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Abstract

Wall is a vertical component that is widely used in many types of constructions. According to
their functionality, it can be classified as structural or non-structural walls. A typical structural wall is
the shear wall, which is often constructed of reinforced concrete or steel plates nowadays. The purpose
of structural walls is to resist gravity loads, overturning moments, as well as shear forces. On the other
hand, the non-structural wall is usually used to separate a room. For non-structural walls, although their
load-bearing capacity is not required, buildings may no longer be functional for entrance or may even
need to be demolished as a result of the damage of non-structural components in recent earthquakes,
even though the structural components remain intact. Such damage may prove to be a major burden on
the economy. Accordingly, the importance of non-structural components in seismic performance is
widely recognized by both researchers and practitioners. Light-Gauge-Steel partition (LGS partition)
and masonry infilled wall are non-structural interior wall systems that are widely used in the
construction market. The present study intends to characterize the in-plane seismic performance of infill
walls, with light-gauge steel (LGS) partition drywalls and unreinforced masonry infill walls as research
subject. To achieve the objective, a series of experimental tests were conducted by in-plane cyclic
loading.

Firstly, Light-Gauge-Steel drywall is an interior non-structural partition system widely used for
frame building across the globe. In Japan, this system is featured by the sliding track-stud connection of
base frame. To investigate the in-plane seismic performance of a typical LGS partition constructed in
accordance with Japanese practice. An experimental was conducted on Light-Gauge-Steel partition
drywall (LGS partition). Fifteen LGS partition subassemblies were subjected to in-plane cyclic loading.
Base on the test results, the characteristic points of the envelope curve are defined, in order to generate
the performance level of the LGS partition. By evaluating the characteristic points, equations for their
strength, stiffness, and story drift ratio are proposed. As a result, the prediction results from the
equations of drift ratio lay on the safe side. The equations are then adopted to define the damage limit
states. Moreover, the observed damage during the test is reported and correlated with the respective
damage limit states.

Secondly, the use of masonry infills has been found to be one of the most appropriate solution to
meet architectural needs because of the durability, fire resistance and sound insulation provided by the

masonry, along with the ease-of-construction and cost-effectiveness. they are generally recognized as



vulnerable to seismic activity and have often been observed in field experience after damaging
earthquakes. In spite of the widespread recognition of the critical role of specific damage control
measures for masonry infills, code procedures for determining whether the elements should be repaired
and the design of new buildings contain only a limited number of recommendations for non-structural
elements which are widely regarded as inadequate, incomplete or unclear. To investigate the seismic
behavior of the structural system, six full-scale Chuandou timber frame subassemblies were subjected to
in-plane cyclic loading, four of which were infilled with masonry walls. Base on the test results, the
contribution of masonry infill is obtained by an approximate approach. The characteristic points of the
envelope curve of masonry infill is defined, in order to generate the performance level of the masonry
infill. By evaluating the characteristic points, equations for their strength, stiffness, and story drift ratio
are proposed. The equations are then adopted to define the damage limit states. Moreover, the observed
damage during the test is reported and correlated with the respective damage limit states.

Although two different construction systems are employed for gypsum board walls and masonry
infill walls, they are both filled in the frame structure and both are compressed by the surrounding
structural frame when subjected to horizontal loads. In the study of their seismic performance, it should
be evaluated from their compression areas. In an LGS wall, the base frame does not contribute much to
the lateral force since the studs may slide and its lateral force comes mainly from the compression
damage of the gypsum board, which is a relatively uniform construction material, so the focus should
only be on its effective compression area. On the other hand, the masonry infill wall is constructed from
two materials, mortar and brick, each of which has highly variable material properties, with the
complicated frame-panel interaction, making the evaluation of its load-carrying capacity challenging. In
this study, its lateral force mainly comes from the weaker mortar of the two building material, while the
strength of the brick has a certain contribution to its stiffness, so the failure areas corresponding to the
two materials needs to be taken into account when considering the masonry infill wall. Finally, a case
study is conducted to compare LGS partition wall and masonry infill wall. It is found that LGS partition

is hardly damaged within the design limit, while masonry infill represent high initial stiffness.
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Notation

the amplification factor for bearing strength of the metal track

the coefficients for Qg

the net area of the mortar section

effective area of the equivalent diagonal strut of the masonry infill
the distance between the two transducers C1 and C2 in Chapter 3
clearance between the gypsum panels and loading frame
deformation of the PAF specimen

the uplift of the column base

deformation at the maximum strength

screw spacing of the inner layer

diameter of the PAF

stud spacing of the base frame

deformation at the yield strength

the horizontal distance between the centroid of gravity force to the axis of the column
dead load

the lateral displacement at the top-end of the wall

displacements recorded by corresponding displacement transducers
the uplift at the east column bases

the uplift at the west column bases

displacements recorded by corresponding displacement transducers
displacements recorded by corresponding displacement transducers
horizontal deformation of the wall

the deformation of the equivalent diagonal strut of the masonry infill
the rocking displacement

separation between the gypsum panel and loading frame

lateral slip of gypsum panel

measured vertical displacement of the wall

average strain at the point of o;,

average strain at the point of o,

elastic modulus of gypsum board

elastic modulus of the timber material coupon at bending test
elastic modulus of the concrete (or column of the frame)

elastic modulus of the timber material coupon at compression test
the elasticity modulus of masonry prism

design compression strength of the concrete

the weight of concrete per volume

the dimension from the bottom of the head of the embedded pin to the top of the



web of the metal track
G = the gravity force on the specimen including its self-weight and the additional gravity

load on the top of the specimens and the masonry infill

h = the effective height of the compression side of the gypsum panel

hg = the height of the compression side of the gypsum panel

H = span height of the wall

H; = the vertical distance from the lower pin to the upper pin

Iz = the moments of inertia of the timber beam

Ic = the moments of inertia of the timber column

j = the distance between axial force N and the reaction force

ko = clearance stiffness

k; = initial contact stiffness of the specimen

k> = secondary contact stiffness of the specimen

kcg = the rotation stiffness of the column base joint

k; = the rotation stiffness of the beam-column joint

kv = lateral stiffness of the masonry infill

An = dimensionless parameter expressing the relative stiffness of the infill panel to the
frame

L, = the effective length of the gypsum panel

Lom - embedment length of the PAF

L = span length of the wall

L, = length of the masonry panel diagonal line

Ly = the horizontal distance from the lower pin to the upper pin of LGS wall

Lp = length of the PAF

LL = live load

Y7 = average of the corresponding value

= the coefficients for Qg

i = the coefficient of internal friction of the brick-mortar interface
Mcp = the moment of the column base
n = gypsum panel layer number
g = number of the stud of the base frame
= axis force
p = deflection factor
o = the diagonal angle of the panel
Ocp = rotation angle of the column base joint
O (=)V) = lateral force of the specimen
Op = the bearing strength of the metal track
Osr = lateral strength of the base frame
O = the shear force of masonry infill transmitting along diagonal direction
Omax = maximum strength of the specimen

Owmr = lateral strength of the masonry infill
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pryout strength of the PAF

the lateral force corresponding to the initiation of rigid-body rocking

ultimate strength of the specimen

the shear strength of the masonry infill wall

yield strength of the specimen

the radius of the circular column section

story drift ratio of the specimen

reaction force of the PAF in the opposite direction below the PAF

story drift ratio of the specimen at the point where the intersection of clearance
stiffness ky and contact stiffness &;

story drift ratio of the specimen reached Q,

story drift ratio of the specimen reached Q,

story drift ratio of the specimen reached Q.

rotation angle of the rocking

reaction force of the PAF in the forward side of the applied force on the concrete slab
compression strength of the concrete in material test

the bearing compression strength

compression strength of the mortar

compression strength of the masonry prism

the normal stress in the masonry panel

mean of the ultimate compressive stress of the gypsum board of the grain in the
perpendicular and parallel direction, equal to 0 in this study

mean of the maximum compressive stress of the gypsum board of the grain in the
perpendicular and parallel direction

standard deviation of the corresponding value

the bond-slip strength of the masonry prism

wall thickness

gypsum board thickness

thickness of the metal track

shear strength of the mortar joint

equivalent mortar shear strength

volume of the gypsum panel

the effective width of the diagonal strut

stress range of the Ry,

length of the compression side of the column base joint






CHAPTER 1 INTRODUCTION

1. Introduction

1.1 Background

A wall is a vertical component that is widely used in many types of constructions. According to
their functionality, walls can be classified as structural or nonstructural. A typical structural wall is a
shear wall, which is often constructed by using reinforced concrete or steel plates. The purpose of
structural walls is to resist in-plane lateral force (e.g.: wind and seismic loads). These walls are very
effective in reducing the deformation of buildings, which results in less damage to the nonstructural
components. Various studies have been conducted to investigate the behavior of shear walls subjected to
different load conditions. Riva P. et al.[1-1] conducted experimental tests on a full-scale reinforce
concrete (RC) structural wall subjected to cyclic loading to investigate its load-carrying capacity.
Tasnimi A.A. [1-2] conducted a series of tests of one- to eight-scale models of prototype shear walls
subjected to cyclic loading and evaluated various indices of the wall specimens, such as crack pattern,
strength, deformation, stiffness and stress distribution. Saeid S. et al.[1-3] developed a simple analytical
model of steel plate shear walls through a theoretical study and verified it with the experimental results
of previous studies. To summarize the research method of structural walls, many researchers have
derived the results of each characteristic value (e.g., strength and stiffness) of their walls based on
experiments and evaluated their capacity to resist horizontal loads through a series of theoretical

analyses. For structural walls, it is crucial to ensure its load-bearing capacity.

On the other hand, non-structural walls are usually used to separate a room. For non-structural
walls, although their load-bearing capacity is not needed, buildings may no longer be functional for
access or may even need to be demolished as a result of the damage of these non-structural components

in earthquakes, even though the structural components remain intact (Fig.1-1). Such damage may prove
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to be a major burden on the economy, considering the breakdown of the cost of office buildings, hotels,
and hospitals, as reported by Taghavi et al. [1-5]. They found that interior construction is one of the
significant sources of cost. Moreover, the damage of non-structural components results in economic
losses and a threat to life safety[1-6]. Accordingly, the importance of non-structural components in
seismic performance is widely recognized by both researchers and practitioners. A light-gauge-steel
partition (LGS wall) is a non-structural interior wall system that is widely used in the construction
market. This interior wall system may benefit from its lightweight and quick construction compared to
heavier infill walls (e.g., clay bricks and concrete blocks). It consists of a base frame and gypsum board,
and the base frame is made up of metal tracks, studs, and other metal components. However, design
details (e.g., the construction method of the base frame, the number of layers of gypsum board, and the
connection between gypsum board layers) differ from country to country. Several studies have been
conducted on this partition system. In the early stages of LGS wall experimental studies, the emphasis
has been on its load-carrying capacity under quasi-static loads, such as in investigations by Freeman][1-
71, Rihal[1-8], and Asham et al.[1-9]. Recently, studies have begun to concentrate more on the damage
of the LGS wall. Restrepo et al. [1-10] conducted several tests of LGS walls constructed in accordance
with U.S. practice, in which the metal stud was fastened to the metal tracks at the top and bottom. Based
on the observations, the damage limit state was defined and generally categorized into three stages.
Davies et al. [1-11] conducted several tests in different wall configurations during which damage
observations and a seismic fragility database were obtained. On the other hand, Magliulo et al. [1-12]
evaluated an alternative LGS wall using shaking table tests. This system is characterized by a sliding
track-stud joint, i.e., the stud is inserted into the metal track without using screws, and the gypsum panel
clearances are prepared along the perimeter. As a result of the test, the seismic performance of the LGS

wall can be substantially improved through the modification of the LGS wall. In other studies involving

Fig. 1-1. Damage of non-structural LGS wall during Kumamoto earthquake[1-4].
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similar modified systems, in-plane cyclic loading tests were conducted by Tasligedik et al. [1-13], Pali
et al. [1-14] and Mulligan et al. [1-15], who evaluated an LGS wall with a sliding joint and clearance
between the panel and surrounding frame in accordance with their local construction practice. These
researchers found the horizontal clearance between the wall and the frame to be an important factor
affecting in-plane damage to the wall. To summarize the research method of non-structural walls, it has
widely been recognized that specific measures are necessary to minimize damage to non-structural
walls. In other words, for non-structural walls, it is essential to assess their structural drift demands and

corresponding damage.

However, as a special type of wall, masonry infill walls have a wide range of applications around
the world. These walls are commonly placed only after the surrounding frame is constructed, and
several design codes classify them as non-structural components. However, the application of masonry
infill walls is considered to increase the lateral resistance of some weak frames (e.g., timber frames).
Although they can be used as earthquake resisting components, masonry infills are especially vulnerable
to earthquakes and have been extensively observed in field experiences reported after damaging
earthquakes, such as the 1999 Turkey earthquake[1-16], the 2003 Greece earthquake[1-16], the 2010
Haiti earthquake[1-17], and the 2013 Lushan earthquake in China[1-18] (Fig. 1-2). Several numerical
and experimental investigations related to the seismic performance of masonry infilled frames have been
previously conducted. Mansouri et al.[1-19] investigated the lateral behavior of low-shear strength
masonry infilled reinforced concrete frames, and seismic indices such as strength and failure modes
were discussed. An experimental investigation of the influence of the aspect ratio of masonry infill with
RC frames was conducted by Schwarz S. et al.[1-20], who found that the influence of the aspect ratio on
load-capacity appears to be small. Emami S. et al. [1-21] conducted a series of tests on masonry infilled
steel frames and verified analytical methods to evaluate the stiffness of the masonry infill. As a

summary of the infill wall research method, previous studies have focused on their load capacity.

Fig. 1-2. Damage to masonry-infilled timber frame after 2013 Lushan earthquake in China[1-18].
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1.2 Statement of Problems

First, for non-structural partitioning, there have been many numerical and experimental studies
related to the general seismic performance of LGS walls, especially the structural drift demand, but
these studies have been focused on the analysis and assessment of partitions built in accordance with
local construction practice. There are reports of significant differences in seismic performance among
partitions constructed with the same construction techniques and materials in several LGS wall studies
[1-11][1-14]; therefore, construction detail is recognized as a key issue. LGS walls have also been
widely used in Japanese construction, but little research has been conducted on their seismic
performance. In Japan, this system features the slip joint of the stud-track connection of the base frame.
Lee et al. [1-22] conducted a series of cyclic loading tests to investigate the seismic performance of LGS
walls used in typical Japanese buildings as well as the associated repair cost. Tamura et al. [1-23]
performed several tests without clearance. These very few studies have rarely focused on the structural
drift demands of LGS walls and the corresponding damage, which are widely regarded as one of the

most critical paths for non-structural component research.

Second, masonry infills are generally recognized as vulnerable to seismic activity and have often
been observed in field experience after damaging earthquakes. Despite the widespread recognition of the
critical role of specific damage control measures for masonry infills, code procedures for determining
whether the elements should be repaired and the design of new buildings contain only a limited number
of recommendations for non-structural elements; these recommendations are widely regarded as
inadequate, incomplete or unclear. As a consequence, in recent decades, a large number of
investigations have been conducted with respect to the seismic performance of masonry infilled frames.
However, many of the previous studies on masonry infill walls have used the method of studying
structural walls; i.e., most of these studies have focused on their load-carrying capacity rather than their
structural drift demands. In addition to these studies focusing on the seismic performance of masonry
infills, a small number of studies have focused on their structural drift demand. Morandi P. et al.[1-24]
investigated several specimens with hollow bricks subjected to in-plane cyclic loading and defined limit
states of hollow masonry infill framed with RC members. Drift levels at the different limit states were
evaluated. Reggia A. et al. [1-25] used a similar method to develop the performance level of insulating
light weight fiber reinforced concrete infill. It should be noted, however, that previous studies have

focused primarily on the analysis and assessment of RC frames and steel frames. Masonry infilled
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timber frames have been widely used for detached houses in seismic prone areas. These frames were
reported to exhibit various levels of damage but did not easily collapse in past earthquakes [1-16]-[1-
18]; however, in most cases, they were nonengineered and built following the local rules of thumb.
Despite the different details of timber sections, joints and types of infills, infilled timber frames
generally fall into two categories by their lateral load resisting systems. In a braced timber frame with
infills, most lateral loads are resisted by single- or cross-diagonal timber braces, whereas the infills are
provided primarily for thermo-hygrometric performance [Fig. 1-3(a)]. Many studies have been carried
out on this category of infilled braced timber frames, including the Kay-Peyi in Haiti[1-17], Dhayjji-
Dewari in Kashmir[1-26], Paianta in Romania[1-27], Gaiola Pombalino in Lisbon[1-28][1-29],
Pombalino in Portugal[1-30] and Himis in Turkey[1-31]. In the other category, the timber frames are
bare frames without timber bracing and the lateral resistance is primarily provided by the infills [Fig. 1-
3(b)]. Typical systems in this category include the Pombalino in Romania[1-32] and Baraccata in Italy[1
-33]. In addition, there is a building system of timber frame infilled with blay brick masonry, namely
Chuandou timber frames, fall into the latter category [Fig. 1-3(c)]. This system is distinguished by the
following features: (1) the timber beams and columns are joined by penetration tenons, where the full
section of a beam goes through the mortise on the column; (2) it uses no timber braces but is infilled
with masonry or wood panels as the partitions; and (3) the columns stand freely on independent base
stones, and there are neither sills nor mechanical anchors at the column bases. Although a considerable

number of papers have reported on timber frame buildings, most of them have focused on architectural
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forms, and only a very few studies have focused on seismic performance. In general, compared to RC
frames and steel frames, little is known about the horizontal load-carrying capacity and structural drift
demands of timber frames with masonry infills.

The above two types of walls, non-structural walls and masonry infill walls, lack an
understanding of their limitations with regard to the story drift ratio and corresponding damage. This

study addresses these issues within the following scope.

1.3  Objectives and Scope of Research

For non-structural partition walls, in the present study, the in-plane seismic performance of light-
gauge steel drywall partition (LGS wall) is characterized as a research subject. More specifically, the
purpose of the study is to investigate the in-plane seismic performance of a typical LGS wall built in
accordance with Japanese practice and to provide a quantitative definition of the related damage limit
states based on the test results, particularly the drift ratio capacity of the system. In addition, the
horizontal clearance between a gypsum panel and surrounding frame is regarded as an important factor
for damage control of the LGS wall (Fig. 1-3); the clearance is usually set at 5-10 mm on Japanese
construction sites in consideration of fire resistance and soundproofing. Thus, the scope of the research

subject is listed as follows:

+ LGS walls are surrounded by steel frames and are built following Japanese construction
practice.

+ The system features the slip joint of the stud-track connection of the base frame.

+ The clearance is positioned horizontally between the structural frame and gypsum panel and

ranges between 5 and 10 mm in width.

LGS partition wall N

(Built in accordance
with Japanese practice)

Steel frame

Fig. 1-4. LGS wall with clearance.
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For the safe and efficient application of masonry infills, appropriate analysis and verification are
of considerable importance, and safety checks of masonry infill for in-plane deformation are also an
important subject. During the design of new buildings, it is necessary to understand the different levels
of structural drift, representing relevant performance limit state conditions, to assess and verify the
expected structural drift demands; these demands are associated with the extent of damage caused by in-
plane actions [1-24]. Consequently, the evaluation of the load-carrying capacity and the structural drift
demands for masonry infills is the research subject of this study. More specifically, this study focuses on
an infilled frame that uses a solid clay brick or a solid concrete block without openings. No
reinforcement (e.g., longitudinal steel) is adopted in the specimens; thus, the masonry infills for this
study are limited to URM (unreinforced masonry). The scope of masonry infill is illustrated in Fig. 1-5.
Regarding framing, this study is focused on timber-framed masonry infill walls, with some previous
studies on RC- and steel-framed infill walls. Additionally, the scope of this study is limited to building
structures that do not require diagonal bracing to simply understand their masonry infill wall
contributions. Because a bare timber frame does not provide sufficient lateral strength, shear damage
caused by mortar joints is regarded as the dominant pattern of damage for numerous masonry infill

walls. Thus, the scope of the research subject is listed as follows:

+ Masonry infill walls with mortar bond failure is the main damage pattern.

+ The material of the frame is not limited; that is, the material can be timber, concrete or steel.

However, the structure is limited to a form that can ensure that the load is transferred along the
diagonal direction; thus, diagonal braces are not applied in this study.

* For specimens with masonry infill or not (i.e., bare frame), the failure modes of their frames
are similar.

Additionally, a more detailed scope will be given in Chapter 3.
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Although this study focuses on the in-plane seismic performance of non-structural and masonry
infill walls, it is worth noting that these results must be combined with their out-of-plane limit states for

practical application. The damage pattern of the frames of masonry infill walls, in particular, must be

considered.
Infilled Frame
Research
subject
Timber frame, RC frame, Steel frame Not subject to|
this research
i
[ W
Reinforced Masonry Unreinforced Masonry

Longitudinal steel

With Opening

Hollow Brick Solid Brick

Fig. 1-5 Scope of the masonry infill.
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14 Research scheme

In this study, in-plane static cyclic tests are conducted on full-scale, single-story, single-bay LGS
walls in Japan and timber frames with masonry infill structures in China. Based on the test results, the
characteristic points of the envelope curve are defined to generate the performance level of the wall. By
evaluating the characteristic points, equations for the wall strength, stiffness, and story drift ratio are
proposed. The equations are then adopted to define the damage limit states. Moreover, the observed
damage during the test is reported and correlated with the respective damage limit states. The research

scheme is illustrated in Fig. 1-6.

Common

Deformation Evaluation

! 1

: 1

Structural wall Infill wall Non-structural wall :
! :

! Example: ) :

Evaluate | Mainly on masonry Example.. . :
! infilled timber frame LGS partition

\ 2 1 \ 2 Y :
: Load-carrying capacity :

t 1

! 1

: :

: Drift demands 1

1

! 1

! 1

: :

Unique : Damage Limit State 1
1

! 1

! 1

! 1

! 1

! 1

! 1

! 1

Find a general evaluate flow for non-structural wall and masonry infill
wall to assess and verify the expected structural design demands, with
comprehensive summary

Fig. 1-6. Research scheme.
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1.5 Systematics of the Thesis

The organization of this thesis is mainly divided into four chapters.

Chapter 1 provides an overview of the study. This chapter consists of background, statement of
problems, objectives, scope, research scheme, and systematics of the thesis.

In Chapter 2, fifteen LGS wall subassemblies subjected to in-plane cyclic loading are tested.
Based on the test results, the characteristic points of the skeleton curve are defined to generate the
performance level of the LGS wall. By evaluating the characteristic points, equations for the strength,
stiffness, and story drift ratio of the structure are proposed. The equations are then adopted to define the
damage limit states. Moreover, the observed damage during the test is reported and correlated with the
respective damage limit states.

In Chapter 3, six full-scale Chuandou timber frame subassemblies subjected to in-plane cyclic
loading are tested, four of which are infilled with masonry walls. The observed failure modes are
reported. An appropriate solution is adopted for obtaining the experimental stiffness and strength of the
infill wall. The characteristic points of the skeleton curve of the infill wall are defined to generate the
performance level of the infill wall. The expected structural drift demands, which are associated with the
level of damage due to in-plane action, are evaluated after obtaining the strength and stiffness of the
infill.

In Chapter 4, as a summary of all the obtained results, the developed performance level of the
LGS wall and masonry infill wall is represented, and a simple design recommendation and the overall

conclusion of non-structural walls and infill walls subjected to in-plane loading are reported.
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2. Experimental Study on Non-structural

Light-Gauge Steel Frame Drywall Partition

2.1 Introduction

The aim of the study is to investigate the in-plane seismic performance of a typical LGS wall built
according to the Japanese practice and provide a qualitative definition of the related damage limit states
based on the test results, particularly for the drift ratio capacity of the system. Fifteen full-scale
specimens of single-story one-bay LGS walls were subjected to in-plane cyclic loading. Section 2.2
introduces the detailed experimental program such as the specimens, testing method. Section 2.3 mainly
provides the observed damage during the test. Section 2.4 presents how to derive the damage limit state
of LGS wall. The detailed information about the specimens, testing method, and main findings,

including the failure mode and observed damage, is presented in the following sections.

2.2 Test Plan

2.2.1 Specimens

The configuration of the specimens that were designed and constructed in a laboratory according to
the construction practice of LGS walls in Japan [2-1] is shown in Fig. 2-1. The building materials used
in the construction of the specimens were made in accordance with the Japanese Industrial Standards
(JIS) [2-2]. The specimens consisted of a base frame and gypsum panels [Fig. 2-1(a)]. All specimens
had an identical height of H =1760 mm, taken as the distance from the bottom of the metal track to its
top. Three different gypsum panel lengths were employed in this experiment to represent the S span (L=
2730 mm), M span (L= 3640 mm), or L span (L= 4550 mm) of the panel. (Fig. 2-2).

The base frame was constructed by inserting studs between the upper and lower metal tracks and
attaching them to a bridging channel (Fig. 2-3). The bridging channel, which serves as a link between

the studs, was positioned at a height of 1200 mm above the lower end of the studs. There were two
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standard spacings for the studs (303 mm and 455 mm) (Fig. 2-4). For the base frame (Fig. 2-5), both the
upper and lower steel beams of the loading frame were fitted with metal tracks. According to the
Japanese practice, metal tracks were fastened to the structural component at 900 mm intervals using a
power-actuated fastener. However, to evaluate the in-plane seismic response of the LGS wall, the
connection with the surrounding frame was designed to be intact, and the metal tracks were fixed to the
loading frame using steel bolts

Gypsum panels are comprised of multiple gypsum boards. Two gypsum boards are typically used
in Japan, namely, regular and reinforced gypsum boards. The reinforced board has a higher density and
fire resistance than the regular board. For this study, reinforced gypsum boards with thicknesses 7z of
12.5 mm and 21 mm are used. The standard dimensions of these boards were 1820x910 mm and
1820606 mm, respectively. Their size can be adjusted by cutting the board to fit the required size of the
gypsum panel. The configuration of each specimen is shown in Fig. 2-6. According to the Japanese
construction practice, gypsum panels can be fixed on one or both sides of the stud [Figs. 2-7(b) and (c)].
The gypsum panel on each side had two layers, an inner layer and an outer layer, and the layer
connected to the base frame was called the inner layer, while the other layer was called the outer layer.
The inner layer is introduced firstly, it (Fig. 2-1) was positioned horizontally, and the lower layer was
named the lower panel, while the upper layer was named the upper panel. Layers were attached only to
the studs of the base frame using self-tapping screws (M3.5%22 mm or M3.5%32 mm), depending on the
thickness of the gypsum board, at standard spacings of 290 mm. The outer layer is then introduced, it
was attached vertically to the inner layer using an adhesive (JIS 5538 [2-12]), 24 h of curing was applied

Screw
(M3.5%x22, A= 2720

Gypsum board (inner layer) M3 5x32) , 303.455 -
VLTI
— = : — #=12.5mm 845
° Stud Metal track

Bridging 910
channel

- 1360 1360

Horizontal (inner layer)

L 2720

o [1200 1,=12.5mm

1755

L N\ _ _ 1 X L - -] 905 i, 910 905
Gypsum board (outer layer) Staple(4x22, 4x32)

Vertical (outer layer)

(a) (b)

Fig. 2-1 Specimen: (a) outline of specimen, (b) arrangement of gypsum board (Unit:mm).
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to each specimen to combine the inner and outer layers to form a whole. Staples of 4 mm width and 22
mm or 32 mm height, depending on the thickness of the panel, were then used to fix the outer layer to
the inner layer temporarily until the adhesive sets. The staples were fix at a spacing of approximately
200 mm. The configuration of the specimen with an S span gypsum panel is illustrated in [Fig. 2-1(b)].
In addition, there was a clearance (¢ = 5 mm) between the gypsum panels and loading frame, apart from
the margin-bottom, which is designed to be directly attached to the loading frame. Although there is no
stipulation on the clearance in the construction practice, it is usually set to 5-10 mm on construction
sites in consideration of fire resistance and soundproofing. In most cases, the clearance of the inner layer
is filled with insulation (e.g., mineral wool), and the clearance of the outer layer is sealed using an
adhesive sealant. To observe the damage to the gypsum panel along the perimeter, no insulation or
adhesive sealant was applied in this experiment (i.e.: the clearance remained empty).

The parameters of the experiment are listed as follows (Table 1): (1) span length was L= 2730,
3640, or 4550 mm, (2) screw spacing of the inner layer was d, = 100 or 290 mm, (3) configuration of
the inner layer gypsum panel was horizontal or vertical, (4) board thickness was 75 =12.5 or 21 mm, (5)
number of panel layers were n =1, 2, or 4 (Fig. 2-7), and (6) stud spacing of the base frame was d,,s =
303 or 455 mm. Each parameter is briefly described below. For parameter (2), a comparison is made
between the standard screw spacing (d, = 290 mm) and modified spacing (d, = 100 mm) in which the
screw consumption is almost tripled compared with that of the standard spacing. As parameter (3), in the
Japanese practice, the inner layer is usually placed horizontally, while a vertical specimen was designed
to study the difference. The number of layers in parameter (5) had three configurations: one-sided single

layer (n = 1) [Fig. 2-7(a)], one-sided double layer (n =2) [Fig. 2-7(b)], and two-sided double layer (n

d = Screw spacing Reinforced Gypsum board
Metal track(WR-65) 303 455 d,=290 (Thickness, ;=12.5, 21mm)
. >
=== Bridging g== u u 7 T IN ]
AT BTN - !} channel 9/ ‘ - 4 I A 7@200
L] (\NB_%) 845 oy o o) ol | ~ ~ ~ 1 N b
L cocosbbedsmod Hooesos 4 Stud L. SE—— L — & - ;,:'2700—
1| ] sey) e .l
(WSS ! i
Clip) f] [1200 910
4
"7—)' Screw (M3.5%22, N
A A L,=2730, 36{10, 4550 M3.5x32) Staple(4x22, 4x32)
Side view Front view
(a)Whole (=(b)+(c)+(d)) (b)Base Frame (c)Gypsum board (inner layer)  (d) Gypsum board (outer layer)

Fig. 2-2. Outline of specimen: (a) whole (=(b)+(c)+(d)), (b) base frame, (c) inner layer of gypsum board,

(d) outer layer of gypsum board. (Unit: mm).
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Fig. 2-3. Cross-sectional size of base frame materials: (a) section A-A, (b) metal track, (c) bridging

channel, (d) hole for bridging channel on stud.
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455=8 455x6
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Fig. 2-4. Stud spacing in different span length: (a) L span @455 (b) L span @303, (¢c) M span @455, (d)

S span @455 (unit: mm).

Fig. 2-5. Base frame.
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= 4) [Fig. 2-7(c)], The Japanese practice usually uses n = 2 and n = 4, whereas several n = 1 specimens

were designed to study the seismic behavior of the inner layer. Fifteen specimens were evaluated based

on the parameters mentioned above. Furthermore, the ID of the specimen was determined using the rule

“Span length — Panel thickness (#z) x layer number of the panel (n7)” (e.g., S12.5*1 represents an S span,

L = 2730 mm, specimen with only one layer of thickness #3= 12.5 mm). Parameters (2) and (3) are

marked at the end of the ID as (dp/00) and (), more detail, (dp100) is screw spacing in Fig. 2-1(a), (V)

is vertical configuration of inner layer. The specimens with a base frame using stud spacing 303 are

marked ‘@303’ at the end of their ID.

2720 i 3630 4540 4540 ;
=12.5mm] ||845 1=12.5mm 845 [(=12.5mm 845 fy=21mm 343
. - - 606
910 910 910 606
1360 1360 815~ 1815 1820 1360 1360~ 1820 1360
Horizontal Horizontal Horizontal Horizontal
2720 3630 4540 4540
I
ty=12.5mm fg:|2.5ﬂ1lTl| ty=12.5mm |:3=2Irnm]
1755 1755 1755 1755
505510 905" ST T - 905'5“ ) 905 A N A A N
H_/ %(—J ¥ Yy }303
910x2 9103 606x7
Vertical Vertical Vertical Vertical

Fig. 2-6. Configuration of gypsum board: (a) S span, (b) M span, (c) L span #=12.5, (d) L span #5=21

(Unit:mm).

n=1
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//
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/7
((
-\

-

T E TPP

]

tz=12.5,21 Stud Gypsum board
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layer

Outer
layer

)

____+_ R

Fig. 2-7. Gypsum board layer number: (a) one side single layer n=1, (b) one side double layer n=2, (c)

two side double layer n=4.
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2.2.2 Test Setup

The test setup is illustrated in Fig. 2-8 using specimen L21*1 as an example. Setup in different
span length is represented in Fig. 2-9. The loading frame is composed of steel columns and beams. All
four beam-column joints are connected using pin jigs to protect the loading frame from horizontal
forces. The length of the loading frame can be adjusted by replacing the beams to match the length of
the specimen. The loading frame is installed with a reaction frame to make it a self-balanced reaction
system; the lower beam of the loading frame is fixed to the foundation beam of the reaction frame; and
the upper beam is connected to the reaction frame through a hydraulic jack. In addition, the columns and
beams of the loading frame and floor surface, respectively, are designed with a minimum gap to ensure
that they do not come into contact when experiencing large deformations.

The specimen is assembled in the loading frame, and the distance between the loading frame and
the gypsum board is measured at the point shown in Fig. 2-9 in order to manage the clearance in the
experiment. The measured clearance values are recorded in Appendix 1.

Figure. 2-10 shows the details of the connection between the loading frame and metal track. The
upper track is fixed to the loading frame by a steel block that is inserted between a pair of C-channel

steels. The steel block is connected to the upper track by M12 bolts. [Fig. 2-10(a)]. The lower track is

Shear force O Loading
. Clearance ; , point
Pin jig Hydraulic actuator o< g d.~5mm Loading frame :
JDIM D3
- ¥ e B T AR e e T e it - B Tty
5 5 =S =S D6 ;
IR IRE E4 EAeT Fig. 7(@)
(= NS —» =
E2A ESA ESA Specimen
! _Sz \ Reaction| frame C<5_ .
H u Tee steel Specimen
= S — AN = — beam P!
E2BH SIS E5B E8B
| B3 E6 E9 o Fig. 7(b)
—> - -+
D? S 4 Ga i
i o de Ol 3 i = - B 2
NN F tion | :
Floor “7 Ollljléa?nlon 3 ( 1
! |
; 910 ; 2730 910 : > -
i Span length £L=2730,3640,4550mm : Absolute Relative
; Frame length L, i displacement  displacement

Fig. 2-8. Test setup (unit: mm).
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Fig. 2-9. Setup of different span.
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directly fixed to the lower steel beam of the loading frame using M10 bolts [Fig. 2-10(b)].

The locations of the displacement transducers are also shown in Fig. 2-8. The four displacement

transducers (D1-D4) were mounted near the pin jig to measure the lateral drift (4;) of the frame, which

was calculated using Eq. (2-1). The vertical drift (4y) of the loading frame was obtained using Eq. (2-2),

AL:(Am_Am)"'(Am_Am) (2-1)
2
AV =Ay, —Ay, (2-2)

where Ap;-Ap4 are the lateral displacements recorded by displacement transducers D1-D4, Apsand A

pes are the vertical displacements recorded by displacement transducers D5 and D6, as shown in Fig. 2-

8.
O O
(@) o _bolt
n i}
= = Steel
r block 2
EEREn
\
..
Side-view Back-view Side view

(a) (b)
Fig. 2-10. Details about the joint between metal track and loading frame: (a) upper metal

track (b) lower metal track.

measured by transducers D5 and D6. Transducers C1-C6 were installed horizontally to measure the
displacement between the gypsum panel and loading frame. Transducers E1-E9 were installed
horizontally to measure the sliding of the gypsum panel.

Cyclic loading from 0.001 rad to 0.045 rad was performed with increasing amplitudes of story drift
ratios (R) (Fig. 2-11), and R was calculated using Eq. (2-3). For each amplitude, two cycles of loading
were performed from 0.001 rad to 0.02 rad, and then one loading cycle was applied in the rest of the
cycles until the end of the test. The maximum R was 0.04 rad in the negative loading direction because

of the limitation of the stroke of the jack.

AL AV
R=————— (2-3)
H, L,

where Hy is the vertical distance from the lower pin to the upper pin, L, is the horizontal

distance from left pin to right pin in Fig. 2-8.
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Fig. 2-11. Loading protocol.
2.3 Test Results

2.3.1 Hiysteresis behavior

Fig. 2-12 shows the hysteretic curves of the lateral force (Q) and story drift ratio (R) for the
specimens, as well as their envelope curves, where the lateral force (Q) in the vertical axis is measured
by the load cell in Fig. 2-8 and horizontal axis is the story drift ratio (R). The envelope curves are

marked in thick black line. The P-A effect on the lateral force is compensated by pre-loading the bare

loading frame. The common findings of all specimens are first introduced. In the initial stages, the
lateral force of the specimens remained constant (approximately 2 kN). The entire gypsum panel slid
into the metal tracks through studs, which was deemed to be attributed to the clearance on the horizontal
ends. A significant stiffness improvement was observed on the envelope curves after story drift ratios of
approximately 0.6%. Meanwhile, the corner of the gypsum panel was squeezed by the loading frame,
and local compression wrinkles can be observed in the corner. The promotion of lateral force Q

continued until a story drift ratio of approximately 1.5% was reached, beyond which the panel continued

kN
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Figure continue on the next page
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Fig. 2-12. Hysteretic and envelope curves of specimens.
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to sustain its lateral strength without losing stability until the end of the test.

Fig. 2-14 illustrates the definition of the envelope curve of the LGS wall. The characteristic points
of the envelope curve, namely the yield strength (Q,) and ultimate strength (Q,), were defined to
generate the performance level of the LGS wall. For the first part of the envelope curve, the clearance
area is defined as the area along which the LGS wall slides due to the clearance at both ends of the
gypsum panel in the initial loading cycles (i.e., origin point to point A in the figure). When the gypsum
panel initially contacts the column of the loading frame, the stiffness characterized as contact stiffness
(k;), significantly increases. The intersection of clearance stiffness k, and contact stiffness k; is defined
as the contact point (i.e., point A). The yield strength (0,) was determined when the gypsum panel was
in complete contact with the loading frame (i.e., point B). O, is defined as the point at which the
stiffness was 80% of k;. From this point onwards, the specimen entered the plastic stage. After the
stiffness deteriorated post the yield strength (Q,), 90% of the maximum strength (Q,.x) was reached,
defined as ultimate strength (Q,) (i.e., point C). The line between Q, and Q, was defined as the
secondary contact stiffness (k;). Some specimens exhibited a slow increase or maintained constant
strength after Q,, and the maximum strength (Q,,.,) was reached (i.e., point D). For the other specimens,
the force decreased after Q,; point D was not defined for these specimens (i.e., the gray solid line in the

figure). The characteristic points are updated in Fig. 2-12.
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Fig. 2-13. Definition of envelope curve.
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2.3.2 Damage Observation

The observed damage during the test varied with the number of layers () of the gypsum panel. The
typical observed damage during the tests of specimens n = 1 and specimens n = 2 and 4 with the
corresponding story drift ratios (R) is shown in Figs. 2-14 and 2-15, respectively.

On specimens n = 1, no significant damage was observed until the story drift ratio (R) reached
0.75%, and only a slight bearing deformation was observed at the ends of the metal track [Fig. 2-14(a)].
The corner of the gypsum panel then contacted the loading frame, which caused local compression
wrinkles [Fig. 2-14(b)]. As the story drift ratio increased, the wrinkles became local compressive
damage [Figs. 2-14(c), (d)], and the gypsum dust dropped. Rigid body rotation of the gypsum panel
was not observed during the experiment; only relative slip between the upper and lower layers of the
gypsum panel was observed [Fig. 2-14(e)]. When the story drift ratio (R) was increased to 4%, the edge
of the gypsum panel contacted the loading frame, causing compressive damage due to the sliding of the
upper and lower gypsum panels [Figs. 2-14(f) and (g)], as well as more severe compressive damage at
each corner [Fig. 2-14(h)]. It is noteworthy that the out-of-plane deformation of the entire gypsum panel
was observed at story drift ratios of approximately 4%][Fig. 2-14(1)].

On the n =2 and n = 4 specimens, in the initial loading cycles, the observed damage was similar to
that of » = 1 specimens, that is, bearing deformation on the metal track [Fig. 2-15(a)], and local
compression wrinkles [Fig. 2-15(b)] were observed. As the story drift ratio increased, local compression
on the gypsum panel was observed [Fig. 2-15(c)], and the wrinkle became local compressive damage
[Fig. 2-15(d)]. It was observed that during the test, no rigid body rotation occurred, apart from specimen
L-21*2, where it was found that the gypsum boards of the outer layer rotated independently. Out-of-
plane deformation was only observed partially at the ends of the gypsum panel [Fig. 2-15(¢)],
accompanied by corner crushing of the gypsum panel [Fig. 2-15(f)].

For both » = 1 and n = 2 or 4 specimens, the degree of damage is considered to be related to the
envelope curves. No significant damage was observed on the specimens at the initial stage when the
gypsum panel was not in contact with the loading frame. During subsequent increase in stiffness, only
minor damage, such as compressive wrinkles on the gypsum panel, was observed. As the stiffness began

to decrease, significant damage was gradually observed.
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Fig. 2-15. Observed damage on n=2 or 4 specimens.
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An observation on the same location of the same specimen further verified that the degree of dam-
age of the specimen was related to the envelope curve. For specimens with outer layers (i.e., 7 =2 and n
= 4), where the main failure mode was deemed to be the compressive damage of the gypsum panel, sim-
ilar damage was observed on each specimen at similar loading displacements, and the damage associat-
ed with each displacement was recorded. Figure 2-15 illustrates a typical example of damage to the left
upper corner of the gypsum panel of specimen S12.5*2 during the first loading cycle of each amplitude
of story drift ratio R from +0.005 to +0.03 rad. Figure 2-15 shows that as the R increases, there is a
clearance between the gypsum panel and loading frame from the beginning (+0.005 rad). Subsequently,
the clearance disappears (+0.0075 rad, point A in Fig. 2-13), followed by a slight compression wrinkle
(+0.01 rad, point B in Fig. 2-13), and then the wall is crushed by compression (after +0.015 rad, point C

in Fig. 2-13).

+0.005rad. i +0.0075rad.

Shear force Q

o |l

Photo
location

+0.015rad.

Fig. 2-16. Damage development of the gypsum panel at the loading cycle from 0.005 rad to 0.03 rad

(with specimen S12.5*%2 as an example).
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The deformations measured by the transducers are reported next. The lateral displacement at the

top-end of the gypsum panel (4) can be calculated using Eq. (2-4) [Fig. 2-17(a)]; and is comprised of
three characteristics of the gypsum panel: separation between the gypsum panel and loading frame (4;,)
[Fig. 2-17(b)]; lateral slip of gypsum panel (4;,), calculated using Eq. (2-5) [Fig. 2-17(c)], and the

rocking displacement 4,,[Fig. 2-17(d)]. In addition, the lateral displacement of each horizontal joint is

calculated by Eq. (2-5).
A = R x H = Ase + Aslip + Ara (2'4)

A +A

slip = Aslip—l slip-2 + Aslip—3 (2_5)

where A, is obtained by the transducers C1-C6 in Fig. 2-8, 4,, is obtained by transducer E1, E3, E4,

E6, E7 and E9 in Fig.2-18, Ay.ii-1,2,3 is calculated by the data of transducers E2-E3, E5-E6, E8-E9.

The separation 4, can be calculated by Eq.(2-6)

Ay = A, or A4, (2-6)
where the subscript of A corresponds to its displacement transducer, i.e.: the corresponding D A¢,

and Ac, is the data of transducer C1 and C4, respectively.

The slip Agip-1, Asiip-2, Asiip-3 can be calculated by Eq.(2-7) ,

_ AE3 +AE6 +AE9

Aslip—l - 3 (2—73.)
A +A4. .. +A

Asljp_2 — E2B 1:;553 ESB (2—7b)
A +4.., +A4

As[ip% — E2A t;5A ESA (2-7C)

where  the subscript of 4 corresponds to its displacement transducer.

& (4] B
(a) " (b) (c) (d)

Fig.2-17. Gypsum shear behavior: (a) total, (b) separation, (c¢) slip, (d) rigid body rotation.
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For vertical configuration, the rigid body rotation angle 4,, can be calculated by Eq. (2-8), the

calculation of A,,.34, A,,.5618 similar to A4,,.;5.

4, ,=Rx H, - Ap) = Ay (2-8a)
A — Aro—]Z + Aro—34 + Aro—56 (2-8b)

ro
3
where the subscript of 4 corresponds to its displacement transducer.
For vertical configuration, the rigid body rotation angle 4,, can be calculated by Eq. (2-8), the
calculation of A4,,34, A,5.561s similar to 4,,.;,. When there are two configurations (i.e.: horizontal and

vertical configuration) at the same time, the 4,, of vertical one will be calculated.

A, 5= (RXHf —A) (A + Ap, + Apsp) (2-9a)
A +A4 +A4
Am — ro-123 ro:;)456 ro-789 <2—9b)

where  the subscript of 4 corresponds to its displacement transducer.



CHAPTER 2

EXPERIMENTAL STUDY ON NON-STRUCTURAL LIGHT-GAUGE STEEL

FRAME DRYWALL PARTITION

Fig.2-19 represents the deformation of each factor in Eq. (2-4) of the gypsum panels in the first cycle at

different amplitudes of story drift ratios from 0.25% to 1.5%. The vertical axis is the story drift ratio R,

the horizontal axis is the data of corresponding transducers. Their percentages are indicated next to the

corresponding bars. All the specimens in this test are predominated by a slip of the gypsum panel; how-

ever, the slip (i.e., Ayjp-1, Agip-2, and Ay, of Fig.2-16(c)) differs according to the configuration. The

separation (4,,) is considered to be related to the compressive damage on both ends of the gypsum pan-

el. The gypsum panel is squeezed by the loading frame if A, exceeds 5 mm; A, is the clearance on both
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Fig.2-18. Measurement setup: (a) horizontal configuration, (b) vertical configuration.
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ends of the gypsum panel, marked in Fig.2-19.

The analysis of each parameter is described as follows.

(M

)

(€)

“)

)

As the degree of damage is almost identical among the specimens of spans S, M, and L, only
the results of span L are discussed.

If the consumption of the screw of the inner layer is increased, it can be deduced from [Fig.2-

19(a) and (b)] that the slip (4;,) of the gypsum panel would decrease. However, this would

result in greater compressive damage (4,.) at the ends of the gypsum panel. By comparing the
hysteresis curves of the two specimens (Fig. 2-12), specimen L12.5*1 (dp100) reached the
maximum force at a small story drift ratio and exhibited a significant decline in the force
thereafter. Based on these results, it is apparent that as non-structural components, increasing
the consumption of the screws does not result in an enhanced ductility; thus, this design is
undesirable.

For a horizontal or vertical design configuration of the panel, by comparing the test results
illustrated in [Fig.2-19(a) and (c)], the compressive damage (4,.) of the vertically placed

gypsum panel was higher, which can be explained by the fact that the vertical gypsum panel
had no horizontal joints, and the deformation could only be balanced by compressing the two
ends of the panel. Therefore, it can be concluded that the compressive damage of the gypsum
panel decreases with an increase in the number of horizontal joints.

The same phenomenon can be revealed by comparing specimens L12.5%1 and L21*1, which
differ in board thickness. As the thicker board was smaller in dimensions, more gypsum
boards were used for the same wall height in the construction process; thus, the number of
horizontal joints was increased.

For the layer number, the separation (A4,,) of specimens n =2 and n =4 [Fig.2-19(e)-(g)] was
higher than that of specimen n = 1 [Fig.2-19(a)-(d)], except for specimen L21*2 [Fig.2-19
(h)]; the reason is considered to be that the outer and inner layers of specimens #» =2 and n =4
remained unified during the test. Consequently, the behavior of the specimens is similar to
that of vertically placed specimens, and they sustain more compressive damage. Additionally,
the outer layer of specimen L21*2 was separated from the inner layer during the loading, and
its outer layer presented a significant rigid body rotation, while its inner layer showed a slight

relative horizontal slip between the upper and lower gypsum panels.
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(6) Reduced spacing between the studs results in an increase in the stud number, and an increase
in the number of studs is considered to reduce the relative slip between the upper and lower
gypsum panels. However, the outer and inner layers remained unified, and the increase in the

number of studs did not have an obvious effect on preventing the relative slip[Fig.2-19(e)-(f)].
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Fig.2-19. Decomposition of deformation: (a) specimen L12.5*1, (b) specimen L12.5*1(dp100), (c)
specimen L12.5*%1(V), (d) specimen L21*1, (e) specimen L12.5*2@303, (f) specimen L12.5*2@455,

(g) specimen L12.5%4, (h) specimen L21*2.

Two failure modes of the LGS wall were observed during the test: (a) the relative slip between the
upper and lower gypsum panels, which was observed for the n» = 1 specimens with a horizontal
configuration, and (b) the local compression of the gypsum panel, which was observed for the n = 2 and
n =4 specimens. Although the clearance can delay compressive damage on the ends of the panel, n =1

specimens with a horizontal configuration will exhibit out-of-plane deformation of the entire panel at



CHAPTER 2 EXPERIMENTAL STUDY ON NON-STRUCTURAL LIGHT-GAUGE STEEL
FRAME DRYWALL PARTITION

larger story drift ratios. In consideration of human safety, the » = 1 LGS wall with a horizontal

configuration is not recommended for design or use.

2.3.3 Performance levels for LGS partition

Considering that the degree of damage is related to the envelope curve, a qualitative definition of
the damage states of the LGS wall is provided in this study. According to the change in stiffness, some
characteristic points were marked on the envelope curve. Subsequently, this study provides a detailed
description of each characteristic point on the envelope curve and presents characteristic-point-specific
equations, followed by a comparison with the experimental results. In addition, to verify the usability of
these equations, experimental results from previous studies are evaluated for comparison, a few
experimental results from previous studies introduced in Chapter 1 are evaluated for comparison:
Scholars have investigated LGS partition built in accordance with Japanese practice through large-scale
experiments, Tamura et al. [2-7], Kumazawa et al. [2-8] and Mitani et al. [2-9] conducted a series of
experimental about LGS partition with opening, Suzuki et al. [2-10] conducted large experiments with
many construction details (e.g.: consumption of the staple) as parameter. The details of the previous
studies are listed in Table 2-2. Among these previous studies is another experimental project conducted
by the same research laboratory as this study [2-3]; the specimens and loading frames used are almost

identical, with the exception of the size of the specimens. Two additional details are worth noting: (1)

Table 2-2. Envelope curve detail (Unit: mm).

Standard size of

Specimen panethelght panel Llength thilc)ligzlss ¢ clearance ¢ single gypsum
board
Specimen No.1 (Isoda et al. [2-3]) 3000 5010 12.5%4 5X2 1820%910
Specimen No.1 (Lee et al. [2-4]) 2800 3950 12.5x4 15X2 1820x910
MIF1-STFD (Tasligedik et al. [2-5]) 2550 2900 13x2 (15+5)x4 2550x950*
Specimen #7 & #8 (Pali et al. [2-6]) 2700 2400 12.5%4 20%2 2700x1200*

*: Assumed according to the corresponding configuration figure.
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the specimen in [2-3] was filled with insulation and adhesive sealant in the clearance of the panel, and
(2) it was loaded until 2% of the story drift ratio. Additionally, although Tamura et al. [2-7] and Suzuki
et al. [2-10] conducted experiments of LGS subjected to in-plane cyclic loading, they didn’t set
clearance at the specimen. Kumazawa et al. [2-8] and Mitani et al. [2-9] conducted a series of

experiments of LGS partition with opening. Their experiment is out of scope of this study.
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Analysis of the characteristic points of envelope curve

A definition of the specific performance levels suitable for an in-plane response of a LGS wall
with local compression failure (i.e., n = 2 and n = 4 specimens and specimen L12.5*%1(V)) is proposed
in this study. The limiting state definition relies on the performance of the LGS wall obtained from the
results of this experimental study. A description of each characteristic point and the corresponding
stiffness is provided below.
Contact Point A

The strength of contact point A (QOpr) is considered to involve two parts, self-weight of the

gypsum panel and friction of the track-stud connection. The self-weight factor is associated with the
volume of the gypsum panel, as the density of the gypsum boards are the same in this experiment.
Owing to the change in contact area, the friction is considered to be related to the number of studs.
Therefore, an empirical equation, i.e., Eq. (2-10) is derived through a linear regression analysis. The
Opr obtained from the experiment was compared to that obtained from the calculation [Fig. 2-20(a)].
The calculation results were almost the same as the experimental results; thus, the former is used in the

following discussion.

0, =8.04xV +0.15xn, (2-10)

where ¥ is the volume of gypsum boards (Unit: m®), n, is the number of the studs.
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Fig. 2-20. Experimental results versus calculation results of point A: (a) strength, (b) drift ratio.
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In addition, the deformation of point A (Rpzr) can be obtained using Eq. (2-7) (Fig. 2-22). It is
worth noting that the height of the compression side of the gypsum panel (/%) is assumed to be 45% of
the height of the specimen. A comparison ratio is derived by dividing the calculation results by the
corresponding experimental results, and its frequency distribution is shown in [Fig. 2-20(b)], where x is
the mean value, s is the standard deviation, and the ratio value of 1 (i.e., experimental results are equal
to the calculation results) is close to z~-s; thus, the equation can be used to evaluate the safe-side story
drift ratio. It is considered that the clearance of the gypsum panel and sliding joint of the base frame
substantially delays the contact between the loading frame and gypsum panel. Additionally, the
estimated values of Rpy for several specimens of previous studies are considerably smaller than those of
this study, indicating that the clearance value (¢) is influenced by filling materials such as an adhesive
sealant.

Moreover, the relationship between the values of each clearance measured in the experiment and

the hysteresis curve is described in detail in Appendix III.
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Yield strength (point B)

The stress-strain relationship for gypsum board was developed based on the results of material
tests conducted by Sato. et al. [2-11] who tested various directions of several types of gypsum boards
commonly used in Japanese construction, and the results of these experiments are parametrically ana-
lyzed in this study. The final proposed relationship is represented in Fig. 2-21. The detailed parametri-
cally analyses are introduced in Appendix IV. Fig. 2-21 illustrates the local compression deformation
geometric relationship at Ry,. The local deformation (d,), corresponding story drift ratio (Ry,), and con-
tact height (%) can then be calculated using Eqgs. (2-11)-(2-13). By assuming a triangular compressive
stress distribution within the compression zone, the yield strength (Q,) can be calculated using Eq. (2-
14). The contact stiffness can be obtained using Eq. (2-15), where k=0/R.

A comparison of the experimental and calculated results of the strength of point B, stiffness, and
story drift ratio is shown in [Fig.2-22(a), (b) and (c)], respectively. The experimental results of the
strength and stiffness of point B differed by multiples in the range of 0.5—1 to those of this study. This
may be because the clearance of the gypsum panel varied between the inner and outer layers, or the
clearance (¢) may differ from the design value of 5 mm owing to a construction error. Fig.2-23 shows
an example where the inner layer is constructed to the design value; however, the clearance of the outer
layer is shorter than the design value. Because the clearance in this study remained empty, that is, it did
not contain an adhesive sealant, the loading frame contacts the outer layer first. Consequently, the
strength and stiffness may be lower than expected. In the subsequent figure, half layer means that one of
the inner layer or outer layer is in contact with the loading frame (i.e.: the panel thickness 75 in the equa-
tion is half of the actual value). And full-layer means that both inner layer and outer layer are in contact
with the loading frame. For the previous studies, assuming that the specimens had material properties

similar to those of the specimens in this study and all used an adhesive sealant in the clearance, the

Ao [MPa] A0 [MPa]
0746 __ =488
I I
| |
| |
| |
| |
I I
f=c, /s, | dul | =0 /s, ! 4
£=2000 &71.55 £=3000 &71.55
' =3000 ' =4500
(a) (b)

Fig. 2-21. Stress-strain relation of gypsum board: (a) 3=12.5 mm board, (b) =21 mm board.

(Modified according to Sato Y. [2-11]’s results)
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clearance (c) is lower than the design values, which results in their higher calculated values. The fre-
quency distribution of the comparison of the story drift ratio in Fig.2-17(c) demonstrates that the equa-

tion can estimate a safe story drift ratio.

d, =1l xe, (2-11)
R d,+c
o =0 2-12)
d hy<(l,xo )
h=—2=— . (2-13)
R, [, xo,+cxFE
0 ! h=2 h Lx 9, 2-14
=—0 Xtxh=—0, Xtxhyx——"—— -
o2 27 "l xo, +cxE 219
0 1 Exh’
k=—— — =—0 xtxhyx——% 2-15
' R—c/h, 2° ’ l,xo,+cxE ( )

where /, is the effective length of the gypsum panel, assumed as an average of the combination of the

length and width of a gypsum board (i.e., /.= 1365 mm for #3 = 12.5 mm specimens, and /.= 1213 mm
for 5= 21 mm specimens); o, is the average maximum compressive stress of the grain in the perpendic-
ular and parallel direction, which has values of 4.6 MPa and 4.88 MPa for gypsum boards of 75 = 12.5
mm and 3 = 21 mm, respectively; and £ is the elastic modulus of gypsum board, assumed to have val-

ues of 2300 N/mm” and 1627 N/mm? for gypsum boards having ¢z = 12.5 mm and #; = 21 mm, respec-

tively. Gypeum
o d | board
=
;;I = i
7 oh

loading
frame

Fig. 2-22. Calculation of local compression.
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Fig. 2-23. Experimental results versus calculation results of point B: (a) strength, (b) stiffness, (c) drift

ratio.
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Fig. 2-24. Example of construction error of clearance (half layer).
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Ultimate strength (point C)

After reaching the yield stage, the compression stress of the gypsum panel is considered to de-
crease according to the material test conducted by Sato et al. [2-11], and the stress deteriorates to the
ultimate point when the strain reaches 1.5 times the yield strain (i.e., & =1.5¢,). The ultimate strength
(Q,), which is regarded as the maximum strength of the gypsum panel, can be estimated by the ultimate
point in Fig. 2-21, which is derived using Eq. (2-16). It is worth noting that when the specimens are at
yield point [Fig. 2-23(a)], most of the specimens are calculated between half layer and full layer due to
construction errors. When the specimens are at the maximum point [Fig. 2-25(a)], most of the specimens
are close to the full layer. The secondary contact stiffness is determined by averaging the ratio of the
calculated initial contact stiffness to the experimental value of the secondary stiffness Fig.2-24(b) , thus

k>=0.21k;. Eq. (2-17) can then be used to calculate the story drift ratio using R=Q/k.

1 1 3le><0'y
Q=g Ot =g oty (2-16)

3l,x0, +2cxE

(2-17)

The results for point C are similar to those for point B. As the value of the ratio of experimental to
estimated displacement at point C is notably less than z—s, the equation provides a lower bound for the

tested specimens. (Fig.2-24)
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Maximum strength Q,,,.

For some specimens, the lateral force decreases after point C, while it does not decrease for the
other specimens. The load remains constant or increases until the jack reaches its limit. This
phenomenon is considered to be caused by experimental variations. The displacement of the specimens
at point D was recorded and compared with that at point C (Fig. 2-26). According to the results, the
displacement of point D / point C was in the range 1.68-3.75. The displacement at point D (R,,,,) can be

presented as follows.

Ry +1.68( Ry, — Ry ) SR, S Ryp+3.75(Ry, — Ry ) (2-18)

ROma.r(exp.)_R QA(cal.)
RQC(exp.)_RQ-![an.)

4
@) © 3.75
31 © o
@]
.| o) o ©O
- O-YX1.68
1T 1.68
specimen
0 1 | 1 1 : I :
) ‘;ﬂ' . ‘:ﬁ, ‘;‘ﬂ, n*ﬁ/ ,‘“b‘ ‘__*Tx @:\Q’b
CD\} é‘\\/ \/-Of o %\/ \J\"f qb‘k..
g

Fig. 2-26. Range of point D
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2.3 Performance level of LGS partition

According to the damage observed during the test, for the LGS wall, performance levels may be
described as the story drift ratio (R) associated with a given degree of damage, based on in-plane cyclic
tests on LGS wall specimens. Therefore, three LGS-wall-specific limit states are introduced based on
the growing level of infill damage due to the in-plane story drift ratio (Fig. 2-15 and Fig. 2-16):

(DS1) LGS wall can be used continually from origin to the story drift ratio of yield strength Ry,.
As the gypsum panel does not collide with the surrounding frame, only little visible damage can be
found on the partition [Fig. 2-15(a)]. The gypsum panel is attached using studs, which slide in the
metal track. The gypsum panel is regarded as intact, and the LGS wall can be used continuously.

(DS 2) LGS wall should be repaired partially from the story drift ratio of yield strength Ry, to the
story drift ratio of ultimate strength Ry,. Local compressive damage to the gypsum panel and metal
track of the base frame is expected as a result of the contact between the gypsum panel and surrounding
frame [Fig. 2-16(b)—(d)] but can be repaired effectively and economically.

(DS 3) It is recommended that the partition wall be replaced when the story drift ratio of the frame
has exceeded the story drift ratio at the ultimate strength (Ry,). As the story drift ratio increases, the
surrounding frame begins to squeeze the gypsum panel until it is severely damaged and reparability

becomes uneconomical [Fig. 2-15(e)—(f)], even though the lateral resistance of the gypsum panel may

O[N]
ky=0.21k,;
k;=Eq.(12) \ »

Q(=Q\’ —————— =D
=Eq.(13) i
I
i
050, | 5 v failure :
=Eq.(11) |
i
i
i
I
A 4 i
I
i
05~Eq.(6) i

— b —— : - R[rad.]

DS 1: continued used DS 2: repair partial | DS 3: replace J
Fig. 9 (a)-(d) | Fig. 9 (g)-(1) !
i i

Rg=Eq.(7) Rg=R, R-=Ry, Ry

=Eq.(9) =Eq.(14) =Eq.(15)

Fig.2-26. Performance levels for LGS partition wall.
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remain at a fairly high level. It is worth noting that the damage corresponding to the story drift ratios at

0.015 rad, 0.02 rad, and 0.03 rad in Fig. 2-16 should be classified as DS2 according to the damage

observation; however, the specimen-stiffness deterioration indicates that the gypsum panel sustained

severe damage; therefore, when the story drift ratio of the frame has exceeded the story drift ratio at the

ultimate strength Ry,, the damage is classified as DS3. Moreover, Fig. 2-27 illustrates the LGS-wall

force-displacement contribution along with the drift levels associated with the various limit states.

To further verify the applicability of the equations for the performance level, the results of the

calculation were applied to the hysteresis curves of the six specimens, as illustrated in Fig. 2-28. As can

be seen, the calculated curves closely match the hysteresis curves.
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Fig. 2-28. Performance levels for specimens.
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24 The Connection Between the Concrete Slab and Track of the LGS Wall

At the end of this chapter, an experimental study of the connection between a concrete slab and
the track of an LGS wall will be introduced. Although the LGS wall is one of the main subjects of this
study, some discussion regarding its connection is also documented in this chapter.

2.4.1 Objectives

As one of the non-structural components, gypsum steel-stud partition walls are composed of
metal tracks, cold-formed steel studs, and gypsum boards attached with self-drilling screws, and the
tracks are usually connected to the deck plate by a power actuated fastener (PAF). In the present
section, the shear strength of the PAF between the metal track and concrete slab is investigated to ensure
the out-of-plane shear strength of gypsum steel-stud partition walls.

The research subject of this experiment is the joint between the metal track and the concrete slab
located at the lower end of the LGS wall. The test specimen consists of a single PAF and a metal track,
which is placed between two studs. The track is made of a metal track (SGCC) with a thickness of #.=
0.8 mm or 2.3 mm, cold bent into a U-shape, and the width of the stud is 65 mm. Two types of tracks
with a thickness of ¢, = 0.8 mm are prepared, i.e., one with a flat web and the other with an embossed
web. An overview of the tracks is shown in Fig. 2-29 and Fig. 2-30. In this paper, the two protruding

plates of the track are called flanges, and the plate in contact with the concrete slab is called the web.

Specimen

Fig. 2-29  Specimen

4@% 401%%* 4&@
67 67 71

- e o

Thickness Thickness Thickness
t=0. 8 t,=0. 8 t,=2.3
(Flat) (Embossed) (Flat)

Fig. 2-30 (a): Parameter Metal track
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In this paper, the two protruding plates that make up the track are called flanges, and the plate
that contacts the concrete slab is called a web. The pins used in LGS walls are generally PAFs with
diameters of 4 mm or less. Fig.2-30(b) shows the relationship between the diameter d; and the length Lp
of the PAF available from Max, Japan Power Fastening, and Hilti. It can be seen that the shape ratio of
the PAF, Lp/d,, is approximately in the range of 6 to 10. In this paper, two types of PAF with diameters
of 2.6 mm and 3.0 mm are used, which consist of a flat cylindrical part and a conical tip. In this
experiment, pins with length L,=15-25 mm are selected from Max, Japan Power Fastening, and Hilti,

and the PAFs are installed following the method of the corresponding company.

- Lp[mm] Lp/d=10
80 : .
1 : [ |
Lp ; ‘/ u L/ds =6
00T > i . - JPries
01 paAF 10 . T
——"n =
/gz l’,—" Not adopted
207 °s- = Adopted
,,”,/’ ; Anchor
’:’/ | ' | ' | dls[mm]

0.0 2.0 4.0 6.0 8.0 10.0 12.0
Fig. 2-30 (b): Parameter PAF



CHAPTER 2 EXPERIMENTAL STUDY ON NON-STRUCTURAL LIGHT-GAUGE STEEL
FRAME DRYWALL PARTITION

The concrete slab is prepared as a rectangular block with a compression strength of Fe=18 N/
mm?, a thickness of 150 mm, and a flat surface of 600 x 600 mm. The pins are placed at a distance of at
least 35 mm from each other. The results of the material tests of the tracks are shown in Table 2-3, and

the results of the material tests of the concrete are shown in Fig. 2-31(a). The vertical axis is the
compressive strength of the cylinder specimen, op, and the horizontal axis is the curing time (days). The
compressive strength op of the concrete during the experimental period is approximately 27 to 29 N/

mm?. The shear strength of the headed studs embedded in the concrete as well as the cast-in pins is

evaluated by the "Guidelines for the Design of Composite Structures" [2-13] based on the results of
push-out tests conducted by J.W. Fisher et al. In this paper, the bearing compression strength o' of

concrete at the PAF is evaluated by Eq. (2-19), which applies the above proposed equation.

o,'=05-\Jo, E. (2-19)

where E¢ is the elastic modulus of concrete, o’ is the bearing strength of concrete, which is

Table 2-3 Material test result-metal track

t=0.8 t=0.8 t=2.3

(Flat) (Embossed) (Flat)

o, [N/mm’] 280.7 283.2 292.2

Oar [N/Mm?’] 360. 6 382.9 370. 4
30 %8 [MPa]

Measured by M

25 1 manufacturer ,\

20 2nd Material test
(E=23.0 GPa)
15
\
10 + ) 15t Material test
Experiment  (£,=24.6 GPa)
5 T start .
Time[day]
0 t t t t |
0 20 40 60 80 100
(a) Compression test results
450% MPal
400 T .
350 + / /
300 t « . 2nd Material test:
250 {15t Material test
200 T )
150 + Experlment
period
100 +
50 + Time[day]
0 } } } } |
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(b) Bearing strength of concrete cylinder
Fig. 2-31 Material test result-concrete slab
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approximately 405 N/mm? during the test.
2.4.2 Test setup

An outline of the test specimen is shown in Fig. 2-32. For the track, which is the test section, two
stud jigs are inserted at both ends, and the front and back of the track’s flange are sandwiched between
loading jigs to form a rigid body, square-shaped loading jig. PC steel rods are connected to this jig, and
monotonic tension loading is carried out using a center hole jack.

The experimental setup is shown in Fig. 2-33. The concrete slab, which serves as the base of the
specimen, was placed on a self-balancing reaction frame, and the side of the specimen in the loading
direction was in contact with the vertical jig. A horizontal jig was attached to the two vertical jigs, and a
load cell and a center hole jack were installed on the side of the horizontal jig. Teflon sheets of 1 mm
and 0.1 mm in thickness were placed between the track holding jig and the loading jig, and between the

track and the concrete slab, respectively, to minimize the effect of friction during the experiment.



CHAPTER 2 EXPERIMENTAL STUDY ON NON-STRUCTURAL LIGHT-GAUGE STEEL
FRAME DRYWALL PARTITION

Stud jig

Screw rod

track
Loading jig ™3

(/o
0@ oading through
prestressing steel bar

Fig. 2-32 Setup of loading jigs

3 600 , ;
I~ | I
°© o w H
.. ] : 07 M
e Stud jig i CLITITTITITITTIL]
Prestressing | | E N é
steel bar Loading jiig | (500 -
lo_o) /:\ N
OC) y ¢ [ITTFFEERETEREET ]
Load cell and Specimen : o o
Hydraulic Jack AN e
Prevent uphft Steel channel x 4
7 b
i -
Teflon sheet Screw rod

AV ’ l WA’

150
. .. ala ! DN
Horizontal jig ~B Concrete slab ;
\Vertical jigs B-B’

Fig. 2-33 Setup



CHAPTER 2 EXPERIMENTAL STUDY ON NON-STRUCTURAL LIGHT-GAUGE STEEL
FRAME DRYWALL PARTITION

2.4.3 Test Results

Three failure modes are observed during the test (Fig. 2-34). The first failure mode was the
bearing failure of the track shown in Fig. 2-34(a), which shows, from left to right, the top surface of the
track’s web, the bottom surface, and the concrete slab with the track removed. The second failure mode
was the pryout failure of concrete shown in Fig. 2-34(b). The third failure mode was the one in which
both of the above failure modes were observed, i.e., bearing failure of the track web in the beginning,
followed by the withdrawal of the PAF.

In the case of track thickness #=2.3 mm, most of the specimens failed to pryout of the concrete,
as shown in Fig. 2-34(c). After the test, pressure failure of the concrete was observed at the front side of
the applied force of the PAF, and very shallow cone-shaped cracks were observed at the back side.

In this study, the above failure modes are classified into the first two types and are judged from
the shape of the load-deformation relation. An overview of the load-deformation relationship is shown
in Fig. 2-35. The vertical axis represents the load, and the horizontal axis represents the horizontal
deformation of the track. The yield strength is evaluated as the contact point between the 1/4 initial
stiffness and the hysteresis curve. In the case of the track that failed under bearing pressure [Fig. 2-35
(a)], the plastic deformation progresses with strain hardening between the yield strength (e) and the
maximum strength (e). On the other hand, in the specimen where the concrete reached pryout failure
(Fig. 2-35(b)), there is almost no difference between the yield strength and the maximum bearing
capacity, and the specimen shows almost elastic behavior before sudden failure. These judgments are in

general agreement with the post experimental observations.

. . Slab after
Top view Bottom view experiment

g

(a) £=0. 8mm, bearglg

€ L'oading direction || €—
(b) ,=0. 8mm, pryout

/4
-
~<€—Loading direction [<€= 3 . i

(c) £,=2. 3mm, pryout

Fig. 2-34 Typical damage pattern after loading
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In this experiment, three specimens with the same combination of track and PAF were
prepared for each test. The hysteresis curves of the specimens with the same combination are illustrated
in Fig. 2-36. In the figure, the result of track failure is shown by the solid black line, and the result of
concrete pryout failure is shown by the solid red line. Even for the same combination of specimens, there
are variations in yield strength and maximum strength, and in some cases, the failure modes were

different. On the other hand, there is no clear difference due to the embossing of the track’s web.
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Fig. 2-36 Typical test results
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The evaluation of the bearing capacity are then discussed. The bearing capacity ratio (maximum
bearing capacity/yielding capacity) and the deformation ratio when the bearing capacity is reached are
shown in Fig. 2-37 in relation to the embedment length /., (=Lp-g-t,). g is the dimension from the
bottom of the head of the embedded pin to the top of the track’s web (Fig.2-36).

In the case of the specimen with #,=0.8 mm, the maximum bearing capacity is in the range of 1.0
to 2.5 times the yield strength, and there is no correlation with the embedment length /.,,. However, in
specimens without pryout failure, the yield strength and the maximum bearing capacity are almost the
same. In the case of pryout failure, the plastic deformation is 3 to 20 times larger than the deformation at
the yield strength before reaching the maximum bearing capacity. Therefore, it is appropriate to use the
yield strength as the design bearing capacity in the case of pressure failure and the maximum bearing
capacity in the case of pryout failure.

In the case of the specimens with #,=2.3 mm, most of the specimens achieve pryout failure, and
the maximum bearing capacity Q... is in the range of one to two times the yielding capacity Q,. The
maximum bearing capacity O, is in the range of 1 to 2 times the yield strength Q,. Similarly, the
deformation at maximum bearing capacity d,,, is in the range of 1 to 5 times the deformation at yield
strength d,. The yield bearing point and the maximum bearing point are closer to each other than in the

case of a thin track with a thickness of #,=0.8 mm.
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The relationship between the yield strength O, and the diameter ds of the driving pin obtained
from the experiment is shown in Fig. 2-37. In AISI [2-14], the bearing strength Oy of the metal track is
given by Eq. (2-20).

Qy=a-t, d o, (2-20)

Fig. 2-38 shows the results of the calculation using the AISI equation. The calculated results

are shown in Fig.2-38. The experimental results are higher than the calculated results, indicating that the

calculated results are the lower limit of the experimental results.

The amplification factor « in the experiment is calculated by substituting the yield strength O,
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obtained from the experiment for Qzin Eq. (2-20), and its frequency distribution is shown in Fig. 2-39.

The frequency distribution is shown in Fig. 2-39. The mean value of the amplification factor is x and its

standard deviation is s, the value of 3.2 in the AISI equation is lower than z-s.

Next, the evaluation of the bearing capacity of pryout failure is discussed. Fig. 2-40 shows the
mechanical model used in the evaluation. It is assumed that the PAF is subjected to a concentrated load
O from the center of the track web thickness. The cast-in pin is considered to be an embedded column
foot embedded in the concrete slab, and the stress distribution at the yield bending capacity is assumed
according to the "Design Guidelines for Steel Structure Connections" [2-15]. The PAF is subjected to a
reaction force Ry on the forward side of the applied force in the concrete slab and a reaction force Rp in
the opposite direction below the PAF. Assuming that the stress range of the reaction force Ry is x and

that the stress level on the concrete slab top surface has reached the bearing strength o', the reaction

forces Ry and Rp can be obtained from the following equation. The edge stress on the side of the

reaction force Ry can be obtained from the geometric relationship.

Ry=t.d -x.o (221)
5d
Ry=tid . (l-x).0 12X (2-22)
2 X

L <—QP“LW/2
— ) 3 1
Ry
20,./3
Ry

Fig. 2-40 Pryout force distribution
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Assuming that the bearing capacity at the time of pryout failure is Qp, the balance of forces in

the horizontal direction and the balance of moments on the top surface of the concrete slab can be
expressed by the following equations.

O, +R,=R, (2-23)

1 x 21 X
f =R (2 pllemy_p L
szr 3(3 3) v'3

(2-24)

By rearranging equations (3) to (6) for QP, the following equation can be obtained.

o."d, ‘Zemz
2(31,+21L,) (2-25)

0,=
This is the bearing capacity when the stress on the top surface of the concrete slab reaches the
bearing strength oc'. In other words, the equation is derived from the observation of the fracture state

after the experiment, which shows that the concrete support pressure failure is observed on the forward

side of the applied force.
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Comparison of experimental and calculated results

Fig. 2-41 shows the maximum bearing capacity O, of the specimens that failed in the pryout
condition in relation to the embedment length /,. In the figure, the calculation result by Eq. (2-25) is

shown with a solid line, and the calculation result of yield strength by Eq. (2-20) is shown with a dashed

line.

Both experimental results exceed the calculated results assuming pryout failure. In Section 2.4.3,
it was shown that the metal track has a residual strength between the yield strength and the maximum
strength when the metal track fails under pressure using Eq. (2-20). Therefore, in this type of joint, it is
desirable to use the evaluation of the bearing capacity for each failure mode and select the diameter and

embedment length of the PAF according to the thickness of the metal track to cause the metal track

failed under bearing strength.
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2.5 Summary and Conclusions

An experimental study was carried out on a light-gauge-steel partition drywall, which is a type of
interior drywall partition system widely used for frame buildings worldwide. This study focuses on LGS
walls built according to Japanese practice, which features a sliding-joint track-stud connection. Fifteen
full-scale LGS wall specimens of various span lengths and panel thicknesses were subjected to lateral
cyclic loading. The following conclusions can be drawn based on the test results.

(1) After establishing clearance between the gypsum-panel ends and allowing the stud to slide into
the metal track, the Japanese practice is considered to significantly delay local compression of the
gypsum panel.

(2) All the specimens were predominated by a slip of the gypsum panel because of the sliding track
-stud joint. Two failure modes of the LGS wall were observed during the test: One was the relative slip
between the upper and lower gypsum panels, which was observed on the one-layer horizontally placed
gypsum panel specimens. However, this failure mode may cause out-of-plane failure of the LGS wall;
thus, designs using a horizontal configuration with only one layer should be avoided. The other failure
mode is due to a local compression of the gypsum panel, which was observed on the two- and four-layer
gypsum panel specimens. Although both ends of the panels had local compressive damage, the panel
remained intact in the out-of-plane direction.

(3) For the n =1 and n =2 or 4 specimens, the degree of damage correlated with the envelope
curves. At the initial stage, when the gypsum panel was not in contact with the loading frame, no
significant damage to the specimens was observed. A significant increase in the stiffness occurred when
the gypsum panel contacted the loading frame. When the stiffness was increased, only minor damage,
such as compressive wrinkles of the gypsum panel, was observed. However, as the stiffness started to
decrease, significant damage was gradually observed.

(4) Particular attention was placed on an analysis of the gypsum panel performance, and
characteristics of the failure modes of the panel and performance levels were defined to judge the
limitation to repairs. Equations were proposed to predict the strength, stiffness, and story drift ratio of
each characteristic point of the damage limit states, and the equations of the story drift ratio provided
safe-sided results. The damage limit states of the LGS wall can be identified using the story drift ratio
associated with a specific degree of damage derived from the results of the in-plane cyclic tests for LGS

wall.
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3. Experimental Study on

Masonry Infilled Timber Frames

3.1 Introduction

The beginning of this chapter will introduce an experimental study of masonry infilled timber
frame, after which it will mainly discusses the contribution of masonry infill. Although masonry infill is
one of the main subject of this study, some discussions of its timber frame will also be documented in

this chapter.

The Chuandou timber frame system has a history of approximately 500 years and remains one of
the currently widely used timber structural systems in southwestern China. It was historically infilled
with timber panels or wattle and daub panels while clay brick masonry has been overwhelmingly
preferred for the infills over past few decades for its low cost and easy construction Fig. 3-1. Compared
with other traditional timber systems in China, it is distinguished by the following features: (1) the
timber beams and columns are joined by penetration tenons, where the full section of a beam goes
through the mortise on the column; (2) it uses no timber braces but is infilled with masonry or wood
panels as the partitions; (3) the columns stand freely on independent base stones and there are neither
sills nor mechanical anchors at the column bases. Through in-site observations immediately after the
2013 M7.0 Lushan earthquake in China, Qu et al. [3-1] found that the Chuandou frames exhibited better
seismic performance than un-reinforced masonry structures in terms of collapse prevention, although
they sustained damage of various types, including the collapse of the masonry infills [Fig. 3-2(a)],
excessive slip of the free-standing columns at the base [Fig. 3-2(b)]; fracture of beam tenons [Fig. 3-2
(¢)] and pull-out of beam tenons [Fig. 3-2(d)].

The wide spread of Chuandou timber houses in southwestern China, especially in the

mountainous areas, may have benefitted from its low cost, easy access to the materials, and quick



CHAPTER 3 EXPERIMENTAL STUDY ON MASONRY INFILLED TIMBER FRAMES

construction with only man power. The independent column bases without sills make it especially fit for
sloped, narrow and irregular sites, which are very common in mountainous areas. Notwithstanding the
fact that the southwestern China is highly prone to earthquakes, very limited studies have been
conducted on the seismic performance of Chuandou timber frames. Chang et al. [3-2] conducted a
monotonic loading test on cantilever timber beams with different types of penetration tenons and
proposed a model to predict the rotational stiffness of the penetration tenon connections in Chuandou
frames. Chen [3-3] investigated the methods to strengthen the timber penetration tenons by either carbon
-fiber-reinforced polymer sheets or steel plates. Monotonic loading tests on cantilever beams showed
that both methods would significantly increase the joint stiffness.

Huang et al. [3-4] conducted a series of cyclic loading tests to investigate the seismic behavior of
full-scale two-bay Chuandou timber frames with timber, wattle or daub infills. The specimen with
timber infills exhibited higher lateral stiffness and strength than that of the others. All these studies have
focused on the mechanical properties and retrofit of the timber frame itself, whereas little is known

about the masonry-infilled timber frame, in which the masonry infill is supposed to provide most of the

of < ' -
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beam-column joint > T
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Fig. 3-1. Configuration of an infilled Chuandou timber frame.

(a) (b) () (d)

Fig. 3-2. Damage to masonry-infilled Chuandou timber frame after 2013 Lushan earthquake in China[1-
18]: (a) Collapse of the masonry infills; (b) sliding at column base; (c) fracture of beam tenon and (d)

pull-out of beam tenon.
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seismic resistance.

The present study intends to investigate the seismic behavior of Chuandou timber frames with
masonry infills, which have become the most popular type of infills of timber frames in recent decades
in South China. Several full-scale specimens of single story-one bay Chuandou frames were subjected to
in-plane cyclic loading. Combined with the results of many previous experiments, the in-plane drift
demands of masonry infill walls were evaluated and verified. The details of the specimens, testing

method and primary findings are reported in the following sections.

3501 :

# -
(' Bare frame
(without

e 2350

1508
: 50 L
Shiner bond Tenon (Beam-to- Nail on timber column
span span column joint) (per 300/360 mm)
(a) (b)

Fig. 3-3. (a) prototype Chuandou frame and (b) specimen dimensions (unit: mm).



CHAPTER 3 EXPERIMENTAL STUDY ON MASONRY INFILLED TIMBER FRAMES

3.2 Test plan
3.2.1 Specimens

Six specimens were designed and built in the lab by local workers following the construction
practice of Chuandou frames in Lushan, China. The specimens, including their dimensions, cross-
sections and detailing, were designed so that they reproduce full-scale subassemblies of a prototype
Chuandou timber frame in the local area [Fig. 3-3(a)]. All specimens had the identical story height of
H=2350 mm, which is the distance from the column base to the axis of the beam, and the masonry infills
were made of a single-wythe of 230%110x50 mm fired clay bricks with a running bond. The aspect ratio
(H/L) and wall panel thickness (f) were selected as the parameters of the specimens. Two typical aspect
ratios of the masonry panels in Chuandou timber frames were used to represent the panel in either a long
span or a short span. For each aspect ratio, three specimens were prepared, including a bare frame
specimen and two masonry-infilled specimens in which the masonry panel was laid either in a stretcher
bond (thickness =110mm) or a shiner bond (thickness =50mm) according to the local practice of
construction. Each timber frame consisted of two columns and a beam. The columns had a circular
section of 170 mm in diameter, and the beam had a rectangular section of 50 mm wide and 150 mm
deep [Fig. 3-3(b)]. The beam went through the mortises on the columns, which were slightly bigger than

the cross-section of the beam so that the beam can fit into the mortise.

Following the local construction practice, the masonry infill was connected to the timber columns
by plain nails at approximately 300-mm and 360-mm spacing for the thick and thin wall specimens,
respectively. The gap between the infill and the timber columns was filled by mortar. The parameters of

the specimens are summarized in Table 3-1.

Table 3-1. Specimen parameters

ID L (mm) H/L t (mm) Shear key
Lo 3100 0.76 - No

L50 3100 0.76 50 Yes

L110 3100 0.76 110 Yes

SO 1630 1.44 - No

S50 1630 1.44 50 Yes

S110 1630 1.44 110 Yes
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3.2.2 Material properties

According to the Chinese Standard for the Testing Method of Performance on Building Mortar|[3-
4], the compressive strength of the mortar (a 1 : 3.2 : 0.27 mix of cement, sand and accelerator) in the
masonry infill, oy, was tested on 70.7 mm cubes [Fig. 3-4(a)]. The bond-slip strength of the masonry 7
was obtained by direct shear tests on blocks of three bricks bonded by two mortar beds without applying
any transverse restraint [Fig. 3-4(b)], and the masonry compressive strength oy was tested on blocks of
four bricks with three mortar beds [Fig. 3-4(c)]. Both the compression and shear strengths were tested
on masonry coupons of a stretcher bond, and were calculated as the measured force divided by the
corresponding areas. The mortar bed was approximately 8-10 mm thick in all tests. Three coupons were
tested, and the average result was taken as the material property. It was assumed that the masonry
strength is the same for a shiner system. For each material property, three masonry coupons were tested
on the same day as the loading of each specimens. The average material properties for each masonry-
infilled specimen are summarized in Table 3-2. The average strengths and their standard deviations over

all masonry-infilled specimens are also listed in the table.

3
4 —
60, — —
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Fig. 3-4. Dimensions of samples in testing (a) mortar compressive strength oy, (b) masonry bond-slip

strength v, and (¢) masonry compressive strength oy (Unit: mm).
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The material properties of the timber were tested according to the Chinese codes for the testing
methods of timbers in bending [3-5] and in compression [3-6] with some revisions on the dimensions of
the test coupons. In particular, small timber coupons of 20-by-20 mm cross sections are adopted by the
code methods, but coupons of 120-by-120 mm cross-sections that represent the inscribed square of the
full-scale column cross section in the test were used to minimize the size effect in the material
properties. The average bending strength was 30.08 MPa and the elastic modulus Eg was 3.87 GPa at an
average moisture content of 14.6% by three-point bending tests of six 120-by-120-by-2400-mm timber
beam coupons. The average compressive strength and elastic modulus E,,,, parallel to the grain of 120-
by-120-by-240-mm timber cuboids were 25.92 MPa and 5.65 GPa, respectively, at an average moisture

content of 9.4%. During the test of the timber frame specimens, the moisture content of the timber

varied from 7.7% to 10.2% with an average of 8.3%.

Table 3-2. Material properties of mortar and masonry

Masonry
Specimen
om (MPa) Ve (MPa) om (MPa)

L50 7.30 0.23 4.54

L110 8.21 x 9.93

S50 5.58 0.18 3.66

S110 6.19 0.19 5.44
Mean 6.82 0.20 5.89
Standard deviation 1.10 0.08 2.71

x: test failed
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3.2.3 Test setup

For all specimens, the timber columns stood freely on top of a reinforced concrete foundation
block with roughened surface at the location of the column bases. A small slip was expected at the
column bases of the bare frame specimens, while the column may be pushed outside by the toes of the
wall panels and exhibit excessive lateral slip, which would be restrained by a wall panel in the adjacent
span if it were in a real Chuandou frame. In the test, a pair of metal shear keys was installed to impose
an upper limit of approximately 20 mm on the lateral slip at the column bases for the masonry-infilled
specimens (Fig. 3-5).

A lateral load was applied to the timber columns by a 300-kN hydraulic jack along the axis of the
timber beam. The jack was connected to the columns through specially designed jigs to avoid touching
the penetration tenons of the beam-to-column joints. The two jigs on both columns were connected by a
pair of steel rods on both sides of the beam to transfer the force of the jack to the jig at the far end in
negative loading. The timber columns were connected to a steel beam at the top through a pair of
mechanical hinges. Two pantographs were installed on both ends of the steel beam for the out-of-plane
stability.

The total weights of the steel beam, specially designed jigs, steel rods, pantographs and
mechanical hinges were approximately 8.0 kN. To simulate the dead load of the superstructure, an
additional gravity load of 25.4 kN was applied to the steel beam by steel blocks, resulting in a total
gravity load of 33.4 kN in addition to the self-weight of the masonry-infill timber specimens. Therefore,
each timber column in the wide-span specimens was subjected to 16.7 kN additional axial force, while

in the narrow-span specimens, one column was subjected to 14.3 kN and the other was subjected to 19.1

Pantograph
Chain hoist
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— | hydraulic s - . displacement
dctuator 167 kN 16.7 KN N | .
axial force Long span axial force Ni“ kN 19.1.kN
axial force axial force &
> L~ Special designed jig > MO oy WS S2 -
Roughened surface with steel rods = ‘ ‘ 1
Shear key ] 1]
We—— E [ I ‘ Strong floor [ {
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Fig. 3-5. Test setup: (a) long span, (b) short span (length unit: mm).
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kN additional axial force because of the eccentricity of the top steel beam [Fig. 3-5(b)]. The difference
in the column axial forces of the short-span specimens is deemed to have little effect on the behavior of
the beam-to-column joints, which is governed by the properties of the beam, whereas its effects on the
overturning moment of the free-standing columns of bare frame specimens and the rocking strength of
the masonry-infilled specimens are considered in the calculations in the following sections. In
determining the amount of addition gravity load, a combined gravity load [3-7] of (1.0DL + 0.5LL) =
1.95 kN/m2 was assumed, in which DL = 1.8 kN/m2 is the dead load and LL = 0.3 kN/m2 is the live
load according to existing statistics for Chuandou houses in the literature [3-8]. The range of column
axial forces of 14.3 to 19.1 kN corresponds to a 7 to 10 m2 tributary area of a single column, which is

realistic for commonly-seen Chuandou houses.



CHAPTER 3 EXPERIMENTAL STUDY ON MASONRY INFILLED TIMBER FRAMES

The locations of the displacement transducers are also shown in [Fig. 3-5(b)]. The two
transducers D1 and D2 were mounted near one of the beam-to-column joints to measure the lateral drift
A of the frame, which is calculated by Eq. (3-1). The rotation of the two beam-to-column joints were
obtained by two pairs of transducers R1-R4. Twelve transducers, M1-M 12 were installed horizontally at
the timber columns-to-masonry interfaces to measure the gap opening. The sliding of the column bases
was measured by transducers S1 and S2 near the column bases. The rotation of each column was

measured by transducers C1-C4.

— Ap +Ay,
2

A (3-1)

where Ap; and Ap, are the lateral displacements recorded by displacement transducers D1 and D2 as

shown in [Fig. 3-5(b)].

Cyclic loading was performed with increasing amplitudes of story drift ratios R=A/H from
0.125% to 10% (Fig. 3-6). The drift amplitudes were in accordance with the ISO/TC 165 WD 16670 [3-
9], and two cycles of loading were performance for each amplitude. The maximum R was up to 8% in
the negative loading direction because of the limitation of the stroke of the jack. For the bare-frame
specimens SO and LO, the very small drift amplitudes were skipped and the loading started from an

amplitude of 0.5% story drift ratio.
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Fig. 3-6. Loading protocol.
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33 Hysteretic behavior and failure modes
3.3.1 Bare frame specimens

The hysteretic curves of the lateral force O and story drift ratio R of the bare-frame specimens SO
and LO are shown in Fig. 3-7. The P-A effect on the lateral force is compensated. The results in the

negative loading direction was affected by the mis-operation of the chain hoist that hung the hydraulic
jack. The chain hoist, which was installed diagonally between the jack and the reaction wall (Fig. 3-5),
was not sufficiently loosened during the test and imposed an unintended force on the jack in the negative
direction, whose horizontal component added to the jack force recorded by the load cell in series with
the piston of the jack. Therefore, the lateral force results in the negative direction for the bare frame
specimens were deemed unreliable and will not be included in the following discussion. The
displacement results were not affected by this issue because the loading was controlled by separately
monitored displacement. The hysteresis of both timber frames exhibited significant pinching, which is a
commonly-observed behavior for timber frames and was deemed to be attributed to the initial gaps in
the mortise-tenon joints and the residual compressive deformation when the beam tenons were squeezed
parallel to the grain [3-10][3-11][3-12]. A significant stiffness reduction was observed on the envelope
curves at approximately 1% and 3% story drift ratios for specimens SO and L0, respectively, beyond
which both specimens continued to sustain the lateral strength without losing the vertical stability up to
10% story drift ratio. In particular, the lateral force Q in specimen SO continued to increase beyond the
point of apparent stiffness reduction and reached a maximum lateral force of 3.7 kN at 10% story drift
ratio, at which the jack run out of its stroke and the testing was terminated. On the other hand, the lateral

strength of specimen LO was 2.4 kN, which took place at a story drift ratio of 4%.

QO [kN]

— S0
Lo

1 R [rad]|
-0.006 -0.003 0 0.003  0.006

(©)

Fig. 3-7. Hysteretic and envelope curves of bare frame specimens: (a) S0, (b) LO and (c) first cycle of

both.
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The hysteretic curves in the first loading cycle of the bare-frame specimens are compared in [Fig.
3-7(c)] to show that the two bare-frame specimens exhibited very similar initial stiffness regardless of
their different spans. The initial lateral stiffness derived by the slope of the straight line that connects the
peak points was 159.6 kN/rad. It rises from the frame action of the bare frame that relies on the
rotational resistance of the beam-to-column joints and column base joints. In contrast to the extensively
investigated beam-to-column joints in a timber frame, the role of free-standing column bases in the
initial stiffness of a timber frame remains unclear. Taking advantage of the measured displacements at
the column bases in specimens SO and L0, the equivalent stiffness of the column bases in the first cycle
of loading is calculated to show that neither a pin nor a fixed base assumption can be considered
realistic.

The uplift and rotation of the column bases can be calculated from the displacements at the

column bases be Egs. (3-2) and (3-3), respectively.

Ao +A

S, = % (3-2)
Ao +A

5N — Cl 2 C2 (3_3)

where Ac; and Ac, are the lateral displacements recorded by transducers C1 and C2 as shown in [Fig. 3-
5(b)]; B is the distance between the two transducers C1 and C2 (Fig. 3-8).

The height of the compression zone of the column section, which is taken as the part that falls
below the grade level in Fig. 3-8, can then be calculated by Eq. 3-4.

Oy

Sin Gy

Xy =1~

(3-4)

where r is the radius of the circular column section.
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By assuming a triangular distribution of compressive stress within the compression zone, we

determined the action point of the resultant reaction force (Fig. 3-8). It counteracted the axial force N of

the column and produced a moment of Mcpg=N ° j at the column base, where j is the distance between

axial force N and the reaction force. Therefore, the rotation stiffness of the column base joint can be

calculated by Eq. (3-5). The calculation results are summarized in Table 3-3.

M
ke =—< (3-5)

Compression
zone

Action point of
resultant reaction
force

Fig. 3-8. Calculation of moment and rotation at free-standing column base.

Table 3-3. Evaluation of column base stiffness by test data

Long-span bare frame L0 Short-span bare frame SO

R=+0.5% R=-0.5% R=+0.5% R=-0.5%

West  East West East West  East West East
N (kN) 17.1 17.1 17.1 17.1 14.7 19.5 14.7 19.5
Ox (mm) 0.10 0.10 0.03 0.02 0.20 N/A 0.15 N/A
Ocp (rad) 0.44% 0.38% 0.39%  035% 0.54% N/A 0.54% N/A
Xo (mm) 62.4 59.9 77.0 79.7 473 N/A 57.8 N/A
j (mm) 58.1 59.1 51.8 50.6 64.6 N/A 60.0 N/A
kcp (kKNm/rad) 2272 2639 228.2 2487 1759 N/A 162.5 N/A

N/A: data not available because of transducer malfunction.
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With the knowledge of the column base stiffness kcp derived from the test data, the initial stiffness
of the bare-frame specimens is estimated by a simple linear elastic model as shown in Fig. 3-9. It
consists of three elastic beams that represents the timber beam and columns and four rotation springs,
two of which are for the direct penetration beam-to-column joints, and the other two are for the free-
standing column bases. Their respective rotational stiffnesses are k; and kgc. Ep is the bending elastic
modulus of the timber components; /- and /g are the moments of inertia of the timber column and beam,
respectively. For the direct penetration beam-to-column joints, the model proposed by Sakata et al. [3-
12] was adopted to estimate the rotational stiffness. The estimated rotational stiffness of the beam-to-

column joints is 86.7 kNm/rad, which is much lower than that of the free-standing column base joints.

A ISP IIIL,

Free-standing column base

Fig. 3-9. Linear elastic model for calculating initial stiffness of bare frame specimens.
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Fig. 3-10 compares the thus-calculated k; with the envelope curves and the experimental k; of the

bare-frame specimens to show that the calculation slightly underestimated the initial stiffness of the
specimens. The initial stiffnesses assuming pinned (kcg = 0) or fixed (kcg—© ) column bases in the

model in Fig. 3-9 are also depicted in Fig. 3-10. Either assumption would result in a significance

discrepancy in estimating the initial stiffness.

O [kN] O [kN]
4 ; ; 4 y -
/ / i /
1 L,/ kical I l!/ kj,cal
. Lk fix ’:" kiexp |4/ 1 .k fix Fkhexp !/ 1
/ / / /
/ : /
r! 7 r"‘ /
. / . . /
T ! / ) =T / /
! 4 PPt / /
! I
/ o / // T
A 1y T
W - R [rad.] T R [rad.]
0 = t } : 0 ¥~ ' ; ;
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
(@) (b)

Fig. 3-10. Envelope curves with initial stiffness: (a) SO and (b) LO.

3.3.2  Thick-infill specimens
The introduction of infills to the timber frame substantially changes the lateral behavior of the

structure. The deformation of the short-span specimen with 110-mm-thick infill is predominated by the

R, [rad. R,y [rad.
0o; Reolrad] 0.0y Brolrad]
7,
7,
'’
(s
0.005 i 0.01
R=-0.1% R=-1.32%
l
0 0 =
T T
R=0.09% R=0.73%
-0.005 - -0.01
R [rad.] R [rad.]
-0.01 -0.02
-0.01 -0.005 0 0.005 0.01 -0.02 -0.01 0 0.01 0.02
(a) (b)

Fig. 3-11. Relationship between rigid-body rotation-to-lateral drift ratio of thick-wall specimens: (a)

S110 and (b) L110.
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rigid-body rocking around the column base by the fact that the angle of the rigid-body rotation R, ,
which is calculated by Eq.3-6, was very close to the overall story drift ratio R [Fig. 3-11(a)]. Piecewise
linear idealization of the rigid-body rotation and lateral drift ratio curve indicates that the specimen S110
started to rock at very small lateral drift of 0.1% and -0.09% in the positive and negative direction, re-
spectively. The long-specimen L110 also sustained significant rocking motion in the positive loading
direction, but the initiation of rocking was postponed to a lateral drift ratio of 0.73% [Fig. 3-11(b)].

R, = ———* (3-6)

where Acg and Acy are the uplift at the east and west column bases, respectively. Acg is taken as the

average of the displacements by transducers C1 and C2, whereas Acg is that by transducers C3 and C4

[Fig. 3-5(b)]. L is the span length of the specimen.

Correspondingly, the hysteretic curve of specimen S110 was approximately bilinear with little
residual lateral drift and hysteretic energy dissipation [Fig. 3-12(a)]. No significant shear cracking was
observed on the masonry infill throughout the test [Fig. 3-13(a)]. On the other hand, although it also
exhibited significant rocking, the hysteretic curve of specimen L110 was fatter than that of specimen
S110, indicating additional energy dissipation during the rocking motion [Fig. 3-12(b)]. The primary

crack around which the rocking took place extended into the masonry panel as can be seen in [Fig. 3-13

(b)].

QO [kN] O [kN]

Rocking
initiation

Rocking
initiation [ =
irg

L110
20 Rocking initiation 40 Rocking initiation R [rad.]

-0.08 -0.04 0 0.04 0.08 -0.04 -0.02 0 0.02 0.04 0.06
R R
(a) (b)

Figure 3-12. Hysteretic curves of thick-infill specimens: (a) S110, (b) L110.
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The interaction between the masonry infill and the timber frame was captured by the relative
displacements at their interfaces in specimen L110, for which the shear keys at the column bases were
not installed in the first cycle loading so that the column bases slid excessively, and the interfacial
connections such as the bond of the mortar and embedded nails between the columns and the masonry
panel were broken. To observe the deformation of the masonry panel, the shear keys were used for the
rest loading of L110 and other infilled specimens. Thus, the test object of this study is internal panel of
Chuandou timber frame. The deformed shapes of the timber frames and masonry infill of specimen
L110 at R=+2.0% are depicted in Fig. 3-14 by bold solid lines and shaded areas, respectively, where the

horizontal axis o is the relative horizontal displacement and the vertical axis is the height of the

locations of the displacement transducers.

L110 R=+2%

4 30mm

Fig. 3-13. Rigid-body rotation of thick-infill specimens: (a) S110 and (b) L110.

Height (mm) Height (mm) Height (mm) Height (mm)
2500+ R 2500 ¢ 25001 2500+

&

|||||
||||||||||

-50 5(mm) 50 -50 é'(mm) 50
(a) (b)
Fig. 3-14. Deformed shapes of timber frame and masonry infill in specimen L110: (a) R=+2%, (b) R=-

2%.

3-16
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The deformed shapes of the timber frames are obtained by the lateral displacements at the floor
level of each column (transducers D1 and D2 in [Fig. 3-5(b)] and slips measured by transducers S1 and
S2 at the column bases. As aforementioned, twelve transducers, denoted as M1-M12 in [Fig. 3-5(b)],
were mounted horizontally across the masonry-timber interfaces to monitor the relative displacement
between the masonry panel and the timber columns. By further considering thus-obtained relative
displacements based on the deformed shapes of the timber frames, it is found that the masonry infill
separated from the timber columns at lower left and upper right corners during positive loading and was
in contact with the columns at the other two corners [Fig. 3-14(a)], indicating that the masonry infill
resisted the lateral load by a diagonal compressive strut which lay approximately between the two
corners that were in contact with the columns. The opposite was observed during the negative loading

[Fig. 3-14(b)].

3.3.3  Thin-infill specimens

In specimen S50, the 50-mm-thick masonry infill sustained severe shear cracking while the rigid-
body rocking was significant. The combined rocking-shear damage pattern corresponds to a fatter hys-
teretic curve than that of specimen S110 [Fig. 3-15(a)] and a larger deviation of the rocking angle R,,
from the story drift R [Fig. 3-15(c)]. The first visible diagonal crack on the infill was observed at ap-
proximately R=0.8%. The maximum diagonal crack width reached 9mm at R=1% and the uplift at the
column base was 13mm at the same time. The shear cracks and uplift of the column base continued to
grow simultaneously with the increase in story drift. The shear cracking became very severe at R=4%
and the thin masonry panel exhibited visible bulge in the out-of-plane direction. that part of the masonry
infill. Part of the infill panel fell to the ground when it was unloaded (Fig. 3-16). The lateral strength of
the specimen suddenly dropped after the partial collapse of the infill and became only slightly greater

O [kN] O [kN] Ry [rad.]

20 0.02

Rocking
initiation

5110 skeleton

15

10 0.01

0

V (kN)
R[U

-0.01

15 | S50 15 === L50
Rocking initiation P
20 = -20 3 ) RTrad ]
-0.08 -0.04 0 0.04 0.08 -0.08 -0.04 0 0.04 0.08 -0.02 -0.01 0 0.01 0.02

R R R
(a) (b) ©

Fig. 3-15. Hysteretic curves of thin-infill specimens: (a) S50, (b) L50 and (c) their rigid-body rotation.



CHAPTER 3 EXPERIMENTAL STUDY ON MASONRY INFILLED TIMBER FRAMES

than that of a bare timber frame [Fig. 3-15(a)].

In contrast to S50, specimen L50 exhibited a typical shear failure of the masonry infill [Fig. 3-15
(b)] and the rigid-body rotation of the specimen was negligibly small [Fig. 3-15(c)]. Diagonal cracks
were observed on the masonry infill at R=+0.25%. The diagonal crack width reached 28mm at R=2%
and the masonry infill partially collapsed at R=-3% (Fig. 3-17), after which the lateral strength of the
specimen suddenly dropped to slightly greater than a bare timber frame. Like what was observed in
specimen S50, the masonry panel deformed in the out-of-plane because of the in-plane shear before it

finally collapsed.

Diagonal
26mm w;

/

3
Diagonal crack
28mm wide

Figure 3-17. Shear cracking and collapse of masonry infill in specimen L50.
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Fig. 3-18 compares the slips at the column bases in the three short-span specimens. Column base

slips were measured by the displacement transducers S1 and S2 as shown in [Fig. 3-5(b)], respectively.

No obvious slip was observed in the bare frame or the thick-infill specimen in which the masonry infill

did not exhibit shear cracking, but the thin-infill specimen S50 sustained considerable slip at the column

bases and the slips at the two column bases were in opposite directions, indicating that the timber frame

opened at its base [Fig. 3-18(c)]. This can be attributed to the expansion of the cracked masonry infill.

Significant outward slips at the column bases were also observed in L50, where the masonry infill also

sustained diagonal shear cracking.
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Fig. 3-18. Column base slip of short-span infilled specimens: (a) SO, (b) S110 and (c) S50.

The lateral strengths and stiffnesses of the masonry-infilled specimens are summarized in Table 3

-4. The initial stiffness is taken as the slope of the straight line that connects the peak points of the

hysteretic curve at story drift ratio R=0.125%. The stiffness of the masonry-infilled specimens were

more than 63 to 104 times that of the bare frame specimens even if the masonry infill was a shiner

system. The lateral strength of infilled specimens was 3.7 to 10 times that of the bare frame specimens

depending on the thickness and damage pattern of infill.

Table 3-4. Stiffness and strength of masonry-infilled specimens

L50 L110 S50 S110
Initial stiffness, k; (kN/rad) 12983.3 16609.6 10169.6 10180.4
Lateral strength, O, (kN) 17.3 29.4 14.8 13.8
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34 Discussions
3.4.1 Estimate of lateral strength

In estimating the shear strength Q; of unreinforced masonry walls, the equations in FEMA-273[3
-13](Eq. 3-7) and the Chinese design code for masonry structures (GB50003-2011) [3-14] (Eq. 3-8) take
the same form of multiplying an equivalent mortar strength v,,. with the net area of the mortar section

Ay, but they are different in calculating vp.

Qx,FEMA =1xAn=0.5x(7,+0oy)x 4, 3-7)
O gs =TxXA, =(t,+ax u'xoy)x 4, (3-8a)
! GN
' =0.23-0.065x > (3-8b)
Oum

where 7 and oy are the bond-slip and compressive strength of the masonry prism, respectively; on=N/
A, is the normal stress in the masonry panel, N is the expected gravity compressive force, equal to the
self-weight of the masonry panel in this test; ¢’ and &’ are the coefficients that depend on the loading
condition of the structure. When the loading of the structure is predominated by the dead load, o’=0.64

and 4’ can be obtained by Eq. 3-8(b).

Meanwhile, the lateral force corresponding to the initiation of rigid-body rocking (referred to as
the rocking strength hereinafter) can be derived by the moment equilibrium assuming that the specimen

rotates around the center of one of the column bases (Eq. 3-9).
0,=GL/H (3-9)

where G is the gravity force on the specimen including its self-weight and the additional gravity load on
the top of the specimens and the masonry infill; D is the horizontal distance between the centroid of
gravity force to the axis of the column, around whose base the specimen rotates. For long-span speci-
mens, D = L/2 = 1550 mm in both positive and negative loading direction, whereas D = 698 mm in the
positive direction and 932 mm in the negative direction because of the asymmetric arrangement of the

steel loading beam in the setup (Fig. 3-5).
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The calculated shear strength by Eqgs. 3-7, 3-8 and 3-9 for the infilled specimens are shown in
Fig. 3-19 along with the hysteretic and envelope curves of the respective specimen. For thick-infill
specimens L110 and S110, whose failure was predominated by the rigid-body rotation, the lateral
strengths in the test are very close to the estimated rocking strength Q,,. For thin-wall specimens whose
masonry infill sustained significant shear cracking, the equation in FEMA 273 (Eq. 3-7) appears to yield
a reasonable estimate of the shear strength of the long-span specimen L50, whereas the equation in the
Chinese code (Eq. 3-8) well estimates the shear strength of the short-span masonry infill. Since both
Eqgs. 3-7 and 3-8 are empirical and neither consider the aspect ratio of the masonry wall in the
calculation, they appear only applicable to a certain range of aspect ratio. The estimated shear strength
Oscp and rocking strength Q,, for specimen S50 are quite similar to each other, which is consistent with

the observed combined rocking-shear failure mode in S50.
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Fig. 3-19. Lateral strength of specimens.
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The shear failure of the masonry infill in the test was almost bed-joint sliding failure. When this
type of failure occurs, it is commonly observed that the mortar-brick interfaces debond and that sliding
shear occurs along the bed joints. Fig. 3-20 shows an example of typical bed-joint sliding failure, which
often develops a crack along a horizontal plane or a diagonal stepped crack. The shear stress in mortar
joints increases with increasing vertical stress, as experimentally verified by various researchers [3-15]

[3-16]. Therefore, the shear strength can be represented using Eq. (3-10).

Ty =4, Tyt |, Oy (3-10)

where 7 is the initial shear bond strength, and can be obtained following the corresponding material
test, which is described in (Section 3.2.2).
M, 18 the coefficient of internal friction of the brick-mortar interface, and

oy is the compressive strength of the masonry in the direction perpendicular to the bed joints.

Notably, Eq. (3-10) represents the shear strength of the mortar-brick interfaces. Therefore, it is
strictly applicable to cases of shear failure of mortar joints. Numerous researchers have studied the range

of values of each parameter in this equation. T. Paulay and M.J. N Priestley [3-17] indicated that values
of ¢, range from 0.1 MPa to 1.5 MPa; these researchers also indicated that the value of 4, varies from
0.3 to 1.2. F. J. Crisafulli [3-18] indicated that the normal stress of the masonry panel oy limit for

masonry panels ranges between 2 and 4.5 MPa. Beyond this limit, different mechanisms of failure

control the strength of the masonry panels, and Eq. (3-10) would overstate the true strength.

(a) (b)

Fig. 3-20 Failure modes of masonry panels subjected to shear force: (a)

diagonal stepped crack and, (b) horizontal crack.
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In estimating the shear strength O, of unreinforced masonry walls, the equations in FEMA-273

[3-13] and the Chinese design code for masonry structures (GB50003-2011) [3-14] (Table 3-5), take the

same form of multiplying an equivalent mortar strength 7, with the net area of the mortar section 4,
(Fig. 3-21), but they are different in calculating 7;,. Both the FEMA and GB considered the strength of

masonry panel decreases when the compression of the axis reaches a critical value.

ONn
Table 3-5 Recommended values of &; and u in codes »

Codes a 1 O
FEMA 273 [3-13] 0.5 0.5
Net area 4,
GB 50003-2011 [3-14] 1 0.64x 1
41" =0.23-0.065x Oy (3-8b) Fig. 3-21. Net area of the masonry panel
O-M

where A4, is the net area of the mortar section of the masonry panel.
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Fig. 3-22. Lateral strength of the specimens.




CHAPTER 3 EXPERIMENTAL STUDY ON MASONRY INFILLED TIMBER FRAMES

The shear strength calculated by Eqgs. (3-7)-(3-8) for the infilled specimens are shown in Fig. 3-
22 along with the hysteretic and envelope curves of the respective specimen. For specimens whose
masonry infill sustained significant shear cracking, the equation in FEMA 273, i.e., Eq. (3-7), yields a
reasonable estimate for the shear strength of long-span specimens W50 and W110. While the equation
in Chinese code, Eq. (3-8), satisfactorily estimates the shear strength of the short-span masonry infill
S50. Since both Egs. (3-7) and (3-8) are empirical and do not consider the aspect ratio of the masonry
wall in the calculation, they are only applicable to a certain range of aspect ratios.

Compared to FEMA and GB equations, a more reasonable equation is represented by Paulay and
Priestley [3-17]. These investigators suggest that since Eq. (3-10) applies to unreinforced masonry
(URM) structures, the higher floor slab acts directly on the brick wall in URM buildings; thus, gravity

load oy contributes significantly to the shear strength of the URM wall. On the other hand, infill walls

are constructed only after the completion of the frame structure, and masonry infills are not designed for
gravity loads. Thus, when using Eq. (3-10) to evaluate the shear strength of the infill wall, Eq. (3-10)
may overestimate the shear strength of the infill wall. In addition, an equivalent diagonal strut model is
assumed (Fig. 3-23), and its compression force Q, is considered to initiate horizontal shear sliding
depending on the shear friction stress 7.

The maximum shear force of masonry infill O, is thus

Oy =74, +p,-0, sinb
where  Q, is the shear force of masonry infill transmitting along diagonal direction.

G=H/L and is shown in Fig. 3-24.

However, from Fig. 3-24,

— QMI
Qu = cos @
Thus Eq. (3-10) can be rewritten as
— To " An
Qu 1—u, -tan@ (3-11)

where where 7 is the bond strength of masonry infill, which is obtained from the triplet material test

described in Chapter 3.2.2.

\Qd

Diagonal
equivalent strut

o 2

Fig. 3-23. Force transmitting through the masonry infill. Fig. 3-24. Masonry panel definition.
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Notably, Paulay and Priestley recommended a value of 1,=0.3 in Eq. (3-11) for design purposes,
although the experimental results indicate that the coefficient of friction usually varies from 0.7 to 0.85
[3-17].

In this study, to balance the force of masonry infill in the vertical direction, there is a dead load
A, a counterforce B of the column, and a vertical force C between the infill and the column (Fig. 3-26),
while C is considered in the following two cases. First, although there is clearance between the beam
and infill, the clearance is filled with mortar (Fig. 3-25). When a horizontal force is applied to the
specimen, the reaction force in the vertical direction is transmitted to the beam through the mortar and
then to the column through the beam and is balanced with the gravity load on the column or the tensile
force of the column [Fig. 3-26(a)]. Second, the reaction force in the vertical direction is transmitted to
the column since it is assumed that there is shear force between the column and the masonry panel [Fig.
3-26(b)] because of the contact between the column and masonry infill (Fig. 3-14). However, there is
no experimental evidence to support whether it is Fig. 3-26(a), Fig. 3-26(b), or Fig. 3-26 (a)+(b), and

this is only an assumption of the author.

Fig. 3-25. Clearance between the beam and infill panel filled with mortar.

A A

Dead Load Dead Load

C

]

B4 B4

(a) )

Fig. 3-26. The vertical force QX sin@: (a) through the top mortar joint and (b) through the column.
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For 7y, the test result of the triplet material test is higher than those obtained from wall tests, and

this phenomenon is confirmed by experimental work in Riddington et al. [3-19]. These authors
conducted a series of tests, including a triplet material test and a five-brick high masonry wall material

test, and the test couples were made with mortar with a water-cement ratio of 0.9. The specimens and
corresponding results are shown in Fig. 3-27. The vertical axis represents the shear strength 7,, and the
horizontal axis represents the compression stress oy perpendicular to the bed-joint direction of the
masonry test couples. The figure shows that the wall results are lower than the triplet results. Riddington
et al. considered that larger masonry structures, such as walls, have a number of vertical and horizontal
mortar joints along which failure may take place. Shear cracks will develop along the mortar joint where
shear conditions are worst because masonry is considered a brittle material (Fig. 3-28). In addition, the

test results of Riddington et al. [3-19] are listed as follows.

Triplet result*:
=0, +0.53
(*: Assumed from Fig. 3-27)

Five-brick wall result:

7=0.520, +0.4
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Fig. 3-27. Comparison of the wall and triplet test
Fig. 3-28. Shear properties of brick-
results. (The figure is modified according to the test

results of [3-19]) mortar. (Kobayashi et al.’s result[3-20])
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To evaluate the shear strength of masonry infill, a reduction factor b,; of bond strength ¢, is
developed by regression analysis. A series of experimental studies of masonry infill walls are selected,
and their frame is timber, concrete or steel. The specimens are dominated by mortar shear failure
because Eq. (3-11) is strictly valid for debonding at the mortar-brick interface. This study focuses on
specimens that use solid clay bricks or solid concrete blocks without openings, and no reinforcement
(e.g., longitudinal steel) is adopted in the specimens; thus, the masonry infills for this study are limited

to URM (unreinforced masonry) (Fig. 3-29).

Infilled Frame
Research
subject
Timber frame, RC frame, Steel frame __ Not subject to|
this research
Reinforced Masonry Unreinforced Masonry
With Opening Without Opening

Hollow Brick Solid Brick

Fig. 3-29 Applied range of this study
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According to Paulay and Priestley [3-18], masonry infilled frames can fail in several different
ways, including the following:

(a) Rocking: Tension failure of the tension column because of the overturning moments of the
masonry infill. [Fig. 3-30(a)]

(b) Debonding of the mortar-brick joint: Sliding shear failures of the masonry along horizontal
mortar courses generally occur at or close to the mid-height of the panel. [Fig. 3-30(b)]

(c) Diagonal tensile cracking of the panel: It is not generally regarded as a failure condition;
however, higher lateral forces may be supported by the following failure modes. [Fig. 3-30(c)]
(d) Compression failure of the diagonal strut. [Fig. 3-30(d)]

(e) Flexural or shear failure of the columns. [Fig. 3-30(e)]

Notably, failure may be caused by a combination of some of the failure modes described above.
For example, the failure of a column may lead to debonding failure of a mortar-brick joint. When
designing an infilled frame, it is advisable to assess the strength associated with each of the possible
failure modes and use the lowest value as a guide.

The author considers that each failure mode should be investigated separately. Since the building
materials for masonry infill are bricks and mortar and their respective material properties are subject to
many conditions, it is challenging to define a clear range of equations for each failure mode. In addition,
the experiments conducted by the authors mostly represented rocking of the frame and shear failure of
masonry infill, and the main objective of this study is masonry infill. The failure mode of shear failure
of mortar is discussed in this study. However, in practical applications, other damage modes, such as

column failure, should also be evaluated together, and the lowest value should be taken as its design

criterion.
(a) Tensile failure of (b) Flexural or shear (c) Sliding shear failure
column (Rocking) failure of the columns (Debonding of mortar joint)
(d) Compression failure of the diagonal strut (e) Diagonal tension crack

Fig. 3-30 Failure mode of the masonry infilled frame.
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Through observations of failure from many previous studies, a series of specimens that are
considered bed-joint shear failure are represented in Table 3-6 with their details. The specimen
configuration at the same scale is shown in Fig. 3-31. In the absence of the value, the following
equations are used: the bond strength 7, and compressive Young's modulus of the brick wall (with
mortar) £, are calculated using Eqgs. (3-12) [3-21] and (3-13) [3-22], respectively. Since there are many
influencing factors that affect Eq. (3-10) (temperature, humidity, moisture content of bricks, etc. [3-18]),
it should be noted that empirical procedures are valid only for materials and conditions similar to those

considered when they were obtained. More specifically, the application of this study is listed as follows.
* Eq. (3-11) is strictly valid for debonding of mortar-brick interface.
* The material of the frame is not limited but can include timber, concrete and steel).

However, the form of the frame is limited to the structural form that can ensure that the load is
transferred along the diagonal direction; thus, diagonal braces are not applied in this study.

+ The aspect ratio of the infill wall ranges from 0.67 to 1.56, the wall length limit range is 3100
mm, the wall height limit range is 2350 mm, and brickwork should be limited to a single wythe
of the running bond.

* For the material, the mortar shear stress should be within the range of 0.01 to 0.7, and the
masonry prism compressive stress should be less than 36.8.

+ For specimens with masonry infill or not (i.e., bare frame), the failure modes of their frames

are similar.

Timber

(c) Mansouri et al. (d) Schwaz et al. (e) Emami et al.

Fig. 3-31. Configuration of each specimen in Table 3-6.
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Nolan et al. [3-21] conducted a series of material tests with concrete blocks as specimens and

combined their results with some previous tests with concrete blocks and clay blocks. In the mortar, the
compressive strength o, ranges from 1-15 MPa. The resulting bond strength is from 0.05 MPa to 0.70

MPa. The corresponding empirical equation is listed below.

7, =0.0471x0, (3-12)

where ©;, is the compressive stress of the mortar.

Kaushik et al. [3-22] conducted a series of material tests with solid clay bricks and used mortar of
cement:lime:sand in ratios of 1:0:6, 1:0.5:4.5 and 1:0:3. Eighty-four masonry prism coupons were used,
and one-third of the s, elasticity moduli ranged from 250s,, to 1100s,,. This resulted in a mean value of
550 and represented Eq. (3-13) as an empirical approach for Young’s modulus of the masonry prism E),.
The corresponding empirical equation is listed below. The tests were performed over a range of masonry
compressive strengths from 2.2 MPa to 10.5 MPa, so this empirical equation can be applied to the

specimens in Tables 3-6 .

E,, =550x0, (3-13)

where  o;,:Compressive stress of mortar
oy:Compressive stress of masonry prism (with mortar)

E): Young's modulus of masonry prism (with mortar)



EXPERIMENTAL STUDY ON MASONRY INFILLED TIMBER FRAMES

CHAPTER 3

(€1-¢) 4o (21-€) ba £q paernore) :

. . . . - . [st-¢l
0081  %6€°0 $'6 €8 0s811¢€ L9°0 0ST 98¢1 6L0T 071714dl 081714dl [oa1s qr-0¥-W - (0) 1¢-¢'31d [ 16 Furewg
005+0C 89°0 001 00%1 SP0T doap doap 0000
. . . 00T Pue 9pIm (g pue apim . [e-€l
#S8PL #6€°0 0LT 0€'8 001 Jouonoas o jo uonoas 10t R G- Qe
00006 95'1 001 001 006 TBUTIRY  IENFUTINY 0001
daap
B IpIm (0) -
Ly 1€0 0€T €e's 009722 90 901 00€1 001z o omas wonseamnbg U0 S OFEERN aﬂwﬁmﬁz
Ien3uejooy
. . . . 091 10 0ZT Jo ozl jo e [s1-€]
0061  0L0 08'9€ €8 000081 001 001 0081 0081 yonoos orenbg wonoss axenbg  AWEL 4 @IE€8d p g
070 06'S 08'9 00518 4! 0 0S€T 0€91 Toquuny 0$S
daap
020 06'S 089 0001%¢€ 9L°0 011 0S€T 001¢€ 0ST pue opism (L[ JO uon Toquipy 0111 -
*SPTE 0C JO UOPaS 008 JE[OI)) () 1¢-¢814 Apms iy
Ie[nSueooy
020 06'S 08'9 000SS T 9L°0 0 0S€T 001¢ Toquuny 0S1
NwﬂE edin ediN edy 1eT TH ww ww ww ww wwt
Wy 02 No "o uy oner joodse 7 H 7 (weaq) (uwinjoo) [eLIOYeW dl usuwdadg

UO1}0IS-SSOI)

UOT1J03S-SSOI))

'soIpmys [[ur A1uosew Sunsixa jo uostredwo)) ‘9-¢ 9[qe],



CHAPTER 3 EXPERIMENTAL STUDY ON MASONRY INFILLED TIMBER FRAMES

An approximate approach is used to obtain the contribution of the infill panel (Fig. 3-32). Using
specimen W110 as an example, the envelope curve of its infilled specimen and the corresponding bare
frame specimen are illustrated in Fig. 3-33. The contribution of the infill wall is obtained by subtracting
the envelope curve of the bare frame specimen from that of the infilled specimen using linear
interpolation. In addition, to obtain a safer infill extraction value, the forces after the maximum force of
the bare frame are all set to their maximum value.

Many scholars have considered that the contribution of masonry infill is the difference between
the lateral forces of masonry infilled frame specimens and the corresponding bare frame specimens at
the same story drift ratio [3-26][3-27][3-28][3-29][3-30]. According to this approach, the failure in the
flexure of a column and the yield failure of an infill wall are reached at similar drift ratios [3-28][3-29],
or the infill panel reaches a limit that is lower than the drift limitation of the bare frame (i.e., the frame
behavior is not affected significantly by the test conducted on the infilled frame specimen) [3-30]. It
should be noted that this approach is only an approximation because the state of strain of the frame is
different between the bare frame specimen and the infilled frame specimen. For clarity, extracted
masonry infill will be referred to as extracted infill in the following, while frame specimens with

masonry infill walls will be referred to as infilled frames.

o WIIIIIIIY o IRELIIVLYT o,
= = =

= +

Fig. 3-32. Subtraction of the bare frame from the infilled frame.

WI110

40 T Experiment result
(infilled frame)

Experiment result
(bare frame)

— — — - Infill contribution

0 } f t +— IR [rad.]
0 0.01 0.02 0.03 0.04 0.05

Fig. 3-33. Subtraction of the bare frame from the infilled frame.
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Typically, masonry infill walls are not subject to seismic structural design since they are non-
structural components. This experiment was conducted by obtaining the contribution of masonry infill
walls at mortar bond failure, which is considered to give a reference value for the range of horizontal
resistance and safe drift ratio values for masonry infill.

Fig. 3-34 illustrates the definition of the envelope curve of the masonry infill panel, [Fig. 3-34(a)]
represents the extracted infill, and [Fig. 3-34(b)] represents the infilled frame. The characteristic points
of the envelope curve, namely, the yield strength O, and ultimate strength Q,, are defined to generate the
performance level of extracted masonry infill. For the first part of the envelope curve, the yield strength
O, is considered to be the point where the stiffness decreased to 30% of the initial stiffness &;. The
stiffness continuously deteriorates after the yield strength until the maximum strength Q,,,, is reached,
and the line between Q, and Q, is determined as the secondary contact stiffness k,. The same approach
is used to obtain the yield strength and maximum strength of the masonry infilled frame specimens.
With the example of specimen W110, the characteristic points of the extracted infill are represented by

hollow diamonds, while the characteristic points of the infilled frame specimen are represented by solid

diamonds.
QO [kN]
k 1(MI) 0 Point of yield strength (extracted infill)
! —_—— ____kZ(MD
- T____ ———— i 0 Point of maximum strength (extracted infill)
T AT i
? - i ———- Extracted infill
4 i R[rad.]
! 1 1 1 LI |
Qy(MI) Qmax(MI)
(a)
O[kN]
ks
1 K -
l’( . !
- i
1l 7 L : ‘ Point of yield strength (infilled frame)
v !
y i ! ‘ Point of maximum strength (infilled frame)
=+ | |
1 |
i : R [rad.] Infilled frame
Qy Qmax
(b)

Fig. 3-34. Definition of envelope curve: (a) extracted infill and, (b) infilled frame.
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EXPERIMENTAL STUDY ON MASONRY INFILLED TIMBER FRAMES

The results for each specimen in Table 3-6 are represented in Fig. 3-35 by the envelope curves

defined above. For most specimens, the characteristic point of the extracted infill is located at the same

drift ratio as the characteristic point of the infilled frame; however, for a few specimens, the

characteristic point of the extracted infill is located to the left of the infilled frame's point. This is

regarded as a safe method of evaluating the envelope curve of the infill itself.

WI110

WI110

Il Il Il Il JAN |

-0.05
R [rad.]

-0.04 -0.03 -0.02 -0.01 5
-10

= = = Extracted infill

Infilled frame

Bare frame

-40 — 0+ : : : ' !
O [kN] 0 001 002

Test result of specimen W110 of this study

W50
Q [kN]

25 0 ; : : : i
Q [kN] 0

Test result of specimen W50 of this study

S50

Il Il Il Il TAY

20 LN

-0.04 -0.03

20 +
Q [kN] 0

Test result of specimen S50 of this study

Figure continue on the next page
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Dutu Dutu
O [kN]
[ } } } t 6 140 +
-0. - =0- -0.02 -0.01
20 1 1
R [rad.] 120
100 + 4 _ o
4 4 e
| 80 + v ‘/‘
Infilled frame i 60 1+
= = = Extracted infill -100 + 40 + R [rad.]
Bare frame -120 T 20 1
-140 L 0 T } } } i
O [kN] 0 0.01 002 003 004 005
Dutu et al. ’s results [3-15]
Mansouri Mansouri
kN
= = : 6 140 O[N]
-0.05 -0.03
120 +
R [rad,
[rad] _ 100 +
80 T+
60 +
100+ 401/ o~ ,,«”Q
~
-120 20 R [rad.]
-140 + 0 } } } } i
O [kN] 0 0.01 002 003 004 005
Mansouri et al. ’s results [3-23]
SchwarzN SchwarzN
kN
[ } } } : 0— 60 Q [kN]

-0.05 -0.04 -0.03 -0.02 -0.01
R [rad.]

-70 0 T T 1
O [kN] 0 0.01 002 003 0.04 005
Schwarz et al.’s results [3-24]

Figure continue on the next page
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Emami

Q [kN]

350
300
Infilled frame 250
200

150
Bare frame 100

= = = Extracted infill

50

O T T
0 0.02 0.04 0.06 0.08 0.1

Emami et al.’s results [3-25]

Fig. 3-35 Envelope curve of the specimen in Table 3-6.

A definition of specific performance levels suitable for the in-plane response of extracted infill is
proposed within the scope of this study. The limit state definition relies on the performance of the infill
panel obtained from the results of this experimental study. A description of each characteristic point and
its corresponding stiffness is provided below. The specific values of the terms of each equation are taken
with reference to Table 3-6.

First, the calculation results of Eq. (3-11) are compared with the experimental results (Fig. 3-36).
The vertical axis represents the experimental results, and the horizontal axis represents the calculated

results. It can be found from the figure that the calculation results are higher than the experimental

results.
Oy(MI) Omax(MI)
Qy—M](exp.) [kN] 200 Qmax—M](exp.) [kN]
0T This study This study
180 1| & Dutu 180 11 5 putu
160 T OMansouri 160 1 O Mansouri
140 1| ASchwarz 140 T ASchwarz
120 +| OEmami 120 T | OEmami
100 + 100 +
80 T 80 + O
60 + 60 T
40 + 8 N 40 + A Oé
20 ¢ A QBN 20 ] Oty [KN]
0 } } } | } } } {
0 50 100 150 200 0 50 100 150 200

Fig. 3-36. Experimental results versus calculated results of Eq. (3-11).
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Then, an empirical factor by, to reduce the bond strength 7, is developed according to the
approximation of Fig. 3-36. For the yield strength Q,, By, is 0.35, while for the maximum strength, Sy

max 18 0.54. The comparison of the calculated results with applied empirical factors and the experimental
results is shown in Fig. 3-37.
Notably, Eq. (3-11) is valid only for estimating the maximum strength of a specimen. However,

by comparing the two empirical coefficients, the bond strength at the yield point in this study was

approximated to be 65% of the maximum strength (i.e.: for yield strength, 7)., =(Bury /Burma) X T

0=0.65% 7). Thus, the maximum strength and the yield strength of masonry infill can be obtained by Eq.

(3-14) and Eq. (3-15), respectively.

_ (5 xBw) -4,
O max = W (3-14)
QMl—y =0.650,/ (3-15)

where )y is the reduction coefficient, which is equal to 0.54 for the maximum strength.

A comparison of the experimental results and the calculated results using Eq. (3-14) and (3-15) is
represented in Fig. 3-37. The calculation results almost match the experimental results; thus, the

calculation result is used in the following discussion.

MI max(MI
100 _Q_y-M[(exp.) [kN] Qy( ) 120 _Q_max-M](epr) [kN] Q ( )
This study This study
Dutu 100 L Dutu
80 + [OMansouri OMansouri
ASchwarz 20 1 ASchwarz
1 | OEmami OEmami
60
60 +
40 +
40 +
201 Bui0.35 201 f Pui=0.54
Vs g
0 1 1 ! Q%(Cal') [kN:ll 0 1 1 1 1 Qmax((l:al.) [kN]l
0 20 40 60 80 100 0 20 40 60 80 100 120

Fig. 3-37. Experimental results versus calculated results of Egs. (3-14)-(3-15).
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Regarding the balance of the force ABC shown in Fig. 3-36, the comparison of the vertical
component of the diagonal force O, calculated by Eq. (3-11), with the dead load applied to the
specimen, is shown in Fig. 3-38. [Fig. 3-38 (a)] For the specimen with a freely standing column, the
column is compressed, and it is known from the calculation that the dead load applied to the specimen is
greater than the calculated value, so there is no rigid body rotation for the specimens with the crack on
the mortar joint. In [Fig. 3-38 (b)], for specimens with columns fixed to the foundation, the columns of
specimens of Dutu et al. [3-15] and Emami et al. [3-25] are subjected to tensile forces, and the

evaluation in Fig. 3-37 reveals that the calculated values do not differ much from the experimental

values.
This study
Dead load [kN] Dead load[kN]
40 2 300 % Dutu
35 + 550 4 A O Mansouri
30 + A Schwarz
200 + O Emami
25 1+
20 4 150 4 O 45° Line
15 ¢ 100 T \
10 + 45° Line /
50 +
5 +4
. Q,*sin@[kN] 0 ~ 0, *sin@[kN]
: : : | —— : : |
0 10 20 30 40 0 20 40 60 80 100
(a) Column base free (b) Column base fixed

Fig. 3-38. Verification of the force in the vertical direction.
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3.4.2 Estimate of the stiffness

According to Eq. (3-11), the horizontal force acting on the net area of the infill is provided by the
horizontal component of the diagonal compressive force O, (see Fig. 3-23), the diagonal force is
considered to be an equivalent strut in the masonry infilled frame, and the deformation of the strut is

considered in Fig. 3-39.

=) 4
Ouwr |2\

w|*

Y

A

Fig. 3-39. The deformation of diagonal equivalent strut.

The stiffness can be calculated by the following equations.

Axis force of the strut 0, = L
cos 6
. _ Qd 'Ld
Deformation of the strut AL, =
E, -4,
Effective area of the strut 4, =w-t
AL,
Horizontal deformation of the infill A=
cos 0
E A
Stiffness of the infill ky = % == s’ 0 (316)

where ¢ is the thickness of masonry infill.
w is the effective width of the diagonal strut (see Fig. 3-40).

E), is the elasticity modulus of masonry prism.

Qi 4
/
Diagonal I
equivalent
strut

Fig. 3-40. Effective width of the diagonal strut.



CHAPTER 3 EXPERIMENTAL STUDY ON MASONRY INFILLED TIMBER FRAMES

There are many equations that are used to calculate the width of the equivalent diagonal strut w.
Most of these equations are empirical equations from experimental studies that are employed to obtain
the relationship between the width w and the length of the infill in the diagonal direction. The equations

are presented in the following review.

According to Stafford smith [3-31], a dimensionless

parameter Ay, expressing the relative stiffness of the infill panel

to the frame, is listed as follows.

E, -t-sin26 e

A, =H, 4/ — — _ [
H s 4E, 1 H (3-17) L ol
L

gl
'

|
3/
>

where H is the height of the infill wall .(see Fig. 3-41) . .
Fig. 3-41. Definition of

Erc is the elasticity modulus of the frame. )
the geometric parameter.

I is the moment of inertia of the columns.

This equation is developed based on the ‘characteristic A’ used in beams on elastic foundation
theory [Eq. (3-18)]. The term sin26 in the parameters of Eq. (3-17) is obtained considering the full
length of diagonal strut w* in Fig. 3-42. The relative stiffness p between the frame and infill using term
sin20 is shown in [Eq. (3-19)].

Eq. (3-17) may be simplified assuming that /~=H and sin26=1 by Riddington et al.[3-32]. Thus

Eq. (3-20).
P

A, =H, -

" f44EFC[C (3-18)
p=E, tsin20/H (3-19)

E,-t-H

A, = /M— -

"= 4E, 1. (3-20)

Deflection
>«
Deflection factor p /

Fig. 3-42 Deflection of frame based on elastic foundation theory.
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The typical values for A5 range from 3 to 10 according to Crisafulli F. [3-18]. The smaller values
reveal that the frame is much stiffer than the infill panel, and the higher value indicates that the frame is
much more flexible than the infill panel. Initially, the parameter A, was proposed for steel frames, but it
has also been used for concrete frames.

Mainstone[3-33] carried out a series of experiments on masonry panels surrounded by steel
frames. The size of the infill wall ranged from 406 mm to 3100 mm, most of them were on a small scale,
and the specimen was surrounded by a steel frame, diagonally loaded in compression. The following

empirical expression was obtained from these tests.

w=0.175(2, )" - L, (3-21)

In an analysis of previous experimental data obtained from steel frames infilled with mortar with
height/span length ratios varying from 0.67 to 1.0, Liauw and Kwan [3-34] considered that the effective
width of masonry infill is related to half of the height and half of the span length of the infill (see Fig. 3-

43). These authors provided the following approximate equation with A, from Stafford Smith :

w _0.95
H-cos® 2 (3-22)

‘H

H/2

Fig. 3-43. The effective width of masonry infill (figure modified according to Liauw and Kwan[3-34])

In addition to using the factor Ay, the other approach is to assume the effective width of the strut

based on the length of the infill’s diagonal length L,. Paulay and Priestley [3-17] noted that a potentially
high value of w will result in a stiffer structure as well as a higher seismic response. These researchers

suggested the following conservative value for design proposals:

w=025-1, (3-23)

A lateral force of 50% of the ultimate capacity is recommended using this equation.
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The relevant parameters of each frame and the A derived by Eq. (3-20) are noted in Table 3-7. It

is worth noting that the modulus of elasticity of two concrete frames is not documented in their paper, so

Eq. (3-24)[3-35] is used to estimate it. Eq. (3-24) can be used for specimens under concrete compression

at 36 MPa.
Table 3-7. Material properties of the surrounding frame.
Study Frame oc Ec Ic Au
MPa N/mm’ cm’ Thin wall / Thick wall
This study Timber 25.92 3870 4098 7.6/9.2

Dutu et al. [3-15] Timber 5.1 11920 1728 6.1
Mansouri et al. [3-23] RC 21.9 23423%* 13300 1.7
Schwarz et al. [3-24] RC 28.8 26861%* 1667 3.9
Emami et al. [3-25] Steel - 185000 2510 2.5

*: Calculated by Eq. (3-24)

s
E, = 21000{213] x 2_(C) (3-24)

where o is the compression strength of the column of the surrounding frame.

yis the weight of concrete per volume, equal to 24 for concrete o-under 36 MPa.

The stiffness of the extracted infill is calculated and compared to experimentally approximate

values using Egs. (3-21) to (3-23), and the following findings are obtained (Fig. 3-44). By comparison,

Mainstone's equation provides an accurate estimate of the approximate initial stiffness, while the other

two equations provide values considerably higher than the experimental value. However, the A5 value of

some of the specimens exceeded the range of the empirical equations (4;=2~6) originally obtained.
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Mainstone et al.
K viexp) [KN/rad. |
S0000 DThis study
Dutu
40000 T O Mansouri
A Schwarz
30000 + OEmami
20000 +
10000 + A
0 . . . kJ-M1(caL)I[kN/raCL]I
0 10000 20000 30000 40000 50000
(a)
Liauw and Kwan et al.
]EM Iexpy [KN/1ad. ]
100000 This study
Dutu
80000 T | oMansouri
ASchwarz
60000 T OEmami
40000 + O
20000 +
0 : ﬁ ) K pareary [KN/rad. ]
0 20000 40000 60000 80000 100000
(b),
Paulay and priestley
150000 ki Mi(exp) [kN/rad.]
This study
Dutu
OMansouri
100000 T+ ASchwarz
OEmami
50000 +
N A : by (KNVr2d.|
0 50000 100000 150000
(©)

Fig. 3-44 Comparison between experimental value and calculated value of approximate initial stiffness:

(a) Mainstone’s equation[3-33], (b) Liauw and Kwan’s equation[3-34], (¢) Paulay and Priestley’s

equation[3-17].



CHAPTER 3 EXPERIMENTAL STUDY ON MASONRY INFILLED TIMBER FRAMES

The line between yield strength O, and the maximum strength Q, is determined as the secondary
contact stiffness k2. The secondary contact stiffness is determined by the maximum ratio of the
calculated initial stiffness to the experimental value of the secondary stiffness (Fig. 3-45) (i.e.,:

k=0.28k,). A stiffer secondary stiffness results in a lower drift ratio of the maximum strength.

kZ—Ml(exp.) /kl -Mil(cal.)
03 T

025 t+

02 + Dutu et al.
O Mansouri et al.

0.15 +
A A Schwarz et al.
A

0.1 +

OEmami et al.

0.05 T

} Q Specimen

Fig. 3-45. Evaluation of secondary stiffness.

As a result, the equation of initial stiffness and secondary stiffness of masonry infill can be listed

as follows.
iy =0.175E,, -(4,) """ -t-cos®@  (3-29)

k

2-MI

=0.28k, ,, (3-26)
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3.4.3 Estimate of the story drift ratio

An extracted infill wall is considered elastic until the specimen reaches its yield strength; thus, its
drift ratio at yield strength and maximum strength are considered to be derived using Eq. (3-27) and (3-

28), respectively.

R . QMI—y

Mi—y — (3-27)

k[ —-MI

= M
R +

MI-max — Ly (3-28)

k2—M1

where Oy, is the yield strength of the extracted infill, obtained from Eq. (3-15)
k1. 1s the initial stiffness of the extracted infill, obtained from Eq. (3-25)
Ourmax 18 the maximum strength of the extracted infill, obtained from Eq. (3-14)

k2.0 1s the secondary stiffness of the extracted infill, obtained from Eq. (3-26)

The experimental and calculated drift ratios at yield strength and maximum strength are
illustrated in [Fig. 3-46(a) and (b)]. The results indicate that the equation can accurately calculate the
drift ratio for deformation at the yield point. However, due to the stiffer secondary stiffness, the
corresponding drift ratio is relatively lower for the deformation at the maximum force point, and Eq. (3-

28) is deemed to be capable of evaluating the deformation within a safe side.

RQy RQmax
{e_Qy-MI(exp.) [rad'] {Q_Qmwc—MI(exp) [rad']

0.01 0.1
0.008 + 0.08 +
0.006 + 0.06 --C)
This study This study
0.004 + Dutu 0.04 + Dutu
O Mansouri O O Mansouri
hwarz

10 ASchwarz . ASc ‘

0.002 g OFmami 0.02 i y O Emami
”
0 »”* I , | RQy_MI(cIaL) [rad-;l 0 | | IRQmax-MI(Ical.) [rad.!
0 0.002 0.004 0.006 0.008 0.01 0 0.02 004 006 0.08 0.1
(a) (b)

Fig. 3-46. Comparison between experimental value and calculated value of story drift ratio: (a) at yield

strength, (b) at maximum strength.
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3.4.3 Performance level of extracted infill

The limit state definition is based on the extracted infill performance and is defined by the results
of in-plane cycle tests on various infilled frames (Fig. 3-47). As a result of the increasing extent of infill
damage caused by in-plane actions, three limit states are introduced here:

(DS1) The infill wall can be used continually. This range extends from the origin to the infill's
yield strength. Within this range, the infill wall is considered undamaged or has developed only a very
small crack that does not require repair. As a result, the infill does not require repair and can continue to
be used within this range.

(DS2) The infill wall should be retrofitted. The infill panel is expected to be damaged because of
diagonal cracks that deform both joints and masonry units [Fig. 3-16(a)]. However, the infill can be
effectively and economically retrofitted.

(DS3) The infill panel should be replaced. As the story drift increases, the frame keeps squeezing
the infill panel in it until the panel is not able to be repaired [Fig. 3-16(c)]. During this limit, the infill
wall is considered to be in danger of falling partly due to the squeezing, thus threatening the life safety

of the building users.

O[kN]
T k;=Eq. (3-25) . k;=Eq. (3-26)
4 e
/ e -
Q)’ll[L‘(: ,,,,,,,,,,,,,,, Il, ,,,,,,,,,,,,,, ,
Eq. (3-14) /
/
/
/
/
/ A 4
=
Eq. (3-15)]
A 4
R[rad.]
DS I:
continued used DS 2: Repair i DS 3: Replace N

Ro=Eq. (3-27) Roma=EQq. (3-28)

Fig. 3-47. Performance levels for masonry infill wall.
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This study can be used to evaluate the damage state of masonry infill. Specifically, after the field
investigation of the dimensions and material strength of the constructed masonry infill, the maximum
story drift ratio and the corresponding horizontal load capacity can be calculated using the evaluation
method developed in this study, and based on the story drift ratio of the surrounding structural
components obtained from the investigation, a recommendation can be made regarding whether the
masonry infill requires repair.

It is worth noting that although the in-plane performance level of infill is stated here, the damage
caused by out-of-plane effects of the infill and frame failure should also be considered in practical

applications.
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To further verify the applicability of the equations for the performance level, the results of the
calculation were applied to the hysteresis curves of the specimens, as illustrated in Fig. 3-48. As can be

seen, the calculated curves closely match the hysteresis curves.
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Fig. 3-48. Performance levels for specimens.
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3.5 Summary and conclusions

An experimental test was conducted on Chuandou timber frames with masonry infills, which are a
traditional timber structural system that continues being widely used for detached houses in South
China. The current study is focused on the experimental investigation that conducted on solid brick
masonry infills. Several full-scale Chuandou timber frame subassemblage specimens of various aspect
ratios and masonry infill thicknesses were subjected to lateral cyclic loading. The following conclusions
are drawn based on the test results.

The bare timber frames sustained up to 10% lateral drift ratio without losing its vertical stability to
prevent collapse, while their lateral strength and stiffness are negligibly small compared to the masonry
infills. Specifically, the initial stiffness of the masonry-infilled specimens were more than 100 times
larger than that of the bare frame specimens even if the masonry infill was a shiner system. The lateral
strength of infilled specimens was 3.7 to 10 times that of the bare frame specimens depending on the
thickness and damage pattern of infill.

Although the timber frame and the masonry infill are responsible for two separate sets of loads, i.e.,
timber frame for gravity load and masonry infill for lateral load, there are complicated interactions
between the two parts of the structural system. In particular, the slip at the free-standing timber column
bases was found to be primarily attributed to the expansion of the masonry panel when it cracked in
shear. A bare timber frame or an infill timber frame whose deformation was predominated by global
rocking motion is not likely to sustain considerable slip at its column bases.

Depending on the relationship between their shear strength and rocking strength, the masonry-
infilled Chuandou frames may fail in three different modes: rocking, shear and combined rocking and
shear. The masonry panels of a shiner bond, which has become the most commonly-seen infill type in a
Chuandou frame, are very likely to deform in the out-of-plane direction solely because of the in-plane
shear and then collapse at an approximately 4% drift ratio. Either a stretcher system should be used or
full-span embedded ties be provided for the masonry panels to prevent the premature collapse of the
infills which may cause casualties.

A particular attention has been placed on the analysis of infill panel performance, resulting in
identifying characteristic failure modes of the panel and the definition of performance levels to judge the
limitation of retrofit. A series of equations were proposed to predict the strength, stiffness, and drift ratio
of each characteristic point of the damage limit states. The observed damage during the test is reported

and correlated with the respective damage limit states. Finally, although the attention of this study is
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mainly concentrated on the in-plane response of the infill panel, it is important to consider the possible

additional limit states specific for the frame elements and the out-of-plane action on the infill panel.
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APPENDIX I: RECORD OF CLEARANCE VALUES

Appendix I

When the specimens is assembled, the clearance of each point in Fig. AI-1 was measured and
recorded in Table AI-2. It should be noted that for the five specimens: L12.5*1, L12.5*1(dp100),
L12.5*%1(V), L21*1, and L12.5*4@455, although their clearances are managed during the assembly, the

specific clearances were not measured, and only their design values are shown here.

Specimen Specimen

Front Back

Fig. Al-1. Measurement of clearance.
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APPENDIX I
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APPENDIX II: DAMAGE DEVELOPMENT OF LGS PARTITION

Appendix 11

The damage development of specimen S12.5%*2 are shown as follows.

+0.005rad. ; +0.0075rad. ! +0.01rad. |

Fig. AIl-1. Damage to the gypsum board at loading cycle from 0.005 rad to 0.03 rad
(Specimen S12.5%*2, top left corner).

- All-l -
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Fig. AII-2. Damage to the gypsum board at loading cycle from 0.005 rad to 0.03 rad

(Specimen S12.5*2, lower right corner).
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Fig. AII-3. Damage to the gypsum board at loading cycle from 0.005 rad to 0.03 rad
(Specimen S12.5*%2, lower left corner).
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Fig. All-4. Damage to the gypsum board at loading cycle from 0.005 rad to 0.03 rad
(Specimen S12.5*2, top right corner).
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The damage development of specimen S12.5%4 are shown as follows.

+0.005rad. +0.0075rad. +0.01rad.

=
1el

—In
Photo
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_{

Fig. AII-S. Damage to the gypsum board at loading cycle from 0.005 rad to 0.03 rad

(Specimen S12.5*4, top left corner, front).
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Fig. AIl-6. Damage to the gypsum board at loading cycle from 0.005 rad to 0.03 rad

(Specimen S12.5*4, lower right corner, front).
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Fig. AII-7. Damage to the gypsum board at loading cycle from 0.005 rad to 0.03 rad

(Specimen S12.5*4, top right corner, reverse).
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+0.0075rad.
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Fig. AII-8. Damage to the gypsum board at loading cycle from 0.005 rad to 0.03 rad

(Specimen S12.5*%4, lower left corner, reverse).
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Fig. AII-9. Damage to the gypsum board at loading cycle from 0.005 rad to 0.03 rad
(Specimen S12.5*4, top right corner, front).
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—0.005rad.

Fig. AII-10. Damage to the gypsum board at loading cycle from 0.005 rad to 0.03 rad

(Specimen S12.5*%4, lower left corner, front).
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Fig. AIl-11. Damage to the gypsum board at loading cycle from 0.005 rad to 0.03 rad

(Specimen S12.5*%4, lower right corner, reverse).
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Fig. AIl-12. Damage to the gypsum board at loading cycle from 0.005 rad to 0.03 rad

(Specimen S12.5*4, top left corner, reverse).
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Appendix IT1

In this experiment, the clearance between the specimen and the loading frame is set to Smm, and
as the story drift ratio R increases, the displacement when the loading frame is about to contact with the
gypsum panel is considered as the sum of the the clearance value on the diagonal direction. The average
clearance is calculated by summing the clearances on both diagonals of the specimen when there is
gypsum panel on both sides of the specimen (i.e., n=4). To calculate the displacement at this moment,

Egs. AllI-1 is used.

_ 9o o FI+F6)+(B1+BS)
2

+ loading direction 4 (Alll-1a)

e F3+F4)+(B3+B4)

AlII-1b
5 ( )

— loading direction A,

where F1,F3,F4,F6,B1,83,B4,B6 is measured clearance when assembling the specimen, the measured

location can refer to the Fig. AIl-1.

The displacement Ay is obtained by multiplying the story drift ratio R, which was measured in the
experiment, by the vertical distance (H+Hp) from the uppermost edge of the gypsum panel to the center

of the lower pin (Fig.Alll-1). And A4 is calculated by Eq.AIII-2.

A =Rx(H+H,) (AllI-2)

R : story drift ratio, obtained by Eq.(2-3).
H : Height of gypsum panel.

Hp: Height of the center of lower pin to the lowermost edge of the gypsum panel.

Fig. AIlI-1. Calculation of displacement 4s.
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Replace the horizontal axis of Fig. 2-12 with A4g, and then represent the measured clearance value

in Fig. AIIl-3. As can be seen from the figure, after the displacement Ag reaches the clearance value, a

significant force promotion can be identified. Therefore, based on the observed phenomena, it can be

found that the specimen slides horizontally in the metal track at the initial loading cycles.
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Figure continue on the next page.
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Appendix IV

The stress-strain relationships for the gypsum boards used in this study were based on material
tests on gypsum boards conducted by Sato Y. et al. [IV-1], who performed compressive material tests on
gypsum boards produced by two companies commonly used in the Japanese building materials market.
For each company's gypsum boards, they were distinguished by long and short edges into parallel-grain
direction and perpendicular-grain direction. However, for LGS wall, the inner layer and the outer layer
are usually placed with crisscross configuration, thus the author considers that the average value of the
parallel-grain direction and perpendicular-grain direction should be used for calculating the compressive
capacity of the LGS wall. According to the above analysis, there are three different compressive
strengths (i.e.: parallel-grain direction, perpendicular-grain direction, and the average) and modulus of
elasticity for each company of gypsum board, totaling two companies, i.e., there are six different stress-
strain relationships for gypsum board with 12.5 mm thickness. In addition, Sato Y. et al. conducted
material tests for 21 mm gypsum board. All the results are recorded in Table AIV-1.

It is worth noting that gypsum board is a brittle material, only very few gypsum boards can still
see a decreasing trend after reaching its maximum strain according to Sato Y. 's experiments [IV-1] (see
R-12.5-P-B in Fig. AIV-1), and in this study, the ultimate strain for all boards is assumed to be 1.5 times

the strain in Table AIV-1.
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Table AIV-1 Data of material test [[V-1]

Type Direction Company Compression strength strain Modulus of elasticity
[MPa] [N/mm2]
GB-F12.5 P A 4.88 0.002 2440.00
GB-F12.5 (0] A 4.36 0.002 2180.00
Average A 4.62 0.002 2310.00
GBF12.5 P B 6.05 0.0026 2326.92
GBF12.5 (¢} B 5.47 0.0028 1953.57
Average B 5.76 0.0027 2140.25
GBF21 P A 5.24 0.003 1746.67
GBF21 (¢} A 4.52 0.0024 1883.33
Average A 4.88 0.0027 1815.00
GBF21 P B 5.73 0.0026 2203.85
GBF21 (0] B 4.54 0.0021 2161.90
Average B 5.14 0.0024 2182.88
o [N/mm?]
6 T -
= RI2.5-P-A
5+ -- RI2.5-0-A
— RI12.5-P-B
4 + A -- RI12.5-0-B
/.
T W
2 T+ /
o
I+ -
7 am
0 i i t t i

0 1000 2000 3000 4000 5000
Fig. AIV-1. Example of material test data of [IV-1].

The calculation-experimental relationship and the parametrically analyses are shown below.
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Fig. AIV-3. Parametrically analyses of board OA of [AIV-1].
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Fig. AIV-5. Parametrically analyses of board PA of [AIV-1].
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Fig. AIV-7. Parametrically analyses of board A of [IV-1].
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In terms of the mean and standard deviation of the force and stiffness, the material test results of
Company A are closer to 1 (i.e., the calculated value is closer to the experimental value). Considering

the crisscross configuration of LGS walls, it is more appropriate to use the average value for evaluation.

Reference

[IV-1] Sato Y., Ogawa M., Hatori T., Motoyui S., Development of Reduction Method for Seismic
Damage to LGS Partition Wall, Part6. Study on the material property of gypsum board. Aca
demic proceedings of Architectural Institute of Japan (AlJ) annual national meeting, pp.1419-
1420, Hokuriku, Japan; 2019. (in Japanese)

[IV-2] Isoda M., Oki Y., Tatsumi N., Kishiki S., Ishihara T., Behavior of LGS partition walls against
in-plane relative displacements and out-of-plane inertial forces. Proceeding of constructional

steel Vol.29, Japanese Society of Steel Construction, Tokyo, 2021. (In Japanese)
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Appendix V

An analysis of a case study is conducted in order to compare the two research subjects in this
study. To provide more specific design recommendations. The case—study building model is a four
storey steel office building designed in accordance with Japanese building standard law [AV-1]. The
plan of its standard floor is shown in Fig. AV-1. Considering the application range of masonry infill
walls in this study, the shorter span is selected between column 2-B and 2-C of Fig. AV-1. With a 2850
mm length and 2850 mm height for the infill walls. Its structural frame information is listed in Table AV
-1, the detail is shown in Fig. AV-2.

Fill the space with LGS partition and masonry infill, respectively. Based on Sato Y. et al. 's [AV-
2] material tests, the LGS partition walls are assumed to be constructed of the same materials and in the
same constructed method as in this study. For the masonry infills, the material strength of Emami's [AV-
3]specimen with steel frame in Chapter 3 is used, where Young's modulus and bond strength are
calculated according to Egs. (AV-1) [AV-4] and (AV-2) [AV-5], which are described in detail in Section
3.4.1.1t is worth noting that although the thickness of the gypsum board is only 50 mm, adding the width
of its base frame of approximately 65 mm increases the thickness of the entire wall to 115 mm, which is
considered to be the same thickness as the masonry wall used for comparison. Their details are recorded

in Table AV-1 for LGS partition, and Table AV-2 for masonry infill.
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Fig. AV-1. Plan view of standard floor.
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Table AV-1. Detail of the frame of the building.

Component ID Shape Material Young’s modulus Moment of inertia of
(N/mm?) area (cm”)
G3 H-500X200X10X 16 SN400B 205000 42400
Cl [1-350X350X 19 BCP325 205000 46800

[1-350 x 350 X 19 (BCP325)
/ H-500 X 200 X 10x 1 (SN400B)
| |

71 T]

2850

2850

A
\ 4

Fig. AV-2. Detail of the surrounding frame.

Table AV-2. Assumed properties of LGS partition = Table AV-3. Assumed properties of masonry infill

Assumed properties Assumed properties
LXH 2850 2850 mm” LXH 2850 2850 mm”
=tpXn 50=12.5X4 mm H/L 1
c 5 mm t 115 mm
le 1365 mm o, 8.3 MPa
o, 4.6 MPa oy 9.5 MPa
E 2300 MPa Eu* 5225 MPa

* 0.4 MPa

*:Calculated results

7, =0.0471x0, (AV-1)

EM ZSSOXGM (AV-2)
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The estimate envelope curves (Fig. AV-3) calculated by the material properties with the

equations of the characterize points obtained in Chapters 2 and 3. Combined with the degree of damage

of its corresponding story drift ratio. Taking the Japanese building seismic design limit of 1/200 rad. as

example, the LGS wall is hardly damaged within the design limit due to the setting of clearance, and the

wall can be used continually. In contrast, masonry infill is even susceptible to collapse at seismic limits.

However, it can be seen that masonry infill exhibits higher initial stiffness. In view of this, it is

considered that masonry infill is more suitable for use as seismic resistant elements. In addition, it is

suggested to use stronger bricks and mortar to increase their initial stiffness, i.e. increase its resistance to

deformation. On the other hand, if masonry infills are used as partition wall, some specific measures for

the damage control are recommended such as set clearance between the panel and the frame. In this

way, the contact between the frame and the panel is delayed, resulting in increased ductility.

0 [kN] LGS partition drywall 0 [kN] Masonry infill
150 T | Limit of seismic design 150 7 | Limit of seismic design
120 1 : 120 + :
90 + I 90 T I
| |
60 T I 60 I
| |
30 ¢ 30 - I
0  ———— II I " " 12: [ruad.:ll 0 + I| 1 R. [r.ad :||
0 0.005 0.01 0.015 0 0.005 0.01 0.015

Fig. AV-3. Comparison between LGS partition and masonry infill.
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