructed by plastering the bamboo mesh in two layers, as discussed earlier, using rich 

cement mortar of 1:4 cement-sand ratio and the water-cement ratio of 0.7. The procedure 

used in the past for diagonal compression testing of masonry wallets (ASTM 2010, Basha 

and Kaushik 2015) was followed for diagonal compression testing of Ikra panels using 250 

kN servo-hydraulic actuator of 250 mm displacement capacity. Displacement-controlled 

loading was applied at a rate of 0.05 mm/s along the diagonal of Ikra panels. Ikra panels 

were placed between the steel shoes of loading end and reaction end, as shown in Fig. 

4.14(a). Plywood was used inside the shoes as packing material for gradual application of 

the load from the opposite ends. To measure the deformations along diagonals, i.e., 
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Panels 

 

Bottom 

Panels 
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shortening ΔH and elongation ΔV, two LVDTs were attached to the specimens as shown in 

Fig. 4.14(a). The specimens were not supported at the bottom during the testing.  

 
 (a) 

           
 (b) (c) 

Fig. 4.14. Diagonal compression testing of Ikra panels: (a) test setup, (b) diagonal crack 

formation in top Ikra panel, and (c) diagonal crack formation in bottom Ikra 

panel. 

 

The load-deformation curves obtained for the top and bottom Ikra panel specimens 

are shown in Fig. 4.15(a) and Fig. 4.15(b), respectively. The plotted load and deformation 

values were directly measured during the tests by the load cell and LVDT of the actuator. 

The average load-deformation curve for Ikra panels determined from both types of 

specimens is also shown in Fig. 4.15(c). It can be observed that the strength and stiffness of 

the top Ikra panels are higher than that of the bottom Ikra panels. As given in Table 4.5, the 

Actuator 
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average value of load carried by top Ikra panels is 47.9 kN (COV of 0.22), whereas it is 

38.4 kN (COV of 0.28) for the bottom Ikra panels corresponding to the deformation of 11.78 

mm and 18.51 mm, respectively. The average load carrying capacity of both types of panels 

is 43.2 kN (COV of 0.16) corresponding to 15.14 mm deformation. The higher load and 

stiffness in top Ikra panels may primarily be due to the symmetric and smaller size of the 

specimens. The failure in both types of panels was incurred by the formation of cracks in 

the specimens along the loading direction as shown in Fig. 4.14(b) and Fig. 4.14(c). The 

load carrying capacity of Ikra panels dropped suddenly as soon as cracks propagated in the 

specimens leading to the de-bonding of the cement plaster with the bamboo mesh. The 

failure observed in the Ikra panels was primarily due to diagonal shear cracking when the 

principal tensile stresses exceeded the tensile strength of mortar plaster. A similar type of 

failure mechanism was also observed in diagonal compression testing of masonry wallettes 

(Basha and Kaushik 2015; Basha and Kaushik 2016).   

 
 (a) (b) 

 
  (c)  

Fig. 4.15. Load-deformation curves for Ikra panel specimens: (a) top Ikra panel, (b) 

bottom Ikra panel, and (c) average of both panels. 
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To determine masonry shear strength (V) and shear strain (γ) from the diagonal 

compression testing, Eqs. (4.7) and (4.8) recommended by ASTM (2010) for masonry 

wallettes were used in the study as:  

 
0.707 i

n

P
V

A
= , (4.7) 

 
H V

g


 + 
= , (4.8) 

here, An is the net area calculated as the thickness times the average of height and width of 

the specimen in mm2. Pi is the load carrying capacity of Ikra panels in N. ΔH and ΔV are, 

respectively, the shortening in the direction parallel to loading in mm and elongation in the 

direction perpendicular to loading in mm. g is the gauge length of the LVDTs attached in 

the specimens in mm. The method assumes that the state of the stress developed at the center 

of the panel is of pure shear in which principal stress is equal to the maximum tensile 

strength.  

Fig. 4.16(a) and Fig. 4.16(b) show the average shear stress-shear strain curves for 

top and bottom Ikra panel specimens, respectively, and Fig. 4.16(c) shows an average plot 

for both types of specimens determined from the above equations. It is observed that the top 

Ikra panel specimens have higher shear strength and shear modulus than that of the bottom 

Ikra panel specimens. As given in Table 4.5, the average shear strength of top Ikra panel 

specimens is 0.84 MPa (COV of 0.22), whereas it is 0.61 MPa (COV of 0.28) for bottom 

Ikra panel corresponding to the shear strain of 0.0011 and 0.0013, respectively. The average 

shear modulus of the top Ikra panel is 3552 MPa (COV of 0.12), whereas it was 2001 MPa 

(COV of 0.28) for the bottom Ikra panel. The average shear strength and shear modulus of 

both types of Ikra panels are 0.73 MPa (COV of 0.22) and 2454 MPa (COV of 0.45), 

respectively. 

Table 4.5. Average test results for diagonal compression testing of Ikra panels 

Specimen 
Compression 

Load (kN) 

Corresponding 

Deformation (mm) 

Shear Strength 

(MPa) 

Corresponding 

Shear Strain 

Shear Modulus 

(MPa) 

Top Panel (5)# 47.9 [0.22]* 11.78 [0.14] 0.84 [0.22] 0.0011 [0.19] 3552 [0.12] 

Bottom Panel (6) 38.4 [0.28] 18.51 [0.24] 0.61 [0.28] 0.0013[0.33] 2001 [0.28] 

Average 43.2 [0.16] 15.14 [0.31] 0.73 [0.22] 0.0012 [0.14] 2454 [0.45] 

( )# Number of specimens, *[COV] 
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 (a) (b) 

 
  (c)  

Fig. 4.16. Shear stress-shear strain curves for Ikra panel specimens: (a) top Ikra panel, (b) 

bottom Ikra panel, and (c) average of both panels. 

4.5 SUMMARY 

Different members of Assam-type houses are subjected to different types of loading under 

seismic action; for example, the main timber posts are subjected to axial as well as bending 

forces. Therefore, in the present study, all the members, including walls (Ikra panels), of 

the houses were tested under relevant loading conditions to get an insight into their 

contribution to the lateral load behavior of these houses. All the tests were conducted under 

a displacement-controlled test setup to record the nonlinear response of different 

components. Various material and physical properties, e.g., moisture content, specific 

gravity, axial compression strength (parallel and perpendicular to grain), axial tensile 

strength (parallel and perpendicular to grain), and bending strength of two species of timber 

used in the construction of such houses were determined. Finally, the Ikra panels or walls 

of the houses were subjected to diagonal compression loading to determine their influence 
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on the lateral stiffness, strength, and deformability of the house. The observations discussed 

in the chapter are summarized below. 

1. It is well understood that the moisture content of timber significantly affects their 

mechanical properties; broadly, the strength increases with a reduction in moisture 

content. Therefore, it is very important to report the moisture content at which the 

different tests were carried out. The average moisture content of both Sal and Jam 

timber used in the present study was found to be about 17%. The average adjusted 

specific gravity of the timbers was found to lie in the range of 0.73 to 0.83; the values 

were higher for Sal timber.  

2. Under axial compression loading, the strength and stiffness of both timbers loaded 

parallel to grain were found to be higher than that loaded perpendicular to grain due to 

the difference in the distribution of cells in timber in different directions.  

3. A higher degree of anisotropy in Sal timber resulted in a higher difference in the 

strength and stiffness in the two directions.  

4. The tensile strength of both the timbers loaded parallel to grain was found to be about 

twice of their compression strength. On the other hand, the tensile strength of both the 

timbers loaded perpendicular to grain was found to be remarkably low (16 to 26 times 

lesser than that parallel to grain and 7 to 10 times lesser than the compression strength 

perpendicular to grain).  

5. The experimental study on frame specimens showed that only the main posts, which 

are made of Sal timber, of the houses are subjected to bending loads during seismic 

actions. Therefore, bending tests were carried out only on Sal timber specimens, and 

it was observed that the specimens exhibited quite large deformability before failure.  

6. The walls (Ikra panels) in the timber frame play an important role in providing 

sufficient lateral strength for maintaining the stability of the house, though the bamboo 

meshed Ikra panels are very thin (only about 40-45 mm thickness). The average shear 

strength of two sizes of Ikra panels tested under diagonal compression loading was 

found to be 0.73 MPa.  

7. Clearly, the higher flexibility and deformability of Assam-type houses are also derived 

from the superior axial and flexural behavior of timber and Ikra walls used in the 

construction. 
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8.  The evaluated physical and mechanical properties of different members of Assam-

type house can be suitably used in the development and calibration of finite element 

numerical simulation models as well as analytical for predicting the nonlinear lateral 

load response of Assam-type houses.  
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5.1 OVERVIEW 

Several past experimental studies on other types of traditional timber frame structures 

highlighted that their lateral load performance is governed by various connections in the 

houses, especially by the connection of main timber post with the foundation or bottom plate 

of the house. Similarly, connections of timber frames in any traditional houses have been 

the main components in load transferring and energy dissipative mechanisms of the systems 

(Meireles et al. 2012; Vieux-Champagne et al. 2014; Poletti and Vasconcelos 2015; 

Ruggieri et al. 2015; Quinn et al. 2016). Naturally, it will be interesting to evaluate the 

behavior of different connections of Assam-type house under relevant loading conditions to 

develop a better understanding of possible reasons for the observed performance of such 

houses. Therefore, in the present study, an attempt was made to characterize different 

connections of Assam-type house under the action of relevant loading conditions acting on 

these connections during earthquakes.  
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The connections of the vertical posts and foundation in traditional wooden houses 

are generally mortise and tenon type or lap joint with the bottom timber beam. These 

connections are achieved either by the bolts, nails, and screws or by connecting the steel 

straps with the bottom plate. Under the action of lateral loads, the vertical posts of some of 

these traditional houses were found to be mostly ineffective in sustaining the pull-out action 

due to the rocking type of behavior of timber frames, as shown in Fig. 5.1 (Ali et al. 2012; 

Aktas et al. 2014; Poletti and Vasconcelos 2015; Ruggieri et al. 2015). Ali et al. (2012) 

carried out in-plane quasi-static cyclic tests on three full-scale walls of Dhajji-dewari house 

found in Kashmir. They observed that the performance of the system was controlled by the 

connections between the vertical posts and the bottom plate. The failure of the connections 

was due to pulling out of the tenon from the mortise joint under lateral loading as shown in 

Fig. 5.1a. Similarly, Ruggieri et al. (2015) carried out in-plane cyclic tests on the Italian 

timber-framed system (Borbone constructive system). Primary damage observed was along 

the interface of masonry and the bottom of the timber frame by uplifting action under lateral 

loads. 

 Aktaş et al. (2014) evaluated the seismic resistance of traditional Ottoman houses of 

Turkey by performing cyclic tests on eight frame specimens. The study considered different 

timber frame geometry, presence of openings with and without infill (brick and adobe), and 

cladding (Bagdadi and Samdolma). It was found after each test that the failure always 

occurred at the connections and particularly at the connection of the vertical post and 

foundation (Fig. 5.1b). To study the seismic behavior of unreinforced timber frame walls, 

Vasconcelos et al. (2013) and Poletti and Vasconcelos (2015) carried out static cyclic tests 

by considering different types of infill, such as masonry infill, lath and plaster, and timber 

frame with no infill. Rocking type of behavior was exhibited by the infilled (masonry infill, 

lath, and plaster) timber frame walls with lesser vertical loading. The vertical posts and the 

diagonal members were found to uplift from the half-lap connections at the bottom (Fig. 

5.1c). Further, Poletti et al. (2016) performed in-plane cyclic tests and pull-out tests to 

characterize the connection (half-lap joints) of traditional timber-frame shear walls. The 

joints were strengthened using various strengthening techniques such as Glass Fiber-

Reinforced Polymer (GFRP) sheets, self-tapping screws, steel plates, and near-surface 

mounted steel bars. The studies showed that the above strengthening techniques were able 

to improve the hysteretic behavior, energy dissipation, and load-bearing capacity. Still, the 

failure in the connection was unavoidable, as shown in Fig. 5.1d. However, to assure a better 
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seismic performance of timber-frame houses, the connection of vertical post and foundation 

should not fail before the failure of other components (infill or timber framing member) of 

the house as it governs lateral load behavior of these houses. 

    
 (a) (b) 

      
  (c)  (d) 

Fig. 5.1. Failure of connections in traditional timber frame houses: (a) Dhajji-dewari 

house (Ali et al. 2012), (b) traditional Ottoman frames (Aktaş et al. 2014), (c) 

timber frame with lath and plaster walls (Poletti and Vasconcelos 2015), and (d) 

connections retrofitted using steel plates with screws (Poletti et al. 2016).  

 

Various other types of timber connections are also found in different traditional 

timber structures. Parisi and Piazza (2002, 2015) and Branco (2008) studied the birdsmouth 
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connections used in timber roofs of traditional southern European buildings that have 

masonry skeleton. Sobra et al. (2015) and Xu et al. (2009) studied the dovetail joints with 

and without pegs and dowel-type joints used in such houses. Taiwanese Nuki joints and 

Dou-Gon joints were studied by Chang et al. (2006) and D’Ayala and Tsai (2008). 

Similarly, Ukyo et al. (2008) characterized the Japanese Kama Tsugi and Okkake Daisen 

Tsugi joints. Descamps et al. (2006) and Koch et al. (2013) also performed pull-out, 

bending, and shear tests on mortice and tenon joints of wooden houses. These studies have 

highlighted that the behavior of the connections is influenced by the use of metal fasteners, 

carpentry joints (notches, wedges, mortices, tenons), and workmanship of the carpenter 

(irregularities in making joineries, gaps, contact between the members, nailing, etc.).  

The in-plane quasi-static and monotonic tests on four full-scale frames of Assam-

type house were carried out in the present study, and the results are already discussed in 

Chapter 3. It was observed that the frame specimens performed exceptionally well under 

the lateral load and exhibited large deformability. The failure of the frame occurred due to 

excessive bending of the main posts either at the sill or lintel level under a large lateral drift 

of more than 10%. On the contrary, as already discussed, failure of joints was found to be 

one of the primary reasons for the failure of several other traditional timber-frame houses. 

Thus, the excellent lateral load performance of the framing system in Assam-type houses 

can be attributed to the presence of the simple and unique types of joints in the frames. 

Therefore, it is essential to understand the behavior of various connections used in the 

traditional Assam-type housing under relevant loading conditions to study their influence 

on the lateral load performance. In any numerical simulation, it is not possible to model 

each connection of the structure in detail. A systematic experimental study will provide an 

insight into the most influential connection that requires maximum attention while 

developing analytical and numerical models for such houses. It is equally important to 

identify the connections in the house that require improvement to further enhance the lateral 

load performance of Assam-type houses. Therefore, to understand the contribution of 

various connections of traditional Assam-type house to the global lateral load performance, 

a detailed experimental study was carried out on seven different types of connections of 

timber framing members under relevant loading conditions. To simulate the lateral load and 

uplift behavior of the connections, quasi-static cyclic lateral load tests and pull-out tests 

were carried out on joint specimens, and the results are discussed in terms of failure patterns, 

strength, and displacement capacity. The results of the present study will also help in 
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studying different configurations of the houses by carrying out a numerical finite element 

study. 

5.2 DESCRIPTION OF JOINT SPECIMENS 

To evaluate the capacity of each joint in the wooden frame of the traditional Assam-type 

house (Fig. 5.2), seven different types of Joints: A, B, C, D, D', E, and F are considered for 

systematic testing as shown in Fig. 5.3. Joint D' is the connection of the doorpost or window 

post with the horizontal studs. The joint specimens considered for the testing had the same 

cross-sectional dimensions as in the full-scale frames. They were also built with the same 

lot and log of tree and timber species as used in the full-scale frames. Two species of 

timbers, i.e., Sal (Shorea robusta) and Jam (Syzygium cumini), were used in the specimen. 

Sal, considered to be a better-quality timber, was used in main framing members (main posts 

and wall-plate beam), and Jam timber was used in secondary members (horizontal and 

vertical studs) of Assam-type frame specimen.  

 
Fig. 5.2. Details of a typical frame of Assam-type house with window opening. 
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 (a) (b) (c) 

 
 (d) (e) (f) 

Fig. 5.3. Details of joints used in typical Assam-type houses: (a) Joint A, (b) Joint B, (c) 

Joint C, (d) Joint D, (e) Joint E, and (f) Joint F. 

 

Joints A, B, and C are the main framing member connections in the frames of 

Assam-type house. Joints A and B are the connections of main timber posts with the 

foundation, whereas Joint C is the connection between the main post and the wall plate 

beam, as shown in Fig. 5.2. For quasi-static tests, the length of the vertical post connected 

at Joints A and B was taken as 840 mm above the base, i.e., up to the sill level above the 

joint as shown in Fig. 5.2. Such a setup also ensures that there is no influence of the 

horizontal studs (present at the sill level) on the lateral load performance of the joints. 

Similarly, the length of the vertical post in the case of Joint C was taken as 640 mm. Similar 

to the construction of Joints A and B in real frame specimens, the steel L-clamps in the 

tested joint specimens were also inserted into the concrete pedestal. Subsequently, the base 

of the main posts was connected to the steel L-clamps with the help of steel bolts, as shown 

in Fig. 5.4a. The steel L-clamps used in Assam-type housing were made of mild steel and 

were 450 mm to 600 mm long, 45 mm wide, and 5 mm thick. About half of the length of 

the steel L-clamp was inserted into the foundation, while about 200 mm to 250 mm length 

remained above the foundation and in contact with the vertical post. The steel L-clamps 

were connected to the vertical posts using two steel bolts of 12 mm diameter and 150 mm 
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length separated by a distance of about 125 mm. Joint C specimens were constructed in a 

T-shape for testing purposes, as shown in Fig. 5.4b. The horizontal member of Joint C was 

the wall plate beam, and the vertical member was the main post. Joint C specimen was open 

mortise and tenon joint, and the fixity of the connection was achieved by bolting the joint 

using a steel flat in the same manner as done in the real frame specimens (Fig. 5.3c).  

For pull-out tests, specimens of Joints D, D', E, and F were made in T-shape with 

the same cross-section as in the real houses (Fig. 5.3 and Fig. 5.4c). Joints D and D' 

specimens were mortise and tenon connections, as shown in Fig. 5.3d. Joint D was the 

connection between the horizontal stud and the main post; whereas, Joint D' was the 

connection between the doorpost or window post and the horizontal stud. The difference 

between Joint D and D' is only in the size and material of the mortise member of the joint. 

The size of the mortise member is 100 mm × 100 mm for Joint D (Sal timber), and for Joint 

D', it is 75 mm × 75 mm (Jam timber). The tenon part of Joint D and D' was made by 

reducing the width of the timber section while retaining the full depth of the section (Fig. 

5.3d); thus, making the joint more efficient. The wedge of Joint E was made such that it had 

a projection of about 30-40 mm from the face of the main post, and a groove was cut at one 

end of the horizontal stud, which fitted onto the projecting wedge (Fig. 5.3e). The wedge in 

the main post was made such that it had a projection of about 30-40 mm from the face of 

the main post. The tooth made at the ends of the vertical stud sections (Joint F) was fitted 

into a corresponding groove of about 5 mm width and 15 mm depth made by cutting along 

the length of the horizontal studs (Fig. 5.3f). As practiced in the real houses, 75 mm long 

nails were inserted in the center of the connections of the Joints D, D' (two nails), Joint E 

(one nail each on two opposite faces), and Joint F (one nail is driven inclined at the center 

of the face) specimens to provide additional stiffness and stability. 

5.3 TEST SETUP AND PROCEDURE 

Two types of tests were carried out on the joint specimens: (1) in-plane quasi-static cyclic 

tests and (2) pull-out tests. All the joints, including the steel elements used in the tests 

exactly, represent the actual connections used in the real Assam-type houses. All the 

dimensions, materials, and members used in the tests were kept exactly the same as in the 

real houses and frame specimens tested in Chapter 3. The test setup for different tests was 

fabricated such that the joints were subjected to similar types of loading and deformation 

that were observed during the testing of full-scale timber frames of Assam-type housing.  
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(a) 

   
(b) 

             
(c) 

Fig. 5.4. Setup for testing of joints: (a) quasi-static cyclic testing of Joints A and B, (b) 

quasi-static cyclic testing of Joint C, and (c) pull-out testing of Joints D, D', E, 

and F. (All measurements in mm). 

 

In both types of tests, all the specimens were rigidly connected to the strong floor to 
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actuator with load capacity of 100 kN and stroke length of 250 mm. During the cyclic testing 

of Assam-type housing frames, it was observed that unlike other joints, Joints A, B, and C 

primarily exhibited cyclic behavior. Therefore, in-plane quasi-static cyclic tests were carried 

out on Joints A, B, and C to evaluate their cyclic performance and their contribution to the 

lateral load behavior of the frames. The test setup and loading protocol were similar to the 

one used in the testing of the frame specimens (Fig. 5.4a). Displacement cycles of 2.5 mm 

amplitude were applied using the 100 kN servo-hydraulic actuator up to 25 mm, beyond 

which displacement cycles of 5 mm were applied, as shown in Fig. 5.5(a). The frequency 

of each displacement cycle was kept very low at 0.015 Hz to enable close observation of 

damage. The first two specimens of Joints A and B were subjected to exactly the same three-

cycle per displacement amplitude as the frame specimens. From the testing of these joint 

specimens, it was observed that the specimens were not affected noticeably by the number 

of cycles per amplitude level. Therefore, to reduce the testing time, single-cycle per 

displacement amplitude level was applied for the remaining specimens (26 specimens). The 

cyclic load was transferred from the actuator to the specimen by an arrangement consisting 

of steel plate assembly and rollers attached on both faces of the vertical post, as shown in 

Fig. 5.4(a) and Fig. 5.4(b). The load transfer arrangement was devised in such a way that 

rotation was allowed at the top of the specimen.  

 
 (a) (b) 

Fig. 5.5. Loading protocol followed in: (a) quasi-static cyclic testing of Joints A, B, and 

C, and (b) pull-out testing of Joints D, D', E, and F. 

 

The pull-out tests were carried out on Joints D, D', E, and F because the failure in 

these joints of the frame specimens was primarily due to the pulling out of the vertical 

member from the horizontal member as observed in Chapter 3. Therefore, to find out the 

capacity of the joints in pull-out loading, the vertical post of the joint specimens was fixed 
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to the reaction floor, as shown in Fig. 5.4 (c). The horizontal stud of the joint specimen was 

pulled out of the joint using the 100 kN servo-hydraulic actuator anchored at the top of the 

stud with the help of two steel plates and bolts (Fig. 5.4c). A constant rate of loading of 2 

mm per minute was applied throughout the test (Fig. 5.5b) as no guidelines are available for 

joint pull-out tests. LVDTs as well as laser displacement sensors of displacement capacity 

200 mm and 500 mm, were used during the tests to measure the deformation at critical 

locations as shown in Fig. 5.4 (a and b). Strain gauges were used to measure the strain at 

critical locations on the steel L-clamps at the bottom of the specimens.  

5.4 RESULTS AND DISCUSSION 

In this section, results of the quasi-static cyclic tests and pull-out tests carried out on several 

connections of Assam-type frame are reported and analyzed in terms of damage progress 

and deformations patterns. 

5.4.1 In-plane Quasi-static Cyclic Tests 

In-plane quasi-static cyclic tests were conducted on ten specimens of Joints A, B, and C. 

However, tests could not be completed on four specimens of Joint C because of improper 

fixity between the load transferring assembly and the specimen; therefore, results obtained 

for only six specimens are shown here. The behavior of the joint specimens was analyzed 

through their deformation patterns and damage progress. The deformation patterns of the 

Joints A, B, and C were similar to those observed in the frame specimens (Fig. 5.6).  

   
 (a)  (b) (c) 

Fig. 5.6. Deformation patterns observed under quasi-static loading of joint specimens: 

(a) Joint A, (b) Joint B, and (c) Joint C. 

 

Joint A Joint B Joint C 
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The cyclic behavior of Joints A, B, and C depended on the gaps present between 

different members meeting at the joint. In the initial stages of loading, the deformation of 

timber post takes place in these gaps. At higher displacement levels, the steel L-clamps of 

Joint A specimens deformed, increasing the gap between the steel L-clamp and the post 

(Fig. 5.7a and Fig. 5.7b); whereas, the steel L-clamps of Joint B specimens buckled at higher 

displacement levels as shown in Fig. 5.7(c).  

    4 

 (a) (b) (c) 

    
  (d)  (e) 

Fig. 5.7. Damage observed in the joints: (a) gap between steel L-clamp and the post in 

Joint A, (b) mark of movement of steel L-clamp in Joint A, (c) spalling of 

concrete and buckling of steel L-clamp in Joint B, (d) crack in the pedestal and 

concrete slab in Joint B, and (e) wood dust formation at the interface 

connectivity in Joint C. 
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Joint C 
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In some cases, the steel L-clamps buckled at the top of the concrete pedestal, thereby 

damaging the pedestal (Fig. 5.7c). In a few specimens of Joints A and B (A1, A2, A7, and 

B4), the concrete pedestal and bottom slabs were damaged at higher displacement levels. 

This was due to the closure of the gaps between the main post and steel L-clamps, because 

of which the load was transferred to the pedestal and subsequently to the bottom slab (Fig. 

5.7d), as discussed in later sections. In Joint C specimens, the vertical post was observed to 

have deformed freely due to loss of friction between the interface surfaces under cyclic 

loading without damaging the connection, as shown in Fig. 5.6(c) and Fig. 5.7(e). However, 

as seen in Fig. 5.7(e), some wood dust was observed near the interface surfaces of Joint C 

due to cyclic deformation. 

5.4.1.1 Hysteretic Response 

The hysteretic responses of several specimens of Joints A, B, and C under cyclic loads are 

shown in Fig. 5.8, Fig. 5.9, and Fig. 5.10, respectively. Here the drift was calculated as the 

ratio of lateral displacement recorded at the top of the joint specimens under cyclic loading 

to the height of joint specimens. The hysteretic response was unsymmetrical in some of the 

Joint A specimens in push and pull directions (Fig. 5.8) as compared to Joints B and C 

specimens (Fig. 5.9 and Fig. 5.10). Pinching behavior was observed in the hysteretic 

response of Joints A, B, and C specimens; the highest being in Joint C (Fig. 5.10). Such 

behavior was also observed in the hysteretic response of the frame specimens in Chapter 3. 

This was due to the following factors inherent to this type of construction methodology and 

workmanship: (i) the presence of gap near the junction of steel L-clamps and the timber post 

at the bottom (Fig. 5.7a), (ii) play in the holes through which the bolts are inserted into the 

timber post (Fig. 5.7b), and (iii) loosening of bolts and interface connectivity due to the loss 

of friction in the connections under cyclic loading (Fig. 5.7e). Due to the pinching behavior, 

the loops of hysteretic responses were S-shaped; more pinching behavior was observed in 

the higher displacement cycles. The initial hysteretic loops of Joint A specimens were 

similar to the hysteretic loops of mild steel (Fig. 5.8f). In some specimens, the shape of 

hysteretic loops was different in push and pull directions, and the loops were shifted from 

the origin (e.g., Fig. 5.8e). Such type of behavior was observed because of the already 

mentioned factors and due to a large difference in initial stiffness of the specimens in push 

and pull directions (Fig. 5.8k and Fig. 5.9k), resulting in an unsymmetrical lateral load 

resistance or different unloading nature of hysteretic loops (note: the initial stiffness was 

calculated as per the procedure described in Section 5.4.1.3).  
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 (a) (b) (c) 

 
 (d) (e) (f) 

 
 (g) (h) (i) 

 
 (j)  (k) 

Fig. 5.8. Hysteretic response of Joint A specimens: (a) A1, (b) A2, (c) A3, (d) A4, (e) 

A5, (f) A6, (g) A7, (h) A8, (i) A9, (j) A10, and (k) comparison of initial stiffness 

of Joint A specimens in push and pull directions. 
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 (a) (b) (c) 

 
 (d) (e) (f) 

 
 (g) (h) (i) 

 
 (j)  (k) 

Fig. 5.9. Hysteretic response of Joint B specimens: (a) B1, (b) B2, (c) B3, (d) B4, (e) B5, 

(f) B6, (g) B7, (h) B8, (i) B9, (j) B10, and (k) comparison of initial stiffness of 

Joint B specimens in push and pull directions. 
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 (a) (b) (c) 

 
 (d) (e) (f) 

 
  (g) 

Fig. 5.10. Hysteretic response of Joint C specimens: (a) C1, (b) C2, (c) C3, (d) C4, (e) C5, 

(f) C6, and (g) comparison of initial stiffness of Joint C specimens in push and 

pull directions.  

 

The nonuniform initial stiffness along push and pull directions for the same type of joints 

may result from the three reasons mentioned above.  It can be observed from the hysteretic 

response that at lower displacement levels, Joint A specimens possessed higher strength and 

stiffness, which later reduced with increasing displacement due to the pinching effect. 

However, the joint specimen regained the strength and stiffness at higher displacement 

levels once the gaps or tolerances started closing. 
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5.4.1.2 Response Envelope Curves 

The envelope responses of Joints A, B, and C specimens are shown in Fig. 5.11. A double 

averaging method was used to obtain the average load-deformation curve for all the 

specimens ( Kaushik et al. 2007; Basha et al. 2015). In this method, the predetermined load 

values were plotted on the ordinate corresponding to the averaged displacement values 

(plotted on the abscissa), which were also averaged across different specimens. The average 

maximum load carrying capacity of Joints A, B, and C specimens was about 5.8 kN [with a 

coefficient of variance (COV) of 0.24], 3.6 kN (COV of 0.15), and 3.5 kN (COV of 0.17), 

respectively, in the pull direction; whereas, it was about 5.3 kN (COV of 0.22), 3.0 kN 

(COV of 0.37), and 3.7 kN (COV of 0.11), respectively, in the push direction (Table 5.1). 

The strength of the connections did not drop until 15% drift level in most of the specimens, 

which showed the highly deformable behavior of Joints A, B, and C specimens.  

  
 (a) (b)  

 
 (c) (d) 

Fig. 5.11. Envelope responses of joint specimens: (a) Joint A, (b) Joint B, (c) Joint C, and 

(d) comparison of average envelope responses. 
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As already discussed, the frame specimens of other traditional housing typologies failed due 

to the failure of such connections at comparatively lower lateral drift levels (Fig. 5.1). The 

load carrying capacity of joint specimens dropped only in a few specimens, i.e., A1, A2, 

A7, and B4 specimens (Fig. 5.11a and Fig. 5.11b). This was due to the failure of the concrete 

pedestal (Fig. 5.7d) because of its inability to accommodate the deformation demand of the 

post at the bottom. When the gap between the post and the steel L-clamps and the play in 

the holes made in the vertical posts for inserting the bolts ceased, the post transferred the 

load to the steel L-clamps. This resulted in lifting up of the steel L-clamps under the lateral 

loading, which in turn cracked the concrete pedestal and the slab.  

Table 5.1. Comparison of results of cyclic and pull-out tests on Joints A, B, C, D, D', E, 

and F 

Type of 

Loading 
Joint Type 

Load Capacity (kN) Initial Stiffness (kN/m) Energy 

Dissipation 

(kNm) Push Pull Push Pull 

Cyclic 

Joint A (10)† 5.3 [0.22]* 5.8 [0.24] 78.6 [2.79] 79.0 [3.31] 5.2 [0.25] 

Joint B (10) 3.0 [0.37] 3.6 [0.15] 49.7 [0.56] 70.2 [0.55] 6.6 [0.19] 

Joint C (6) 3.7 [0.11] 3.5 [0.17] 44.0 [0.45] 40.5 [0.27] 2.5 [0.22] 

Pull-out 

Joint D (6) 2.7 [0.23] 1232 [0.57] - 

Joint D' (5) 3.2 [0.39] 4427 [0.47] - 

Joint E (6) 2.3 [0.31] 1435 [0.89] - 

Joint F (7) 1.4 [0.21] 5646 [0.47] - 

 †Number of specimens, *Coefficient of variation (COV) 

There was no sign of any significant drop of load in any of the Joint C specimens as 

shown in Fig. 5.11c. It can also be observed that some of the specimens of Joints A and B 

exhibited an unsymmetrical lateral load response. This was again due to the unequal gap 

created between steel L-clamps and the posts at the bottom of the joint and play in the holes 

made in the vertical posts for inserting bolts. The comparison of average envelope curves 

of Joints A, B, and C are shown in Fig. 5.11d. The average strength and stiffness of Joint A 

were found to be more than that of Joint B and Joint C specimens. As expected, Joint B was 

observed to be more flexible compared to Joint A because of the different orientation of the 

steel L-clamps at the bottom. In the case of Joint A, the lateral deformation of the post at 

the bottom due to cyclic loading was restricted by the presence of steel L-clamps on both 

faces of the post, thereby increasing the lateral stiffness of the joint. The ratio of the average 

strength of Joint A to Joint B specimens was about 1.56 times in the pull direction; whereas, 

it was about 1.75 times in the push direction. 
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5.4.1.3 Initial Stiffness and Stiffness Degradation 

The initial stiffness (K) of the joint specimens was determined according to ISO 21581 (ISO 

2010) using Eq. (5.1) as:  

max max

max

40% 10%

0.3

F F

F
K

 
=

−
, (5.1) 

where, 
max40% F and 

max10%F are the displacement values at 40% and 10% of the maximum 

lateral load (Fmax), respectively. The same method has been used in the past for the 

determination of initial stiffness for joint and wall specimens of other traditional timber-

frame houses (Poletti and Vasconcelos 2015; Poletti et al. 2016).   

As given in Table 5.1, the initial stiffness of Joint A was 78.6 kN/m and 79.0 kN/m 

in the push and pull directions, respectively. As already discussed, the higher initial stiffness 

of Joint A as compared to Joints B and C was due to the presence of steel L-clamps at its 

base along the loading direction. It can be observed that at lower lateral drift levels, the 

stiffer joints also had higher load carrying capacities in the push and pull directions. 

However, at higher lateral drift levels, the strength of Joint C specimens increased relatively 

more compared to Joint B as the rotation of the vertical post in Joint C was resisted 

significantly by the bottom beam due to the closure of gaps in the joint (Fig. 5.6c). This is 

evident from the increase in the lateral load capacity of Joint C with pinching in hysteresis 

response (Fig. 5.10). The initial stiffness of Joint C specimens was lowest as it resulted only 

from the friction in timber joint surfaces due to the interlocking of open mortice and tenon 

joint using a single bolt (Fig. 5.7e). 

Fig. 5.12 shows a comparison of the cyclic stiffness degradation of Joints A, B, and 

C specimens. It was calculated as the ratio of the maximum load of each hysteretic loop to 

the corresponding displacement in every displacement cycle. It was observed that the cyclic 

stiffness was different in the push and pull directions of Joints A, B, and C. Its value for 

most of the specimens of Joint B was lesser than that of Joint A. Clearly, the stiffer joints 

were also found to have higher load carrying capacities. 
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 (a) (b) 

 
  (c) 

Fig. 5.12. Stiffness degradation of joint specimens: (a) Joint A, (b) Joint B, and (c) Joint 

C. 

5.4.1.4 Energy Dissipation 

The cumulative energy dissipation was calculated by adding the area enclosed by the 

hysteresis loops at every displacement level, and Fig. 5.13 shows the comparison of 

cumulative energy dissipation in Joints A, B, and C specimens. The energy dissipation was 

found to be highest in Joint B though the load carrying capacity is highest in Joint A (Table 

5.1); in Joint B, it was about 1.26 times and 2.6 times higher than that observed in Joints A 

and C specimens, respectively. The energy was dissipated in the joint specimens due to 

yielding of steel L-clamps by bending, twisting, or buckling action, and friction in the joint 

interface. The energy dissipation was higher in Joint B specimens due to the higher amount 

of yielding of steel L-clamps, as shown in Fig. 5.13d. In most of the Joint B specimens, the 

strains in steel L-clamps exceeded the yielding strain, and the strain values were larger as 

compared to the other joint specimens. The energy dissipation was the lowest in Joint C 
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specimens due to the highest pinching effect as the energy was dissipated only due to the 

friction in the joint interface (Fig. 5.13).  

 
 (a) (b) (c) 

 
  (d) 

Fig. 5.13. Cumulative energy dissipation in joint specimens: (a) Joint A, (b) Joint B, (c) 

Joint C, and (d) comparison of strain recorded at the steel L-clamps in Joints A 

and B. 

5.4.2 Pull-out Tests 

Pull-out tests were conducted on ten specimens of each of the Joints D, D', E, and F; 

however, results are not shown for all ten specimens because some of the specimens failed 

abruptly. It was observed that when the post member was pulled out, the nails in the joints 

deformed, and fibers of timber beam split by the tearing action of nails, as shown in Fig. 

5.14a and Fig. 5.14b. This type of splitting of timber fibers in the beam members was also 

observed in the doorpost connection (Joint D') in the full-scale frame specimen. It can also 

be observed in Fig. 5.14a and Fig. 5.14b that the splitting of timber was concentrated in the 

nailing region and was lesser in Sal timber as compared to Jam timber. The portion and 

extent of splitting depend not only on the quality of timber but also on the depth of nail 

penetration in the timber element. However, the tenons did not suffer much damage due to 
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their larger thickness. Joint E specimens were damaged due to tearing of horizontal stud by 

nails in the joint or pulling out of nails from the joint, as shown in Fig. 5.14c. A similar type 

of failure was observed in Joint E of the frame specimens tested in Chapter 3. In case of 

Joint F specimens, the vertical stud came out easily from the horizontal stud under the pull-

out action. This was due to the easy detachment of the tooth connection (tenon) from the 

shallow groove (mortise). Also, the small sized toothed connection was found to tear easily 

by the nails (Fig. 5.14d). All the joint specimens behaved similarly under the pull-out load, 

and the connection became ineffective when the nail came out, leading to detachment of the 

posts (tenons) from the joint (mortise).  

       

       
 (a) (b) (c) (d) 

Fig. 5.14. Failures in joint specimens during pull-out tests: (a) Joint D, (b) Joint D', (c) 

Joint E, and (d) Joint F. 

 

The capacity curves obtained for Joints D, D', E, and F specimens under pull-out loading 

and their comparison are shown in Fig. 5.15. It can be observed that all the joint specimens 

exhibited non-linear behavior characterized by high initial stiffness. As given in Table 5.1, 

the highest initial stiffness was exhibited by Joint F followed by Joints D', E, and D. The 

initial failure in most of Assam-type frame specimens started in Joints F, while the damage 

in the frame specimen with door opening occurred at Joint D' due to high initial stiffness of 

these joints. The resistance to pull-out loading was mainly offered by the nails and friction 

between the interface of mortise and tenon surfaces (interlocking). As shown in Fig. 5.15a, 

Fig. 5.15b, and Table 5.1, the average pull-out capacity of the Joint D was about 2.7 kN 

(COV of 0.23); whereas, for Joint D' it was about 3.2 kN (COV of 0.39) even though both 

the joints were mortise and tenon type. This difference of about 18% is due to deeper 
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penetration of nails in smaller cross-section of the beam in Joint D' as compared to Joint D 

specimens, though the beam in Joint D was made of better-quality timber (Sal). 

 
 (a) (b) 

 
 (c) (d) 

 
  (e) 

Fig. 5.15. Pull-out responses of joint specimens: (a) Joint D, (b) Joint D', (c) Joint E, (d) 

Joint F, and (e) comparison of average responses.  
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As the same size of nails was used in both types of joint specimens, deeper and better 

penetration of nails into the carpentry joint was achieved in the smaller cross-section of the 

beam in Joint D'. However, Joint D exhibited significantly better deformability due to the 

better quality of timber (Sal) compared to that used in Joint D' specimens (Fig. 5.15e). As 

shown in Fig. 5.15b, the response of specimen D'1 and specimen D'4 was significantly 

different from the remaining D' specimens. This difference in response was perhaps due to 

defects in the timber in addition to the reasons mentioned earlier for the variability of 

response in the joint specimens.  

The average pull-out capacity of Joint E specimens was about 2.3 kN (COV of 0.31); 

whereas, for Joint F specimens, it was about 1.4 kN (COV of 0.21) as shown in Fig. 5.15c, 

Fig. 5.15d, and Table 5.1.  The pull-out capacity and initial stiffness of Joint D' was found 

to be the maximum among all the joint specimens (Fig. 5.15e). The average envelope 

responses of Joint D and Joint E specimens were found to be quite similar (initial stiffness 

and overall capacity) even though the configuration of the joints were completely different. 

Interestingly, these two joints connect the horizontal studs to the main posts at the two ends 

of the frame, as shown in Fig. 5.2. The pull-out capacity of Joint F specimens was found to 

be the minimum because the vertical stud came out easily under the pull-out loading due to 

the smaller and thinner size of the tooth and shallow depth of the groove in the horizontal 

stud, as shown in Fig. 5.14d. Overall, the variation in pull-out capacity and stiffness of the 

Joints D, D', E, and F were found to be obviously dependent on the quality of carpentry 

work in the joint, depth of nail penetration, the angle of nailing, and also on the quality of 

timber. 

5.5 SUMMARY 

In the present study, the lateral load behavior of seven different types of joints used in 

traditional Assam-type wooden houses was evaluated by carrying out quasi-static cyclic as 

well as pull-out tests to assess the contribution of different unique connections on the overall 

lateral load behavior of such houses. The observations discussed in the chapter are 

summarized below. 

1. The connections of Joints A, B, and C remained intact during quasi-static cyclic 

loading, and the damages in the connections were quite limited even after undergoing 

large deformations. The joint specimens showed that their deformation and failure 
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patterns were quite similar to that of the joints in the actual Assam-type frame 

specimens tested under the action of similar loads.  

2. The cyclic behavior of Joints A, B, and C was mainly influenced by the steel L-clamps, 

steel flats, and bolts provided in the joints. It was also influenced by the development 

of gaps or play between timber and steel elements, play between holes and bolts. These 

connections were able to sustain the pull-out load without much damage and 

performed extremely well under cyclic loading. This is because the connection 

between the main post with the foundation was neither inserted into the foundation nor 

fixed on the bottom plate beam, unlike the connection of main posts in other traditional 

housing typologies. Instead, steel L-clamps were inserted into the concrete pedestal 

and bolted to the main posts (with full cross-section).  

3. Under the pull-out loading, all the joint specimens performed well until dislodgement 

of nails from the connection leading to detachment of the posts (tenons) from the joint 

(mortise). The capacity curves obtained for Joints D, D', E, and F specimens under 

pull-out loading showed high initial stiffness (highest in Joint F and D') due to which 

they attract large lateral loads. This was corroborated by the past test results in which 

the initial failure in most of Assam-type frame specimens was observed in Joints F and 

D'.  

4. The initial stiffness and overall capacity of Joint D and Joint E specimens were found 

to be quite similar even though the configuration of the joints were completely 

different. Interestingly, these two joints are the connections at the two ends of the 

horizontal studs to the main posts of the frame.  

5. The pull-out capacity of joints was found to be dependent on the friction between the 

interface of mortise and tenon surfaces (interlocking), depth and angle of nail 

penetration, quality of timber, and carpentry work in the joint.  

6. The results will be helpful in the development of analytical as well as numerical 

models for seismic analysis of such timber frame structures.  
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6.1 OVERVIEW 

In this chapter, attempts are made to develop finite element (FE) models of Assam-type 

houses using the experimental results for studying the behavior of these houses in greater 

detail. From the experimental study, it is evident that the lateral load behavior of Assam-

type house is quite different from the other wooden housing typologies. For example, 

several unique types of connections between different members exist in Assam-type houses. 

Modelling these connections using FE model, such that to simulate experimental response, 

is tedious. They exhibit various uncertainties associated with materials, contact conditions, 

geometric parameters, clamping forces, etc. Consequently, predicting the structural 

behavior of such components using numerical models, such as the finite element method, is 

an extremely challenging task. Therefore, to trade-off between an affordable computational 

cost and exact simulation of physical behavior is difficult, and thus offering either one is the 

only available option. A numerical model is currently not available for analysis of Assam-
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type houses. In the present study, to make the model simple and efficient, two types of 

modelling approaches were followed: (a) macro modelling using SAP2000 (CSI 2017), and 

(b) micro modelling using ABAQUS (2016). The macro model was developed for assessing 

the lateral load carrying capacity in a 2-dimensional space. Whereas, micro model (a 

detailed modelling approach) was developed in 3-dimensional space to capture the behavior 

of every component including the damage in terms of separation between different 

components and developed stresses, as well as to assess the lateral load capacity of Assam-

type houses. The study focuses on implementing new modelling approaches for Assam-type 

houses both in micro and macro modelling approaches, attempting to capture the same 

behavior of the frame as it does in the experiment. The details of material modelling, 

assumptions, modelling techniques, and results are discussed in the following sections. 

6.2 MATERIAL MODELLING  

In the frame specimens of Assam-type house, four types of materials were used, namely 

timber in framing members, masonry as infill below sill level, cement mortar in Ikra panel, 

and steel bars in window panel. Modelling of different elements and materials is discussed 

in the following sections for both macro and micro modelling approaches.   

6.2.1 Macro Modelling  

Wood is an anisotropic and non-homogeneous material due to the presence of fibers and 

defects. The mechanical characteristics of wood are generally expressed along three planes: 

axial, transversal, and circumferential. Wood may be considered as an orthotropic material 

without noticeable loss in accuracy due to the insignificant difference in mechanical 

characteristics in both the transversal and the circumferential planes (Kouris and Kappos 

2012). In the present study, Sal wood is used, considering it as a homogeneous orthotropic 

material by ignoring the presence of defects. The properties of the Sal wood used in the 

modelling are determined in Chapter 4. The Poisson’s ratio of the Sal wood was assumed 

to be 0.3. The modulus of elasticity in the axial direction of fibers (E0) was found to be about 

5500 MPa, and along the transverse direction (E90), it was about 700 MPa.  

6.2.2 Micro Modelling 

In ABAQUS, it is excessively complex to define a material having an orthotropic property 

as it requires details of a lot of directional material constraints. In the present study, the 

timber is modelled using an isotropic material model, which approximates orthotropic 

material behavior. To define Young's modulus of timber, two-point bending test data was 
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used, as the failure of timber posts occurred due to excessive bending under the cyclic 

loading. The modulus of elasticity was taken as 3600 MPa from the experimental results as 

discussed in Chapter 4. For horizontal and vertical studs, tension parallel to grain property 

was considered. To choose the right material model for timber and Ikra panel's plastic 

behavior is a challenging task in ABAQUS. So, to describe the behavior of plasticity of 

timber and Ikra panel under cyclic loading, the Von Mises yield criterion was used with an 

assumption that the yielding phenomenon is independent of the influence of the hydrostatic 

pressure; this is found to produce satisfactory results in the present study. The model 

assumes an associated flow rule which defines the direction of the plastic strain increment 

irrespective of its magnitude. To determine the functional dependence of yield stress on the 

plastic loading history, which varies under cyclic loading, the combined non-linear isotropic 

and kinematic hardening have been used in the FE modelling. Although, the isotropic 

hardening model represent the growth of yield surface in the multi-dimensional stress space, 

it does not consider the cold working anisotropic effects that are introduced during cyclic 

loading. The reduction in the yield stress known as the Bauschinger effect, caused due to 

the movement of dislocation in one direction generating local back stresses is not 

assimilated in the isotropic hardening models. In the present study, to consider the effect of 

loading directions on the cyclic behavior of materials, a combined isotropic and kinematic 

hardening rule has been assumed, as shown in Fig. 6.1(a). It provides a more accurate 

approximation to the stress-strain relation than the linear model. It also models other 

phenomena such as ratchetting, relaxation of the mean stress, and cyclic hardening that are 

typical material behavior subjected to cyclic loading. To define yield stress and plastic strain 

of timber materials, two-point bending stress-strain property of Sal for main posts and wall 

plate beam, and tension parallel to grain stress-strain property of Jam for horizontal and 

vertical studs was used as shown in Fig. 6.1(b) and Fig. 6.1 (c). The experimentally obtained 

shear stress-shear strain property of the Ikra panel is also shown in Fig. 6.1(c). 

6.3 MODELLING OF TIMBER FRAME AND CONNECTIONS 

Modelling details of the timber frame and connections will be discussed in this section for 

both the macro modelling approach as well as micro modelling approach. 

6.3.1 Macro Modelling  

The timber framing elements (main posts, wall plate beam, and horizontal and vertical studs) 

were modelled using 2-noded frame elements. Nonlinearity in the frame elements was 
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considered using a lumped plasticity approach at the sill, lintel, and roof level in the main 

posts and at both ends of wall plate beam near the joint location. The stud elements were 

considered as behaving elastically. These locations of the inelasticity were chosen because 

the failure or damage was observed during the tests at these locations (Fig. 6.2). 

 
(a) 

  
 (b) (c) 

 
  (d) 

Fig. 6.1. (a) Hardening rules for material, (b) two-point bending stress-strain curve for 

Sal timber, (c) stress-strain curve of Jam timber in tension parallel to grain, and 

(d) shear stress-shear strain for Ikra panel. 
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Nonlinear force-deformation properties were defined using moment-curvature relationships 

obtained by calibration of the numerical results of the bare frame with the experimental 

results (Fig. 6.3a). Joint A between the main post and the foundation was assumed to be 

fixed, and Joint B was assumed to be hinged since it allows rotation, as discussed in the 

earlier chapters. Similarly, the connections between vertical and horizontal studs 

were considered to be pinned. Rigid connections were assumed between the main posts and 

the wall plate beam though some relative rotation was observed at the connection during the 

tests, but that was at a very high lateral drift level.  

 

 
  (a) (b) 

Fig. 6.2. End conditions and element types used in macro modelling: (a) 2-noded beam 

element for timber members, equivalent diagonal strut for Ikra panels and shell 

elements for masonry infill, and (b) 2-noded beam element for timber members 

and link and shell elements for infills. 

 

 
 (a) (b) (c) 

Fig. 6.3. (a) Idealized moment-curvature relationship used for modelling the frame 

elements, (b) calibrated compression stress-strain properties for the diagonal 

strut, and (c) calibrated force-deformation properties for the link element of 

Frame 2 (25 links on each side).  
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6.3.2 Micro Modelling  

The linear hexahedral 3D solid continuum elements with reduced integration (C3D8R) from 

the explicit element library was used for modelling the timber frame. Based on a mesh 

sensitivity study, the element size of 37.5 mm was found to be appropriate for the solid 

elements used for the main timber posts and wall plate beam, and 75 mm was found to be 

appropriate for intermediate horizonal and vertical studs. The linear reduced integration 

elements are very flexible, due to which the element may distort without any change in 

energy. There may be zero deformation modes for the element, but there can still be 

volumetric distortion, which is referred to as ‘Hourglassing’. This zero-energy mode can 

propagate in coarser mesh giving meaningless results (ABAQUS 2016). As the coarse mesh 

may be prone to hourglassing effect at high drift levels, hourglass control and the finer 

mesh was used for main framing members to avoid the zero-energy deformation. The 

ABAQUS manual advises using at least four elements along the thickness for better 

performance in bending problems. Hence, four elements were maintained along with the 

thickness for all the models.  

In the micro modelling, boundary conditions similar to macro modelling approach 

are applied to Joint A and Joint B, as shown in Fig. 6.4. A surface-based constraint with 

structural distributing coupling using multi-point constraints (MPC) was used between the 

connection of main posts and wall plate beam (Joint C), which restricted the translation and 

allowed the rotational degrees of freedom depending on the geometrical clearance between 

the pair of surfaces. The connection between main posts and horizontal studs, i.e., mortise 

and tenon joint (Joint D) and wedge and groove joint (Joint E) and the connections between 

vertical studs and horizontal studs (Joint F) are modelled using surface-to-surface contact. 

The relative sliding of joints was modelled with penalty contact constraint method with 

finite sliding definition. Different values of friction coefficient were used for different joints 

based on a sensitivity study. The friction coefficient was varied in two stages to consider 

the effect of friction smoothening between contact surfaces under cyclic loading. In the first 

stage upto 120 mm lateral displacement, the friction coefficient value of 0.9 for Joints D 

and E, and 0.3 for Joint F were found to be appropriate. Subsequently, in the second stage 

after 120 mm, the reduced friction coefficient value of 0.3 for Joints D and E, and 0.15 for 

Joint F were found to be appropriate.  
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Fig. 6.4.  End conditions and element types used in micro modelling approach.  

6.4 MODELLING OF INFILL 

In certain types of constructions (Pombalino or Dhajji-dewari), it is a common practice 

to neglect the contribution of infill since the experimental results showed that the timber 

frame contributes to most of the lateral stiffness and strength before failure (Ali et al. 2012; 

Cardoso et al. 2005; Kouris and Kappos 2012). On the contrary, Aktaş et al. (2014), 

Meireles et al. (2012), and Vasconcelos et al. (2013) observed that the presence of infill in 

Pombalino and Himis type of construction has a considerable influence on the stiffness, 

energy dissipation, ductility, and failure modes of the timber frames. However, these 

structural systems differ significantly from Assam-type house as they consist of a heavily 

cross-braced frame with nailed connections. Nevertheless, in Assam-type house, Ikra has a 

significant influence on lateral load carrying capacity, energy dissipation, failure mode, etc., 

as observed in the experimental study. To model the Ikra in timber frames, the major 

challenge lies in the determination of its mechanical and interaction properties with the 

surrounding framing members. Therefore, different approaches were used in the macro 

modelling approach to model the Ikra panels in the frames of Assam-type house.  

6.4.1 Macro Modelling  

Two approaches were used in the present study to model the Ikra panels for prediction of 

the lateral load behavior of the frames. In the first approach, equivalent diagonal struts were 

used to model the Ikra panels (Fig. 6.2a). This method is commonly used in the modelling 
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of masonry infilled frames (Asteris et al. 2017; Kaushik et al. 2008; Basha and Kaushik 

2016). Komatsu et al. (2009) used the equivalent strut elements to model the infill in 

Japanese mud shear walls. Similarly, Ceccotti et al. (2006) modelled the infill walls of 

Italian Dolomites using diagonal struts. Therefore, in the present study, equivalent diagonal 

struts were used to estimate the lateral load carrying capacity of Assam-type house. The 

thickness of the strut was kept equal to the thickness of the Ikra panel, and the width of the 

strut was estimated by calibrating the numerical results with the experimental results of 

Frame 2. The axial hinges were assumed to form in the middle of the strut with nonlinear 

axial hinge properties (force-deformation relation) obtained from the calibrated model, as 

shown in Fig. 6.3(b). The calibrated strut model was then used to evaluate the lateral load 

behavior of the other frame specimens. Masonry infill wall (wall below sill level) was 

modelled with linear elastic shell elements in both the approaches. 

In the second approach, Ikra panels (above sill level) of the frame were modelled 

using linear elastic shell elements. The interface connection between Ikra panels and the 

frame elements was simulated using multilinear elastic link elements to simulate the sliding 

mechanism of Ikra panels inside the bounding wooden members (Fig. 6.2b). To model the 

interface connectivity of Ikra panel, two different properties were used for link elements 

(horizontal and vertical links). The force-deformation properties of link elements were 

defined in axial direction (u1) of horizontal links (between Ikra panel and vertical stud). To 

simulate the sliding behavior of Ikra panels, force-deformation properties were defined 

along the lateral (u3) directions of vertical links (between Ikra panel and horizontal stud) in 

addition to axial (u1) directions. The force-deformation properties of the link elements were 

similar in both u1 and u3 directions as shown in Fig. 6.3(c), and were obtained by calibrating 

the numerical results of Frame 2 with the experimental results.  

6.4.2 Micro Modelling  

In this modelling strategy, the infill panels, both masonry and Ikra were modelled using 

C3D8R solid elements. Linear elastic properties were assigned to the masonry infill panel 

below the sill level as no damage was observed in experimental tests. Fixed boundary 

condition was applied to the bottom of the masonry panel. Nonlinear material property was 

assigned to the Ikra panel as discussed earlier. The element size of 75 mm for masonry and 

Ikra panels was found to be appropriate. However, the major challenge was to model the 

connection between the Ikra panels with its surrounding framing members. To simulate the 
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sliding of Ikra panels in the grooves of horizontal studs and the interface between Ikra panel 

and vertical studs, surface-to-surface contact was used. The contact was defined with 

penalty contact method with finite sliding formulation. In the normal direction, the interface 

should also ensure the impenetrability of the nodes. Hard contact in the property definition 

allows separation after contact ensures no penetration occurs along with the interface. The 

tangential behavior was defined with a friction coefficient value and infinite stiffness, 

ensuring no elastic slip occurs in the contact definition. The tangential behavior was defined 

in two stages: (a) stage 1 upto 120 mm with friction coefficient value of 0.22, and (b) stage 

2 beyond 120 mm with friction coefficient value of 0.12. The friction coefficient value for 

masonry wall was 0.2 in stage 1, and it was 0.1 in stage 2. The steel rods in the window 

opening of Frame 3 were modelled with the elastic modulus of steel. Rigid constraints were 

provided to simulate the connections between the steel rods and vertical studs.  

6.5 CALIBRATION AND VALIDATION OF NUMERICAL MODELS  

The numerical model of Frame 1 (without Ikra panels) was first calibrated with the 

experimental results of Frame 1 to affirm the modelling approach. The first step in 

calibration is defining appropriate element types, connections, boundary conditions, and 

nonlinearity at suitable locations for different members of the frame. These details are 

defined based on experimental observations and are shown in Fig. 6.2. The next step in 

calibration is tuning the linear as well as nonlinear material models in such a way that the 

simulated results match with the experimental results. In the macro approach, this is 

achieved by tuning (i) the moment-curvature relationship of the timber frame elements, (ii) 

axial stress-strain properties of the equivalent diagonal struts, and (iii) axial force-

deformation properties of the link elements so that the overall lateral load behavior obtained 

numerically matches with the experimental results. A similar method was adopted in several 

past studies (Komatsu et al. 2009; Ceccotti et al. 2006; Martin et al. 2011; Pfretzschner et 

al. 2013; Malone et al. 2014) for calibration and validation of numerical models.  

In the micro modelling, Assam-type housing frames are modelled and analyzed for 

the same loading and boundary conditions to validate the model. The calibration was 

challenging due to limited resources available for interface and material properties.  

Therefore, the FE models of these frames are validated through the comparative analysis of 

their behavior observed during the experimental study and the results of the FE models. The 

obtained numerical results are very close to the experimental results. Some inaccuracies 
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may exist due to variation in material properties, idealistic conditions used in numerical 

simulations, etc.  All the models in the present study are calibrated with the same material 

and interface properties. Based on this comparative study, it can be concluded that the 

proposed FE modelling strategy is well capable of simulating the observed experimental 

behavior and can predict major damage patterns as well as failure at various joint locations. 

The context of damage in the present FE study indicates severe plastification and formation 

of a mechanism at certain locations. 

The model of Assam-type housing involves large deformation, material 

nonlinearity, contact conditions, and constraints. Under these conditions obtaining the 

numerical solution using ABAQUS/Standard requires a lot of computational time and 

resources. Hence, ABAQUS/Explicit was chosen to perform analysis on Assam-type house. 

ABAQUS/Explicit employs an explicit algorithm (based on central difference integration) 

wherein the displacements depend only on the equilibrium equations. Hence, the program 

does not require the calculation of the effective stiffness matrix at each time step. However, 

the analysis is effective only if the time step size is small, leading to a large number of 

increments, requiring high-speed storage. The time increment is based on the characteristic 

length of the finite element for numerical stability, hence controlled by the element size and 

material description. Due to the small time increments used, the explicit analysis is suitable 

for problems involving nonlinearity, large deformation, quasi-static analysis with complex 

contact conditions, etc., efficiently at low computational cost and sufficient accuracy. The 

static or quasi-static problem cannot be performed using the actual time period of loading. 

So, the period of loading was reduced for performing quasi-static analysis in 

Abaqus/Explicit, which was ensured by accelerating the time period of loading to 10 times 

the fundamental time period in the in-plane direction. However, in dynamic explicit 

analysis, to represent a true static solution (to satisfy quasi-static loading), the ratio of kinetic 

energy to internal energy has to be maintained very small (at least less than one-tenth), 

which was obtained by slowing the period of loading. In the experiment, each displacement 

cycle was repeated three times in each drift ratio, but in the FE analysis, only one cycle is 

sufficient to cause the damage. The quasi-static analysis, if carried out in the actual period 

of loading, would increase the computation cost considerably. Hence, in Abaqus/Explicit, 

the time period of loading was reduced but only till the slow loading conditions were 

satisfied. After sensitivity study, the time period of each cycle of loading was fixed as 0.1 

sec which was economical and satisfying the slow loading conditions. Based on the 
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developed FE models it is found that the friction properties play an important role in the 

overall behaviour of the structure. The analysis was carried out in two phases and in the 

second phase, a reduced friction coefficient was used to simulate the effect of friction 

smoothening that matches with the experimental observation under higher cyclic 

displacements.  

6.5.1 Damage Patterns Observed 

6.5.1.1 Damage Pattern in Frame 1 

The finite element model was developed to predict the failure pattern, stress concentration 

region, and peak load carrying capacity of the frames as observed in the experimental study. 

Fig. 6.5 to Fig. 6.7 shows the damage pattern observed at various locations in Frame 1 

model. It is observed that the FE prediction of the damage pattern matches well with the 

experimental study. During the cycling loading, the joints between the horizontal studs and 

the main vertical post (Joints D and E) loosened in the process of repetitive opening and 

closing of joints. Fig. 6.5 and Fig. 6.6 compare the damage pattern at Joints D and E 

observed in the numerical model of Frame 1 with that of the experimental observations. 

Joints D and E behaved quite flexibly, and the gaps in these joints repetitively closed and 

opened up under reversible loading.  

  
Fig. 6.5. Comparison of numerically and experimentally obtained damage pattern in 

Joint E at sill level of Frame 1 at about 4.2% drift level. 

 

Fig. 6.7 shows the comparison of the numerical and the experimental deformation 

pattern of Frame 1 at 2.8% drift level. It can be observed that all the joints in the numerical 

model captured the damage pattern observed in the experimental study. As observed in the 

experimental model, the numerical model could also simulate the rocking type of failure 

mechanism of the vertical studs in lower displacement cycles. However, in higher 
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displacement cycles, this behavior is modified to sliding motion due to the absence of nails 

and clearance between surfaces of Joint F.  

 
 

   
Fig. 6.6. Comparison of numerically and experimentally obtained damage pattern in 

Joint D at lintel level of Frame 1 at about 3.8% drift level. 

 

  
                            (a)                                                        (b) 

Fig. 6.7. Deformation pattern of Frame 1 at about 2.8% drift level: (a) numerical, and (b) 

experimental. 
 

6.5.1.2 Damage Pattern in Frame 2 

Under the lateral cyclic loading, Joints D and E get disconnected from the main post, and 

the horizontal stud slid over the masonry wall, as shown in Fig. 6.8. The behavior of Frame 

2 changed significantly due to the introduction of Ikra panel as compared to Frame 1. Unlike 

in Frame 1, the behavior of Joint F in Frame 2 exhibited a change from rocking to sliding 

motion due to the presence of Ikra panels. The intermediate vertical studs (Joint F) and the 

Ikra panels slid in the grooves of the horizontal studs, as shown in Fig. 6.9. As a result, a 

relative displacement between the lower Ikra panel and the upper Ikra panel was observed. 

From Fig. 6.8 and Fig. 6.9, it can be observed that the numerical model is capable of 
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simulating the observed experimental behavior such as the deformation profile, joint 

failure/separation, and damage pattern satisfactorily.  

   
(a)                                                        (b) 

Fig. 6.8. Comparison of damage pattern in the numerical and experimental model of 

Frame 2 at about 5.08% drift level: (a) Joint D, and (b) Joint E.   

 

   
(a)                                                                           (b) 

Fig. 6.9. Deformation pattern of Frame 2 at about 5.08% drift level: (a) numerical, and 

(b) experimental. 

6.5.1.3 Damage Pattern in Frame 3 

The relative sliding between the upper vertical studs and lower vertical studs was also 

observed in Frame 3 under the lateral cyclic loading. Further, the connections between the 

main post and the horizontal stud are found to be separated in the experimental as well as 

in the numerical study. This subsequently allowed the main post to lose contact with the 

lower Ikra panel, as shown in Fig. 6.10(a). Unlike the observation made in Frame 2, the 

sliding movement of individual Ikra panels was observed in Frame 3 in the upper panels 

only. This is because the presence of mortise and tenon connection of the window posts 

(lower vertical studs) suppressed the sliding of the window posts and adjacent Ikra panels 

as shown in Fig. 6.10(b). However, the Ikra panels and window panel above the sill level 
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slid over the masonry wall. The numerical modelling approach adopted captures the 

prominent deformation profile, joint mechanism, damage pattern, etc. of Assam-type house.  

    
(a)                                                                         (b) 

Fig. 6.10. Comparison of damage pattern in numerical and experimental Frame 3 model: 

(a) Joint E at 3.68% drift, and (b) Joint F at 4.56% drift.  

 

 
Fig. 6.11. Deformation pattern of Frame 3 at about 4.56% drift level: (a) numerical, and 

(b) experimental. 

6.5.1.4 Damage Pattern in Frame 4 

The behavior of Frame 4 is quite different from Frames 2 and 3. This is due to the presence 

of a door opening in Frame 4. The doorposts acted as intermediate posts in the frame, 

reducing the movement of Ikra panels above the sill level as compared to Frame 3. The 

uplift movement of door posts and masonry walls are also well captured by the FE model 

as shown in Fig. 6.12(a). As observed in the experimental study, the Ikra panels adjacent to 

doorposts also got separated from the surrounding framing members (Fig. 6.12b). Due to 

the upliftment of doorposts in Frame 4, the mortar plaster got damaged above the door 

opening because of bending of horizontal stud at lintel level.  

TH-2456_136104013



6.5 Calibration and Validation of Numerical Models 

113 
 

   
(a) 

  
 (b) 

  
(c) 

Fig. 6.12. Comparison of damage pattern in the numerical and experimental model of 

Frame 4: (a) upliftment of masonry wall at about 2.32% drift level, (b) 

separation of Ikra panel with the doorpost at about 2.45% drift level, and (c) 

deformation behavior at about 2.45% drift level. 

 

The combined action of lateral loads and vertical loads on the Ikra panels led to damage 

(delamination of mortar plaster) in Ikra panels above the lintel level. The high stress levels 

can be observed in the lintel level stud as shown in Fig. 6.12(c). However, as expected the 
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numerical model could not capture the exact damage in the Ikra panels due to the limitation 

of the present modelling approach. Nevertheless, the simulated behavior of the timber 

frame, connection, and interface between different members matched with the experimental 

observations satisfactorily. Numerically obtained results will be discussed in a greater detail 

in the next section. 

6.6 NUMERICAL RESULTS AND DISCUSSION 

6.6.1 Macro Modelling Approach 

The experimental lateral load response of Frame 1 is compared with the numerically 

simulated results and is shown in Fig. 6.13(a). It can be observed that the lateral load 

behavior predicted by the numerical model matched quite well with the experimental 

results. Since Frame 1 has no Ikra panel, the results are independent of both the approaches 

and therefore, referred to as “numerical”. The numerically obtained lateral load – lateral 

displacement curves for Frames 2, 3, and 4 using Approach 1 (Fig. 6.13b, Fig. 6.13c, and 

Fig. 6.13d) also show that the lateral load behavior predicted by the numerical models 

follow the trend of experimentally obtained behavior. The finite element simulation of 

Assam-type housing is complicated due to the unavailability of relevant material models. 

Therefore, the simplistic equivalent diagonal strut model was used for simulating the Ikra 

panels, and the effectiveness of the simple modelling technique to predict the lateral load 

capacity of Assam-type housing was evaluated. It is interesting to note that the simple 

equivalent diagonal strut model can be used to effectively predict the lateral load capacity 

of the frames of Assam-type houses with or without openings. The initial stiffness and 

lateral strength of the models is primarily governed by the axial stress-strain properties of 

the equivalent diagonal strut, which essentially acts as a brittle member as shown in Fig. 

6.3b. Whereas the lateral deformability of the models is governed by the frame elements 

due to their post-peak softening behavior as shown in Fig. 6.3a. Therefore, the equivalent 

diagonal strut models are not intended to simulate the observed stiffness degradation 

behavior. When Approach 1 was used, a significant difference was observed in the failure 

modes of Frames 2, 3, and 4 compared to that observed experimentally. This is primarily 

due to the simplistic equivalent diagonal strut modelling of Ikra panels. The numerical 

models obviously show the early failure of these struts due to their high stiffness, whereas 

damage was not observed in the Ikra panels in the experimental tests. 
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 (a) (b)   

 
 (c) (d) 

Fig. 6.13. Comparison of numerical results obtained using the first approach with 

envelope curves of the tested specimens: (a) Frame 1, (b) Frame 2, (c) Frame 3, 

and (d) Frame 4. 

 
 

To capture the failure modes as well as lateral load carrying capacity of Assam-type 

house more accurately, Ikra panels were modelled using link and shell elements in the 

second approach. The influence of varying the number of link elements in modelling the 

interaction of Ikra panel with the frame elements was also studied (Fig. 6.14a). Sensitivity 

analysis was carried out to choose the optimum number of link elements. It was observed 

that 25 link elements could be effectively used without compromising the accuracy of the 

results. Though there is no significant variation in the pushover capacity of the numerical 

models with a change in the number of link elements, using a lesser number of link elements 

(< 13 links on each face) does not simulate the failure in the main posts. This is because 

using a lesser number of link elements reduces the distributed support provided to the top 

beam (wall plate beams) of the frame. This weakens the wall plate beam forcing it to 

undergo nonlinear behavior in the numerical model, unlike that observed in the 

experimental study wherein the primary damage was observed in the main posts, but not in 
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the wall plate beam. Therefore, a sufficiently large number of link elements (25 in the 

present case) is used to simulate the realistic failure mode in the frame. As the total force 

carried by all the link elements remains the same irrespective of the number of link elements 

used, the axial load carried by each link reduces with the increasing number of link elements 

as shown in Fig. 6.14(b). The axial capacity of each link comes out to be 0.5 kN when 25 

links are used.  

 
(a) (b) 

Fig. 6.14. (a) Effect of the number of links on the numerical response of Frame 2, and (b) 

variation in the link capacity with the number of links. 

 

Fig. 6.15 shows the comparison of the numerical and experimental responses of 

Frames 2, 3, and 4. It can be observed that the lateral load behavior of all the frames can be 

predicted by Approach 2 with reasonable accuracy as the pattern of the numerically obtained 

curves is similar to that obtained experimentally. Approach 2 was also able to correctly 

simulate the failure in the main posts of the frames as observed experimentally. Moreover, 

like experimental study, the damage was not observed in the Ikra panels using Approach 2. 

This is primarily because of the better simulation of the interface between Ikra panels and 

the adjoining timber frame in Approach 2. The lateral load carrying capacity obtained 

experimentally for all the frames are compared with the numerically obtained capacity 

values in Table 6.1. The comparison shows that both the approaches (Approach 1 and 2) 

can predict the lateral load capacity of all the frames, including those with window and door 

opening, with reasonable accuracy (error less than 10% in Approach 1 and less than 5% in 

Approach 2). Some past studies have also attempted to numerically predict the lateral load 

carrying capacity of different vernacular housing typologies. For example, Quinn et al. 

(2016) validated the simplified analytical models for Quincha walls. They observed that the 

predicted lateral load capacity was about 20% higher than the experimentally obtained 
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capacity of 12 kN. Similarly, Meireles et al. (2012) reported that the analytically obtained 

lateral load capacity for Pombalino building frames was within 9% to 14% of the 

experimental capacity of 53 kN. It has been appreciated in the literature that the numerical 

modelling of such vernacular housing systems is a complex task, and achieving higher 

accuracy in even the lateral load capacity estimation is not an easy task (Ali et al. 2012; 

Meireles et al. 2012; Quinn et al. 2016).  

 
 (a) (b) 

 
  (c)  

Fig. 6.15. Comparison of numerical results obtained using the second approach (using link 

elements for Ikra panels) with envelope curves of the tested specimens: (a) 

Frame 2, (b) Frame 3, and (c) Frame 4. 

 

Table 6.1. Comparison of lateral strength obtained from macro modelling 

Frame Experimental 

Capacity (kN) 

Numerical Capacity (kN) 

Approach 1 Approach 2 

Frame 1 8.0 7.5 [6.25 %]# 

Frame 2 25.4 23.36 [8.03 %] 24.15 [4.92 %] 

Frame 3 22.1 21.4 [3.17 %] 21.62 [2.17 %] 

Frame 4 24.9 22.47 [9.76 %] 24.12 [3.13 %] 
# Numbers in [ ] indicate error between experimental and numerical capacity 
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6.6.2 Micro Modelling Approach 

Fig. 6.16 shows the comparison of the experimental and numerical hysteresis response of 

Frames 1, 2, 3, and 4. The overall hysteretic response of Frames 1, 2, 3, and 4 matches quite 

well with the experimental hysteretic response in both push and pull directions. As discussed 

earlier, the behavior of Frame 1 is quite different from Frames 2, 3, and 4 due to absence of 

Ikra panels in Frame 1. The lateral load behavior of Frame 1 largely depends on the 

interaction of joints, whereas in Frames 2, 3, and 4, it depends on the Ikra panels in addition 

to joint interactions. As the nails in the joints was not modelled the hysteretic response of 

the frame 1 was not uniform. Even though Frame 1 model achieved the experimental lateral 

load capacity, the hysteresis loops are dissimilar due to the absence of nail in numerical 

model. The presence of nails in the experimental specimens provides the combined effect 

of friction and rocking that enables the adequate rigidity of the joints for the load resistance. 

The results could not be obtained for higher displacement cycles due to separation of vertical 

studs in Frame 1 model. The numerical model is also able to capture the pinching behavior 

exhibited by Frames 2, 3, and 4. Frame 4 exhibited lesser pinching as compared to Frames 

2 and 3 due to restricted sliding of Ikra panels under cyclic loading because of the presence 

of door posts. The experimental specimens exhibited very high pinching behavior 

depending upon number of factors, viz., interaction between main posts and Ikra panels, 

play in various connections, etc. As the numerical models have various types of connections 

and interfaces, it is a very challenging task to simulate pinching behavior. In the 

experimental study, the resistance offered by the interaction of Ikra panels with the 

surrounding frame decreases with the increase in cyclic displacement. However, the friction 

coefficient used in the interaction property in the numerical simulation remained constant 

even after increasing cyclic displacement. Therefore, pinching behavior is less visible in the 

numerical results as compared to experimental specimens. It can be observed that there is a 

difference in the numerical obtained lateral load carrying capacity of Frame 2 and Frame 3 

in lower displacement levels. The initial resistance in the experimental frame specimens 

was due to the presence of nails in the connections of Joints D, E, and F. This influence of 

nails was not considered in the numerical models as it is very challenging to simulate. As 

mentioned earlier, the connections were simulated with a friction coefficient only. The area 

of the loops, strength, and stiffness of the models depends largely on the interaction 

properties of Ikra panels with the surrounding framing members. The behavior and capacity 

of the Frame 4 model further depend on the interaction of the masonry wall with the door 

post and interaction of door posts with the foundation. 
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 (a) (b) 

  
 (c) (d) 

Fig. 6.16. Comparison of numerical and experimental hysteretic response for: (a) Frame 

1, (b) Frame 2, (c) Frame 3, and (d) Frame 4. 
 

The experimental behaviour was such that door posts lifted the adjacent masonry from the 

foundation due to the interaction and because there was no connection of the door posts with 

the foundation. With an increase in lateral displacement, the door posts also got separated 

from the masonry wall and deformed independently. It is really challenging to simulate 

above-mentioned behavior of Frame 4. To predict the lateral strength as well as uplifting 

behavior of masonry, rough friction property is defined in the connection in the tangential 

direction and hard contact is defined in normal direction with separation allowed in normal 

direction. In higher displacement levels, the tangential direction was defined with a lesser 

frictional coefficient value of 0.15. Though there were several challenges in simulating the 

cyclic load behavior of Assam-type housing frames, the comparison of the simulated 
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response with the experimental response shows that the lateral load behavior was 

satisfactorily predicted in the present finite element study. 

6.7 SUMMARY 

In this chapter, finite element analysis of frames of Assam-type housing is discussed. Two 

different modelling techniques, i.e., macro modelling technique and micro modelling 

technique, are developed using the finite element software package of SAP2000 and 

ABAQUS, respectively. The macro numerical models were developed for lateral load 

analysis of Assam-type houses using two approaches for modelling Ikra panels: (a) using 

equivalent diagonal struts, and (b) using link and shell elements. In the micro modelling 

technique, the material properties, boundary conditions, loading history, and analysis 

method are defined and justified. The observations discussed in the chapter are summarized 

below. 

1. The developed models, especially those with the link elements, were found to 

satisfactorily predict not only the lateral load response of Assam-type housing but also 

failure modes in the timber posts similar to those observed in the experiments.  

2. The model with the strut elements was found to enforce failure in the Ikra panels 

because most of the lateral loads were resisted by the equivalent diagonal struts due to 

their diagonal configuration and inherent large stiffness.  

3. The developed micro model could capture the overall lateral strength of the specimen, 

while some deviation was observed in the stiffness. To improve upon this aspect, more 

work is needed to refine the joint behavior, infill-frame interface, wood 

masonry interface modeling.  

4. Based on the comparison of experimental results and observation, it can be concluded 

that the finite element can predict the major failure/damage pattern. The contact 

interfaces satisfactorily predict the expected behavior. Hence, the models can be used 

conveniently for the study of the cyclic behavior of different frames of Assam-type 

houses. 
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7.1 OVERVIEW 

The lateral load behavior of individual frames of Assam-type house was studied using quasi-

static cyclic testing in Chapter 3. The frame specimens performed exceptionally well under 

the action of quasi-static lateral loads. The main connections of timber framings members 

performed well, allowing large deformation without noticeable damage in the joints. 

Similarly, different connections of the intermediate stud members behaved quite flexibly, 

resulting in loosening of the nails in the joints and subsequently increasing the lateral 

deformability of the frame. Further, the presence of infill panels in the timber frame 

enhanced its lateral strength and stiffness by more than three times. More importantly, 

unlike other infilled frames, the presence of infill panels did not result in any damage to the 

surrounding timber frame because of the unique flexible connection of the infill panels (Ikra 
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walls) with the timber frame that allows sliding of the infill panel in the frame. The presence 

of stiffer window panel in the frame even improved the lateral load behavior in terms of 

lateral strength, stiffness, and ductility; whereas, the presence of door opening in the frame 

resulted in damage to the masonry and infill panels because the door posts were not inserted 

into the foundation as per the prevalent construction practice. However, the dynamic 

performance of these houses has not been evaluated under realistic ground shaking 

conditions. Therefore, to assess its seismic performance and ascertain the lateral load 

behavior of traditional Assam-type houses, shake table tests were carried out on full-scale 

3D house specimen using four different earthquake motions with increasing PGA 

amplitude. The results obtained in the study threw an insight on the seismic performance of 

such houses in terms of damage patterns, acceleration and displacement response, 

amplification of response, and dynamic characteristics of the house specimen. The shake 

table study of the full-scale house provides a complete understanding of the dynamic 

behavior of the in-plane walls, the transverse walls, the connections, frame-wall interface, 

and the connection of the roof with the timber frame. The same house specimen was further 

subjected to quasi-static cyclic loading until failure as it did not suffer much damage during 

shake table testing. This study will help in popularizing the traditional construction 

technique in seismically active regions by developing formal design guidelines for the 

construction of such houses, developing numerical modelling techniques for studying the 

seismic performance of such houses, and enhancing the database of seismic behavior of 

timber-frame houses.  

7.2 DESCRIPTION OF THE HOUSE SPECIMEN 

To study the dynamic behavior of Assam-type housing, a full-scale, single room, Assam-

type house was considered as shown in Fig. 7.1. The specimen was constructed on a rigid 

steel grillage consisting of channel sections. The details of the construction methodology of 

various components, connections, and their location in the house specimen are described in 

Fig. 7.2 and Fig. 7.3. Two steel L-clamps were welded to the channel sections at four corners 

of the house. The webs of the channels were then filled with concrete for the construction 

of walls over it. The main timber posts of the house were supported over the concrete and 

clamped with the two steel L-clamps using bolts in different orientations (Joints A and B). 

Joint A resists the rotation of the main post along its plane, while Joint B allows the rotation 

as shown in Fig. 7.3(a and b). The main posts were first erected and connected to wall plate 

beams through open mortise-tenon connection (Joint C') and bolted with steel flats to 
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prevent lateral sway in the joint (Fig. 7.3c). Subsequently, horizontal and vertical framing 

members (studs) were assembled with the main posts and wall plate beams with the help of 

the various types of connections, as shown in Fig. 7.2. One end of the horizontal studs was 

connected to the main post using mortise and tenon joint (Joint D), while the other end was 

connected using a shear key type of arrangement (Joint E) as shown in Fig. 7.3(d, and e). 

The vertical studs were toothed on both ends for insertion into the grooves (about 5 mm 

wide and 15 mm depth) cut along the length of the horizontal studs or wall plate beams 

(Joint F), and nails were driven in these connections (Fig. 7.3f). The main posts and wall 

plate beams of the specimen were made from Sal timber (Shorea robusta), and horizontal 

and vertical studs were made from Jam timber (Syzygium cumini). 

 
Fig. 7.1. A full-scale, single room Assam-type house specimen tested in the study. The 

photo shows the specimen fixed on the shake table. 
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Fig. 7.2. Details of various components of Assam-type house specimen. 

 

 Brick masonry of thickness about 75 mm was used as infill up to sill level, and two 

long nails (150 mm) were driven in each main post through the mortar joints of the masonry 

wall to provide out-of-plane stability to the wall (Fig. 7.2). Above the sill level, Ikra panels 

were used as infills. Ikra panels were made by meshing bamboo strips of 20-25 mm width 

cut from locally available bamboos. The bamboo strips were woven horizontally and 

vertically and inserted into the holes made in the main posts and vertical studs and into the 

grooves cut in the horizontal studs to provide out-of-plane stability to the Ikra panels (Fig. 

7.2). The bamboo mesh was plastered in two layers with cement mortar making the total 

thickness of Ikra panels to be about 45 mm. The clay brick infill (below the sill level) was 

also plastered with cement mortar. The specimen was constructed with a central door and a 
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window opening in adjacent walls of the house specimen (Fig. 7.1). As per the prevalent 

construction practice, the connections of the top of the doorpost and both top and bottom of 

the window post with the frame are mortise and tenon (Joint D'); whereas, the bottom of the 

doorposts are simply rested on the floor without any connection. 

 
 (a) (b) (c) 

 
 (d) (e) (f) 

Fig. 7.3. Details of connections used in Assam-type houses: (a) Joint A, (b) Joint B, (c) 

Joint C', (d) Joint D, (e) Joint E, and (f) Joint F. 

 

However, in the present study, the doorposts were inserted into the concrete placed 

in the channel section to improve the construction practice by providing additional stability 

to the door posts. The plan dimension of the house specimen was 2.83 m × 2.83 m, and the 

height was about 3.6 m, including the roof truss. The size of the four main posts was about 

100 mm square section, and that of the wall plate beams was about 75 mm × 100 mm. The 

size of both horizontal and vertical studs was about 75 mm square section. The rafter and 

purlins were about 75 mm × 65 mm and about 75 × 50 mm, respectively. The roof of the 

specimen was comprised of three wooden trusses connected to the wall plate beams by 

driving long nails and covered with corrugated galvanized iron sheets. The inside ceiling 

surface of the house specimen was covered with gypsum sheet panels fixed through nails 

on the grids of wooden battens attached to the wall plate beams. 
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The base of the specimen (steel grillage) was fixed on the shake table using steel 

bolts, and unidirectional shaking table tests were performed along the weaker direction of 

the house specimen (Fig. 7.2). Along the shaking direction, the house specimen had a central 

door opening in the front wall (F-wall) and a full infill panel in the back wall (B-wall). In 

the transverse direction, the specimen had a central window opening in the right wall (R-

wall) and a full infill panel in the left (L-wall), as shown in Fig. 7.1. 

7.3 SHAKE TABLE TESTING 

The dynamic behavior of the full-scale house specimen was studied by carrying out shake 

table tests using input excitations from three recorded ground motions (GM) and one 

simulated motion (GM1). The three recorded ground motions were north-south components 

of the 1940 El Centro earthquake (GM2), 06 February 1988 India-Bangladesh border 

earthquake (GM3), and 1994 Northridge ground motion (GM4). The input motions were 

selected considering different frequency ranges, epicenter location, dynamic characteristics 

of the specimen, and capacity of the shake table. The characteristics of the selected ground 

motions are given in Table 7.1. All the ground motions were scaled to peak ground 

acceleration (PGA) of 1g for experimental purpose, and their acceleration response 

spectrum (scaled) compared with the Indian Seismic Code (BIS 2016) are shown in Fig. 

7.4. It was observed in the quasi-static cycling testing that the Assam type house frames 

suffered very less damage or inelasticity even at very high drift levels. The same was 

expected for the full-scale Assam-type house under dynamic shaking. Moreover, as the 

expected damage was less, the variation in the damage at a particular PGA level due to 

variability in the ground motion was expected to be further less. On the other hand, the 

variation in damage was expected to be significant at different PGA levels. Therefore, the 

specimen was subjected to series of excitations with increasing PGA amplitudes 

corresponding to 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100% of 

PGA (1g) level in sequence of GM1, GM2, GM3, and GM4. That is, the first 5% excitation 

level was completed for all the ground motions sequentially, and then the next excitation 

level of 10% was used in the same sequence. At the beginning of the test and after each 

excitation level, the specimen was subjected to a band-limited white noise with a frequency 

range 0.25-8.0 Hz having an RMS PGA of 0.03g for determining frequency drop in the 

structure due to damage imparted by the input excitation. Also, at the end of each excitation 

level, the specimen was carefully examined for any damage. Additionally, the specimen 

was subjected to the 1952 Kern County Taft motion after the application of all the other 
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ground motions to study the damage potential of the ground motion. The Taft ground motion 

could not impart any additional damage to the structure; therefore, the results are not shown 

here. 

To assess the seismic performance of the specimen, acceleration, displacement, and 

strain measuring sensors were used at different locations, and the response of the specimen 

was recorded. As shown in Fig. 7.5, acceleration time histories were recorded by 

accelerometers at three different levels of the house specimen, i.e., at the ridge level (A-

Top); on the top of each main posts at eaves level (A-C1L, A-C2L, A-C3L, and A-C4L along 

the longitudinal direction, and A-C1T, A-C2T, and A-C3T along the transverse direction of 

shaking); and at lintel level over the door and window openings (A-Window, A-Door). To 

measure the horizontal displacement of the specimen, LVDTs were installed at four 

different levels on both the in-plane walls along the shaking direction, i.e., at the base 

(LVDT-4), at the sill (LVDT-1 and LDVT-5), at the lintel (LVDT-2 and LDVT-6), and at 

wall plate beam (LVDT-3 and LDVT-7) as shown in Fig. 7.5b. Strain gauges were fixed on 

the steel L-clamps at the bottom to assess if there was any inelastic deformation under 

seismic excitation. The response of the specimen captured through the sensors was recorded 

at a sampling rate of 200 Hz by the data acquisition system. Recordings from the 

accelerometers and displacement transducers were carefully processed for base-line 

correction and noise removal by using a band pass filter of 0.1 Hz to 10 Hz. For the dynamic 

characterization of the specimen, the frequency response function was used on the response 

of white noise excitation. 

Table 7.1. Characteristics of selected ground motion for shake table study 

Sl. 

No. 
Event Year Station Component 

PGA 

(g) 
Magnitude 

Band 

width 

Dominant 

frequency 

(Hz) 

Central 

frequency 

(Hz) 

Arias 

Intensity 

(m/s) 

Strong 

motion 

duration 

(sec) 

GM1 Simulated 
R=10 km, h=10 km, 

Soft Soil 
0.340 7.0 0.89 2.05 3.93 3.03 24.71 

GM2 
Imperial 

Valley 
1940 El Centro 1800 0.281 6.95 0.94 1.52 4.77 1.18 24.44 

GM3 
Indo-

Bangladesh 
1988 

Mawphlang, 

India 
2150 0.796 5.80 0.71 5.48 6.11 11.97 19.91 

GM4 Northridge 1994 
Canoga 

Park 
1960 0.390 6.69 0.90 1.64 3.29 2.84 12.13 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 7.4. Ground motions considered in shake table testing scaled up to 1g: (a) GM1, (b) 

GM2, (c) GM3, (d) GM4, and (e) acceleration response spectrum (scaled) and 

comparison with design response spectrum (BIS 2016).  
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(a) 

 
(b) 

Fig. 7.5. Sensor location in the specimen: (a) acceleration sensor in F-wall and R-wall, 

and (b) displacement and acceleration sensor in F-wall and L-wall. 
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The shake table setup used in the study did not have any load cell to record the forces 

generated at the base of the specimen during the shake table testing. Therefore, an indirect 

method was followed to determine the mass of the specimen that participated during the 

shake table testing. During the shake table testing, lateral drift and acceleration responses 

of the house specimen were measured at wall plate level. The full-scale house specimen was 

later subjected to the drift levels in a separate quasi-static lateral load testing using servo-

controlled hydraulic actuators, which gave the lateral force applied on the specimen 

corresponding to drifts in shake table testing. Knowing the lateral force and acceleration 

response of the specimen, the seismic mass was determined. 

7.4 SHAKE TABLE TEST RESULTS 

7.4.1 Dynamic Identification 

The natural frequencies of the specimen were obtained from the frequency response 

functions of the white noise responses.  The obtained natural frequency of vibration for the 

first mode of the specimen for every level of excitation is plotted in Fig. 7.6. The frequency 

of the first mode at undamaged state (before the test) was 7.60 Hz, i.e., the fundamental 

natural period was 0.13s. The variation in the natural frequency of the specimen under 

increasing intensities of different excitations can be observed in Fig. 7.6. Drop in the natural 

frequency of the first mode was used as a measure to correlate the damage incurred in the 

specimen by base excitations. The drop in the natural frequency was found to be quite 

insignificant, with increasing PGA level. However, under a similar level of excitations, the 

drop in the natural frequency of masonry and reinforced concrete structures has been found 

to be significantly higher (Xie et al. 2019).  

 
Fig. 7.6. Frequency degradation in the specimen with an increment of ground motion 

scaling levels. 
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(a) 

   
 (b) (c) 

   
 (d) (e) 

Fig. 7.7. Damage observed in various components of the house after shake table testing: 

(a) House specimen, (b) interface loosening in gable region, (c) an interface 

crack between the masonry wall and main post, (d) loosening of nails from the 

connection between horizontal stud and main post, and (e) interface crack at the 

bottom of the masonry wall. 
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The frequency of the house specimen decreased by only about 3% even after 30% 

amplitude level (PGA= 0.3g) of input excitations, indicating little damage that was not even 

clearly visible. At 50% amplitude level, slight separation of plaster from the Ikra wall was 

observed from the gable region in the out-of-plane walls (R-wall and L-wall) under GM4 

and the frequency reduced by 10%. Visible cracks were formed at the interfaces of timber 

framing members with Ikra panels and masonry walls. At 60% amplitude level, the cracks 

propagated to three corner locations of masonry walls as shown in Fig. 7.7c. This is evident 

from the frequency drop of about 12%, as shown in Fig. 7.6. This drop in natural frequency 

was due to the stiffness degradation in the form of loss of friction in the timber-infill 

interface. In some cases, the natural frequency of the specimen increased marginally from 

that recorded in the previous excitation level. This was due to the readjustment of the 

interface connection of Ikra panel with the timber frame. Interface crack also appeared in 

the concrete, filled in the channel section below F-wall because of the lifting action of 

doorpost under increased seismic action. Such type of behavior of the F-wall was also 

observed in the quasi-static cyclic testing of the frame in Chapter 3. At 70% amplitude level, 

separation of concrete was observed near the doorpost region under GM3, as also evident 

by the frequency drop. Interface separation of Ikra panels from the vertical studs was 

initiated in the in-plane walls (F-wall and B-wall) of the specimen at 80% amplitude level 

during GM1, and a clear separation was observed in the same location during the application 

of GM2. Under GM4, a few Ikra panels were observed to be separated from the vertical 

studs and the main posts. At 90% amplitude level, a slight widening of the existing interface 

cracks was observed under GM3, and uplifting of the door post, and its adjacent wall panel 

was observed. Complete interface separation of Ikra panels with vertical studs and main 

posts was clearly observed in GM4 at 100% amplitude level. 

Overall the effect of GM4 was found to be the most damaging to the structure, while 

GM1 was least damaging. The frequency of the first mode decreased to 5.92 Hz, which was 

just about a 23% drop after the completion of the entire testing sequence. The observed 

downward trend of frequencies of the vibration modes was due to increased seismic action 

imposed on the specimen leading to an increase in damage to the specimen. Even though 

the frequency was dropped by about 23%, no significant plastic deformation was observed 

anywhere in the specimen, signifying the positive influence of Ikra panels that helped in 

improving the structural integrity and overall seismic behavior of such houses. The only 

damage that occurred in the specimen was due to the opening and closing of interface 
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connections of Ikra panel and masonry infill panels with the timber members (main posts, 

horizontal studs, vertical studs, and top wall plate beam), and loosening of nails in various 

connections of the timber frames as shown in Fig. 7.7. Similar observations have also been 

reported by King et al. (1996) and Xie et al. (2017) for other types of wooden building 

frames. 

Considering the constant mass (m) of the specimen, stiffness (k) is proportional to 

the square of the natural frequency (f ) as given in Eq. (7.1). Then the stiffness degradation 

(ξ) can be defined as in Eq. (7.2) suggested by Xue and Xu (2018) as: 

 ( )1/ 2 kf
m

= , (7.1) 

 
2 2

0 0

2

0 0

k k f f

k f


− −
= = , (7.2) 

where, k0 and k are the initial stiffness and the stiffness at that amplitude level of the 

specimen at which stiffness degradation is required, respectively. Similarly, f0 and f are the 

initial natural frequency and the frequency at the considered amplitude level of the 

specimen, respectively. 

 Degradation in stiffness of the specimen computed from the Eq. 7.2 under increasing 

seismic excitations can be observed in Fig. 7.8. The stiffness of the specimen decreased by 

less than 6% even when subjected to 30% excitation amplitude level, after which the 

stiffness of the specimen degraded more rapidly up to 80% excitation amplitude. It can be 

observed that at 40% and 70% of excitation amplitude, the stiffness of the specimen dropped 

sharply by about 30% when subjected to GM1 and GM2, respectively.  

 
Fig. 7.8. Degradation of stiffness with increasing ground motions scaling level. 

 

This drop in the stiffness was primarily because of the loss of friction and loosening of the 
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70% excitation amplitude, the specimen continued losing the lateral stiffness gradually, and 

at 100% excitation amplitude, the degradation in lateral stiffness was about 40% after the 

application of GM4 (Fig. 7.8). 

 

The damping ratios of the specimen were determined using hilber-transform method 

(Caicedo et al. 2004; and Shin and Hammond 2008). Using the above algorithm, the free 

vibration of the specimen was calculated using the forced vibration data. From the free 

vibration response, the damping was calculated. The initial damping ratio of the specimen 

was 1.89%, as shown in Fig. 7.9. The damping ratios increased marginally upto 60% 

excitation level. After a 60% amplitude level, the damping ratios increased gradually and 

reached 2.98% after completion of a 100% amplitude level. This increase in damping ratios 

was primarily due to the sliding of Ikra panels in the horizontal studs and interface cracks 

in the specimen. The damping ratio of Assam-type house specimen was very less as 

compared to the damping ratios of other traditional timber houses that are within the range 

of 4% to 11% (Fujita et al. 2006; Suzuki and Maeno 2010; Zhang et al. 2011; Wang et al. 

2013; Seo et al. 2015; Xie et al. 2019). This was due to very little damage in Assam-type 

house specimen as compared to the other traditional timber houses. 

 
Fig. 7.9.  Damping ratios variation with increasing ground motions scaling level. 

 

The performance of the specimen was found to be extremely good during the shake 

table tests, even though the specimen was subjected to four ground motions with increasing 

amplitudes. No damage was observed in any of the Ikra walls of the specimen. However, 

interface cracks in masonry walls and opening and closing of interface connections of the 

Ikra with the timber framing members were visible towards higher excitation levels. This 

performance can be attributed mainly to the type of infill panel (Ikra) and its unique flexible 

connection with the peripheral wooden frame above the sill level that did not incur any 

damage during the entire testing sequence. This helped to keep various connections of the 
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timber frames intact during the entire shake table tests. It was also observed from the past 

studies that the seismic behavior of timber structures was improved by the presence of 

infilled components (Vieux-Champagne et al. 2017; Crayssac et al. 2018; Xie et al. 2019). 

7.4.2 Acceleration Response 

The acceleration response recorded at the top of the shake table (at the base of the specimen) 

and at the ridge level of the specimen (A-Top) for four ground motions scaled to PGA of 1g 

(100%) is shown in Fig. 7.10. In all the cases, the acceleration responses at the ridge level 

were found to have amplified significantly (more than two times) with respect to the 

feedback response (response of the shake table). The peak acceleration recorded at the ridge 

level was more than 2g for GM4; whereas, it was about 0.68g for GM1. The peak 

acceleration response at the ridge level was less than 1g for GM1 primarily because of the 

inability of the shake table to transfer high frequency content of the input ground motion to 

the structure; this resulted in a reduced response of the shake table (feedback response) for 

some ground motions. In any case, the peak acceleration response recorded at the ridge level 

was found to be significantly higher (amplified) compared to the feedback response.  

Fig. 7.11 shows a variation of the maximum acceleration response at various levels 

of the specimen to maximum table acceleration for increasing excitation. The acceleration 

response at various levels obviously increased with an increase in the excitation level of the 

shake table. It can be observed that in case of GM1 and GM3 (Fig. 7.11a and Fig. 7.11c), 

the increasing trend of maximum acceleration response was not similar as compared to other 

ground motions. This is because the high frequency components in these two ground 

motions were not reproduced fully by the shake table. The maximum acceleration of the 

specimen in the transverse direction was very less under all the motions (less than 0.25 g), 

as shown in Fig. 7.11.  

The acceleration response at three different levels (ridge level, eaves level, and lintel 

level) was found to be similar under lower PGA levels along the shaking direction (Fig. 

7.11). However, it differed significantly at the higher PGA levels due to the damage incurred 

in the specimen at successive higher excitation levels. The amplification in the acceleration 

response from the top of the main post to the top of the specimen was 1.2 to 1.5 times. This 

was primarily due to the higher flexibility of the specimen above the eaves level. 

Interestingly, the higher level of shaking in the gable portion with higher PGA levels was 
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not accompanied by any visible damage in the specimen. The ceiling of the house was also 

found to be intact without any damage during the entire testing sequence. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 7.10. Comparison of acceleration response recorded on top of the shake table 

(feedback) at 100% PGA levels with that recorded at the top of the specimen 

(A-Top): (a) GM1, (b) GM2, (c) GM3, and (d) GM4. 
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 (a) (b) 

 
 (c)  (d) 

 
Fig. 7.11. Variation of maximum acceleration response at different locations of the 

specimen with respect to increment in maximum table acceleration (feedback): 

(a) GM1, (b) GM2, (c) GM3, and (d) GM4. 

7.4.3 Dynamic Amplification 

The acceleration amplification or dynamic amplification can be defined as the ratio of the 

peak acceleration response at different levels of the specimen to the peak table acceleration 

for the considered ground motions. As shown in Fig. 7.12, the acceleration amplification at 

different levels of the specimen was very different under different ground motions. The 

amplification was highest for GM3 at lower excitation levels (Fig. 7.12c), and it decreased 

significantly with increasing excitation levels. A similar reduction in response amplification 

with increasing excitation levels was also observed in the case of GM1. This was primarily 

because the dominating frequency content of GM1 and GM3 was closer to the initial natural 

frequency of the specimen, and the decrease in amplification indicates that the stiffness of 

the specimen degraded with increasing excitation levels. 
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Due to stiffness degradation in the specimen, the natural frequency of the specimen 

increased and became closer to the dominating frequencies of GM2 and GM4. Therefore, 

the response amplification increased for higher PGA levels of GM2, and GM4, as shown in 

Fig. 7.12. In any case, the response amplification at any location was found to be more than 

one during the entire testing sequence, the highest amplification being at the ridge level for 

all the ground motions. This indicates that the specimen was not significantly damaged, and 

the gable region vibrated relatively more during the test sequence. However, in other 

traditional timber houses, a severe reduction in acceleration response was observed with 

increasing excitation levels due to significant damage in different parts of the specimens 

(Zhang et al. 2011; Ali et al. 2017; Wu et al. 2018; Xie et al. 2019). 

 
 (a) (b) 

 
 (c) (d) 

 
Fig. 7.12. Variation of acceleration response amplification at different locations of the 

specimen with respect to increment in maximum table acceleration: (a) GM1, 

(b) GM2, (c) GM3, and (d) GM4. 
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7.4.4 Lateral Drift Response 

The lateral response of the specimen was also measured using several LVDTs at various 

levels, as shown in Fig. 7.5. The comparison of the lateral drift measured at wall plate beam 

level (eaves level) of the specimen in the in-plane walls, i.e., in the front wall with door 

opening (F-wall) and in the opposite back wall with full infill panel (B-wall), is shown in 

Fig. 7.13. At lower PGA levels, the specimen expectedly underwent very small drifts, which 

increased gradually with increasing excitation levels. The highest lateral drift at wall plate 

beam level was recorded for GM4 and the lowest for GM1. This further indicated that the 

dominating frequency content of GM4 became closer to the natural frequency of the house 

specimen after stiffness degradation due to successively increasing base excitation. The 

minimum lateral drift observed for GM1 was perhaps due to different spectral 

characteristics of GM1 that could not be reproduced in the shake table, thereby reducing the 

seismic effect on the specimen.  

    
 (a) (b)  

   
 (c) (d)  

Fig. 7.13. Lateral drift response at the eaves level of the two in-plane walls with respect to 

maximum table acceleration for: (a) GM1, (b) GM2, (c) GM3, and (d) GM4. 
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It can also be observed in Fig. 7.13 that the lateral drift was higher in the wall with 

door opening than that in the fully infill wall. This resulted in the rotational response of the 

specimen because of unsymmetrical in-plane walls. The maximum drift values recorded for 

GM1, GM2, GM3, and GM4 were 0.15%, 0.38%, 0.4%, and 0.5% corresponding to the 

PGA values of 0.17g, 0.38g, 0.18g, and 0.7g, respectively. At similar excitation levels, it 

can be observed that the peak lateral drift under GM3 was maximum as compared to the 

other ground motions. This shows that the lateral drift not only depended on the base 

excitation levels but also on the frequency content of the ground motion and the dynamic 

properties of the specimen. Such type of behavior was also observed in Column-and-tie 

timber structures (Xue and Xu 2018). As already mentioned, the damage in the specimen 

was only in the form of opening and closing of interface connections of Ikra panels, minor 

interface cracks in masonry infill walls, and loosening of nails in various connections of in-

plane walls. The drift was restored after each level of seismic excitation as the specimen 

was barely damaged. Assam-type wooden house exhibited very high deformability without 

undergoing any significant damage. Such type of behavior was also observed in other 

traditional timber houses, such as Pagoda (Wu et al. 2018) and Chuan-Dou residential 

architecture with a maximum drift of 1/23 and 1/32, respectively (Xie et al. 2019). In the 

present study, the maximum drift for the specimen could not recorded during the experiment 

as the LVDTs were removed after 60% amplitude level to prevent damage in the LVDTs. 

7.4.5 Hysteresis Response 

The hysteresis responses of the specimen at 60% excitation level is presented in Fig. 7.14, 

where the seismic load was obtained indirectly from the acceleration response of the 

specimen, as mentioned earlier. The hysteresis response is not shown for higher level of 

excitations (beyond 60% excitation level) as the LVDTs were removed to prevent damage 

to LVDT. The specimen exhibited stiffer and smaller loops under GM1 and GM3, indicates 

low energy dissipation due to very less damage to the specimen in smaller lateral drift. The 

specimen showed nonlinearity with some pinching behavior under GM2 and GM4. The area 

of the hysteresis loops increased gradually with the increase in the base excitation, 

demonstrating the higher energy dissipation in the specimen. The hysteresis response 

showed that the seismic load (base shear) on the specimen was largest for GM4, while it 

was lowest for GM1. With increasing drift levels, the stiffness of the specimen further 

decreased significantly under GM4.  
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 (a) (b)  

  
 (c) (d) 

 
  (e) 

Fig. 7.14. Hysteresis response of the specimen upto 60% excitation of input ground 

motions for: (a) GM1, (b) GM2, (c) GM3, (d) GM4, and (e) envelope curves of 

the hysteresis responses (Seismic coefficient is the seismic load normalized with 

seismic weight of the house specimen).  

 

The pinching and stiffness degradation in the hysteresis response were primarily due 

to the opening and closing of interface connections of Ikra panels and loss of interface 

friction of infill panels with the timber frames. To show the progression of the seismic load 

acting on the specimen, envelope curves are obtained from the hysteresis response up to 
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60% amplitude levels using the peak seismic load at different drift levels for four ground 

motions and shown in Fig. 7.14(e). The seismic load acting on the specimen under different 

ground motions was found to be quite similar for similar drift levels demonstrating again 

that the specimen sustained minor damage even after the application of large number of 

ground motions with increasing excitation levels. 

7.5 QUASI-STATIC LATERAL LOAD TESTING  

Quasi-static lateral load testing of the full-scale Assam-type house specimen, initially 

considered for the shake table test, was further carried out. Since the house specimen did 

not suffer significant damage under dynamic loads, the lateral load carrying capacity was 

determined by conducting a quasi-static cyclic test after completion of the shake table tests. 

The results of the quasi-static cyclic test are discussed to evaluate the lateral load behavior 

of Assam-type houses and to understand possible reasons for such behavior of these houses 

built without any engineering intervention using locally available resources. The test results 

are also compared with those obtained for the full-scale frame specimens already discussed 

in Chapter 3. 

7.5.1 Test Setup and Procedure  

Quasi-static cyclic testing was carried out on the house specimen along the weaker direction 

since the purpose of the study was to evaluate the load carrying capacity of these houses. 

The house specimen had a wall with a central door opening and a fully infill wall in the 

loading direction (Fig. 7.15). In the direction perpendicular to the loading (transverse 

direction), the specimen had a central window opening and a fully infill wall. The 

experimental arrangement for lateral load testing of the specimen is shown in Fig. 7.16. The 

specimen was supported on a grillage of channel sections, which was rigidly bolted to the 

reaction floor. The load was transferred to the specimen from the top wall plate beam level. 

The cyclic loading was applied to the specimen using servo-controlled hydraulic actuators 

of 250 kN load capacity and a stroke length of ±250 mm. Three cycles of each displacement 

level were applied, and the response was recorded using a data acquisition system (Fig. 

7.17). The applied lateral displacement was increased by 2.5 mm after every displacement 

level up to 25 mm, and thereafter, the displacement amplitude was increased by 5 mm with 

the frequency of each displacement cycle being 0.015 Hz ensuring the quasi-static cyclic 

loading.  
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(a) 

 
(b) 

Fig. 7.15. Full-scale Assam-type house specimen tested under quasi-static cyclic loading: 

(a) front facing view, and (b) isometric view. 

 

The lateral response of the specimen was recorded by the load cell and displacement 

transducer in the hydraulic actuator in addition to LVDTs attached to the specimens (Fig. 
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7.16). Strain gauges were also fixed to the steel clamps at the bottom of the vertical posts to 

assess if there is any inelastic deformation of the clamps under lateral loading. 

 
Fig. 7.16. Experimental arrangement for quasi-static cyclic testing of the house specimen, 

and locations of LVDTs in the specimen. 

 

 
Fig. 7.17. Displacement cycles applied to the specimen during the testing. 

7.6 QUASI-STATIC CYCLIC TEST RESULTS 

The house specimen exhibited large lateral deformability without collapse under the action 

of the applied lateral loading as one of the main post-foundation connections (Joint B) in 

each of the frames allowed rotation at the bottom. In contrast, the other (Joint A) resisted it. 

LVDT 4

LVDT 1

LVDT 2

LVDT 3

Servo-hydraulic actuator

R
ea

ct
io

n
 w

al
l

Channel Section Grillage

Reaction floor

-250

-200

-150

-100

-50

0

50

100

150

200

250

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000

D
is

p
la

ce
m

en
t 

(m
m

)

Time (s)

Pull (+) Push (-) 

Actuator 

TH-2456_136104013



7.6 Quasi-static Cyclic Test Results 

145 
 

Even after being subjected to large deformation, Joints A and B of the main framing 

members remained intact during the entire cyclic testing, unlike the damage observed in the 

main joints of some other traditional houses, like Dhajji-dewari or Pombalino construction 

(Ali et al. 2012; Vasconcelos et al. 2013; Aktas et al. 2014; Vieux-Champagne et al. 2014). 

This is because the main posts of Assam-type house were neither inserted into the 

foundation nor fixed with any wooden member. Because these connections govern the 

overall lateral load behavior of the house, flexible connections of the main framing members 

with the foundation (Joints A and B) resulted in an excellent lateral load behavior. The 

connections of the horizontal studs with the main posts (Joints D and E) behaved quite 

flexibly with the loosening of the nails in the joints, thereby allowing large deformation 

without noticeable damage in the joints (Fig. 7.18a, Fig. 7.18b). Similarly, at a higher lateral 

drift, the tooth and groove joint between the vertical and horizontal studs (Joint F) assisted 

in sliding of the vertical studs in the groove of the horizontal studs (Fig. 7.18c).  

Due to the flexible connection of the Ikra panels with both horizontal as well as 

vertical studs, sliding movement of the Ikra panels was observed in the walls of the house 

without any visible damage to the Ikra panels (Fig. 7.18c). However, Ikra panels did not 

slide or fall in the out-of-plane direction from the transverse walls of the house specimen. 

The sliding of Ikra panels caused the formation of the interface crack between the panels 

and the surrounding studs along the periphery of the Ikra panels. With the increase in the 

applied lateral displacement, the gap between the Ikra panel and the main posts increased 

near the corners, resulting in detachment of the horizontal studs from the vertical main posts. 

Even after detachment of the horizontal studs, the lateral load resistance was still provided 

by the Ikra panels, masonry infill, and to a certain extent, by the interaction of the Ikra 

panels with the timber frame as ascertained from the hysteresis response. The masonry infill 

(below sill level) did not suffer any significant damage during the testing. Under the lateral 

loading, the behavior of the in-plane wall with door opening (F-wall) and the in-plane wall 

with full infill (B-wall) was found to be quite different. Noticeable damage was observed 

only in the F-wall, whereas no significant damage was observed in the B-wall. At 2.28% 

lateral drift level, tearing-off of the top doorpost connections by the nails present in the 

connection was observed (Fig. 7.18d), and an interface crack developed between the 

masonry wall and the concrete foundation in the transverse wall. At 4.03% drift, the bottom 

of the doorpost pulled out from the concrete foundation. At 5.08% drift, sound of wood 
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cracking was heard from the top of the main post joint, and a crack was observed in the Ikra 

panel above the door opening at 5.61% drift level.   

     
 (a) (b) (c) 

   
 (d) (e) 

   
 (f) (g) 

Fig. 7.18. Damage observed in various components of the house during quasi-static 

testing: (a) pull-out of Joint D, (b) pull-out of Joint E, (c) sliding of vertical stud 

and Ikra panels, (d) tearing of top joint of doorpost, (e) damage in Joint C', (f) 

hook-type steel flat in Joint C', and (g) small thickness of timber in the main 

post and hook-type and L-type steel flats in Joint C'. 
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(a) 

 
(b) 

Fig. 7.19. Damage in full-scale house specimen under lateral loads: (a) out-of-plane 

movement of the transverse wall, and (b) damage in the wall with door opening 

after 8.42% drift. 
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The connection of the top of the main post with the wall plate beam (Joint C') was 

found to have severely damaged in the F-wall only at 5.78% drift level (Fig. 7.18e, and Fig. 

7.18f). At this drift level, a large out-of-plane movement of the transverse walls was 

observed (Fig. 7.19a) due to damage at Joint C'. As shown in Fig. 7.18(e) and Fig. 7.18(f), 

the joints were not disintegrated completely due to the presence of hook-type and L-type 

steel flats in Joint C' (Fig. 7.18g). Three members meet at the top of the main posts, due to 

which very small thickness of timber is left at the top of the main post (Fig. 7.18g). This 

resulted in severe damage at the top of the main post joints during the lateral load testing. 

Therefore, to improve the lateral load behavior of these houses, the size of the main post 

should be increased. 

Major damage in the joints occurred in the doorposts, which acted as intermediate 

vertical posts and restricted the sliding movement of the Ikra panels that in turn damaged 

the joints. Interestingly, the top joints of the main posts in the B-wall did not suffer any 

damage due to the absence of any rigid connection. The doorposts started rocking with a 

further increase in the lateral displacement. At 7.54% drift, the cement plaster got damaged 

near the top of the main post joint due to the out-of-plane movement of the steel flats in the 

transverse walls. The fully infill wall, two out-of-plane walls, and the ceiling did not suffer 

any significant damage up to 8.42% drift level (240 mm displacement). Overall, most of the 

damage in the house specimen occurred only in the F-wall at connections of main posts, as 

shown in Fig. 7.19(a, and b). The excellent lateral load performance of the framing system 

can be attributed to the simple and flexible connections in the frame members, light weight 

Ikra panel, and its flexible connections with the surrounding framing members. 

7.6.1 Influencing Parameters 

The influence of various parameters on the lateral load behavior of the specimen is 

quantified in this section by discussing the hysteresis behavior, load-deformation 

characteristics, energy dissipation, and stiffness degradation in the specimen. 

7.6.1.1 Hysteresis Response and Envelope Curves 

The hysteresis response for the first cycle of every displacement level applied to the house 

specimen is shown in Fig. 7.20(a). The hysteresis behavior of the test specimen was 

symmetrical in push and pull directions and demonstrated highly ductile behavior without 

a significant reduction in the lateral load carrying capacity even when subjected up to an 

8.42% drift level. However, the hysteresis loops showed several kinks with increasing 
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lateral displacement levels due to readjustment of Ikra panels and interface joints within the 

surrounding frame. The house specimen sustained the lateral load without any significant 

drop because of the resistance provided by the Ikra panels without suffering much damage. 

The pinching effect was observed in the hysteresis loops due to the separation of joints 

because of the sliding movement of the Ikra panel and opening and closing of horizontal 

stud connections with the main posts.  

 
(a) 

                   
(b) 

Fig. 7.20. (a) Hysteresis response of the full-scale house specimen, and (b) comparison of 

envelope curves of the full-scale house with individual frame specimens. 
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The envelope of the lateral load response of the house specimen was compared with 

the envelope response of three individual frame specimens tested earlier (Chapter 3), as 

shown in Fig. 7.20(b). The individual frame specimens were frame with a fully infill wall 

(Frame 2), frame with a window opening (Frame 3), and frame with a door opening (Frame 

4). The frame specimens were constructed with the same materials, sizes, and tested under 

the same testing conditions. The lateral load carrying capacity of the house specimen was 

found to be nearly twice of the strength of the in-plane walls (Frames 2, 3, and 4). The house 

specimen was found to have lesser initial stiffness than the individual frame specimens due 

to loosening of the interface connections of infill panels (masonry wall and Ikra panels) 

with framing members during the shake table testing of the house specimen. 

7.6.1.2 Stiffness Degradation 

Fig. 7.21 (a) shows a comparison of the cyclic stiffness of the full-scale house specimen in 

pull and push directions calculated as the maximum lateral load divided by the 

corresponding displacement observed in various cycles of loading. It is observed that the 

cyclic stiffness of the house specimen was quite different in the push and pull direction in 

initial displacement levels. The difference reduced with an increase in displacement level 

and became equal at about 4.21% drift level. The difference is attributed to slightly different 

behavior of the specimen along push and pull direction. 

 
 (a) (b) 

Fig. 7.21. Comparison of cyclic stiffness degradation observed in the full-scale house 

specimen: (a) in push and pull directions, and (b) with frame specimens. 

 

Fig. 7.21(b) compares the cyclic stiffness degradation observed in the full-scale 

house specimen with that observed in the individual frame specimens. It is noticed that the 

cyclic stiffness degradation in the case of frame specimens was similar in both push and 
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pull directions. And as already discussed, the stiffness of the individual frame specimens 

was found to be higher than that of the house specimen in initial displacement levels. This 

was due to the initial damage incurred in the house specimen during shake table testing, 

which was carried out on the same house specimen before conducting quasi-static testing. 

As expected, the cyclic stiffness became higher in the case of the house specimen in both 

pull and push directions than the individual frame specimens after 0.87% drift level, i.e., 

after the house specimen was subjected to a higher lateral displacement level (during quasi-

static testing) than that achieved during the shake table testing (relative displacement). 

7.6.1.3 Energy Dissipation 

The cumulative energy dissipation (CED) was calculated by adding the area enclosed by 

the three hysteresis loops at every displacement level. The comparison of energy dissipated 

by the house specimen with that dissipated by individual frame specimens is shown in Fig. 

7.22. Because of the reasons already discussed, the energy dissipated by the house specimen 

was found to be less than the frame specimens in initial displacement cycles. After about 

0.87% drift level (25 mm displacement cycle) the energy dissipation of house specimen 

became highest among all the specimens. The energy dissipation was largely attributed to 

the sliding of the Ikra panels, and the interaction of different connections with the framing 

members. As mentioned in Chapter 3, the energy dissipation was least in Frame 4 among 

all the specimens. This was due to the formation of interface crack between masonry wall 

and concrete slab, the absence of any connection between doorposts and foundation, and 

early separation of both horizontal and vertical studs from the other members of the frame.  

  
Fig. 7.22. Comparison of cumulative energy dissipation of frame specimens with full-

scale house specimen. 
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7.7 EMPIRICAL METHOD FOR LATERAL STRENGTH ESTIMATION  

Compared to the popularity of Assam-type housing systems in India’s seismically active 

regions, the number of available scientific studies are very few. Furthermore, there exists a 

lack of availability of analysis and design guidelines for these systems. Although some past 

studies on vernacular housing systems have developed relationships for estimating the 

lateral load carrying capacity, these cannot be used in the context of Assam-type house as 

they may not provide accurate estimates. For instance, Ali et al. (2012) proposed a simplistic 

equation for calculating lateral load carrying capacity of Dhajji-dewari houses (F = 2L1.7 in 

kN) using the length of the specimen (L, in meters). As given in Table 7.2, the lateral load 

carrying capacity of Assam-type house estimated using the above empirical formula (Ali et 

al. 2012) resulted in a very high error of about 50%. Clearly, the lateral load carrying 

capacity estimation method developed for other vernacular housing systems cannot be used 

for Assam-type housing. Thus, it is essential to have an alternative means of capacity 

estimation of these housing systems. Therefore, in the present section, an empirical equation 

is developed for the estimation of the lateral load carrying capacity of individual frames of 

Assam-type houses using the material test results. As discussed earlier, the lateral load 

carrying capacity of frames of Assam-type house depends on the flexural bending capacity 

of the main posts and diagonal compression strength of the Ikra panels. Therefore, to 

develop an empirical equation for estimation of lateral load carrying capacity, the flexural 

bending capacity of main timber post and diagonal compression strength of Ikra panels are 

used. Unconstrained linear regression analysis was carried out using the least-squares fit 

method on the results obtained in the experimental study. Eq. (7.3) was developed to 

estimate the lateral load carrying capacity of individual frames of Assam-type house (F) 

with a coefficient of determination (R2) of 0.99 using the average bending strength of Sal 

timber and the average diagonal compression strength of Ikra panels as: 

 ( ) ( ) ( ) ( ) ( )0.047 3.4 4.77t bt p dp p dpT t t b b
F N f N f N f= + + ,  (7.3) 

here, F is in kN, Nt is the number of main timber posts in the frame, (fbt)T is the bending 

strength of main timber post under two-point loading in MPa, (Np)t is the number of Ikra 

panels above lintel level (top Ikra panel) in the frame, (fdp)t is the diagonal compression 

strength of top Ikra panel in MPa, (Np)b is the number of Ikra panel below lintel level 

(bottom Ikra panel) in the frame, and (fdp)b is the diagonal compression strength of bottom 

Ikra panel in MPa. The lateral strength of the frames was found to depend primarily on the 
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bending strength of Sal timber and the diagonal compression strength of the Ikra panels. 

Therefore, to reduce the complexity in estimating the lateral strength, only these two 

parameters were used while developing empirical equations. The objective of the regression 

analysis was to develop an empirical equation for the estimation of lateral strength only; 

therefore, stiffness parameters were not considered.  

Eq. (7.3) shows that the lateral strength is directly proportional to both the bending 

strength of timber as well as the diagonal compression strength of Ikra panels; this 

observation matches well with the past experimental observations. The estimated lateral 

load carrying capacity of frame specimens of Assam-type house using Eq. (7.3) are given 

in Table 7.2. Nt is considered 2 for all the frames except Frame 4 in which 0.5 is further 

added to Nt to consider the influence of door posts on the lateral strength. The mean value 

of (fbt)T is 85.89 MPa obtained from two-point bending test of main timber post specimens 

(Table 4.4), mean values of (fdp)t and (fdp)b are 0.84 MPa and 0.61 MPa, respectively, 

obtained from diagonal compression testing of Ikra panels (Table 4.5). As given in Table 

7.2, the above equation is able to predict the lateral load capacity of all the frames with an 

error less than 2%.  

Table 7.2. Prediction of lateral load carrying capacity of Assam-type housing frame 

Frame Nt 
Experimental 

Strength (kN) 

Eq. (7.3) Eq. (7.4) Ali et al. (2012) 

(Np)t (Np)b F (kN) Np F (kN) F (kN) 

Frame 1 2 8.0 0 0 8.07 [0.87%]# 0 8.13 [1.62%] - 

Frame 2 2 25.4 3 3 25.37 [0.12%] 6 25.42 [0.08%] 12.22 [51.9%] 

Frame 3 2 22.1 3 2 22.46 [1.63%] 5 22.54 [1.99%] 12.22 [44.7%] 

Frame 4 2.5* 24.9 3 2 24.48 [1.69%] 5 24.57 [1.32%] 12.22 [44.7%] 

House 4.5 39.7 6 5 39.88 [0.45%] 11 39.99 [0.74%] - 

# Numbers in [ ] indicate error between experimentally and analytically obtained strength 
* For each door opening Nt is increased by 0.5 

 

In Eq. (7.3), two-point bending strength of timber posts was used because the nature 

of the failure of timber specimen in two-point bending tests was similar to the failure of the 

main post observed experimentally. However, ASTM D143 (2014) specifies the only one-

point bending test method for timber specimens. Therefore, a further simplified equation 

(Eq. 7.4) was developed considering the one-point bending strength of timber specimens 

and diagonal compression strength of only top Ikra panels, which are smaller in size, and 

hence, easier to test as: 
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 ( ) ( )0.033 3.43t bt p dpo t
F N f N f= + , (7.4) 

here, (fbt)O is bending strength of main timber post specimen under one-point loading in 

MPa; the mean value of (fbt)O is 123.21 MPa obtained from the test (Table 4.4) according to 

Indian Standard 1708 (BIS 1986) and ASTM D143 (2014). Np is the number of Ikra panels 

in the frame, including top and bottom Ikra panels. The above simplified equation is also 

able to predict the lateral strength of individual frames of the house with a coefficient of 

determination (R2) of 0.99 and an error less than 2% as shown in Table 7.2. Therefore, Eq. 

(7.4), which is much simpler to use as it requires lesser material data as input, may be 

conveniently used in estimating the lateral strength of individual frames of Assam-type 

houses. The average shear strength of the Ikra panels varies from about 0.6 MPa to 0.9 MPa 

(Table 4.5), and the bending strength of timber specimens is sometimes available in codes 

and literature. In such cases, Eq. (7.4) can be very handy to use for preliminary estimation 

of the lateral strength of frames of Assam-type houses.  

The failure of the house specimen was due to the failure of top main post connections 

in the in-plane wall of door opening frame. On the contrary, no such failure was observed 

on the other side in-plane wall (fully infill wall) of the house. Due to such behavior of the 

house specimen under slow-cyclic loading, it was obvious that the lateral load resistance of 

the house was due to the unequal contribution of two in-plane walls in the house specimen. 

The different behavior of the two in-plane walls was due to the flexible diaphragm action 

of the house specimen. Therefore, to predict the lateral load carrying capacity for house 

specimen, a reduction factor for flexible diaphragm should be considered. A multiplying 

factor of 0.8 for flexible diaphragm was used in the proposed equations (7.3, 7.4) to estimate 

the lateral load carrying capacity for such houses. Table 7.2 shows that the developed 

equations are able to predict the lateral load capacity of all the frames and house specimens 

with high accuracy (errors of less than 2%). 

7.8 SUMMARY 

To assess the dynamic response of Assam-type house, shake table tests were carried out on 

a single-story, full-scale house under several ground motions with increasing amplitudes. 

The performance of the specimen was found to be extremely good, even though the 

specimen was subjected to four ground motions with increasing amplitudes. The damage in 

the specimen was only in the form of loosening of nails in connections of the in-plane walls, 
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cracks in the interface of masonry walls and timber framing members, loss of interface 

friction, and opening and closing of interface connections of Ikra panels and timber framing 

members. As the main connections at the bottom of the main posts and other timber frame 

connections did not experience any damage, the house specimen continued to resist the 

dynamic loads. Therefore, quasi-static cyclic testing was carried out on the same house 

specimen to study its ultimate lateral load behavior. Finally, based on regression analysis of 

the experimental data, empirical equations were developed to predict the lateral load 

carrying capacity of the individual frames as well as of the entire Assam-type houses. 

Experimental data obtained in the present study can be utilized by the scientific community 

for the development of numerical and finite element models for seismic assessment of such 

houses. The observations discussed in the chapter are summarized below.  

1. The natural frequency of the undamaged house specimen was found to be 7.6 Hz. The 

natural frequency of the house specimen decreased with the increase in base seismic 

excitation, and it reduced by 23% at the end of the tests. 

2.  The stiffness was degraded by 40% upon completion of the testing sequence of four 

different ground motions. The damping ratios of the specimen varied from 1.79% to 

2.98%.  

3. The acceleration response of the house was different under different ground motions 

depending on the frequency content, and peak acceleration response was more than 

2g at ridge level and was about 1.2g at eaves level.  

4. The acceleration amplification of the house was more than 5.5 as compared to shake 

table excitation and even more than 1 after surviving extreme level shaking of four 

different ground motions signifying the excellent seismic resistance. 

5. The quasi-static cyclic test of the same specimen showed that the ability of Assam-

type house to undergo high lateral deformation without suffering major damage is 

primarily due to its typical framing system, flexible joints of the framing members, 

and light-weight infill walls (Ikra). 

6.  The connections of the main posts with the foundation of Assam-type houses did not 

experience the failure of the post-foundation connection, unlike other similar housing 

typologies. Further, the flexible connections between the horizontal and vertical studs 

make the frame even more deformable. 
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7.  The lateral load carrying capacity of the house specimen did not drop even after an 

8.42% drift level, and it was nearly two times the lateral strength of the individual 

frames of the house tested previously.  

8. The cross-section of the main timber posts of these houses must be increased for 

further improving the lateral load behavior of Assam-type houses.  

 

 

TH-2456_136104013



157 
 

Chapter 8  

SUMMARY, CONCLUSIONS, AND 

RECOMMENDATIONS FOR FUTURE WORK 

CONTENTS  

8.1 Overview 157 

8.2 Summary 158 

8.3 Conclusions 161 

8.4 Construction Guidelines 162 

8.5 Limitations of the Present Study 163 

8.6 Recommendations for Future Work 163 

 

8.1 OVERVIEW 

Assam-type wooden houses are among a very few housing systems that have performed 

exceptionally well during the past several earthquakes in the seismically active north-

eastern Himalayan region of India. Apart from its high seismic resilience, the housing 

system has a number of features that are uniquely different from other traditional wooden 

houses, e.g., its construction methodology, timber framing system, type of connections, and 

light mass of walls and roof. However, their seismic performance has not been studied so 

far despite their unique earthquake-resistant features. Therefore, an attempt has been made 

in the present study to assess the seismic behavior of Assam-type houses by carrying out 

extensive experimental, analytical, and numerical studies. In this chapter, a brief summary 

of the work carried out in the study is presented, and the major conclusions are drawn. 

Finally, based on the study, construction guidelines for Assam-type houses, limitations of 

the study, and recommendations for possible future work have been suggested. 
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8.2 SUMMARY 

The present study can be broadly summarized into five main parts, which have been 

discussed elaborately in the previous chapters of the thesis and summarized below. 

8.2.1 Quasi-static Lateral Load Behavior of Frames 

Experimental study on full-scale wall specimens of four different frames of Assam-type 

house was carried out: timber frame with no Ikra panel infill above the sill level (Frame 1), 

timber frame with full Ikra panel infill (Frame 2), timber frame with central window opening 

(Frame 3), and timber frame with door opening (Frame 4). The study showed that Assam-

type housing frames exhibited a very promising performance, especially, quite high 

deformability under lateral loads without any significant damage. The high lateral 

deformation without failure is primarily due to the flexible joints of the framing members, 

light-weight infill (Ikra panel) of the house and their unique connection with the timber 

frame that allows sliding of the Ikra panels in the frame. There is a significant influence of 

Ikra panels used as infills on the lateral strength, stiffness, energy dissipation and the overall 

lateral load behavior of Assam-type house. The absence of rigid joints in the entire wall 

frame system is one of the reasons for the better performance of Assam-type house during 

severe earthquakes. The doorposts and masonry walls of Frame 4 got disconnected from the 

foundation, thereby incurring significant damage in the infill panels as compared to other 

frames. Even though the cyclic tests were carried out until 8.7% lateral drift, the tested 

frames incurred very little damage, except for Frame 4, and major damage was observed in 

main posts at sill or lintel levels during monotonic loading at even higher lateral drift levels 

(about 12%). 

8.2.2 Characterization of Timber-Framing Elements and Ikra Panels 

All the members, including Ikra panels were tested under relevant loading conditions to get 

an insight into their contribution on the lateral load behavior of these houses. Under axial 

compression loading, the strength and stiffness of both timbers loaded parallel to grain were 

found to be higher than that loaded perpendicular to grain due to the difference in the 

distribution of cells. A higher degree of anisotropy in Sal timber resulted in a higher 

difference in the strength and stiffness in the two directions. The tensile strength of both the 

timbers loaded parallel to grain was found to be about twice of their compression strength. 

The tensile strength of both the timbers loaded perpendicular to grain was found to be 

remarkably low (16 to 26 times lesser than that parallel to grain). Bending tests carried out 
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on timber specimens showed that the specimens exhibited quite large deformability before 

failure. The Ikra panels in the timber frame play an essential role in providing sufficient 

lateral strength for maintaining the stability of the house, though the bamboo meshed Ikra 

panels are very thin (only about 40-45 mm thickness). The average shear strength of two 

sizes of Ikra panels tested under diagonal compression loading was found to be 0.73 MPa. 

Clearly, the higher flexibility and deformability of Assam-type houses are also derived from 

the superior axial and flexural behavior of timber and Ikra panels used in the construction.  

8.2.3 Evaluation of Joint Behavior 

Joints of wooden frame houses often control their lateral load behavior. To assess the 

performance and contribution of the different connections on the overall lateral load 

behavior, seven different types of joints used in Assam-type houses were carefully studied 

by carrying out quasi-static cyclic tests as well as pull-out tests. Quasi-static cyclic testing 

of the joint specimens showed that their deformation and failure patterns were quite similar 

to that of the joints in the actual Assam-type frame specimens under the action of similar 

loads. During the entire cyclic loading, the performance of all the primary joints of Assam-

type house (Joints A, B, and C) was found to be mainly influenced by the steel elements 

present in the joint, development of gaps or play between timber and steel elements, and 

play between holes and bolts. These connections were able to sustain the pull-out action of 

vertical posts of timber-frame houses under the lateral loading, which in turn enhances the 

lateral load behavior of these houses.  

Under the pull-out loading, it was observed that all the joint specimens performed 

well until the dislodgement of nails from the connection leading to detachment of the posts 

(tenons) from the joint (mortise). The performance of joints was found to be mainly 

influenced by friction between the interface of mortise and tenon surfaces (interlocking), 

depth and angle of nail penetration, defects in timber, and quality of carpentry work. The 

capacity curves showed high initial stiffness (highest in Joint F and D') due to which they 

attract large lateral loads. This observation was corroborated by the other test results in 

which the initial failure in most of Assam-type frame specimens was observed in Joints F 

and D'. 

8.2.4 Dynamic and Quasi-static Behavior of House 

Dynamic behavior of Assam-type house was studied by carrying out shake table tests on a 

single-story, full-scale house specimen under four ground motions with increasing 
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amplitudes. The natural frequency of the house specimen decreased with the increase in 

base seismic excitation. The decrease in natural frequency was 12% at 60% amplitude level, 

and it was 23% at 100% amplitude level with a very high base excitation of 0.78g. The 

stiffness was degraded by 40% upon completion of the testing sequence of 112 ground 

motions. The damping ratios of the specimen varied from 1.79% to 2.98%.  

The damage in the specimen was only in the form of loosening of nails in 

connections of the in-plane walls, crack at the interface of masonry walls and timber framing 

members, loss of interface friction and opening and closing of interface connections of Ikra 

panels and timber framing members. The test results showed that the excellent performance 

of Assam-type house under shake table testing highlighting the strong influence of flexible 

connections and low seismic mass of the house. Further, quasi-static cyclic testing was 

carried out to evaluate the lateral strength of the same full-scale house specimen. The study 

showed that the ability of Assam-type house to undergo high lateral deformation without 

suffering major damage is primarily due to its unique framing system, flexible joints of the 

framing members, and light-weight infill walls (Ikra panels). The connections of the main 

posts with the foundation did not suffer any damage and remained intact. The performance 

of the frame with door opening also improved after fixing of doorposts with the foundation. 

Separation of wall-frame interface connections and failure of joints of the main post with 

wall plate beam was found to be the primary reasons for failure. Most of the other joints of 

the house remained intact during the entire test, and the lateral load carrying capacity of the 

house specimen did not drop even after an 8.42% drift level. To avoid the failure of joints, 

the cross-section of the main timber posts of these houses must be increased for further 

improving the lateral load behavior of Assam-type houses. 

8.2.5 Numerical and Empirical Modelling 

To simulate the lateral load behavior of Assam-type house, macro models and micro models 

were developed using finite element software package SAP2000 and ABAQUS, 

respectively. The macro numerical models were developed using two approaches for 

modelling of Ikra panels: (a) using equivalent diagonal struts, and (b) using link and shell 

elements. The developed models, especially those with the link elements, were found to 

satisfactorily predict the lateral load response of Assam-type housing showing failure modes 

in the timber posts similar to those observed in the experiments. On the other hand, the 

model with the strut elements was found to enforce failure in the Ikra panels because most 
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of the lateral loads were resisted by the equivalent diagonal struts due to their diagonal 

configuration and inherent large stiffness.  

The micro models were developed by simulating the realistic interaction between 

various members and connections. The developed micro models not only simulated the 

hysteretic lateral load behavior of the specimens with some deviation observed in the 

stiffness, but also predicted the major failure/damage pattern satisfactorily. Finally, 

regression analysis of experimental test results was carried out to develop simple empirical 

models for estimation of the lateral strength of individual timber frames as well as of the 

entire Assam-type house. The developed empirical method, which utilizes only the bending 

strength of the main timber post and shear strength of Ikra panels, was very effective in 

estimating the lateral strength with an error less than 2%.  

8.3 CONCLUSIONS 

Following major conclusions can be drawn from the exhaustive experimental, numerical, 

and analytical study: 

1. Ikra panels used as infills have a significant beneficial influence on the lateral strength, 

stiffness, and energy dissipation of Assam-type house. The lateral load carrying 

capacity of the frame specimens increased by at least three times due to the presence 

of Ikra panels in the frame. 

2. Assam-type house exhibited a promising performance, especially, high deformability 

(drift more than 8.4%) under quasi-static cyclic lateral loads without significant 

damage. This is primarily due to the presence of flexible joints, light-weight infill (Ikra 

panel), and their unique connection with the timber frame that allows sliding of the 

Ikra panels in the frame.  

3. The tests on connections of the main framing members showed a very high lateral drift 

and deformability. The strength of the connections did not drop until 15% drift level 

in most of the specimens exhibiting the highly deformable behavior.  

4. The behavior of the joints was highly influenced by the gaps present between the steel 

L-clamps and the main posts, play in holes of the bolts, quality of interlocking, 

workmanship, and nailing in the joint.  

5. Assam-type house exhibited excellent dynamic behavior without undergoing 

significant damage even under a very high base excitation level of 0.78g. The peak 
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acceleration response was more than 2g at the ridge level and was about 1.2g at the 

eaves level. The timber framing members, infill walls (Ikra panels and masonry walls), 

and main connections at the bottom of the main posts did not suffer any damage during 

the entire testing sequence on the shake table.  

6. Assam-type house was also found to have excellent out-of-plane behavior under lateral 

loading due to light weight and unique type of sliding connections of Ikra panels with 

the framing members. 

7. The developed macro models were found to satisfactorily predict the lateral strength 

of Assam-type housing with an error of less than 10% in Approach 1 and less than 5% 

in Approach 2. The developed micro models were well capable of predicting the peak 

response of the frames as well as their post-peak behavior. The micro modelling 

technique can simulate the possible damages/failures in all the joints of the frames 

satisfactorily.  

8. The empirical equations developed for estimation of lateral load carrying capacity of 

individual frames as well as Assam-type houses were found to be very effective with 

errors of only about 2%.  

8.4 CONSTRUCTION GUIDELINES 

The construction methodology of Assam-type house is unique as compared to other 

traditional houses. Assam-type house performed extremely well under extreme seismic 

conditions. However, some recommendations can be proposed to further improve the 

performance of the houses based on the extensive experimental campaign.  

1. Good quality of timber should be used for the construction of main framing members 

(main posts and wall plate beam). 

2. The dimension of the main posts should be at least 125 mm×125 mm instead of 100 

mm×100 mm so that a better thickness of carpentry joint at the top connection can be 

realized. 

3. The connection of doorposts at the bottom should be secured with the foundation. 

4. The defects and knots in the main posts near the sill and lintel level and connection 

locations should be avoided.  
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5. The steel L-clamps and timber members should be protected and maintained regularly 

from weathering action. 

6. The connections should be constructed with finely worked carpentry (timber) joints, 

and nails of sufficient length should be driven in the connection properly, wherever 

required. 

7. All the tested joints are used in real houses at appropriate locations, and all have 

significant contribution on the performance of Assam-type houses. All the joints have 

performed really well during the tests, and therefore, the study does not recommend 

changing or replacing any type of joints in the Assam-type houses. 

8.5 LIMITATIONS OF THE PRESENT STUDY 

The results of the study can be subjected to the following limitations. However, the 

conclusions drawn from the results presented in the thesis remain unchanged. 

1. The conclusions are based on the study carried out on a single bay and single-story 

house specimen. 

2. In the present study, the influence of workmanship and aging on the structural 

performance of Assam-type housing has not been considered. 

3. The variation in results due to the use of different quality of timbers, inherent 

heterogeneity in material properties of timber, effects of knots and defects, moisture 

content, and effect of nailing have not been considered in the study. 

4. The influence of mortar type used on the Ikra panels and its subsequent effect on lateral 

load behavior of Assam-type house was not considered. 

5. The main posts are assumed to be fixed or pinned with their foundation in the 

numerical modelling. 

6. In the numerical modelling, the material properties are assumed as isotropic, and the 

joints are modelled only with friction coefficients for the sake of simplification. 

8.6 RECOMMENDATIONS FOR FUTURE WORK 

The study can be further extended by removing some of the above-mentioned limitations 

and the following aspects: 
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1. The study can be conducted on multi-bay and multi-stories of Assam-type house with 

various plan configurations. 

2. More number of specimens can be tested by varying several important parameters to 

understand the behavior of Assam-type house in a better way. 

3. The numerical modelling technique can be further improved for better simulation of 

experimental results by considering the effects of nails in the micro modelling 

approach 

4. A detailed numerical modelling technique can be developed for full-scale house 

specimen and can be validated with experimental results.  

5. Systematic attempts can be made to strengthen or to improve the performance of 

Assam-type houses constructed on slopes. 
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