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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national
center of excellence in advanced technology applications that is dedicated to the reduction
of earthquake losses nationwide. Headquartered at the University at Buffalo, State Univer-
sity of New York, the Center was originally established by the National Science Foundation
in 1986, as the National Center for Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions
throughout the United States, the Center’s mission is to reduce earthquake losses through
research and the application of advanced technologies that improve engineering, pre-
earthquake planning and post-earthquake recovery strategies. Toward this end, the Center
coordinates a nationwide program of multidisciplinary team research, education and
outreach activities.

MCEER’s research is conducted under the sponsorship of two major federal agencies: the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA),
and the State of New York. Significant support is derived from the Federal Emergency
Management Agency (FEMA), other state governments, academic institutions, foreign
governments and private industry.

MCEER’s NSF-sponsored research objectives are twofold: to increase resilience by devel-
oping seismic evaluation and rehabilitation strategies for the post-disaster facilities and
systems (hospitals, electrical and water lifelines, and bridges and highways) that society
expects to be operational following an earthquake; and to further enhance resilience by
developing improved emergency management capabilities to ensure an effective response
and recovery following the earthquake (see the figure below).
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A cross-program activity focuses on the establishment of an effective experimental and
analytical network to facilitate the exchange of  information between researchers located
in various institutions across the country. These are complemented by, and integrated with,
other MCEER activities in education, outreach, technology transfer, and industry partner-
ships.

In this research, three prefabricated PMC infill panel systems for seismic retrofitting were studied
using experimental and analytical methods to assess their effectiveness and response under
simulated earthquake loading. The concept of combined interface damping layers, which include
honeycomb and solid viscoelastic materials, was applied to these panel systems and was found to be
highly feasible for use in seismic applications. Design and fabrication procedures for each PMC infill
panel are presented, as well as the results from a conceptual trial design using finite element (FE)
analysis. Both monotonic and cyclic loading tests were performed on full-scale models to validate
these systems in real situations. The results show that PMC infill panel systems offer the potential
to increase the damping as well as the lateral resistance of steel frames, with a relatively low cost of
retrofitting.
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By using polymer matrix composite (PMC) material, new conceptual designs for seismic retro-

fitting were developed for application in existing buildings. Similar to partial rehabilitation tech-

niques using composite material such as column wrapping, the use of prefabricated PMC infill panel

systems is a very efficient way to achieve seismic retrofitting of existing facilities because of the

efficiency of the material and its ease of use in construction. PMC material has  high stiffness–to–

weight and strength–to–weight ratios. Thus, the addition of PMC infill panels into existing struc-

tures will not significantly alter the weight of the structure while providing substantial structural en-

hancement.

In this research, three prefabricated PMC infill panel systems for seismic retrofitting were pro-

posed. The PMC infill panels were studied using experimental methods to assess their effectiveness

and response under simulated earthquake loading. Applying the concept of combined interface

damping layers to the proposed panel systems was found to be highly feasible in the seismic applica-

tions. Design and fabrication procedures for each PMC infill panel were presented, and a conceptual

trial design was performed using finite element (FE) analysis. To validate the proposed systems in

real situations, both monotonic– and cyclic–loading tests were performed on full–scale models. The

results obtained from this research showed that the systems offer the potential to increase the damp-

ing as well as the lateral resistance of steel frames, with a relatively low cost of retrofitting.
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SECTION 1

INTRODUCTION

1.1 Motivation for This Study

Worldwide, civil infrastructure related to bridges and buildings represents an investment of trillions

of dollars, and increasingly the security of this investment is being questioned going into the 21st

century. The infrastructure of constructed facilities is now reaching a critical age with widespread

signs of deterioration and inadequate functionality. Some disadvantages associated with many of the

traditional strengthening techniques have led researchers to develop innovative methods utilizing

advanced composite materials.

Many existing structures located in seismic zones lack strength and damping. One approach for cor-

recting these deficiencies is the construction of infilled walls to strengthen and stiffen the structure.

As such, large number of buildings throughout the United States are structural frames infilled with

unreinforced clay brick, concrete masonry, or structural clay tile. This infill construction has been

prevalent since the late 1800s and still quite popular in moderate seismic regions of the central and

eastern United States. However, there are conditions in cast-in-place construction where cost, time

constraints, or limiting disruptions to building operations may dictate other solutions. A new rehabi-

litation scheme is needed that will simplify the construction process, reduce time, cost and inconve-

nience of construction, and reduce the obstruction to the functional use of structure both during and

after construction.

In recent years, polymer matrix composite (PMC) materials have received considerable attention

for use in civil infrastructure applications ranging from the retrofit and rehabilitation of buildings

and bridges to the construction of new structural systems. Due to their light weight, high stiffness-to-

weight and strength-to-weight ratios and potentially high resistance to environmental degradation

that leads to lower life-cycle costs, civil engineers are recognizing the potential of advanced polymer

composites as an alternative construction material, and fiber reinforced polymer (FRP) composites

are playing an increasingly important role in civil engineering applications. Even greater promise
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exists for the advanced concept of joining composites with traditional materials to form hybrid struc-

tures. The reason for the increasing prominence of these materials relates to the ability of these mate-

rials to be tailored to suit particular environments in different conditions compared with convention-

al materials.

As an example of practical application, PMC materials are being used to retrofit structural elements

such as columns, beams, and bridges to enhance strength and ductility. The most popular application

of FRP composites for seismic retrofitting is FRP composite jacketing of concrete columns. Recent

earthquakes have shown the vulnerability of existing old concrete columns in bridges and buildings.

The 1971 San Fernando earthquake led to a growing concern for seismic rehabilitation of existing

structures, and the development of steel jacket systems for retrofitting the RC columns with substan-

tial details had emerged in many applications. The seismic retrofitting of concrete columns requires

that the shell/casting provide additional hoop reinforcement in order to develop sufficient confine-

ment. The use of steel results in additional strength and stiffness both in the hoop and axial directions,

with the additional axial stiffness often causing further distress due to the attraction of forces during

a seismic event to the stiffened axial member. In contrast with composites, it is possible to tailor

properties to comply only in the directions required, thereby improving efficiency and economy.

The structural effectiveness had been established by the excellent performance during the 1994

Northridge earthquake. It was evident that the FRP composites were very suitable for retrofit pur-

poses. Various column-jacketing techniques using advanced composites have been studied since

then.

There are still challenges with new FRP composite material technology. Those challenges should

be viewed as opportunities to study and improve the materials to ensure that the products will be

durable and reliable. Especially, the term “advanced composite structures” still carries a sense of

mystique and an association with high costs and high performance application. It must be mentioned

that the applications of composites do suffer from some disadvantages, primary among them being;

(1) higher initial materials cost, (2) lack of existing comprehensive standards and design guidelines,

and (3) the need for an integrated materials-process-design structure in product development, which
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entails a critical change in paradigm. Recently, in a marketplace where demands for product perfor-

mance are ever increasing, composite materials have potentials in reducing costs and improving per-

formance. The resulting need for new markets has spurred renewed efforts in manufacturing pro-

cesses and making it highly feasible to use composites in civil infrastructure on a competitive basis.

1.2 Literature Review of Infilled Frame Structures

Typically, some low- and mid-rise building frames have infill wall systems that are built and

installed as partitions after the frame of a structure is constructed, and in some cases infill walls are

part of the structural system. There is no resemblance between the structural response of the infilled

frame and the empty frame, as the former is substantially stronger and stiffer than the latter. In the

1950s, the behavior of infilled frames with monotonically increasing lateral force had been investi-

gated by Benjamin and Williams (1957).

Since that time, many researchers (Mainstone, 1971; Barua and Mallick, 1977; Dawe and Seah,

1989; Mehrabi, et al., 1994) studied the behavior and associated analytical models of the infilled

frames with different materials under monotonic loading. The role of infill walls in strengthening

and stiffening the structure as a whole under cyclic and earthquake loading was also investigated

by a number of researchers (Klingner and Bertero, 1976; Kahn and Hanson, 1979; Liauw and Kwan,

1985; Valiasis and Stylianidis, 1989; Manos, et al., 1993; Mosalam, et al., 1997a, Mosalam, et al.,

1997b, Berman and Bruneau, 2003, Kesner and Billington, 2005, Vian and Bruneau, 2005). The ef-

fects of neglecting the infill walls are highlighted in high-seismicity regions where the frame-and-

wall interaction may cause a substantial increase of stiffness, resulting in possible changes in the

seismic demand, and the infilled frame structure exhibits changes in the magnitude and distribution

of stresses in the frame members.

To control structural frame vibration, Gasparini, et al. (1981) explored the damping of frames with

visco-elastic infill panels as a means of increasing damping and minimizing vibration. The concept

of constrained viscoelastic layers was employed and the feasibility of adding a viscoelastic layer to

a braced frame to enhance its damping, and thus passively control wind induced vibrations was ex-
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amined. It was found by analytical studies that significant increases in the damping of a steel frame

may be realized by incorporating viscoelastically damped infill panels.

Mander, et al. (1993), and Harris, et al. (1993) addressed the effects of retrofitting infilled frames

by studying retrofitting techniques and infilled frames repaired by ferrocement or lightly reinforced

concrete. Under seismic excitations, stiffness affects the natural period of vibration and attracts addi-

tional loads, while the strength capacity affects the ductility demand on the elements.

Recently, numerous research activities have been devoted towards the use of FRPs in structural ap-

plications. Although composites may offer unique properties ideal for seismic retrofitting, the re-

search dealing with fully prefabricated PMC infill wall systems is very scarce. Most of the research

for rehabilitative strategies using FRP materials have been focused on the enhancement of the per-

formance (strengthening) for existing masonry or reinforced concrete infill walls. Structural weak-

ness or overloading, dynamic vibrations, settlement, and in-plane and out-of-plane deformations

can cause failure of masonry structure. Available literature on masonry infill shows that each of these

causes can be prevented and/or reduced by using FRP composites. A number of previous research

investigations for strengthening have been conducted and they are briefly stated here.

Laursen et al. (1995) performed shear and flexural tests on masonry walls strengthened with carbon

overlays. In the case of the shear tests the primary objective was to change the mode of failure from

a brittle failure to a ductile failure. For the shear test specimens, it was observed that the presence

of carbon overlays improved the wall performance by changing the failure from a shear failure mode

to a flexural failure mode. This change in the mode of failure caused an increment in ductility of

approximately 100%, and prevented a brittle failure mode.

Schwegler (1995) investigated strengthening methods for masonry shear walls corresponding to the

lowest building story. The goal of this research was to increase the system ductility, generate uniform

crack distribution, and increase the load carrying capacity of the system. In the walls strengthened

with Carbon Fiber Reinforced Polymer (CFRP) sheets, the deformation was increased; however,

due to delamination of the CFRP sheets from the masonry, significant increases in the load carrying
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capacity compared to walls strengthened with conventional woven was not observed. It was ob-

served that if only one side of the masonry wall is strengthened, the capacity could be halved.

Hartley et al. (1996) reported the feasibility of using CFRP sheets for repairing block walls used in

residential construction due to settlement. Test specimens were subjected to a simulated foundation

settlement. The settlement loads were similar to the cantilevered weight of the walls. By comparing

the control wall and the retrofitted wall, an increase in capacity of 80% was observed.

Haroun et al. (1997), studied the effects of strengthening and repairing masonry-infilled reinforced

concrete frames using fiberglass composites. As-built frames as well as those strengthened and re-

paired by external layers of FRP composite were examined to assess their relative seismic resistance

attributable to the strengthening and repair techniques. The results indicated that the strengthening

and repair techniques that employed composite materials prevented diagonal tension and shear fail-

ure of the infill wall.

Ehasni et al. (1996) investigated the behavior of unreinforced masonry (URM) walls with glass fiber

reinforced polymer (GFRP) sheets. The test results indicated that retrofitting of unreinforced ma-

sonry structures with composite fabrics is a very effective technique for increasing the flexural and

shear strength as well as ductility of these elements. The retrofitted beams could resist loads as high

as twenty four times their weight and exhibited deflections of up to 1/48 times the span. The shear

specimens also carried significantly high loads and failed in a ductile manner. Similar to reinforced

concrete structures where the mode of failure is governed by the amount of the reinforcement pro-

vided, in these applications the strength of the fabric controlled the mode of failure.

A strengthening method for existing buildings and particularly for infill masonry walls with bending

loading induced by earthquakes was studied by Kolsch (1998). An experimental program with

strengthened concrete beams and masonry walls with bending loading was carried out. The experi-

mental studies showed that a significant enhancement of the load-bearing capacity of the tested

members was achieved.
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Hamilton, III et al. (2001) studied flexural capacity of glass FRP strengthened concrete masonry

walls. Six unreinforced concrete masonry walls were tested in out-of-plane flexure up to capacity.

The walls were strengthened with glass FRP composite composed of unidirectional E-glass fabric

with an epoxy matrix. It was concluded that FRP can provide a strengthening alternative for unrein-

forced masonry.

1.3 Structural Applications of Polymer Matrix Composite Materials

Manufacturers, designers, and engineers recognize the ability of PMC composite materials to pro-

duce high-quality, durable products. Composite materials are found in many of the products used

in our day-to-day lives. In the United States, composites manufacturing is a 25 billion dollar a year

industry, and it is one of the few industries in which the U.S. is more advanced than most competitors

abroad. There are five to seven thousand composites related manufacturing plants and materials dis-

tributors across the U.S.

The composite industry can be generally characterized by the market that uses composite products.

Industry has identified three major new application areas for composite materials — namely, infra-

structure, industrial facilities, and offshore exploration and production.

Within the scope of composites civil applications, the structural applications can be classified as

shown in Fig. 1-1. These new materials are applicable to both construction of new structures, and

maintenance and rehabilitation of existing structures. In particular, the structural rehabilitation can

be divided into three categories in terms of objective; repair, strengthening and retrofit. In ’repair-

ing’ a structure, the FRP composite material is used to fix a structural or functional deficiency so

that the structure can regain its originally expecting performance level. In contrast, the strengthening

of structures is specific to those cases in which the addition of the FRP composite would enhance

the existing designed performance level. The term retrofit is specifically used as related to upgrading

the seismic capacity of facilities by the use of FRP composites, such as in the case of the use of FRP

composite jackets for the confinement of columns. The differentiation is important not only on the

basis of structural functionality, but also because the specifics related to the use of the material in
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conjunction with existing conventional materials, and its expected life have a significant effect on

the selection of fiber-resin combinations from a variety of alternatives.

Renewal Strategies

Rehabilitation

Replacement

Retrofit
(Seismic)

Repair

Strengthening
(Non-seismic)

New Construction

Figure 1-1 Types of Renewal Strategies

As such, the primary objective of using composites for the rehabilitation of civil structures is to re-

store or enhance the functionality and/or safety of existing structural components or systems. Hence,

rehabilitation measures must be designed such that within the intended period of operation and cost,

(1) the structures remain functional with an accepted probability of functionality, and (2) they are

capable of sustaining all actions and influences likely to occur and have adequate durability with an

appropriate degree of reliability.

Although a significant number of research, related to the use of composites for rehabilitation of civil

structures, has been performed, there is still a lack of uniformly accepted philosophy for using a new

technology. Especially, additional studies on the effective applications of composites for retrofit of

building structures and on the feasibility of these concepts are still remain to be seen.

1.4 Rehabilitation Strategies and Objectives

Concerns for seismic rehabilitation of existing structures grew considerably following the 1971 San

Fernando earthquake and resulted in several programs to identify and mitigate seismic risks. The

1989 Loma Prieta and 1994 Northridge earthquakes provided significant new impetus for seismic
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rehabilitation of building and bridge structures in the U.S. Earthquakes in other parts of the world

provide a continual reminder of the need for seismic mitigation programs underpinned by research

to demonstrate their effectiveness and improve the efficiency. In the 1990s the Federal Emergency

Management Agency (FEMA) and the State of California separately began to develop seismic reha-

bilitation guidelines. These efforts were guided by research reported to date or under way at the time.

The guidelines of rehabilitation strategies (FEMA 356) are briefly demonstrated in the following

section.
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Roof Displacement

Target displacement
of rehabilitated structure

Target displacement
of original structure

Rehabilitated Structure

Existing Structure

Target displacement
of both structures

(a) Global Modification 
  of the Structural System

(b) Local Modification 
of the Structural Components

Figure 1-2 Design Approach of Rehabilitation Techniques (Moehle, 2000)

Global and Local Modification of Components

Two general approaches are usually considered for a seismic rehabilitation project in the U.S. The

first involves global modification of the structural system, and the other is related to local modifica-

tion of isolated components of the structural and nonstructural system. In the first approach, the

modifications to the structural system are designed so that the design demands, often denoted by

target displacement, on the existing structural and nonstructural components are less than their ca-

pacities. Common approaches include addition of structural walls, steel braces, or base isolators.

Passive energy dissipation schemes are not common for reinforced concrete frames because the dis-
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placements required for them to be effective often are beyond the displacement capacities of the ex-

isting components.

In the second approach, the objective is to increase the deformation capacity of deficient components

so that they will reach their specified limit state as the building responds at the design level. Common

approaches include addition of concrete, steel, or fiber reinforced polymer composite jackets. Fig.

1-2 illustrates two approaches of proposed rehabilitation techniques.

Removal or Lessening of Existing Irregularities

Removal or lessening of existing irregularities may be an effective rehabilitation strategy if a seismic

evaluation shows that the irregularities result in the inability of the building to meet the selected

structural performance level, described in FEMA. Such irregularities are often, but not always,

caused by the presence of a discontinuity in the structure, for example – termination of a perimeter

shear wall above the first story. Simple removal of the irregularity may be sufficient to reduce de-

mands predicted by the analysis to acceptable levels. However, removal of discontinuities may be

inappropriate in the case of historic buildings, and the effect of such alteration on important historic

features should be considered carefully.

Mass Reduction

Mass reduction may be an effective rehabilitation strategy if the results of a seismic evaluation show

deficiencies attributed to excessive building mass, global structural flexibility, or global structural

weakness. Mass and stiffness control the amount of force and deformation induced in a structure by

ground motion. Reductions in mass can result in direct reductions in both the amount of force and

deformation demand produced by earthquakes and, therefore, can be used in lieu of structural

strengthening and stiffening. Mass can be reduced through demolition of upper stories, replacement

of heavy cladding and interior partitions, or removal of heavy storage and equipment loads.

Seismic Isolation
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Seismic isolation may be an effective rehabilitation strategy when the results of a seismic evaluation

show deficiencies pertaining to excessive seismic force or deformation demands, or if it is desired

to protect important contents and nonstructural components from damage. When a structure is

seismically isolated, compliant bearings are inserted between the superstructure and its foundations.

This produces a system with a nearly rigid body translation of the structure above the bearings. Most

of deformation induced in the isolated system by ground motion occurs within the compliant bear-

ings, which are specifically designed to resist these concentrated displacements. Most bearings also

have excellent energy dissipation characteristics. Together, this results in greatly reduced demands

on the existing elements of the structure, including contents and nonstructural components. For this

reason, seismic isolation is often an appropriate strategy to achieve enhanced rehabilitation objec-

tives that include the protection of historic structures, valuable contents, and equipment, or for build-

ings that contain important operations and functions. This technique is most effective for relatively

stiff buildings with low profiles and large mass. It is less effective for light, flexible structure.

Supplemental Energy Dissipation

Installation of supplemental energy dissipation devices may be an effective rehabilitation strategy

if the results of a seismic evaluation show deficiencies attributable to excessive deformations due

to global structural flexibility in a building. Many available technologies allow the energy imparted

upon a structure by ground motion to be dissipated in a controlled manner through the action of spe-

cial devices — fluid viscous dampers, yielding plates, or friction pads — resulting in an overall re-

duction in the displacements of the structure. The most commonly used devices dissipate energy

through frictional, hysteretic, or viscoelastic processes. In order to dissipate substantial energy, dis-

sipation devices must typically undergo significant deformation, which requires that the structure

undergoes substantial lateral displacements. Therefore, these systems are most effective in struc-

tures that are relatively flexible and have some inelastic deformation capacity. Energy dissipators

are most commonly installed in structures as components of braced frames. Depending on the char-
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acteristics of the device, either static or dynamic stiffness is added to the structure as well as energy

dissipation capacity.

For each structure, a decision for rehabilitation must be made as to the acceptable behavior for differ-

ent levels of seismic hazard, balanced with the cost of rehabilitating the structure to obtain that be-

havior. For many buildings, multiple rehabilitation objectives are often adopted – ranging from neg-

ligible damage and occupancy interruption for earthquake events with a high probability of

occurrence, to substantial damage but protection of life safety for events with a low probability of

occurrence. In general, rehabilitation objectives that expect relatively low levels of damage for rela-

tively infrequent earthquake events will result in more extensive rehabilitation work and greater ex-

pense than the objectives with more modest goals of controlling damage.

A rehabilitation objective shall be achieved by implementing rehabilitation measures based on a

strategy of addressing deficiencies identified by a prior seismic evaluation. Each rehabilitation mea-

sure shall be evaluated in conjunction with other rehabilitation measures, and the existing structure

as a whole, to assure that the complete rehabilitation scheme achieves the target building perfor-

mance level for the selected earthquake hazard level. The effects of rehabilitation on stiffness,

strength, and deformability shall be taken into account in an analytical model of the rehabilitated

structure.

1.5 Research Background and Objectives

In conventional seismic design of existing structures, energy dissipation occurs in specially detailed

ductile plastic hinge regions of beams and column bases, which also form part of the gravity load

carrying systems. Plastic hinges are regions of concentrated damage to the gravity frame, which are

often irreparable. Situations exist in which the conventional design approach is not applicable. When

a structure must remain functional after an earthquake, as is the case of important structures such

as hospitals and their critical facilities, the conventional design approach is inappropriate. For such

cases, the structure may be designed with sufficient strength so that inelastic action is either pre-

vented or is minimal; an approach that is very costly. Moreover, in such structures, special precau-
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tions need to be taken in safeguarding against damage or failure of important secondary systems,

which are needed for continuing serviceability. Conventional upgrading techniques usually include

the addition of walls and strengthening of existing frames.

From the 1980s, the U.S. National Science Foundation (NSF) began to fund research on seismic re-

habilitation. The objectives of the program were to provide information for evaluation of the vulner-

ability of existing structures for various levels of seismicity, and to develop advanced strategies for

repair and retrofitting. Nonstructural rehabilitation was accomplished through replacement,

strengthening, repair, bracing, or other attachments. The NSF research efforts had been supplement-

ed by many research activities carried out at the National Center for Earthquake Engineering Re-

search (NCEER). Recently, due to additional research needs, new rehabilitation approaches for criti-

cal facilities have been identified. Hospitals are classified as one element of the most important

public facilities and important part in the hazard emergency management. Hospitals are expected

to provide uninterrupted and efficient medical services during and after an earthquake or any natural

hazard.

As part of Multidisciplinary Center for Earthquake Engineering Research (MCEER) research initia-

tives in the area of advanced analyses and protective technologies for seismic retrofit of critical facil-

ities, FRP composite materials have been investigated as a new seismic strategy. The proposed meth-

ods may provide the solution in dealing with life cost–effective and stake holder – acceptable

retrofitting strategies for maintaining functionality of critical facilities and their contents during

earthquakes. As an innovative alternative, the light-weight FRP composite components has the po-

tential to emerge as an alternative material for non-structural elements such as infill walls that can

be used as seismic retrofitting strategy in regions of moderate to high seismicity.

The basic design philosophy and structural technique considered herein focus on increasing the effi-

ciency for retrofitting a structure before and after earthquake damages. The prefabricated PMC infill

systems are proposed and their properties can be easily modified to suit any particular functional

purpose. Fiber orientations and stacking sequence in the PMC infill system can be adjusted to en-
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hance structural behavior without any limitations given by existing configurations. Also, ductile be-

havior of PMC infill systems can prevent the catastrophic failure of the overall structure. From a

construction point of view, PMC infill systems can be easily installed during the strengthening and

retrofitting process of the existing structures.

The research applications of full-scale PMC infill systems have been scarce so far due to economical

factors, and the lack of guidelines available for designing these systems. However, recent efforts for

developing composite fabrication skills and related issues to dramatically increase investment in

maintenance and upgrade facilities could make the research of full-size movable PMC infill applica-

tion more attractive in the retrofit or replacement projects. The research described here represents

one of the early and pioneering work that considers the novel applications of PMC infill panels for

seismic retrofitting. This research primarily focuses on studying the effectiveness and feasibility of

various PMC infill panel systems. Conceptual designs for three types of PMC infill systems are pre-

sented and the feasibility of the proposed PMC infill systems has been verified by both experimental

and analytical studies. Figure 1-3 illustrates one of the PMC infill systems that has been investigated

in this study. The following is the scope of the research.

1. Characterization of properties of composite materials used in the design and fabrication: (1)

FRP composite, (2) new and existing steel frame members, and (3) polymer honeycomb ma-

terials.

2. The proposal of conceptual design criteria and manufacturing techniques for the structural

PMC panel systems.

3. The introduction of energy dissipation effects produced by novel combined interface damp-

ing layers along with the investigation of several design parameters.

4. Full-scale testing of the proposed three types of PMC infill wall systems when incorporated

in a steel frame having semi-rigid bolted connections. Several test specimens were consid-

ered: (1) steel frame, (2) multi-layer PMC infill, (3) multi-panel PMC infill, and (4) FRP box

infill panels were carried out under both push-over and a multi-step quasi-static loading tests.
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In the cases of (3) and (4), frequency effect of the interface layers material was investigated

under various loading rates.

Through these investigations, final conclusions are given for the effectiveness and behavior of the

proposed PMC infill panel systems in terms of the stiffness, strength, energy dissipation, and the

possible failure modes. In addition, the results provide information on areas where more research

efforts would be needed.

Viscoelastic solid

Honeycomb

Interface layer
FRP laminate plates

Figure 1-3 Geometric Configuration of the Damping Panel
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1.6 Organization of The Report

This report comprises of seven sections and an appendix. In the following section, material proper-

ties of both FRP composites, and new and existing steel frame members are investigated. Based on

the ASTM testing specifications, the results of each experimental coupon test are presented and brief

description of the tests with comments is given. The results obtained by the material tests are summa-

rized as follow; (1) the orthotropic properties of FRP composite materials, (2) basic mechanical

properties of the polymer honeycomb, and (3) elastic, plastic properties of steel members. Section

3 presents an overview of steel frame used in the experiments that has semi-rigid top and seat angle

connections. Geometric configuration of steel frame and fundamental experimental setup are

introduced. As the first study among three PMC seismic infill panels, a multi-layer PMC infill panel,

is investigated in section 4. This section discusses the effectiveness of the multi-layer PMC infill

panel under monotonic and cyclic loading conditions and presents the specific needs for structural

applications. The observed behaviors of a multi-layer PMC-infill panel system are assessed on the

bases of stiffness, strength, modes of failure, and energy dissipation output. The results obtained in

this section provides important information for studying further research related to the seismic PMC

infill panels. In section 5, based on the results obtained by section 4, a passive energy dissipation

mechanism designed by the combination of interface damping layers between fabricated solid FRP

panels is introduced and investigated. The effectiveness and design parameters of combining com-

posite materials are proposed by experimental studies. In section 6, we present conceptual design

and tests of the enhanced PMC infill panels considering passive energy dissipation mechanism. Two

types of PMC infill panel systems – namely, multi-panel PMC infill and FRP box infill systems, are

investigated by experimental studies. In the last section, the conclusions of this study and recommen-

dations for future work are summarized.
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This section mainly presents the composite material testing to evaluate the mechanical properties

that are needed for analysis and design. The evaluation of the mechanical properties of composites

includes their strength and stiffness characteristics.

The word “composite” signifies that two or more materials are combined together on a macroscopic

scale to form a useful third material. The field of composite materials is fairly new. Only since the

early 1960s, engineers and scientists exploited seriously the vast potential of fabricated fibrous com-

posite materials. The evolution of composite materials is basically an extension of man’s continuing

curiosity of searching for new materials with better properties.


���� �� ��!	�����"��!	�#$	�� ��"����#	�%	����������

2.1.1.1 Fiber

A great majority of materials are stronger and stiffer in the fibrous form than bulk materials. A high

fiber aspect ratio permits very effective transfer of load via matrix materials to the fibers, thus taking

advantage of their excellent properties. The physical properties of FRP composites are fiber domi-

nant. When the resin and fiber are combined, their performance remains mostly like the individual

fiber properties. Fiber selection is critical when designing composite structures. Practically, the av-

erage fabricator has a choice of several types of materials. These are fiberglass, carbon fiber, and

Kevlar among others. Fiberglass tends to be the all–purpose choice, while carbon/graphite offers

high stiffness and Kevlar has high abrasion resistance. Table 2-1 shows laminate comparison data

for three types of materials.

In this study, two types of fiber glass were used. First, E-glass in the form of a fiberglass fabric (plain

weave pattern – fibers are arranged in bi-directional pattern) was chosen as reinforcement of FRP

of the multi-layer infilled panel application. The multi-layer infilled panel is a sandwich-type panel
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that can be illustrated Section 4.2.1. The principal advantages of glass fibers are the low cost and

high strength even if there are many other high strength fibers. The selected fiberglass fabric is fre-

quently used in mold-building, sandwich core panels, and high strength lay-up like boat floors and

roofs. The glass fabric physical properties that we adopted in this research are listed in Table 2-2.

Table 2-1 Typical Laminate Comparison Data. (Fiber Glast Corp., 1999)

Specification Fiberglass Fabric Graphite Fabric Kevlar Fabric

Laminate Construction 10 Plies Glass 10 Plies Carbon 10 Plies Kevlar

Laminate/Resin Content 50% / 50% 56% / 44% 51% / 49%

Elongation @ Break, % 1.98 0.91 1.31

Tensile Strength (psi) 45,870 75,640 45,400

Tensile modulus (psi) 2,520,000 8,170,000 3,770,000

Flexural Strength (psi) 66,667 96,541 34,524

Flexural Modulus (psi) 3,050,000 6,480,000 2,500,000

Table 2-2 The Properties of Boat and Tooling Glass Fabric (Style 7781)

Width Thread Count

( Warp x Fill )

Weight

( oz / sq. yard )

Thickness

Inches

Weave

38” – 72” 16 x 14 9.70 0.014 plain

After completing the multi-layer infilled frame test, it was found that the number of yarns in each

direction is very important for the construction of full-scale products. As such, E-glass in the form

of a woven fabric was chosen considering the variability in the number of yarns. The selected woven

roving is composed of direct roving woven into a fabric. The input rovings are designed to give a

rapid wet-out and excellent laminate properties. It is commonly denoted as “Style 7781” in the in-

dustry and has similar number of yarns, approximately 65 and 68 yarns per foot in the fill and wrap

directions. The style 7781 is frequently used in aerospace and military application due to its excellent

strength and formability. In this study, it was applied for fabricating the multi-panel sandwich infill

and FRP box infill sections. The multi-panel infilled panel system dissipates energy by shearing of

interface layer between panels, can be illustrated in Section 6.2.1. The fabric weight and thickness
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is 8.69 oz. per square yard and 0.009 inch, respectively. Material tests for the woven roving (style

7781) were not performed here. Previous test results for this material (Kitane, 2003) were used, and

they are presented in section 6.

2.1.1.2 Matrix (Resin)

Since fibers can not transmit loads from one to the other, they are limited in the use for engineering

applications. When they are embedded in a matrix material, the matrix serves to bind the fibers to-

gether, transfer loads to the fibers, and protect them against environmental factors and damage due

to handling. The matrix has a strong influence on several mechanical properties of the composite

such as transverse modulus and strength, shear properties, and properties in compression.

One of the obstacles hindering the acceptance of polymer composites in civil engineering applica-

tions is the susceptibility of the polymer matrix to degradation initiated by moisture, temperature,

and ultraviolet light. From a discussion with the composite fabricator (An-Cor Industrial plastics),

a matrix of vinyl ester resin (DERAKANE 411) produced by the Dow plastic company, was chosen

in the fabrication of PMC wall systems. The DERAKANE vinyl ester resin is a premium-quality

thermosetting product that can be used to fabricate a wide range of corrosion-resistant FRP applica-

tions. FRP structures made of polyester resin (DERAKANE) are easily fabricated by all convention-

al fabricating techniques and requires little maintenance over a long service life. In addition, they

offer significant cost advantages during construction, installation, and continuing use.

Structures made of vinylester resin (DERAKANE) provide a number of advantages over those made

of conventional metal, and they are:

� Outstanding resistance to corrosion from several chemicals and excellent temperature sta-

bility.

� High impact and fatigue resistance.

� High strength to low weight ratio.

� Excellent electrical and thermal insulation properties.
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Table 2-3 presents properties of 1/8” clear casting at room temperature.

Table 2-3: Typical Properties of DERAKANE 411 (Dow Chemical Comp., 1999)

Properties At Room Temperature

Tensile strength (psi) 11 – 12,000

Tensile modulus (psi, x 105) 4.9

Elongation % 5.0 – 8.0

Flexural Strength (psi) 16 – 18,000

Flexural modulus (psi, x 105) 4.5

�����Heat Distortion Temp 210 – 220

Specific gravity of Liquid 1.040

Specific gravity of Solid 1.126

Cure shrinkage (%) 8.3

Poisson’s ratio 0.35 – 0.38

2.1.1.3 Fabrication of Composites

The fabrication or shaping of composites into finished products often combines the formation of the

material itself during the fabrication process. The formation of the composite involves the combina-

tion of the matrix and fiber such that the matrix impregnates, surrounds, and wets the fibers. The

relative properties of the matrix and fiber are one of the most important factors determining the prop-

erties of a composite structure. Theoretically, the composite stress–strain curves would lie somewhat

between the stress–strain curve of both constituent materials as shown in Fig. 2-1.

If the fiber volume fraction is high, the composite stress–strain curve will be closer to the fiber

stress–strain curves. The actual location of the composite stress–strain curve will depend on the rela-

tive volume fractions of the constituents. On the other hand, the composite stress–strain curve may

be closer to the matrix stress–strain curve for a higher matrix volume fraction. The void content of

a composite may significantly affect some of its mechanical properties. Higher void content usually

means lower fatigue resistance, greater susceptibility to water penetration and weathering, and in-

creased variation or scatter in strength properties. The knowledge of void content is desirable for

the estimation of the quality of composites. A good composite should have less than 1 % voids.
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Figure 2-1 Longitudinal Stress–Strain Diagram for Hypothetical Composite
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This section is concerned with test methods to measure basic composite mechanical properties that

are needed in the analysis and design. Based on displacement control test procedures, all coupon tests

were performed using an MTS universal testing machine. Load is applied to the specimen at the spe-

cified rate of 1.0 Hz until failure. According to the specification of the ASTM, dimensions of each

test coupon are shown in Fig. 2-2.

Tensile Test

Ultimate tensile strengths ������ �� ���, Young’s moduli ���	�����
��� and Poisson’s ratios ���	
���� �
	�� may be

measured by testing longitudinal ����
�� and transverse �����

�� directional specimens according to the

ASTM D3039 standard test method. The D3039 test method works well for orthotropic specimens

because a uniform state of stress would produce across the specimens as they are loaded in tension.

The D3039 specimen geometry is shown in Fig. 2-2. Laminated load transfer tabs are adhesively

bonded to the ends of the specimen in order to have the load transferred from the grips of the tensile

testing machine to the specimen without damaging the specimen.
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Figure 2-2 Coupon Dimensions of Each Test (unit = inch)
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Compression Test

Compression testing has proved to be one of the most interesting and difficult challenges. In this

study, an ASTM standard D3410 has been applied to evaluate ultimate compression strengths

������� ��� ����, compression Young’s moduli ���	� �����
� ���, and Poisson’s ratios ���	
���� �
	�� and the fixture,

which was originally known as the Illinois Institute of Technology Research Institute (IITRI) fix-

ture, was used to produce compression in the specimen through side-loading. The side-loading of

the specimen was accomplished by pyramidal wedges inside a heavy-housing. In order to avoid local

buckling and the reduction of in-plane compressive strength after delamination due to transverse

impact, the compression test coupon was redesigned to be a little thicker.

In-Plane Shear Test

For evaluating in-plane shear properties, a test method which generates pure shear loading is needed.

There are four widely used test methods for measuring in-plane shear properties of a unidirectional

composite lamina and they are (1) 
�� ����� laminate tensile test method, (2) the off–axis tensile test

method, (3) the 2–rail shear test method, and (4) the torsion test method (Whitney et al., 1982). In

this research, we used the 2–rail shear test method, as described in ASTM D4255.  Fig. 2-3(a) and

Fig. 2-3(b) show the two–rail fixture and the three–rail fixture, respectively.

In both methods, a flat rectangular plate specimen is clamped in between the rail fixtures and the

fixture is subjected to uniaxial load from the testing machine. The uniaxial loading on the fixture

generates in–plane shear loading on the specimen, and the resulting strains are monitored by the

strain gages shown in Fig. 2-3. Simple equilibrium requires that the average shear stress along the

specimen loading axes (x, y) for the 2–rail shear test method to be

�xy �
P
Lt

�����

��	
	����
���	���	���	���������������
	�����

              P = applied load along the x direction

              t = specimen thickness
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The shear strain along the x, y directions can be determined from the measured normal strain, �	�

, along the 	� axis, which is oriented at ��� from the x axis. From the strain transformation relation-

ship for a state of pure shear along the x, y axes, we have

�xy � 2�x� �����

Finally, the data can be generated from the above equations, and the corresponding modulus and

strength can be found from the resulting stress–strain curve.

(a)
(b)

Specimen

Figure 2-3 The Shear Test Fixtures


���' ����"���#	�%	�
�	���������	����#���

In the tests, two systems of fiber glass–reinforced polyester were investigated for possible use in the

composite panels. One system incorporated a multi–layer glass fabrics (plain weave) in a matrix of

vinylester resin (DERAKANE 411). The second system incorporated a multi–layer woven roving

glass fabric (CertainTeed, 302-2B) in a similar matrix. Sheets approximately 1 ft2 were fabricated

using hand layup techniques. The thickness of each sheet was 0.24 in. Its thickness varied slightly

along longitudinal direction. To evaluate the stiffness property between both systems, two tension
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coupons, according to the specification of the ASTM shown in Fig. 2-2, were cut from each sheet

of FRP laminates. Test results of tension specimens are compared in Fig. 2-4. Based on the results,

we evaluated that the material system containing a multi–layer glass fabric (plain weave) had higher

stiffness than material system containing a multi-layer CertainTeed woven roving glass fabric as

shown in Table 2-4.
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Figure 2-4 Test Results of Two FRP Material Systems

Table 2-4 The Results of Each Test for FRP Materials

Material Type Stiffness
(Elastic modulus)

poisson’s ratio

Plain Weave Fabric FRP 2370.6 ksi 0.15

Woven Roving Fabric FRP 1246.7 ksi 0.28 – 0.3


���( )��*��	�#$	+��,-�	���"���#�

As mentioned before, one of the most important factors determining the properties of composites

is the relative proportions of the matrix and reinforcing materials. The relative proportions can be

given in terms of the weight fractions or the volume fractions. The weight fractions can be easily

obtained during fabrication process or by one of the experimental methods after fabrication. The



26

fiber volume fraction of a laminate can be obtained by a burn test. In the burn test, a piece of a FRP

laminate is burned in an oven. After the burning, fiber weight fraction, 
� , can be obtained by

comparing total weight of FRP laminate and the fibers left in the oven. Finally, the volume fractions,

�� , are obtained by the expressions for conversion between the weight fractions and volume frac-

tions. These expressions are derived for a two-phase material and then generalized to a multiphase

material.

To measure the density of the laminate, several pieces of laminate samples were cut from the tested

laminate sheets. The density of E-glass fiber was 0.102 lb/in3 for the multi-layer infill model and

0.092 lb/in3 for the multi-panel infill model, respectively. The density of the matrix was 0.041 lb/in3.

Table 2-5 shows a summary of these properties.

Table 2-5 The Other Properties of Used FRP laminate

Wf / Wc Vf / Vc Density (lb/in3)

Material Test Coupon 0.65 0.425 0.067

Multi-layer Model (2000) 0.55 0.327 0.061

Multi-panel Model (2002) 0.41 0.236 0.053


���. 
��*���	�%	�
�	��������	�����

Experimental techniques for each test to obtain the mechanical properties of laminate made of plain

weave style were conducted. The stress–strain curves (see Figs. 2-5 to 2-8, 2-9 to 2-12, 2-13 to 2-18)

of laminates reveal the modulus, poisson’s ratio and the ultimate stress. The tested material coupon

dimensions are shown in Table 2-6, and the results for each test are presented in Table 2-7 to 2-12.
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Table 2-6 The Dimension of Each Test Coupon for Composite Panel

Method Thickness (in) Dimension (in x in)

Tension(0) 0.0545 0.498 x 10

Tension(90) 0.053 0.4945 x 10

Compression(0) 0.0575 0.497 x 5.5

Compression(90) 0.0535 0.497 x 5.5

Shear(0) 0.064 1.0 x 6.0

Shear(90) 0.0615 1.0915 x 6.0

 Tension Test ( �� tensile coupon )

Table 2-7 The Result of Tensile Coupon (��)

Elastic Modulus Poisson’s ratio

Test 1 3239.5 ksi 22.32 GPa 0.199

Test 2 2667.5 ksi 18.4 GPa 0.21

Test 3 2372.5 ksi 16.3 GPa 0.203

Test 4 2426.6 ksi 16.72 GPa 2.76

Average value 2676.52 ksi 18.4 GPa 0.204

Ultimate Stress 34.89 ksi 240.4 MPa

 Tension Test ( ��� tensile coupon )

Table 2-8 The Result of Tensile Coupon (���)

Elastic Modulus Poisson’s ratio

Test 1 1861.1 ksi 12.82 GPa 0.18

Test 2 1745.3 ksi 12.03 GPa 0.12

Test 3 1703.6 ksi 11.74 GPa 0.16

Test 4 1578.3 ksi 10.87 GPa 0.13

Average value 1722.1 ksi 11.87 GPa 0.14

Ultimate Stress 28.6 ksi 197 MPa
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Figure 2-5 The First & Second Test of Tensile Coupon (��)
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Figure 2-6 The Third & Fourth Test of Tensile Coupon (��)
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Figure 2-7 The First & Second Test of Tensile Coupon (���)
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Figure 2-8 The Third & Fourth Test of Tensile Coupon (���)
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��������	�
����
����� compression coupon )

Table 2-9 The Result of Compression Coupon (��)

Elastic Modulus poisson’s ratio

Test 1 2423.2 ksi 16.7 GPa 0.15

Test 2 1922.6 ksi 13.2 GPa 0.1 – 0.2

Average value 2172.9 ksi 15.0 GPa 0.15

Ultimate Stress 37.0 ksi  254.9 GPa

 Compression Test ( ��� compression coupon )

Table 2-10 The Result of Compression Coupon (���)

Elastic Modulus poisson’s ratio

Test 1 1091.8 ksi 7.52 GPa 0.12

Ultimate Stress 18.1 ksi 124.71 MPa
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Figure 2-9 The First Test of Compression Coupon (��)
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Figure 2-10 The Second Test of Compression Coupon (��)
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Figure 2-11 The First Test of Compression Coupon (���)
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Figure 2-12 The Ultimate Stress of Compression Test
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Shear Test ( �� Shear coupon )

Table 2-11 The Result of Shear Coupon (��)

Shear Modulus

Test 1 646.42 ksi 4.453 GPa

Test 2 540.44 ksi 3.72 GPa

Test 3 582.14 ksi 4.01 GPa

Average value 589.67 ksi 4.062 GPa

Ultimate Stress 9.09 ksi 62.63 MPa

Shear Test ( ��� Shear coupon )

Table 2-12 The Result of Shear Coupon (���)

Shear Modulus

Test 1 756.98 ksi 5.215 GPa

Test 2 759.83 ksi 5.235 GPa

Test 3 756.58 ksi 5.212 GPa

Average value 757.8 ksi 5.22 GPa

Ultimate Stress 8.65 ksi 59.6 MPa
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Figure 2-13 The First Test of Shear Coupon (��)
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Figure 2-14 The Second Test of Shear Coupon (��)
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Figure 2-15 The Third Test of Shear Coupon (��)
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Figure 2-16 The First Test of Shear Coupon (���)
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Figure 2-17 The Second Test of Shear Coupon (���)
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Figure 2-18 The Third Test of Shear Coupon (���)
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Finally, Table 2-13 summarizes the results experimentally obtained for a multi-layer plain-weave

glass fabric in a matrix of vinylester resin, Derakane 411®. In the tests, the linear stress-strain curve

was used for measuring mechanical properties. In fact, FRP composite material that was tested ex-

hibited nonlinearity, especially for shear test data. However, it was assumed to be linear in this study.

Data within linear range were utilized for the purpose of simplified design. Material nonlinearity

has to be considered in order to accurately predict the failure mode and inelastic behavior of a struc-

ture.

Table 2-13 The Summary of Material Test Results

Longitudinal direction (L) Transverse direction (T)

Tension Compression Shear Tension Compression Shear

������ ����� ������ ����� ������ ����� ������ ����� ������ ����� ������ �����

Width (in)

Thickness (in)

0.498

0.0545

0.256

0.197

1.0

0.064

0.4945

0.053

0.25

0.2

1.09

0.0615

Elastic modulus (ksi) 2676.5 2172.9 1722.1 1091.8

Shear modulus (ksi) 757.8 589.6

poisson’s ratio 0.204 0.15 0.14 0.12

Ultimate stress (ksi) 34.89 37 8.65 28.6 18.1 9.09
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Two types of steel members, A36 for steel frame members and A50 for the top and seat angle plates,

were chosen in the tests. Several samples were tested to evaluate the stress-strain behavior and a total

of five coupons were tested to establish the material properties of the steel members. Three of which

were cut from the existing steel frame members after finishing all experimental works and the others

were taken from an unused portion of the same piece of steel from the top and seat angle specimens.

Due to possible anisotropy of the rolled steel in the longitudinal and transverse directions, two of

five specimens were taken perpendicular to the rolling direction. All coupon tests were conducted

in accordance with American Society of Testing and Material (ASTM)–E8, “Standard Methods of

Tension Testing of Metallic Materials”.

The coupons were machined into standard test specimen shapes and tested using a 60–kip capacity

MTS universal testing machine. Both load and displacement readings were automatically recorded

during testing and an axial force vs. axial deformation curve for each of the several coupons were

measured using linear extensometer. The results of the coupon tests is also given in Fig. 2-19 and

2-20.
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Figure 2-19 Steel Coupon Test for Unused Joint Angle Connections
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Figure 2-20 Steel Coupon Test for Existing Steel Frame Members

According to these coupon tests, the yield stress for existing steel frame members was approximately

36 ksi and ultimate stress was between 48 ksi and 50 ksi. In this case, the ultimate stress was not

accurately measured because the test was not completed due to the premature failure at the instru-
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mented area. For new bolted top and seat angle connections, the yield stress varied between 48 ksi

and 55 ksi, while the ultimate strength varied between 68 ksi and 78 ksi. It was observed that the

ultimate strain at the bolted angle connections taken from the existing steel frame was less than the

new ones because the used ones may have been subjected to a large number of previous loading

cycles. For the older steel frame used in the multi-layer PMC infilled frame test, a stress-strain rela-

tion (depicted in Fig. 2-21 and previously tested by Mander et al. (1993)) was used in the design and

analysis.

In the cyclic loading test, the effect of cyclic loading resulted in a difference in the stress–strain re-

sponse compared to monotonic loading. The reason being that the cyclic load may have caused the

material to harden in the compression and to soften in tension especially at high temperature. Fur-

thermore, cyclic loading caused fracture at lower strain at the same temperature. The inelastic behav-

ior of metal model under cyclic conditions can be represented by two kinematic hardening models

that are available in the commercial numerical analysis ABAQUS.
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Figure 2-21 Stress–strain Results of Previous test 
(Mander et al., 1993)
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Damping materials used in structural applications are typically co-polymers or glass substances

which dissipate energy when subjected to shear deformation. A variety of materials are now avail-

able as honeycomb structures. Aluminum, paper and “Nomex” honeycombs are made of expanding

bonded sheet material. More recently polypropylene has been extruded with a honeycomb section.

This material has different stress-strain response from aluminum alloys, and higher elastic strains.

The selected polymer material is composed of H8–PP Polypropylene Honeycomb which was pro-

duced by Nida–Core Corp., FL, combined with a resin-rich layer on each surface of the honeycomb.

This is a true hexagonal cell honeycomb extruded from polypropylene and the color is clear translu-

cent. To facilitate this honeycomb with adhesive and laminating resins, a non-woven polyester scrim

has been thermo–fused to both sides of the core. To prevent filling the cells with resin during

construction, a polypropylene barrier film is bonded under the scrim. The properties of H8–PP poly-

propylene honeycomb are presented in Table 2-14. The honeycomb material used in this research

offers the following characteristics:

� The walls of the cells are solid along their whole length, affording the unit excellent

compressive strength and good shear strength

� The thicknesses of cell walls vary from 0.2” (5 mm) to 20” (500 mm)

� Ideal for a very wide variety of facings, whether conventional like wood, laminates, met-

als or more innovative like fiber glass reinforced thermoplastics.

� Possible to construct either non–woven polyester scrims thermofised on both sides of

honeycomb to facilitate conventional wet lamination, or open cells for use with thermo-

plastic skins.

Table 2-14 Properties of Polymer Honeycomb Material (Nida–Core Corp.)
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Mechanical properties SI unit English

Cell size 8 mm 5/16 inch

Density ����
��� �����������

Compressive strength 1.3 MPa 188 psi

Modulus of Elasticity 15 MPa 2175 psi

Tensile Strength 0.5 MPa 72.5 psi

Shear Strength 0.5 MPa 72.5 psi

Shear modulus 8 MPa 1160 psi

Effective temperature range –40 to +110 C � –40 to +230 F

Standard dimensions (1) 2134 mm x 1219 mm 84 “ x 48 “


�'�
 
��*���	�%	�-�	�������	��#��"�� 	��������	�����

Commercial polymer honeycomb was tested to evaluate various material properties. The application

of the polymer honeycomb material is to dissipate the energy through in–plane shear deformation.

For design purposes, when this material is used at the interface between skin laminate plates. It

would undergo shear deformation and dissipate energy when the structure vibration induces relative

motion between the honeycomb and adjacent layers. To investigate the mechanical properties of

polymer honeycomb materials, pure shear test was conducted along the cell axis (normal to Z-direc-

tion) in Fig. 2-22. Test coupon and adaptor are depicted in Figs. 2-23 and 2-24, respectively. The

tests were performed using displacement control MTS universal machines.

X

Y

Z

Thickness

����� ��������

Figure 2-22 Honeycomb Carrying Load on the Surface Normal to Z Axis
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Figure 2-23 The Dimension of Polymer Honeycomb Test Coupon (unit = inch)

Figure 2-24 Polymer Honeycomb Test Coupon (Side View)

Test results for pure shear stress–strain curves are shown in Fig. 2-25 to 2-27. As shown in Fig. 2-25,

energy absorption was found from the loading and unloading test for the polymer honeycomb. Ac-

cording to previous research (Zhu et al., 2000), similar shape of the loading and unloading curves

was also observed in the tensile and compressive tests and the behaviors were also similar to those

of polyurethane which was found to have viscosity. It was proved that hysteresis occurs when high-
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strain deformation bands propagated or unfolded in the honeycomb when average strain exceeded

30%, due to interface friction. From Fig. 2-26, shear modulus was measured, and Fig. 2-27 shows

full stress-strain relation of the honeycomb. Tested honeycomb deformation was visible in the cells

when the strain reached 15% or 20%. Beyond approximately 30% strain, large shear deformation

occurs through the honeycomb with the scrim failure between the skin plates and the honeycomb.

It was observed that there was no regularity in cell shape between 50% and 60% strains. The previous

research (Zhu et al., 2000) indicated that there is inhomogeneity in the recovery process, as a result

of interface friction after the honeycomb structure collapses.

Table 2-15 and 2-16 present the 2-layer material test results in this study and the material properties

of the honeycomb provided by the Nida-core Corp., FL, respectively. In the 2-layer shear test, the

pure shear strength sometimes introduces eccentricity into the bonding material as well as the poly-

mer materials, in spite of the attempt aimed at minimizing eccentricity in the specimen design. Ac-

cordingly, by comparing with the manufacturing values, the results obtained from the 2-layer shear

test were verified. Both results showed good agreement. Finally, Fig. 2-29 to 2-32 show the deforma-

tion level at various stages of loading.
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Figure 2-25 Loading and Unloading Test of the Polymer Honeycomb Material
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Figure 2-26 Shear Modulus of the Polymer Honeycomb Material
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Figure 2-27 Full Stress-strain Behavior of the Polymer Honeycomb Material
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Table 2-15 Tested Properties of Polymer Honeycomb Material

Property Value

Shear modulus (G) 1.0608 ksi

Ultimate shear stress 0.07154 ksi

Ultimate shear strain 0.55 in/in

Table 2-16 Real Properties of Polymer Honeycomb Material (Nida-Core Corp., FL)

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Mechanical Property ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Value

Density  ������������

Shear Modulus (G) 1160 psi

Ultimate shear stress 72.5 psi

Ultimate shear strain 0.625

Modulus of Elasticity 2175 psi

Tensile Strength 72.5 psi

Compressive Strength 188 psi

Figure 2-28 Setup of Polymer Honeycomb Test Coupon
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Figure 2-29 The Small Deform Shape of Polymer Honeycomb Material 
( � = 0.28 in/in )

Figure 2-30 The Large Deform Shape of Polymer Honeycomb Material 
( � = 0.79 in/in )
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Figure 2-31 The Failure of Polymer Honeycomb Material 
( � = 1.60 in/in )

Figure 2-32 The Bonding Scrim Failure of Polymer Honeycomb Material Coupon
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For design purposes, beam-to-column connections of steel frames are usually considered to be either

fully restrained (FR) or perfectly pinned. However, the connections in a typical steel frame are essen-

tially partially restrained (PR) with different rigidities. The most recent trend is to make connections

in a steel frame flexible to reduce the risk of damage during seismic loading (Salazar et al., 2001).

This requires that the connection behavior has to be considered as realistically as possible in the eval-

uation of the nonlinear seismic response of steel frames. Thus, the presence of PR connections re-

duces the lateral stiffness, but increases the energy dissipation capacity of the frames. However, there

are evidences that frames with PR connections would undergo larger lateral displacement compared

to frames with FR connections. Consequently, the � � � phenomenon may produce detrimental ef-

fects on the performance of the frames.

Critical facilities such as most hospitals in the eastern U.S. generally have steel frame system, the

older ones (designed prior to seismic code provisions) having frames assembled using flexible semi-

rigid connections, the newer ones (designed after seismic code provisions) having more convention-

al steel frame with rigid connections. For the purpose of effective retrofit, a semi-rigid steel frame

was employed as a primary structure in this study. Tests of semi-rigidly connected steel frame can

provide significant information for understanding the beneficial effects provided by the proposed

retrofit strategy. Two types of existing semi-rigid steel frames were considered here – (1) investiga-

tion of the progressive angle connection behavior under stiffened PMC infill structure, and (2) oc-

currence of the existing original joint angle connection failure during the tests. Both types of frames

are identical in general except that the steel frame that was assembled by past researcher (Mander

et al., 1993) used bolted angle connections in the first specimen (case 1) and the same steel frame

with new bolted angle connections in the other specimen (case 2). In the experimental, multi-layer

infilled frame was employed for case 1. During the tests, new bolted top and seat angle connections
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were replaced after completing the multi-layer PMC infilled frame tests (case 1) for the subsequent

tests. The sizes of steel frame members for all test cases are the same. Accordingly, tests of two types

of semi-rigid steel frames are presented in this section.


�� �� 	���!�"��#����	�!	� $����"��	��  %	��#$ 

The components of steel frame were columns, beams, braces, and connections. The columns, beams,

and braces were be built up with angles and/or plates connected together with rivets, bolts or welds.

Because the focus here is to provide infill retrofit strategies for old construction that often made of

steel with a yield stress of 30 - 36 ksi.

The members of the frame that were used in the experiments were designed using A36 steel for grav-

ity load and constructed according to the specifications of the American Institute of Steel Construc-

tion (AISC) which represented common design and construction practices of old building structures.

The cross-sectional dimensions (U.S.) of beam and column members were W8x21 and W8x24, re-

spectively.

Both beam and column members were assembled by bolted semi-rigid (top and bottom angle seat)

connections. Two bolt rows were used in the angle-leg connected to the beam flange, and one bolt

row was used for the outstanding angle-leg connected to the column flange. The semi-rigid top and

seat angle plates were designed to have the capacity of approximately 50% of the connecting mem-

ber. Thus, yielding in the frame would be concentrated in the angle connections to prevent main

members from damages. According to AISC specification, the seat angle is intended to transfer only

vertical reaction and should not provide significant restraining moment at the end of the beam. Top

angle only provided lateral stability and was designed not to carry any gravity load. Details of the

top and seat angle connections are illustrated in Fig. 3-1. The columns were also connected to the

two pin connectors of steel plates which were strongly connected to the concrete reaction beam using

anchor rods and all bolts were torqued. Fig. 3-2 shows a hinge support of the steel frame.
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Finally, Fig. 3-3 presents a sketch of the steel frame used in this study and a picture of the completely

fabricated structure. All fabrications of steel members were carried out at the Structural Engineering

Earthquake Simulation Laboratory at the University at Buffalo.
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Figure 3-1 Detailed Configuration of Top and Seat Angle Connections (unit = inch)
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Figure 3-2 The Configuration of Hinge Support (unit = inch)
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Figure 3-3 The Configuration of Steel Frame (unit=inch)
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�
�� Test Specimen Setup

In the experimental stage, an existing steel frame was employed to save construction time and mate-

rial costs. The old top and seat angle connections in the frame underwent beyond the yield point

when they were tested before. As such, a steel frame without the PMC infill panel was tested to obtain

the response of the steel frame and evaluate the potential enhancements after the infill wall was

installed. As mentioned before, a stress-strain relationship, tested by Mander et al. (1993), was

adopted for mechanical properties of existing joint angle connections. Fig. 3-4 illustrates the tested

steel frame setup.

Figure 3-4 Steel Frame Setup

To investigate the strength and stiffness of steel frame under monotonic and cyclic loading, push-

over and fully reversed cyclic loading were applied to the upper W8x21 beams at 0.0167 Hz 2 cycles

per 120 second). The displacement amplitudes of cycles for each drift level were 0.56, 1.13 and 2.26

inch. In the steel frame tests, a non-destructive test program was carried out to avoid damaging the

steel frame. The linear variable differential transformers (LVDTs) were used to measure the absolute

lateral displacements of the test specimen. More detailed experimental instrumentations will be dis-

cussed later.
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�
�� Supplementary Test Setup

A full-scale test specimen without an infill panel was placed on the concrete foundation beam after

finishing parts of supplementary experimental setup. Fig. 3-5 shows the configuration of the stabi-

lizing frame that was designed and constructed to resist any accidental out of plane forces, transverse

to the plane of the test specimens, of less than � ��� of the in-plane test load applied to the test speci-

men.

Figure 3-6 shows a sketch of the test specimen setup. The test specimen was anchored to a foundation

beam, which was designed to resist the maximum expected load during the test. Each hinge joint

of the test specimen was connected to the foundation beam by four 22 mm (0.875-inch) high-

strength A325 bolts. After an installation of composite infill panel, the out-of-plane instability of

the infill panel was prevented by supports perpendicular to the plane of loading using six steel plates.

These steel supports enclosed composite panel at the interface of both columns and beams to reduce

any in-plane friction and allow free lateral displacements of the specimen. Steel plates used in the

experimental setup were PL 6.0 x 5.25 x 0.625 inch and they are shown in Fig. 3-7.
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(a) 4 - Guide Wheels (b) Steel Rod

(c) Stabilizing Frame Setup

Figure 3-5 Configuration of Stabilizing Frames
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Figure 3-6 Setup of Steel Frame Structure (unit = inch)
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Thickness of steel plate : 0.625 inch

Figure 3-7 Configuration of Out-of-plane Supporting Steel Plate (unit=inch)


�
�
 Discussion of Test Results

This section presents test results for the bare steel frame. Earlier studies (Elnashai et al, 1994; Salazar

et al, 2001) indicated that frame with semi-rigid connections exhibits energy absorption capacity,

and may be used effectively for earthquake resistant design. It indicates that semi-rigid connections

in the frame is a dominant factor for determining its behaviors. As such, the behavior of bolted angle

connections in the frame must be investigated under monotonic and cyclic loads.

As mentioned before, two testing cases of steel frame were considered in this study. One is a steel

frame that possessed old semi-rigid angle connection (Type 1) and the other is a steel frame with

newly replaced top and seat angle connections (Type 2). In the steel frame tests, the hydraulic actua-

tor was driven to a displacement less than the expected elastic limit (up to 1.5%) to avoid damaging

the bolted semi-rigid angle connections and to ensure that this frame can be reused in the multi-layer
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PMC infilled frame tests. Therefore, the quasi-static cyclic experiment of the steel frame was con-

ducted in displacement control for lateral drifts of 0.5%, 1.0%, and 1.5%.

Steel frame with old semi-rigid angle connections ( Type 1)

The force-displacement response under monotonically increasing lateral load for Type 1 frame is

shown in Fig. 3-8. It must be noted that a Type 1 steel frame has been used by previous research

program and being re-used again in this study. It can be observed that the stiffness of the specimen

is slowly decreased after the displacement of 0.3 inch. It is due to the fact that the strain hardening

of the old connection and/or existing bolt and angle connection slip may have occurred during the

test. From this test, the initial stiffness was computed to be 6.27 kips/in.

In cyclic loading tests, it can be seen that the stiffness degradation started to be evident as the slope

of the curve decreased. Significant hysteresis within the cycles is apparent indicating that the angle

connections had yielded, thus dissipated energy. Fig. 3-9 shows the results of cyclic loading tests.
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Figure 3-8 Result of Push-over Loading Test for Steel Frame (Case 1, 1.0%)
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Steel frame with new semi-rigid angle connections ( Type 2)

For Type 2 frame, new bolted top and seat angle connections were installed. The behavior of new

bolted angle connections in the frame was studied briefly before and after testing of the PMC infill

systems. After completing all experimental tests including seismic PMC infill tests, bare steel frame

was tested again to investigate the post-testing behaviors of the bare frame. It must be noted that a

Type 2 steel frame was a Type 1 steel frame with newly replaced semi-rigid angle connections.

The force-displacement response for the test specimen (Type 2) subjected to push-over loading is

shown in Fig. 3-10 and 3-11. In these figures, the values of elastic stiffness from the initial and stabi-

lized envelope curves obtained from cyclic loading test are presented. As shown in Fig. 3-10, there

is minor difference between successive test results. In the initial stage (Test 1), it was assumed that

there is no slip and the leg of angle adjacent to the column behaves as linear-elastic, while the leg

of angle adjacent to the beam behaves as a rigid body. Also, initial higher restraint between the angle

and the column face may arise from the perfect clamping action of bolts which prevents any slip

between the components. Because of an insignificant difference among three test cases in Fig. 3-10,

the overall stiffness was determined by the average value. As the lateral drift increases, stiffness deg-

radation may also arise in the structure as the result of material yielding and/or slipping in the con-

nections.

The force-displacement response of the bare steel frame after the PMC infill system tested and re-

moved is presented and compared with bare steel frames before the PMC infill system tested in Fig.

3-11. It is clearly shown that there is a significant difference between their behaviors. The reason

being that the existing joint angle connections were subjected to an successively increasing number

of cyclic bending moments. Differences in stiffness of semi-rigid steel frame for a given displace-

ment level appear to be due to several reasons: (1) elastic deformation of the frame after the infill

yields, (2) cyclic slips in the bolted-angles and between loading actuator and long steel adaptors adja-

cent to the loading reaction frame, and (3) cumulative damage of the connections at variable ampli-

tude tests. Especially, cyclic bolt slip is one of the major characteristics at the large deformation lev-
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els. The slip load of the bolted members depends on the distribution of the clamping forces, which

in turn relies on bolt tensions and friction condition of contact surfaces. Variation of the stiffness for

the test frame was summarized in Fig. 3-12.

Fig. 3-13 shows the comparison of in-plane behaviors of the steel frame with or without the damage

in the bolted top and seat angle connections. Semi-rigid steel frame with the infill induced larger

lateral force due to the infill’s contribution which resulted in an increase in frame stiffness. However,

larger induced lateral forces are also attracted to the frame, which could result in failure of the infill

wall and more importantly failure of the frame itself. In many cases, the bolted angle connections

sustain damage due to induced larger vertical reaction forces. With damages in the bolted top and

seat angle connections, the stiffness of overall structure was significantly reduced as shown in Fig.

3-13. For the bolted angle connections, the moment-rotation behavior obtained by monotonic load-

ing tests is presented in Fig. 3-14. This result provides information for the initial stiffness of newly

replaced top and seat angle connections (Type 2).

The force-displacement responses for the structure of type 2 were also studied under applied cyclic

loads. Test results at different lateral drifts are compared in Fig. 3-15. In the cyclic loading tests, there

is no significant stiffness degradation. This is due to new angle connection setup without slip and

material yield. Fig. 3-16 shows comparison of hysteretic behavior for semi-rigid steel frame before

and after joint angle connection damage under cyclic loading. Generally, the dissipation of energy

at partially restrained (PR) connections is estimated by considering the hysteretic behavior of bend-

ing moment, shear, and axial forces. It has been shown that the energy dissipation due to shear and

axial forces is negligible compared to that due to bending moment (Salazar et al., 2001). This is be-

cause the shear and axial force deformation behaviors are virtually linear, and the corresponding en-

ergy dissipation due to hysteretic behavior can be neglected.

As shown in Fig. 3-16, similar hysteresis within the cycles is apparent and it indicates that all or part

of angle connections in the structure had yielded by the bending moment at the connections and the

corresponding relative rotation. After damage at the joint angle connections, it would be predicted



62

that the presence of plastic hinges, if developed, will produce additional axial deformation and rela-

tive rotation in a particular element.

The semi-rigidly connected steel frame was tested whenever new seismic retrofitting strategy was

applied, with particular attention directed towards understanding the comparative in-plane behavior

of semi-rigid frame at each stage. It is because the behavior of the semi-rigid connection varied fol-

lowing the effects of slippage and applied loading cycles. Steel frame tests were very important for

this study in order to understand and quantify the contribution of the PMC infill panel systems to

energy dissipation and stiffness enhancements.

0

2

4

6

8

10

0 0.2 0.4 0.6 0.8 1 1.2

Displacement (in)

F
or

ce
 (

ki
ps

)

  test_3
  test_2
  test_1

Figure 3-10 Result of Push-over Loading Test for Steel Frame (Case 2)



63

0

1

2

3

4

5

6

7

8

9

0 0.2 0.4 0.6 0.8 1 1.2

Displacement (in)

F
or

ce
 (

ki
ps

)
  Existing angle connection (previously tested)
  New angle connection (before testing PMC infill panels)
  New angle connection (after testing PMC infill panels)

Figure 3-11 Comparison of Stiffness of Semi-rigid Steel Frame (1.0% drift)

0

2

4

6

8

10

1

Number of Test Cases

St
if

fn
es

s 
(k

ip
s 

/ i
n)

2 3 4 5 6 70

Figure 3-12 Stiffness Degradation of Test Frame under Progressive Test Cases



64

0

2

4

6

8

10

12

0 0.2 0.4 0.6 0.8 1 1.2

Displacement (in)

Without damage

With damage

F
or

ce
 (

ki
ps

)

Figure 3-13 Comparison of In-plane Behavior for Semi-rigid Steel Frame before and after
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This section describes the concept of a multi-layer PMC infill panel system which is introduced as

a seismic retrofitting strategy. An experimental study was performed to explore the effectiveness

of this seismic retrofitting strategy, and to examine the behavior of this PMC infill wall system when

subjected to monotonic and cyclic loading. A steel frame retrofitted with a multi-layer PMC infill

wall was monitored to assess the resultant enhancements to its seismic-energy dissipation. In testing

the multi-layer PMC infill wall system, a large-scale steel frame was used to avoid the typical uncer-

tainties associated with scaling effects. Details of the steel frame were described in the previous sec-

tion. The optimal design for the stacking sequence of a multi-layer PMC infill wall panel was deter-

mined based on performance and material cost using finite element analysis. Finally, the observed

behavior of the PMC-infilled frame was assessed on the bases of stiffness, strength, modes of failure,

and energy dissipation.


���� Typical Structural System of Composite Panel

A typical laminated structure that is widely used in aeronautical/aerospace, marine, and civil engi-

neering constructions is the sandwich-type construction. The sandwich-type structures are

constructed of three layers. Two of them, called face sheets, constitute the external layers treated as

thin shells, which are separated by a thick mid-layer playing the role of the core. The new and exotic

high modulus, high strength, low weight fiber-reinforced composite materials are likely to be widely

employed in these structures, especially when the condition of least weight is of vital concern, as

is the case with the aeronautical/aerospace flight vehicle structures. In the sandwich construction,

the faces are generally made up of high strength materials (steel, aluminum, or glass-reinforced plas-

tic), the core layer is made of a low specific weight material (balsa, porous rubber, corrugated metal

sheet, metallic honeycomb) which may be much more flexible and stronger than the face sheets. In

addition to the possibility of achieving high flexural-stiffness characteristics with little resultant
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weight penalty, sandwich-type construction also exhibits many properties of exceptional impor-

tance for aerospace and civil engineering constructions. They provide: (a) excellent thermal and

sound insulation; (b) a longer service life as compared to stiffened-reinforced structures which are

weakened by the appearance of stress-concentrations; (c) possibility of being designed to meet very

close thermal distortion tolerances.

Although standard sandwich panel construction consists of two strong outer faces and a weaker inner

core, in a continuing effort to achieve higher stiffness-to-weight and strength-to-weight ratios, tradi-

tional materials have evolved from metallic face sheets and aluminum honeycomb core to composite

materials. For the face sheets, composite materials offer high stiffness and low specific weight. For

the core, non-metallic honeycomb and plastic foam materials are now available and widely used.


���� Selecting Proper Construction Materials

All the FRP composites (glass, graphite, Kevlar) can be used for energy absorbing applications and

all are usually weight effective, when compared with mild steel, under stable collapse conditions.

Of particular importance for large-scale commercial applications, the skin sheet materials using

glass fibers for reinforcement offer significant energy absorption capability, as good as that demon-

strated by conventional fabric or type lay-ups. The energy absorbing characteristics of a structure

made from FRP composites were thoroughly presented by Thornton et al.(1985). It is clear that the

type and nature of the fiber and resin, the geometry of the structure, and the fiber arrangement affect

significantly the energy absorbing capability. However, currently available data are not sufficient

to give a clear and unambiguous answer for energy estimation. The difficulty arises simply because

energy absorption in composite material is largely by fracture, buckling, fiber debonding and break-

ing, or matrix damage rather than by plastic deformation as in metals.

The main purpose of combining strong thin facings with a thick core is to produce a highly stressed-

skin construction, which leads to great bending stiffness and strength for the structure’s weight. For

the sandwich construction to be lightweight for infill wall applications, the core must be a light-

weight material of a low density cellular construction. In this study, the vinyl sheet foam and Diviny-
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cell H materials were chosen as the core in all PMC infill panel construction. Closed cell vinyl foam

provided by An-Cor Plastic Corp. is an excellent core material with proper mechanical properties.

When vinyl foam was used as a structural sandwich core, it provides low weight, excellent stiffness

as well as high insulation.

For the Divinycell H material, it is a semi-rigid PVC foam used as a core material in conjunction

with high-strength skins, to produce strong, stiff, lightweight composite structures. This construc-

tion has a high strength-to-weight ratio, exceptional dynamic strength, excellent insulating proper-

ties, and a closed-cell structure that makes it impervious to water. A grade H among several types

of Divinycell grades produced by DIAB international company was chosen and it has all the proper-

ties expected for a high-performance, lightweight construction material. The properties of a vinyl

sheet foam and a Divinycell H are shown in Table 4-1 and 4-2.

Table 4-1 The Properties of Vinyl Foam (An-Cor plastic Inc.)

Modulus Strength

Density

(lb/ft3)

Compression

(psi)

Flexure

(psi)

Shear

(psi)

Compression

(psi)

Flexure

(psi)

Shear

(psi)

2 730 630 360 36 50 31

Table 4-2 The Properties of Divinycell H100 (Divinycell Corp.)

Modulus Strength

Density

(lb/ft3)

Compression

(psi)

Tension

(psi)

Shear

(psi)

Compression

(psi)

Tension

(psi)

Shear

(psi)

6.2 18125 15225 5800 245 450 200


���� Simplified Design Cases of FRP Laminates

The material architecture of each laminate offers unique properties and characteristics and, hence,

must be distinctly identified whenever it is associated with specific quantitative or numerical analy-

ses. Positive and concise identification of a laminate can be achieved through the use of a laminate

orientation code. An adequate code must be able to specify as concisely as possible – (1) the orienta-
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tion of each lamina relative to a reference axis, (2) the number of laminae at each orientation, and

(3) the exact geometric sequence of laminae. In this research, the stacking sequence of a laminate

was combined based on the simplified design cases (shown in Fig. 4-1) and evaluated their structural

performance. The results for each combination of stacking sequence are shown in Table 4-3 and the

simplified design cases are shown in Fig. 4-1.

Symmetrical Laminates

A laminate is called symmetric if the material, angle, and thickness of plies are the same above and

below the midplane. An example of symmetric laminates is ������������ .

Cross-ply Laminates

A laminate is called a cross-ply laminate (also called laminates with specially orthotropic layers)

if only �� and 	�� plies were used to make a laminate. An example of a cross-ply laminate is

����	���	������	��.

Angle-ply Laminates

A laminate is called an angle ply laminate if it has plies of same material and thickness, and only

oriented at � � 
��� � directions. An example of an angle ply laminate is �� 
���
��� 
���
��.

Antisymmetric Laminates

A laminate is called antisymmetric if the material and thickness of the plies are the same above and

below the midplane, but the ply orientations at the same distance above and below of the midplane

are negative of each other. An example of an antisymmetric laminate is �
������� ��� � 
��.

Balanced Laminates

A laminate is balanced when it consists of pairs of layers of the same thickness and material where

the angles of plies are � � 
��� �. If the number of plies in a balanced laminate is odd, it can be made

symmetric. An example of a balanced laminate is �����
��� ������� � ���� 
��.

Quasi-Isotropic Laminates

A laminate is called quasi-isotropic if its extensional stiffness matrix [A] behaves like that of an iso-

tropic material. An example of quasi-isotropic laminates is ���� � 
���	���.
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Figure 4-1 Simplified Stacking Sequence Cases of Typical Composite Laminate
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���� Design Concept and Configuration

Several technical and cost-saving challenges are associated with the design of PMC infill walls in

structural applications such as buildings. Some of the most serious questions surrounding the viabil-

ity of PMC structures relate to four major considerations: first, the availability of PMC structural

systems that have been tested to resist seismic loads; second, the cost of the construction; third, the

availability of standards for their design; and fourth, the feasibility of their construction. In consider-

ing the design procedure of a PMC infill wall, many design variables must be specified. Such design

variables include the thickness, fiber orientation, and stacking sequence of FRP plies and, above all,

the determination of a number of geometrical parameters defining the damping interface layer con-

figuration.

First, a conceptual multi-layer system is introduced to increase energy dissipation performance asso-

ciated with the perfect bonding assumption. This multi-layer system will allow in-plane shear de-

formation and, therefore, sliding along specific layers to take place upon loading the frame. Fig. 4-2

shows the mechanical concept of the multi-layer panel system. The damage of the composite panel

is expected to be concentrated in specific layers and, hence, energy dissipation will be produced

within the multi-layer PMC infill wall panel. Fig. 4-3 presents the schematic representation of the

energy mechanism for the multi-layer infilled frame. Fig. 4-4 illustrates an overall configuration of

multi-layer PMC infilled panel. As shown in Figure 4-5, the conceptual design of the multi-layer

PMC infill wall system consists of three panels forming the entire wall thickness: first, an inner panel

composed of a core material and core shell; second, outer panels that consist of outer shells at both

sides of the inner panel; and third, polymer honeycomb layers at the interface between the the core

and outer shells. The role of the inner panel is to increase structural rigidity. In turn, the outer panels

are designed to transfer applied lateral force to the polymer honeycomb layers as well as to resist

large contact forces at the interface with the steel columns.
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(c) Energy dissipation by polymer honeycomb layers

(b) Transmit lateral force to composite panel

(a) Applied lateral force for infilled frame

CoreOuter shell

Polymer honeycomb layerCore shell Top view

Figure 4-2 The Mechanical Concept of Composite Infilled Frame
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4.0 12.20

85.60

78.00

5.66

5.09

84.50

28.42 20.45

52.10

3.60

( Unit = inch )

Figure 4-4 Overall Configuration of the Multi-layer PMC Infill Panel

CoreOuter shell

Polymer honeycomb layerCore shell Top view

Core material (Vinyl foam) + Coreshell Outershell Visco-elastic layer (Honeycomb)

Figure 4-5 The Shape of Each Components of Composite Panel
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This design concept of an inner PMC sandwich panel design is considered to reduce the weight,

sound, and vibration as well as to improve the structural rigidity of the entire composite panel. To

obtain high performance at low cost, the thinly spaced core-shell laminates were designed to provide

bending rigidity, and the space between the laminates was filled with vinyl sheet foam. The vinyl

foam core material provides most of the shear rigidity of this sandwich construction. In the design

of sandwich element, it would be convenient to have simplified design procedures which could pro-

vide a starting point for the design process, i.e. initial thickness and material selection. In this study,

the core to face thickness ratio was arbitrarily chosen to be 5.0. Fig. 4-6 presents the geometric con-

figuration of the inner PMC sandwich infill of the multi-layer PMC infill system.

For the outer panel design, consideration was given to the deformed shape of the PMC infill wall

from push-over analysis. As such, the geometry of the outer panels was designed to have a trapezoi-

dal shape. The area of a trapezoidal shape was considered to provides enough stiffness of the inter-

face layers in order to transfer applied force to inner PMC sandwich panel. Even if a trapezoidal

shape of the outer panel is not appropriate under cyclic loading conditions, with adequate thickness

this shape should provide sufficient capacity to transfer applied forces to cause symmetric shear de-

formation on both sides, which can be helpful in studying the interface layers’ behavior at the inter-

face surfaces. Moreover, rounded edges of the outer panels were designed to avoid any stress con-

centration, and to achieve the desired behavior.

Geometrical configurations of the multi-layer components and the overall structure are presented

in Fig. 4-4 to Fig. 4-7. The interface thickness used in this study was determined by the availability

of commercial product size of polymer honeycomb material. Fig. 4-9 and 4-10 illustrate a cross sec-

tion and rounded edge of the multi-layer PMC infilled frame, respectively. Gap between the inner

panel and rounded edge of the outer laminate was designed to allow maximum displacement of the

polymer honeycomb material and to provide enough space for installing column-to-infill connec-

tions.
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78.00 85.6

76.5

84.5

4.00
3.8

3.8

0.315

0.315

1.6

Skin (FRP laminate)

Core (Vinyl sheet foam)

AA

Cross Section A-A (unit = inch)

Figure 4-6 Geometric Configuration of an Inner PMC Sandwich Panel
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12.20 12.20

28.42 3.60

78.00

85.60

5.66

4.0

5.09 3.6
Polymer Honeycomb

( Unit = inch )

Figure 4-7 Geometric Configuration of the Polymer Honeycomb Layer

78.00

12.20 12.20

85.60

76.50
91.70

3.60 28.42 4.00

20.45 inch
(Clearance)

52.10 inch
(Clearance)

( Unit = inch )

Figure 4-8 Geometric Configuration of Outershell Layers
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1.731.9685 Core (Vinyl foam)

Core shell

Outer shellPolymer Honeycomb

0.3150

0.3937

0.3937

( Unit = inch )

Figure 4-9 Detailed Cross Section of the Multi-layer PMC Infill Panel
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Figure 4-10 Detailed Rounded Edge of a Multi-layer PMC Infill Panel (unit = inch)
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The optimal design of inner and outer panels composed of FRP laminates was governed by structural

performance and cost. The most common and essential constraint of this structure is stiffness. The

design considerations addressed three factors; first, selecting a material system or a group of material

systems; second, optimizing the stacking sequence for the laminates based on applied loads; and

third, constraints such as cost and stiffness. Actually, the stiffness and strength of a single lamina

were determined by practical factors such as the choice of the fiber and matrix, processing technique,

and the fiber volume fraction. In the design process, E-glass fiber was chosen as a proper reinforce-

ment because of practical suitability and cost.

After selecting the reinforcement, the optimal design of stacking sequence for core-shell of the inner

PMC sandwich panel and outer-shell laminates was obtained by finite element analysis. In this case,

the total inner panel thickness was controlled by the buckling of the inner panel at high lateral drift

(2.5%). The laminate for each component (outer shell or core shell) was then designed by consider-

ing several possible stacking sequences (i.e., orientation and thickness of each lamina). Generally,

when laminated composite plates are symmetric and orthotropic, their in-plane and flexural stiff-

nesses become a function of the lamination parameters, which are functions of the stacking se-

quences. By using numerous finite element simulations representing the lay-up and geometric com-

binations of various materials, force-displacement relationship of the infill panel and steel frame was

evaluated, leading to the final choice of laminate architecture. As shown in Fig. 4-11, commonly

used stacking cases of FRP laminates were considered as a starting point. Various combinations of

stacking sequences were applied in the design process and the results are summarized in Table 4-3.

The selected optimal wall design parameters with respect to the fiber orientation are [03

/304/456/602/902/–602/–454/–306/02]s for coreshell, and [05/308/454/905/–454/–308/05]s for outer-

shell laminate, and thickness of each ply is 0.005 in. The detailed optimum stacking sequences are

shown in Tables 4-4 and 4-5. And, geometric configuration of each laminate and orientation axis

along applied loading direction are presented in Fig. 4-12, 4-13, and 4-14, respectively.
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Figure 4-11 The Results of Combined Simplified Stacking Sequences 
for Composite Wall Laminate Design
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Table 4-3 The Results of Various Laminate Layups of the Composite Infill
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Table 4-4 The Designing Stacking Sequence for Coreshell

No. Orientation angle The number of layers Total thickness (inch)

1 0 3 0.015 (0.381mm)

2 30 4 0.02 (0.508mm)

3 45 6 0.03 (0.762mm)

4 60 2 0.01 (0.254mm)

5 90 2 0.01 (0.254mm)

6 –60 2 0.01 (0.254mm)

7 –45 4 0.02 (0.508mm)

8 –30 6 0.03 (0.762mm)

9 0 5 0.025 (0.635mm)

10 –30 6 0.03 (0.762mm)

11 –45 4 0.02 (0.508mm)

12 –60 2 0.01 (0.254mm)

13 90 2 0.01 (0.254mm)

14 60 2 0.01 (0.254mm)

15 45 6 0.03 (0.762mm)

16 30 4 0.02 (0.508mm)

17 0 3 0.015 (0.381mm)

Figure 4-12 Orientation Codes of Coreshell
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Table 4-5 The Designing Stacking Sequence for Outershell

No. Orientation angle The Number of layers Total thickness

1 0 5 0.025 (0.635mm)

2 30 8 0.04 (1.016mm)

3 45 4 0.02 (0.508mm)

4 90 5 0.025 (0.635mm)

5 –45 4 0.02 (0.508mm)

6 –30 8 0.04 (1.016mm)

7 0 10 0.05 (1.27mm)

8 –30 8 0.04 (1.016mm)

9 –45 4 0.02 (0.508mm)

10 90 5 0.025 (0.635mm)

11 45 4 0.02 (0.508mm)

12 30 8 0.04 (1.016mm)

13 0 5 0.025 (0.635mm)

Figure 4-13 Orientation Codes of Outershell
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Figure 4-14 The Axis of Each lamina Orientation (unit=inch)
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���� Construction

The PMC composite panel was constructed in collaboration with a local company (An-Cor Industri-

al Plastics, Inc., of Tonawanda, New York) to assess the most practical manufacturing solution. In

the first phase, PMC sandwich panel which was composed of core and laminate facing was fabri-

cated by hand lay-up process. After that, damping material (Honeycomb, Nida-Core Corp., FL) was

delivered and attached to both side of PMC sandwich panel. Finally, outer FRP laminates were lay-

up and installed on the surface of the polymer honeycomb layers. The flowchart of construction is

shown in Fig. 4-15.

Core material (Vinyl sheet Foam) + Core laminates Interface layer (Polymer Honeycomb)

Layup of Outer laminateTotal  modeling

Figure 4-15 Fabricating Procedure of a Multi-layer PMC Infill Panel

In the construction process, some design parameters were modified based on commercially feasible

techniques. A ply thickness was changed due to different fiber-resin volume fraction when

compared to design data and additional adhesive fraction was inserted between skin and core materi-

als. As such, the stacking sequence design was modified in the lay-up process. Modified ply stacking

sequences are shown in Table 4-6 based on as built condition. Fig. 4-16 shows the completed fabrica-

tion of the PMC sandwich panel.
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Table 4-6 The Modified Stacking Sequence of Composite Laminates ( Unit = inch )

Inner Laminate Outer laminate

No. Orientation 
(degree)

No. of
layers

Thickness
(inch)

Orientation 
(degree)

No. of
layers

Thickness
(inch)

1 0 2 0.03 0 2 0.03

2 30 2 0.03 30 3 0.045

3 45 3 0.045 45 1 0.015

4 60 1 0.015 90 1 0.015

5 90 1 0.015 –45 1 0.015

6 –60 1 0.015 –30 3 0.045

7 –45 2 0.03 0 3 0.045

8 –30 3 0.045 –30 3 0.045

9 0 1 0.015 –45 1 0.015

10 –45 1 0.015 90 1 0.015

11 90 2 0.03 45 1 0.015

12  30 3 0.03

13 0 3 0.03

Total  0.285 0.36

Figure 4-16 Inner PMC Sandwich Composite Panel
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Finally, the multi-layer PMC infill wall depicted in Figure 4-17 was completely fabricated. Fig. 4-18

(a) and (b) show the cross section of the PMC sandwich panel and the rounded edges of the outer

panels intended to avoid any stress concentrations. For experimental setup, FRP anchor tab was

installed at the top position on the surface of the inner PMC sandwich panel. Fig. 4-19 presents the

FRP moving anchor tab for the experimental setup of the multi-panel PMC infilled frame test.

Figure 4-17 Completed Fabrication of the Multi-layer PMC Infill Panel
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(a) Cross Section of the PMC Sandwich Panel

(b) Rounded Edge of the Multi-layer PMC Infill panel

Figure 4-18 Specific Cross Section of the Multi-layer PMC Infill Panel

Anchor tab

Figure 4-19 FRP Anchor Tab for Experimental Setup
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Figure 4-20 shows the test specimen setup. This test specimen consisted of a steel frame with the

multi-layer PMC infill wall. Semi-rigidly connected steel frame members (A36 steel), which were

designed for gravity loads and constructed according to the specifications of the American Institute

of Steel Construction (AISC), were used to represent common design and construction practices of

old building structures. The cross-sectional dimensions (U.S.) of beam and column members were

W8x21 and W8x24, respectively. Gravity loading, which would be applied through the top beam,

was not applied here. After manufacturing, the multi-layer PMC infill wall (85.6 by 92.0 inch) was

placed within the steel frame opening (86.0 by 92.5 inch) to be tested.

Figure 4-20 Multi-layer Infill Panel Setup

Different instrumentations were attached on the specimen to capture key data and to characterize

the structural response of the multi-layer PMC infill wall. These key data included four major mea-

surements: first, longitudinal and transverse strain measurements obtained from gauges placed at

critical points on the PMC infill wall panel (see Fig. 4-21); second, the shear deformation of the poly-

mer honeycomb material obtained through linear potentiometers; third, the hysteresis behavior and

the corresponding strength and stiffness degradation measured using displacement transducers; and
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fourth, buckling of the PMC inner panel. Fig. 4-22 illustrates LVDTs’ locations. Four sets of gauges

were attached to the edge of each component in the PMC infill wall panel, and three linear variable

differential transformers (LVDTs) were also placed on the column next to the test specimen using

magnetic bases so that the LVDT tips touched the left column flange of the test specimen. Out-of-

plane LVDT measurement was inconsistent and depended on the exact location of the buckling

mode, and the data obtained from pairs of strain gauges located on the surface of the laminates were

only marginally useful in tracing the stress contour because of the impact and vibration during test-

ing. Fig. 4-23 illustrates various measuring instruments attached to the multi-layer PMC infill frame

test.

1.53

Left upper Right upper

Left lower Right lower

8.20 6.83

1.13

1.28

2.47

3.27 4.37 5.32

3.06

1.48

5.48 6.90

5.32 4.29 3.27

42.25

42.60

1.53

6.83

1.38

1.50

1.48

5.48
1.38

1.58

1.37
1.00

4.41 3.29

1.28

1.88 1.09

3.27 4.41

Figure 4-21 Strain Gages on an Inner PMC Sandwich Panel
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Steel angle connection failure (Top)

Steel angle connection
failure (bottom)

Deformation of visco–
elastic layer due to
bonding slip

Cracking at core material

outershell edge spalling off

Deformation
of viscoelastic
layer

Steel plate bucking
Vertical deformation

Figure 4-22 Location of Linear Potentiometers

(a) Linear potentiometer (b) Displacement transducer

(c) Strain gages (Long & Trans) (d) Out-of-plane LVDT

Figure 4-23 Typical Instruments for Experiments
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After erection of the steel frame, the multi-layer PMC infill wall was constructed and installed within

the steel frame. In the case of the steel frame with infills, gaps of incomplete contact between the

steel frame and the infill may negatively influence the stiffness. These gaps may be between the wall

and columns of the frame or between the wall and the top beam enclosing the frame. Different

strength and stiffness conditions must be expected with different discontinuity types and locations.

Therefore, the presence of any gaps or discontinuities between the infills and the frame must be in-

vestigated for the design and rehabilitation process. The resistance provided by infill walls was also

studied when the proper connection and interaction between the wall and the frame were made.

For the investigation of the effect of the initial gap at the initial stage of loading, the opening between

the PMC infill wall panel and columns was grouted with epoxy resin (tensile modulus:

E � 4.9 � 105  psi;  Poisson’s ratio: � � 0.2 – 0.4 ). Fig. 4-24 shows epoxy grouting of the initial

gap between the column and the infill.

Gap grouted with epoxy

Figure 4-24 Epoxy Grouting in the Initial Gap

For the column-to-infill connections used in one of the multi-layer PMC infill wall frame tests, six

0.5-inch (12.7–mm) high-strength A325 bolts and a steel plate (3.0 x 78.0 x 0.5 inch) were used to

connect the column to the PMC infill wall panel. Figure 4-25 shows a detailed illustration of the

column-to-infill connection.
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FRP Spacing Plate

3/8 inch Anchor Bolt

Steel
Plate

Outer Face

Inner Skin Face

Core

Honeycomb

3/8 inch bolts

Steel plate (t=0.5 inch)

FRP spacing plate (t=0.2 inch)

Figure 4-25 The Column to Infill Connection
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�
 EXPERIMENTAL DESCRIPTION AND PROCEDURE

This section presents testing procedures and loading histories that were employed in this study. Full-

scale specimens were tested with both monotonic and cyclic loading. The multi-layer PMC infill

wall system experiments described in this study were performed using two test specimens. The two

test frames were identical in all respects except that the PMC infill wall was installed without connec-

tors in one specimen test and with connectors to the frame in the other. The purpose of the first speci-

men test was to obtain the properties of the PMC infill wall system, and the second specimen was

only tested to investigate the effect of the infill-to-column connections on the behavior. Accordingly,

the selected test cases herein consisted of two test specimens: (1) the PMC-infilled frame without

column-to-infill connections and (2) the PMC-infilled frame with the column-to-infill connections.

Lateral force was applied to the top beam by a 250-kips MTS hydraulic actuator with a stroke of � 4

inches. The displacement at the loading point of the structure and the corresponding load were moni-

tored and displayed. Loading history was considered based on the previous infill wall test by Mand-

er, et al. (1993), at the Structural Engineering and Earthquake Simulation Laboratory at the Univer-

sity at Buffalo. All cyclic tests for the multi-layer PMC-infilled frame were performed under

displacement control, and the response were almost identical. The suggested loading history in this

study consists of a series of stepwise incremental deformation cycles (multiple step). For each step,

the test specimens were cycled two times at assigned lateral displacement, and the displacement lev-

el was increased gradually depending on the observed behavior. A sinusoidal wave form was then

used to control the input displacement histories. The test was paused after every two cycles at the

assigned displacement so that the PMC infill wall and frame could be visually inspected to examine

the onset or progress of failure. Finally, the test was stopped when buckling occurred at the inner

panel. Using 0.5% drift increments, the maximum lateral drift applied in the tests was 3.0%. These

test procedures produced data to compare with steel frame tests performed at the lateral drifts of

0.5%, 1%, and 1.5%.
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�* DISCUSSION OF TEST RESULTS

Based on the experimental results, the structural behavior of the PMC infill wall system when sub-

jected to static and quasi-static tests without the column-to-infill connection is presented and

compared with the results obtained for the same test conducted on the bare steel frame. For the PMC-

infilled frame with the column-to-infill connection, the results are compared, but they are discussed

separately because of the progressive angle connection damage during the test.

Force-displacement Relationship

The force-displacement behavior of both the bare frame and the PMC-infilled frame is presented

here. Fig. 4-26 illustrates the push-over test results of the PMC-infilled frame. Several kinks show

in Fig. 4-26 are attributable to the fact that the grouting epoxy, which was installed at the interface

between the PMC infill wall and the column members at the beginning of the test, produced different

boundary conditions while epoxy started to break at the interface during the test. Epoxy grouting

at the previous test leads to an increase in initial stiffness of the overall structure by enhancing infill

action and/or friction at the interface.
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Figure 4-26 Force-Displacement Relationship of the Multi-layer PMC Infilled Frame 
under Push-over Loading (1.0% drift)
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Due to the effect of the epoxy grout at the interface between the PMC infill wall panel and the steel

column, stiffness can be defined from this experiment as the force per unit displacement in the range

between 0.25 and 1.0% drifts. This drift range is considered primarily because, the initial stiffness

attributable to epoxy grout at the wall-frame interface is higher than that obtained in the higher drift

range (0.25-1.0%). Higher stiffnesses of the bare frame and the PMC-infilled frame were computed

to be 5.54 kips/in and 18.15 kips/in, respectively. Fig. 4-27 illustrates force-displacement responses

of the bare frame and the PMC-infilled frame.
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Figure 4-27 Comparison of Force-displacement Response for the Steel Frame and 
the Multi-layer PMC Infilled Frame under Push-over Test (1% drift)

The PMC-infilled frame specimens are approximately three times stiffer than the bare frame. The

net response of the PMC infill wall is obtained by subtracting the bare-frame response at the given

drift from the gross infill-frame response, because force-displacement relationships subjected to

monotonic loading are derived for the net infill performance due to the diagonal strut and truss ac-

tions of the system. From Fig. 4-28, the relationship for net infill response is described as follow;

For strength of the net infill,
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F infill wall � F infilled frame � F steel frame �����

For stiffness of the net infill,

K infill wall � K infilled frame � K steel frame �����

For energy capacity of the net infill,

� �!��� � �"������ � �#�		��!��$	 �����

where, ������
 is the energy capacity of the multi-layer PMC infilled frame.
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Figure 4-28 Estimation for Net Response of the Multi-layer PMC Infill 
within Elastic Range of the Structure

By using (4-1) and (4-2) in Fig. 4-27, it is evident that the PMC infill wall contributes two thirds

of total stiffness, so the stiffness properties of the PMC infill wall can therefore be used to enhance

the stiffness of the structure.

Figure 4-29 shows the hysteretic response of the PMC-infilled frame under successive loading

drifts. Clearly, the behavior of the PMC infill wall was ductile, and the frame withstood large de-

formation without any significant strength or stiffness degradation before the buckling of the inner

panel took place at 2.5% lateral drift. The pinching action appeared due to a loss in stiffness of the

angle connection and damages imposed on the PMC infill wall during previous loading cycles. As

the lateral drift level increased, pinching became more exacerbated because of excessive separation

of the top and seat angle from the column flange and the consequently additional sliding took place.
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Figure 4-29 Hysteretic Response of the Multi-layer PMC Infilled Frame 
under Successively Cyclic Loading Drift

Fig. 4-30 shows the comparison of hysteretic response for steel and the multi-layer PMC infilled

frame under different loadings. As shown in Fig. 4-30(a), significant pinching action appeared due

to epoxy grouting during monotonic loading test. The force history for the multi-layer PMC infill

frame during various cycles is also shown in this figure. The multi-layer PMC infilled frame was

capable of withstanding larger force compared to the steel frame, which clearly indicated by higher

capacity of the multi-layer PMC infilled frame. These results can be used to evaluate the contribution

of the PMC infill wall in terms of the lateral stiffness as well as energy dissipation.
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Initial Gap Effects

The behavior of the PMC infill wall system as the load was increased can be divided into two parts

associated with initial gaps. According to Riddington (1984), the relatively smaller gaps used in the

concrete-infilled frame test significantly affect the structural behavior of the infilled frame, and

these effects are largely undesirable. The effects of the initial gap for the structural behavior of the

PMC infill wall were investigated. Up to the breaking of epoxy grout at the initial gap, the PMC-in-

filled frame with and without any initial side gap was tested. After epoxy grout breaks, the PMC-in-

filled frame behaved like a test specimen with a 1.5-mm gap at the top and both sides. These results

clearly indicate that the stiffness of the structure varied through the introduction of the initial gaps.

It was observed in Fig. 4-31 that the initial stiffness of the structure without and with an initial gap

was 20.96 kips/in and 17.64 kips/in, respectively. The measured stiffness after breaking the epoxy

grout was approximately 18.15 kips/in. The initial stiffness of the structure without an initial gap

is 1.18 times greater than that of the structure with an initial gap. Therefore, similar to the traditional

infilled frame structures, the effect of an initial gap on the structural performance of the PMC-in-

filled frame plays an important role and should be taken into design consideration.
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Figure 4-31 Test Result of Initial Gap Effect

Energy Dissipation Capacity and Mode of Failure
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The energy dissipation during two load cycles was calculated based on the area within the hysteresis

loops from the lateral load-versus-displacement diagram. Figure 4-32 and 4-33 present the hystere-

sis loops of each cycle for the steel and PMC-infilled frame at 0.5%, 1.0%, and 1.5%, respectively.

Large amount of energy dissipation was contributed from the bolted top and seat angle connection,

the polymer interface layers, and sliding shear of the multi-layer PMC infill wall. Finally, the energy

dissipation of the PMC infill wall at the corresponding inter-story drift levels is evaluated and pre-

sented in Figure 4-34. It was evident that for the first cycle of loading, a considerable amount of

energy was dissipated. Subsequently, the second cycle shows mechanism reduction in energy dis-

sipation capacity due to a changed sliding shear response. The results of the experiments revealed

that contact strength of the PMC infill wall at the interface with the steel frame in the compressive

corners is important for the evaluation of the failure mode and the behavior of the polymer honey-

comb layers.

The behavior of the structures as the load was increased can be divided into several stages. After

loading, slippage occurred between the PMC infill wall panel and the left column, and the PMC infill

wall panel lifted and wedged into the upper corner. Next, slippage successively occurred between

the PMC panel and the bottom beam, causing the PMC wall to slide across and wedge into the lower

corner. Different stages developed in the PMC infill panel system can be illustrated in Fig. 4-35. At

higher drifts, contact forces gave rise to two failure modes—namely, localized crushing damage and

buckling due to the diagonal compression strut. From these failure modes, it is evident that polymer

honeycomb layers allowed contact force to be transmitted through the top and bottom beam. Figure

4-36 shows the localized damage and possible loading path of the PMC panel. This test was stopped

because of buckling of the inner panel induced by the compressive contact force at the top and bot-

tom beams. Fig. 4-37 and 4-38 present the measured data of out-of-plane displacement transducer

and the buckling shape of the infill during the tests.
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Figure 4-32 The Result of Hysteretic Loops for Steel Frame Test for Each Cycle 
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105

0

0.5

1

1.5

2

2.5

3

Total Steel frame Net infill wall
(a) Cycle Number at 0.5% Drift

E
n

er
g

y 
D

is
si

p
at

io
n

 C
ap

ac
it

y

1st cycle

2st cycle

0

1

2

3

4

5

6

7

8

9

Total Steel frame Net infill wall
(b) Cycle Number at 1.0% Drift

E
n

er
g

y 
D

is
si

p
at

io
n

 C
ap

ac
it

y 1st cycle

2st cycle

0

5

10

15

20

25

Total Steel frame Net infill wall
(c) Cycle Number at 1.5% Drift

E
n

er
g

y 
D

is
si

p
at

io
n

 C
ap

ac
it

y

 

1st cycle

2st cycle

Figure 4-34 Energy Dissipation Capacity for the Multi-layer PMC Infilled Frame (differ-
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(a) (b) (c) (d)

� � � �

Figure 4-35 Behavior of the Multi-layer PMC infill Wall with Top and Side Gaps
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Figure 4-36 The Schematic of Possible Force Path and Detail of Localized Damage 
(C: Comp; T: Tension )

–0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

A
m

p
lit

u
d

e 
(i

n
)

–4
–3
–2
–1

0
1
2
3
4

0 120 240 360 480 600 720 840 960 1080 1200

Time (sec)

L
o

ad
in

g
 p

at
te

rn

0.5% 1.0%
1.5%

2.0% 2.5%

Figure 4-37 Out-of-plane Buckling Displacement of the PMC Sandwich Infill



107

(a) Before Buckling of the Inner PMC Sandwich Panel

(b) After Buckling of the Inner PMC Sandwich Panel

Figure 4-38 Test Observation for Out-of-plane Buckling Displacement 
of the PMC Sandwich Infill
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Stress Distribution

The laminate strains and stresses were examined by considering the Tsai-Hill failure criterion, which

takes into consideration the interaction between strengths along with longitudinal and transverse di-

rection (Jones 1999). For the Tsai-Hill criterion, when failure index calculated from the laminate

stress and strain at any position is greater than unity, failure at that location has occurred. The con-

tours of the laminate stress and strain can be obtained from the strain gauges mounted on the PMC

infill wall. In this case, the failure index evaluation of the multi-layer PMC infill panel was carried

out by using the finite element analysis.

In the experiments, strain gages at the inner panel malfunctioned because strain-gages were dam-

aged during outer laminate construction. For the outer laminates, the data obtained from strain gages

located on the surface of the laminates were only marginally useful in tracing the stress contour be-

cause of the impact and vibration during testing. The maximum Tsai-Hill failure index of outer lami-

nate at each drift occurred near contact corners between the beams and the PMC infill wall and less

than unity, even at high drift levels.

Testing of the PMC Infilled Frame with Column-to-infill Wall Connection

This test was intended to explore possible enhancements to the system when the PMC infill panel

was connected to the columns. The results may provide an important basis for designing the new

PMC infill panel. The test was stopped when the frame exhibited progressive angle-connection fail-

ure. Figure 4-39 shows the horizontal shear deformation at the polymer honeycomb layers for the

PMC infill wall with or without the infill-to-column connections. Preventing sliding at the column

face generated more horizontal shear deformation in the polymer honeycomb layers compared to

the first test (without column-to-infill wall connection). As a result, the introduction of infill-to-col-

umn connection produced greater stiffness as well as larger hysteretic loops, which translates into

larger energy-dissipation capacity. It also indicates that the contribution of the visco-elastic honey-

comb layers to energy dissipation is further enhanced. This enhanced behavior is illustrated in Fig.

4-40 and 4-41. The measured stiffnesses are compared in Table. 4-7.
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Table 4-7 Comparison of Test Results for the Column-to-Infill Connections

Test Types Stiffness ( kips/in )

Steel Frame Test 5.54

Multi-layer PMC Infilled Frame (Test Case 1) 
 without column-to-infill connection

18.56

Multi-layer PMC Infilled Frame (Test Case 2) 
 with Column-to-Infill connection

22.4

However, angle connections became critical components because, by preventing sliding shear, they

attracted more forces. It was observed that the vertical deformation of the honeycomb layer was too

small because the inner PMC sandwich and outer FRP laminate panels deform simultaneously due

to contact with the steel frame at the same time. As a result, the high contact force caused by both

panels produced a large rotational deformation on the angle connection.

Similarly, if the area of polymer honeycomb layers is increased (i.e., stiffness of the interface in-

creases), additional demand will be imposed on the angle connections. If an increase in angle con-

nection demands are neglected, it would lead to premature damage in the semi-rigid seat-angle con-

nections. It is clear that careful consideration of the size and shape of the inner PMC sandwich, and

outer laminate panel would help in reducing the damage to the overall structure. From the experi-

ment, several damages caused by the column-to-infill connections of the multi-layer PMC infilled

frame occurred. Fig. 4-42 to 4-43 show the failures during the second multi-layer PMC infilled

frame tests.
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(a) Angle connection failure at top and bottom joints

(b) bolting joint sliding of outershell

(c) outershell spalling off - bolting release

Figure 4-42 The Damage of the Multi-layer PMC Infilled Frame with 
the Column-to-Infill Connection (1)
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(a) Elastic Buckling of Inner Panel (b) Buckling of Steel Plate in the Edge of Outershell

(c) Deformation of Viscoelastic Layers (d) Failure of Shear Connectors

(e) Cracking of Inner Core (f) Breaking of Outershell

Figure 4-43 The Damage of the Multi-layer PMC Infilled Frame with 
the Column-to-Infill Connection (2)
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Traditionally, infill wall systems have been used in seismic areas to resist lateral loads. The use of

infill panels may be particularly suitable in regions where an implementation of advanced devices

is less probable due to the lack of earthquake awareness. In recent year, light-weight materials have

potentials to emerge as favorable solution for infill and partition walls in seismic retrofitting because

reduced the overall mass of the structure, as well as simple and faster to construct.

In this section, the prefabricated multi-layer infill panels made of FRP composites were studied. The

primary objectives of this study were to develop a conceptual design of the multi-layer infill system

and investigate the effectiveness of such system under various loading conditions. A conceptual de-

sign for the multi-layer infill panel was presented and optimum design for the FRP composite mate-

rial was performed based on finite element simulations. In the design process, sandwich construction

was chosen as an inner component because the concept is very suitable for lightweight structure with

high in-plane stiffness. To increase energy dissipation capability, the polymer honeycomb material

was used at the interface between the inner and outer components. The geometric configuration of

outer components was determined by push-over analysis and positioned at the both sides of the inner

sandwich component.

An experimental study was also conducted on two types of multi-layer infilled frames, i.e., with and

without the column-to-infill connections, under in-plane monotonic and cyclic loads. The experi-

mental results were compared with the bare frame test results. It was shown that the contribution

to total stiffness and strength by the infill was very large and the energy dissipation of the PMC infill

was almost two-third of total capacity. Also, the influence of initial gap between the infill and the

frame has been proved to significantly affect the behavior of the structures. Finally, the multi-layer

PMC infill panel exhibited failure by elastic buckling. The experimental studies demonstrate that

the introduction of a PMC infill wall panel in a semi-rigidly connected steel frame produces signifi-

cant enhancements to stiffness, strength, and energy dissipation.
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To control excessive noise and vibration, the application of damping devices to structures is becom-

ing a standard practice in many industries. There have been various methods developed to design

structures with maximum possible damping capacity. In recent years, earthquake-resistant design

and retrofitting of structures using various energy dissipation devices such as viscoelastic dampers

(VEDs), viscous fluid dampers, friction dampers, and added damping and stiffness devices have re-

ceived considerable attention.  Based on the mechanical dissipation of energy, viscoelastic damping

schemes offer many desirable characteristics. For instance, VEDs have shown to be capable of pro-

viding structures with considerable added damping to reduce the story shear, inter-story drift, and

floor accelerations of structures produced by wind and seismic excitations.

Numerous useful design techniques and successful applications have been reported since the early

1950’s. Oberst (1952) proposed to apply a thin layer of viscoelastic material to the surface of flexible

structures for passive vibration control. Kerwin (1959) introduced the constrained viscoelastic dam-

ping, in which the viscoelastic layer is covered in turn by a high tensile stiffness constraining layer.

The constraining layer induces shear strain in the viscoelastic layer, and thus greater damping is pro-

duced. Since the introduction of this basic concept, many modifications have been proposed to im-

prove the damping performance. Ungar and Ross (1959) suggested a multiple constrained layer

treatment, and Nelson (1977) proposed a useful design technique for highly damped structures. For

the enhanced damping material, Alberts and Xia (1995) studied design and analysis of fiber en-

hanced viscoelastic damping polymers. The fiber enhanced viscoelastic damping treatment repre-

sents both substantial increase in damping and decrease in weight added when compared with con-

ventionally constrained viscoelastic layered damping concept. Although several damping

technologies may offer advanced properties ideal for the mechanical dissipation of energy, the re-

search dealing with combining composite damping materials is very scarce.
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The previously tested multi-layer composite panels in section 4 were characterized by having shear

interface layers, composed of polymer honeycomb material, in between composite laminates con-

sisting of a number of plies. A characteristic feature of this composite panel system was that signifi-

cant damping can be obtained from interface slip at contact surfaces. However, on the basis of the

results obtained from section 4, the design of composite infill panels as a seismic damping compo-

nent faces two challenges: (1) the interface materials may be sufficiently stiff that will not allow de-

formation at the interface, thus, small sliding leads to relatively small energy dissipation. (2) whereas

a solid viscoelastic material, which contribute significantly to energy dissipation, will make the

structure very flexible. Therefore, we are considering a new interface damping system by combining

both a honeycomb and solid viscoelastic material. The enhanced passive damping of this new inter-

face system will involve the modification of key structural design parameters which affect the struc-

tural mass, stiffness, and damping characteristics.

In this section, the combined composite damping material system is explored. The effectiveness of

this system to increase energy dissipation between FRP skin plates is our primary interest. In this

configuration, two different styles of composite materials are considered for comparison; one is a

polymer honeycomb material and the other is a solid viscoelastic material. Practically, the honey-

comb material will be helpful to enhance the initial stiffness of the entire structure, and the solid

viscoelastic material will provide more energy dissipation properties in the multi-layer panel sys-

tems when subjected to in-plane shear loading. In the design process, several cases were considered

to find the best material combination, and practical factors such as cost and fabrication. Thus, numer-

ous experimental studies were performed. Finally, based on these results, simplified design proce-

dures are introduced for predicting the stiffness and the damping characteristics of the energy dissi-

pating material.
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There are several theoretical and practical challenges associated with the development of the new

composite damping material. In this research, new applications for two composite energy absorbing
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materials, such as the 3M solid viscoelastic and the honeycomb were studied to evaluate their stiff-

ness as well as damping effects. Energy dissipation mainly arises from the relaxation and recovery

of the polymer network after it has been deformed (Zhu et al., 2000). The following is the mechani-

cal characterization of each material.

5.2.1 Polymer Honeycomb Material

Man-made polymer, metal and ceramic honeycomb are now available as standard products that can

be used in a variety of applications. The polymer honeycomb material used in this study is composed

of H8-PP Polypropylene Honeycomb produced by Nida-Core Corporation., FL, combined with a

resin-rich scrim layer on each surface of the honeycomb as shown in Fig. 5-1. The properties of this

material were presented in section 2 and it is the same material used in the multi-layer PMC infill

system.

Figure 5-1 The Structure of the Honeycomb Material

The cells are true hexagonal cell honeycomb extruded from polypropylene and 0.315 in (8mm)

across the cell, wall to wall. Wall thickness is nominally in the order of 0.005 in (0.127mm) range.

One variance from typical hexagonal cell honeycomb is that there is no double wall effect in one

axis. Based on the deformation mechanisms in honeycomb, their deformations can be analyzed more

or less exactly to give equations which describe their properties because honeycombs have a regular

geometry.

The properties of the solid cell wall material based on this approach can produce reliable data for

both the Young’s modulus and yield strength of the cell wall of common metal or aluminum honey-

combs. However, ceramic and polymer honeycombs are more difficult to define their properties be-
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cause the polymer cell walls no longer behave like linear elastic beams loaded in bending. Therefore,

the behavior of the polymer honeycomb material was primarily defined by experimental results. A

test specimen that consisted of constrained layers of honeycomb material with FRP plates was used

in the study. Fig. 5-2 described the shear stress-strain relation of honeycomb material. From this fig-

ure, two observations can be made. First, at the beginning of loading, the energy dissipation is

introduced through the inelastic deformation of the honeycomb material. Second, under extreme

loading, when the layer reaches the bonding scrim slip, more energy is dissipated by the larger inelas-

tic deformation of the honeycomb material but the stiffness at this stage is significantly reduced.
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Figure 5-2 Material Monotonic Test Results for Honeycomb
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5.2.2 Polymer Dissipatic Solid (PDS) Material

Viscoelastic materials provide high energy dissipation and their application in the form of

constrained layers is very effective in suppressing resonant vibration. Recently, they have been in-

vestigated for earthquake-resistant design applications. Pong and Tsai (1995) showed that several

design parameters such as ambient temperature, thickness, and total area of viscoelastic material af-

fect the seismic mitigation capacity. The thickness cannot be too small, which is not effective in

vibration reduction, nor can it be too large, which not only increases the cost, but also reduces the

seismic resistance. The total area of viscoelastic dampers should be determined properly for opti-

mum damper performance to obtain the most economical design. The dissipative polymer solid ma-

terial used in this study is 3M ISD 111 solid viscoelastic material which was fabricated by 3M corpo-

ration, Japan. Two different thicknesses were provided to match the thickness of honeycomb

material and two different sample sizes (1.0 x 1.5 x 0.2 inch and 1.0 x 1.5 x 0.4 inch pads) were used.

Table 5-1 and Fig. 5-3 show the 3M viscoelastic material data (obtained from the 3M company) for

shear and the results for creep tests. In Table 5-1, the presented properties are the shear storage (G’)

and loss moduli (G”), and loss factor (�), which is defined as � � ���
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Figure 5-3 Creep Test Results for 3M Viscoelastic Material (3M Corp., Japan)
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Table 5-1 The Properties of 3M Viscoelastic Material (3M, Japan)

10% strain 50% strain 100% strain

Temp. Freq G’(w) G”(w) � G’(w) G”(w) � G’(w) G”(w) �

�� Hz psi psi psi psi psi psi

0.1 50.84 56.86 1.12 48.5 54.47 1.12 45.0 49.53 1.1

0 0.3 88.1 110.1 1.25 81.0 100.9 1.25 72.43 88.35 1.220
1.0 170.3 222.9 1.31 143.8 195.2 1.36 117.2 157.5 1.34

3.0 324.6 404.2 1.25 232.7 331.9 1.43 149.2 238.6 1.6

0.1 22.99 18.5 0.8 21.29 18.07 0.85 20.49 17.66 0.86

10 0.3 34.09 33.78 0.99 33.03 32.84 0.99 31.96 32.1 1.010
1.0 60.04 67.83 1.13 57.16 66.0 1.15 56.29 64.4 1.14

3.0 104.3 130.3 1.25 98.55 125.1 1.27 91.86 116.6 1.27

0.1 12.34 7.23 0.59 12.0 7.16 0.6 11.4 6.95 0.61

20 0.3 17.21 12.62 0.73 16.96 13.07 0.77 16.35 12.76 0.7820
1.0 26.76 24.42 0.91 26.91 25.4 0.94 26.25 24.83 0.95

3.0 42.65 45.36 1.06 44.02 47.95 1.09 42.0 45.71 1.09

0.1 8.77 3.68 0.42 8.36 3.52 0.42 7.88 3.44 0.44

30 0.3 11.22 6.11 0.54 10.8 6.07 0.56 10.26 5.93 0.5830
1.0 15.92 11.39 0.72 15.47 11.33 0.73 14.84 11.07 0.75

3.0 23.49 20.63 0.88 23.17 20.7 0.89 22.36 20.31 0.91

0.1 7.43 2.43 0.33 6.76 2.33 0.35 6.31 2.23 0.35

40 0.3 8.83 3.57 0.4 8.2 3.47 0.42 7.69 3.31 0.4340
1.0 11.44 6.09 0.53 10.74 5.99 0.56 10.2 5.68 0.56

3.0 15.57 10.57 0.68 14.81 10.5 0.71 14.21 10.18 0.72
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5.2.3 The Damping Material Configurations

The most serious questions surrounding the viability of combining composite materials with dissipa-

tive polymer solid material pertain to their fabrication and the availability of standards for their de-

sign. In the design process, damping materials are combined in series to deform together. As such,

and the thickness has to be determined following the stiffness and damping relationship between the

polymeric honeycomb and 3M solid viscoelastic material. Actually, the thickness of the damper will

be carefully considered so that it will not be too small that will lead to large strains. Thus, the combin-

ing methods dealing with arrangement and mixing ratio between the two materials tend to be critical

for the performance of the damper. The following assumptions are made in studying the combina-

tions of both materials.

�� There is only in-plane shear deformation in the combined damping materials. Therefore,

passive damping is only generated by the shear deformation.

�� Bonding is perfect; both honeycomb and solid viscoelastic materials should deform together.

�� There is no relative transverse motion between different layers.

�� FRP skin plates are elastic and dissipate insignificant amount of energy relative to the damp-

ing materials.

Based on these assumptions, simplified relationships for combining damping materials are estab-

lished. Fig. 5-4 presents a schematic representation of idealized force-displacement relationship.

For stiffness (K) and energy dissipation capacity (E),

�K combine � K honeycomb � K viscoelastic
��	�


�� � � honeycomb � � viscoelastic
��	�


However, because �����	
���
�� is too small relative to the stiffness of polymer honeycomb, it is assumed

that �
	
�� is equal to the honeycomb stiffness before the bonding scrim failure.

When combining viscoelastic composite materials, it is clear that one has to take into account the

effect of ambient temperature and excitation frequency for an effective application of the material
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in structural damping applications. The damper properties to a certain degree are dependent on the

number of loading cycles and the range of deformation, especially under large strain due to tempera-

ture increases within the damper material. These are critical parameters that need careful consider-

ation before applying the combined damper in a multi-layer panel system as well as other PMC infill

systems having passive energy constrained damping layers.

Disp

Force Force Force

Disp Disp

(a)  The   honeycomb
      Material

(b)  The Viscoelastic
       Material

(c)  The Combined
      Material

Figure 5-4 Schematic Presentation of the Idealized Force–Displacement Relation
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As mentioned earlier, the materials chosen for the combination were polymer honeycomb and 3M

solid viscoelastic material. A typical test specimen consists of layers of such materials bonded with

FRP skin plates as shown in Fig. 5-5.

(a)

(b)

Thickness

Figure 5-5 Test Coupon (a) Design; (b) Configuration (unit = inch)

A test specimen subjected to longitudinal force dissipates energy through direct shearing of the com-

bined composite materials as shown in Fig. 5-6. All tests were conducted in frequency domain on

an MTS hydraulic actuator using a sinusoidal strain as input and measuring the stress output. The

experiments described in this study consist of two cases ; (1) polymer honeycomb only, and (2) the

combination of the polymer honeycomb and 3M viscoelastic solid. For the solid viscoelastic mater-

ial, the test data were provided by 3M Japan Corp. The purpose of the first testing case was to assess

the properties of the polymer honeycomb material, and to evaluate the potential enhancements when
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combined with 3M viscoelastic material. These results should provide clear evidence for the effec-

tiveness of combining polymeric materials, and serve as a means for validating the computational

modeling of the polymer honeycomb. All tests were performed under both monotonic and cyclic

loading condition with different strain and frequency ranges. Tables 5-2 and 5-3 present test speci-

men dimensions. The results show the first 20 cycles of the target displacement specified in Table

5-3 at the frequencies of 0.1, 1.0, and 3.0 Hz. For instance, Test 1 (5%) of Sample 1 means the speci-

men was subjected to 20 cycles of the maximum displacement amplitude of 0.01 in at the frequencies

0.1, 1.0, and 3.0 Hz, respectively.

X

Y

Z
Thickness

����� ��������

Thickness

Skin width

Length(a) (b)

Figure 5-6 Longitudinal Force on Each Surface (Direct Shear) :
(a) polymer Honeycomb; (b) 3M Viscoelastic Solid

Table 5-2 The Dimensions of Test Specimens

Dimension ( Unit = inch )

Length Width Thickness Skin plate’s thickness

Sample 1 2.0 1.5 0.197 1.02

Sample 2 2.0 1.5 0.394 0.87

ÄÄÄÄÄÄÄ
ÄÄÄÄÄÄÄ

Sample 3 ÄÄÄÄÄÄ
ÄÄÄÄÄÄ

2.0 ÄÄÄÄÄÄÄ
ÄÄÄÄÄÄÄ

1.5 ÄÄÄÄÄÄÄ
ÄÄÄÄÄÄÄ

0.512 ÄÄÄÄÄÄÄÄÄ
ÄÄÄÄÄÄÄÄÄ

0.75

Table 5-3 The Loading Patterns Based on the Displacement Control

Sample 1 Sample 2 Sample 3

Thickness Type 0.197 in (5 mm) 0.394 in (10 mm) 0.512 in (13 mm)

Test 1 (5%) 0.01 in 0.02 in 0.026 in

Test 2 (10%) 0.02 in 0.04 in 0.051 in

Test 3 (30%) 0.06 in 0.12 in 0.15 in

Test 4 (50%) 0.098 in 0.2 in 0.256 in
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Several parameters were studied in the experimental phase to evaluate the effective stiffness, ulti-

mate strength, and the area of hysteretic loops, whereby the area enclosed in each loop represents

the energy dissipated by the damper per cycle.


�'�� Polymer Honeycomb Material Testing

Several polymer honeycomb specimens with thickness of 0.197 inch, 0.394 inch, and 0.512 inch

were tested under monotonic loading condition to evaluate the stiffness relative to thickness. Each

selected thickness was determined by the commercial product dimensions. Fig. 5-7 and 5-8 present

the test results of polymer honeycomb material for different thicknesses. Table 5-4 shows a summary

of the results evaluated by the experimental force–displacement relationship.

Stiffness is defined here as the shear force required to cause a displacement that corresponds to 5%

strain. From this table, one can observe that the stiffness is inversely proportional to the thickness.

However, it is clearly shown that the thickness of the honeycomb has little effect on stiffness over

0.394 in thickness. Shear stress-strain relationships, for different thicknesses, are obtained to measu-

re basic mechanical properties that are needed for analysis. At different frequencies of loading, the

variations of stiffness and strength for each thickness are shown in Fig. 5-9 and 5-10. In addition,

Fig. 5-11 shows the deformed shape of each test coupon during the tests.

From cyclic loading tests, the hysteretic behavior for various geometric conditions was studied, and

basic relationships for the effective stiffness and damping were obtained. In the experimental phase,

force-displacement relationship was monitored and evaluated under different frequencies. Fig. 5-12

and 5-13 show the hysteretic behavior of polymer honeycomb for different thicknesses at different

frequencies. It is evident that the polymer honeycomb material is not dependent on the frequency

even though it is made of a visco-elastic polymer. This is a significant difference between the poly-

mer honeycomb and a solid polymeric material.

Fig. 5-14 to 5-19 present the behavior of the honeycomb for different honeycomb area. To investi-

gate these effects, three specimens were tested to assess the contribution of various geometrical con-
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figurations. These test results were divided into two strain ranges; before and after bonding scrim

failure. Before bonding scrim failure, the effective stiffness of the honeycomb is proportional to the

area. That is, the work put into material is proportional to the area under the stress-strain curve. Ac-

cordingly, the effective stiffness relationship will be drawn to correspond with honeycomb area ra-

tio. Alternatively, after bonding scrim failure, the effective stiffness will be sustained by slight bon-

ding and friction capacity.

Table 5-5 shows the summary of the test results for different geometrical honeycomb configurations.

These results clearly show that the effective stiffness is proportional to the area regardless of arrange-

ments. Based on the test results, Fig. 5-20 shows the relationship between the area ratio and effective

stiffness.
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Table 5-4 The Results of Monotonic Loading Tests
ÇÇÇÇÇÇÇÇÇÇÇ
ÇÇÇÇÇÇÇÇÇÇÇ
ÇÇÇÇÇÇÇÇÇÇÇ

Thickness
ÇÇÇÇÇÇÇÇ
ÇÇÇÇÇÇÇÇ
ÇÇÇÇÇÇÇÇ

0.197 in
ÇÇÇÇÇÇÇÇ
ÇÇÇÇÇÇÇÇ
ÇÇÇÇÇÇÇÇ

0.394 in
ÇÇÇÇÇÇÇÇ
ÇÇÇÇÇÇÇÇ
ÇÇÇÇÇÇÇÇ

0.512 in

Initial Stiffness (kips/in) 20.17 7.71 5.32

Shear Modulus (ksi) 1.6 1.16 1.078
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(a) 0.197 in Honeycomb Sample

(b) 0.394 in Honeycomb Sample

(c) 0.512 in Honeycomb Sample

Fig. 5-11. Deformed Shape of Polymer Honeycomb Material Tests 
at Different Frequencies (10% strain)
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Table 5-5 The Summary of the Effective Stiffness for Area & Combination (kips/in)

ÇÇÇÇÇÇÇ
ÇÇÇÇÇÇÇ

Area Types ÇÇÇÇÇÇÇÇÇÇÇÇ
ÇÇÇÇÇÇÇÇÇÇÇÇ

Magnitude ÇÇÇÇÇÇÇÇ
ÇÇÇÇÇÇÇÇ

Half Area ÇÇÇÇÇÇÇÇ
ÇÇÇÇÇÇÇÇ

Full Area

 (1)
Small Strain (10% Strain rate) 2.06 4.45

 (1)
Large Strain (30% Strain rate) 0.66 1.12

 (2)
Small Strain (10% Strain rate) 1.7 4.45

 (2)
Large Strain (30% Strain rate) 0.67 1.12

 (3)
Small Strain (10% Strain rate) 2.23 4.45

 (3)
Large Strain (30% Strain rate) 0.58 1.12
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Fig. 5-20. The Variation of Effective Stiffness for the Area Ratio
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�'�� Testing of Combined Honeycomb and Viscoelastic Material

The testings used a sinusoidal loading protocol for the combined composite materials were per-

formed on an MTS hydraulic loading actuator. The same procedures, similar to those employed in

the testing of polymer honeycomb, were imposed on these tests in order to investigate the effects

of combining honeycomb and viscoelastic material. Based on various fabrication considerations,

three test coupons were chosen. Fig. 5-21 shows the configuration of each test coupon each of which

is having a 0.394 inch thickness. For the investigation of the different thickness effect, an additional

test coupon (V-H-V type) with 0.197 inch thickness was also fabricated, where V stands for viscoe-

lastic material and H stands for polymer honeycomb material.

Fig. 5-22, 5-23, and 5-24 present the relationship between the stiffness and the energy dissipation

for different thicknesses. As mentioned before, depending on the thickness, the stiffness of polymer

honeycomb varies from very stiff to very flexible before its failure. To study the behavior of the mul-

ti-layered PMC infill panel proposed in section 4, a thickness of 0.394 inch sample was chosen in

this study.

The initial and after scrim-breaking stiffness for different combination cases were evaluated under

monotonic loading condition. Fig. 5-25 and 5-26 show the stiffness at the initial stage and post-

breaking stages. The variation of the stiffness mainly resulted from the progressive loss of the honey-

comb resistance. For an increased strain rate, the degradation of the stiffness for each system is also

shown in Fig. 5-27. Similar to the behavior of the honeycomb, it was observed that the combined

material system start to loose its stiffness at 15 to 20% strain. Beyond that point, the overall stiffness

is reduced significantly. Based on the polymer honeycomb and the combined composite material

tests, the results agree well and the overall stiffness will be primarily governed by honeycomb behav-

ior. For the investigation of the behavior with respect to the different combining configurations, the

specimens with different arrangements were tested using sinusoidal loading. By examining their

hysteretic behavior, one can observe that there is no significant difference among the three cases.

It is noted that energy absorbing capacity in the combined composite material system is not depen-
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dent on their arrangement as evident in Fig. 5-27 and 5-28. Conclusively, two parameters such as

bonding scrim capacity of the polymer honeycomb material and area are the primary factors affect-

ing the behavior of the combined composite material system. Various test specimens having differ-

ent arrangements and their shear deformations are shown in Fig. 5-29, 5-30, and 5-31.

Furthermore, it is shown in Fig. 5-32 that by comparing the two test systems, combined with solid

viscoelastic material, it is evident that energy dissipation of the combined solid viscoelastic damping

system is significantly enhanced. Fig. 5-33 presents two different pure damping systems which were

composed of (1) the original honeycomb, and (2) combined composite materials. The difference be-

tween both cases is the portion of honeycomb area. The frequency response of the systems was mea-

sured, and the area of each hysteretic loop was used to evaluate the damping characteristics.
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(a) [V–H] layer

Honeycomb

FRP laminate

Visco–elastic

FRP laminate

Honeycomb

Visco–elastic

Visco–elastic

Honeycomb

FRP laminate

(b) [H–V–H] layers

(c) [V–H–V] layers

Fig. 5-21. Test Samples (H = Polymer Honeycomb, V = Solid Viscoelastic, unit=inch )
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Figure 5-27 Test Results for Stiffness Degradation
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(a) Test Specimen Setup

(c) Bonding Failure of Honeycomb

(b) Deformation of Test Sample

Figure 5-29 The Combined Honeycomb/Viscoelastic (H–V) Specimen Test
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(a) Test Specimen Setup

(b) Deformation of Test Sample

(c) Bonding Failure of the Honeycomb

Figure 5-30 The Combined Honeycomb/Viscoelastic/Honeycomb (H–V–H) Specimen Test 
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(a) Test Specimen Setup

(b) Deformation of Test Sample

(c) Bonding Failure of the Honeycomb

Figure 5-31 The Combined Viscoelastic/Honeycomb/Viscoelastic (V–H–V) Specimen Test
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Figure 5-33 Comparison of the Behavior for the Honeycomb Damper and the Combined
Composite Damper: (a) 0.1 Hz (b) 1.0 Hz (c) 3.0 Hz
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�'�% A Study of Combining Ratio Between Materials

A new approach for increasing energy dissipation capacity was described in earlier studies by com-

bining composite materials. The constituent materials chosen for the the combination were polymer

honeycomb and 3M Viscoelastic solid material. To investigate the combining ratio between these

materials, different test specimens that consisted of layers of such materials bonded with Fiber Rein-

forced Polymer (FRP) skin plates (Fig. 5-34) were used.

Steel Material

3/8 inch high
strength Bolt

0.39

1.00

0.50
5.38FRP Material

0.39

0.45
1.50

0.39

Aluminum Material (t = 1.0 in) 0.50

0.28

(a) Design of the specimen (Top View)

(b) Fabrication of the specimen

Figure 5-34 Configuration of Test Specimen (unit = inch)

This test specimen subjected to longitudinal force dissipates energy through direct shearing of the

combined composite materials as well as is able to prevent peeling action. All tests were conducted

with different frequency rates on an MTS hydraulic actuator using a sinusoidal strain as input and

measuring stress output. The results show the first 20 cycles of the hysteresis loops for the damping
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material tested at the frequencies of 0.1, 1.0, and 3.0 Hz. The results in this section provide clear

evident for the effect of different combining ratios of the combined damping materials.

Several critical parameters from the different combining configurations were studied in the experi-

mental phase and behavior in terms of the effective stiffness and the area of hysteretic loops were

evaluated. All tests were performed under both monotonic and cyclic loading condition with differ-

ent strain and frequency ranges. Table 5-6 presents the different combining patterns, and the combin-

ing ratio is simply described by the ratio of viscoelastic to the total area.

Table 5-6 The Dimension of Test Samples (Total Length = 2.0 inch)

Dimension ( Unit = inch )

Length Width Thickness Combining Ratio

Sample 1 2.0 1.5 0.3937 1.0

Sample 2 1.61 1.5 0.3937 0.8

Sample 3 1.5 1.5 0.3937 0.75

Sample 4 1.22 1.5 0.3937 0.6

Sample 5 0.98 1.5 0.3937 0.5

Sample 6 0.79 1.5 0.3937 0.4

Sample 7 0.6 1.5 0.3937 0.3

ÄÄÄÄÄÄÄ
ÄÄÄÄÄÄÄ

Sample 8 ÄÄÄÄÄÄ
ÄÄÄÄÄÄ

0.51 ÄÄÄÄÄÄÄ
ÄÄÄÄÄÄÄ

1.5 ÄÄÄÄÄÄÄ
ÄÄÄÄÄÄÄ

0.3937 ÄÄÄÄÄÄÄÄÄ
ÄÄÄÄÄÄÄÄÄ

0.25

The purpose of the first sample test was to evaluate the properties of the viscoelastic solid material,

and to compare with the data obtained by 3M, Japan. Viscoelastic material has properties of both

viscous liquids and elastic solids when they undergo shear deformations. The measured shear modu-

lus and hysteretic energy relation are shown in Fig. 5-36 and 5-37, respectively. Under a sinusoidal

load with frequency �, the shear strain ��
� and the shear stress ��
� of a linear viscoelastic material

oscillate at the same frequency � but in general out-of-phase. A viscoelastic material that is placed

in a sinusoidal shear loading exhibits hysteretic behavior. Zhang et al. (1989) presents the governing

relationship as,

�(t) � �0 sin�t , �(t) � �0 sin(�t � �) ��	�
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where, ������ �� are the peak shear strain and peak shear stress, respectively. And, � is the lag angle. The

shear stress can be written as

�(t) � �0
�G�(�) sin�t � G��(�) cos�t� ��	�


where,

G�(�) �
�0
�0

cos� , G��(�) �
�0
�0

sin � ��	�


Table 5-1 shows the test results of viscoelastic material (ISD 111 polymer material) subjected to si-

nusoidal shear loading. With �����
 given by (5-4) and using the identity 	
���
 �� 
�	
�
�
� � �,

the stress–strain relationship can be rewritten

�(t) � G�(�)�(t) � G��(�) ��2
0 	 �

2(t)�
1
2

��	�


which defines an ellipse as shown in Fig. 5-35, whose area gives the energy dissipated by the viscoe-

lastic material per unit volume and per cycle of oscillation. As such, energy dissipation is given by

�H � �
2�
�

0

�(t) �
.
(t) dt � � �

2
0G��(�) ��	�


Figure 5-35 Idealized Stress versus Strain Relation

Based on Table 5-1 and (5-7), analytical prediction for energy dissipation capacity of ISD 111 poly-

mer material was established. The comparison between the analytical and experimental results at

different applied frequencies is shown in Fig. 5-38. It is shown that the analytical prediction has a
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good agreement with experimental results at most strain rates and the data obtained from 3M Corp.,

Japan, is reliable.
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From the monotonic and cyclic loading tests, the initial stiffness and energy dissipation capacity

were investigated for different combination of the materials. For the initial stiffness, it is shown by

Figure 5-39 that the stiffness is proportional to the percentage of honeycomb area. Particularly, case

4 has a relatively large value even though the honeycomb portion is smaller than the ones in cases

5, 6, 7 and 8. This derivation is due to the fabricating error, and it was observed that the test coupon

in case 4 was coated slightly by epoxy bonding in the fabrication process. Fig. 5-40 illustrates the

variation of the stiffness under different applied frequencies. It is shown that as the applied frequency

was increased, the stiffness of the combined materials was enhanced by the contribution of the vis-

coelastic material around the mixing ratio 0.6, where the mixing ratio is defined as viscoelastic area-

to-total area.

From the test results conducted at 10% strain, it is evident that up to case 4, i.e. mixing ratio = 0.61,

energy dissipation increases as frequency increases. But, for cases 5 to 8, there was not significant

effect from the change in frequencies on energy dissipation. This indicates that energy dissipation

in these cases (case 5 to 8) is governed by honeycomb behavior. A small effect on the energy dissipa-

tion from added viscoelastic solid is apparent in this small strain range. At 30% strain rate, the ob-

served behaviors are similar to those at 10% strain rate. However, the effect of enhanced energy dis-

sipation capacity by the viscoelastic material becomes significant at high frequency as the

honeycomb start to loose its capacity. For cases 5 to 8, the total energy dissipation has still increased

because the damage in the polymer honeycomb still contributes some rate independent damping

through the interface friction of the honeycomb cells. These results are presented in Fig. 5-41. At

50% strain rate, energy dissipation for cases 6 to 8 tends to be reduced because honeycomb failed

completely so that it can not provide any damping through friction. After the honeycomb collapse,

only viscoelastic material provides the stiffness as well as the damping properties in the structure.

Finally, design guideline for different mixing ratios is suggested in Fig. 5-42 based on the test results.

By considering the stiffness and energy dissipating performance, it is recommended for the purpose

of design that the mixing ratio of viscoelastic solid is effective as long as at least 60% of total damper

area. However, when the ratio is less than 60%, the stiff honeycomb material will prohibit the shear
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deformation of the viscoelastic material from the applied loading and become a dominant factor for

the overall behavior. Fig. 5-43 to 5-45 show test specimen setup and the progressive failure of the

combined interface layers during tests for various mixing ratios.
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Figure 5-43 Test Specimen Setup

Figure 5-44 Deformation of the Combining Interface Layers

Figure 5-45 Honeycomb Failure of the Combined Interface Layers
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The stiffness and damping properties of the combined energy dissipating material system have been

investigated, and the relationship between the geometric parameters (such as area and thickness) and

frequency have been established  based on the experimental and numerical results. For the overall

stiffness, the combined system is governed by the polymer honeycomb. The parametric relation is

applied using the assumption of a constant stress distribution in the honeycomb. Therefore, the pro-

posed relationship is,

Keff � C0 * � A
A0

 ��	



Where, �� = Constant value from experimental results (see Table 5-7), �
��

 = Area ratio, A = Area

of honeycomb material, and Ao  = total area.

Table 5-7 Constant Value for the Honeycomb Stiffness Relation (0.39 in thickness)

ÇÇÇÇÇÇÇÇÇÇÇÇÇ
ÇÇÇÇÇÇÇÇÇÇÇÇÇ

ÇÇÇÇÇÇÇÇÇÇ
ÇÇÇÇÇÇÇÇÇÇ

��������
���
ÇÇÇÇÇÇÇÇÇÇÇ
ÇÇÇÇÇÇÇÇÇÇÇ

������
�
��

Before Bonding Scrim Failure 0.045 3.0

After Bonding Scrim Failure 0.011 3.0

Damping in actual structures is usually represented by equivalent viscous damping. The viscous

damping is the simplest form of damping to use since the governing differential equation of motion

is linear and, hence, amenable to analytical solution. The most common method for defining equiva-

lent viscous damping is to equate the energy dissipated in a vibration cycle of the actual structure.

The energy dissipated in the actual structure is given by the area (��) enclosed by the hysteresis loop.

With the application of the combined damping layers, the equivalent damping in an actual structure

is expressed by the force-displacement relation obtained from an experiment under cyclic loading

with displacement amplitude �	 (Chopra, 2001)

��� �
�

��
�

�

�
��

�
��

���	

��	�
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where � = applied frequency, �� = natural frequency of the system, and the strain energy,

���	 �
���	

�

�
, is calculated from the stiffness � determined by experiment.

For the polymer honeycomb material tests, the energy dissipation of a cycle of vibration is indepen-

dent of frequency (�). In contrast, the energy dissipated in the viscoelastic material increases linearly

with the forcing frequency. Accordingly, the equivalent viscous damping ratio of the polymer ho-

neycomb will be roughly the same for all frequencies, namely, rate-independent linear damping.

This is associated with static hysteresis due to plastic strain and localized plastic deformation in a

range of stresses within the apparent elastic limit. In this section, the energy dissipation capacity of

each pure damping system is tested and presented in Fig. 5-46. The results indicate that the combined

damping system has more energy dissipation capacity than other damping cases. Moreover, a new

configuration of interface damping layers is proposed and analyzed in this section.
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Fig. 5-46. Hysteretic Energy of Different Damper Cases (10% strain, 1.0 Hz)

The damping properties of the proposed combined damping layers and effective stiffness were in-

vestigated. In particular, it was clearly shown in Fig. 5-47 that the combined interface system pro-

vides significant energy dissipation when compared with the individual system of honeycomb or

solid viscoelastic material. More importantly, this system is adjustable to design properties such
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stiffness and energy dissipation. These advantages of combining such materials will be useful for

increasing both the shear resistance and the energy dissipation at contact surfaces. And, it is shown

that by combining both materials, i.e., honeycomb and solid viscoelastic, this new configuration

could achieve more economical design for energy dissipating devices. However, it was found that

there is little discrepancy between the energy dissipation capacities of viscoelastic layer under differ-

ent frequencies. It is due to the fact that the viscoelastic damper properties remain somewhat constant

and independent of strain (below 20%) for each temperature and frequency (Chang et al., 1993).
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Fig. 5-47. Comparison of Energy Dissipation for Different Cases

For the proposed combined interface damping layers, numerous experimental studies were per-

formed in this section. Nevertheless, more experimental tests are still needed to account for the varia-

tion in temperature in order to develop a more general equation. Also, it was observed that possible

maximum resistant strain is about 10-20% for the honeycomb, while solid viscoelastic can undergo

up to 100-200%.

In an earthquake, it has been shown (Gasparini et al., 1980) that constrained damping layers must

have sufficient strength to preclude its failure during an extreme condition. For the application of

the honeycomb material proposed herein, this material should have adequate fatigue strength for

long term durability and sufficient deformation for extreme loading. Accordingly, it is expected that
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the application of the honeycomb will be useful for increasing initial stiffness as well as damping

of the structure subjected to wind loading.
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Supplemental damping is often used effectively for seismic retrofitting of existing structures and/or

structures damaged in past earthquakes. Many devices have been developed that can be used as part

of a primary or secondary system of lateral resistance. Traditional seismic resistant design relies on

energy dissipation by the inelastic action in various parts of the structure, which are suitably de-

signed to provide significant energy dissipation potential. However, this energy dissipation, which

is due primarily to material hysteresis, requires large plastic deformations in the primary structural

members which causes substantial damage to non-structural components as well. Supplemental

damping devices intended to dissipate the earthquake-induced energy by acting either parallel or in

series with the primary structural system. As a result, the energy dissipation demand on primary

structural members is minimized, thus reducing permanent deformations and damage to structural

and non-structural components.

To make the effective use of supplemental damping devices, passive energy dissipation concept is

an emerging technology that may be used to enhance the seismic performance of buildings by adding

extra damping to the structure. As part of this research, two different PMC infill specimens with sup-

plemental damping layers were studied to investigate their effectiveness for seismic retrofitting. The

experimental phase performed was concerned with the response of a steel frame retrofitted by two

infill panels — namely, (1) the multi-panel PMC infill panel, and (2) FRP box panel systems. Two

systems were subjected to monotonic and cyclic loading.

A steel frame with new bolted top and seat angle connections was employed here to avoid uncertain

failures due to prior damage in connections. The bare frame was tested before testing the PMC seis-

mic panel in order to assess the resultant enhancements to the seismic-energy capacity. The observed

behavior of the PMC-infill panel systems was assessed on the bases of stiffness, modes of failure,

and energy dissipation output. This section describes the conceptual design, fabrication, and testing
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of two infill systems; a multi-panel PMC infill wall panel, and FRP Box panel with different inter-

face layers.


�� 
� �!�	�"	#	��$��%&#��$	���	��"�$$	�' ��(


���� Design Concept and Structural Configuration

The horizontal components of earthquake ground motions are usually the most damaging to a struc-

ture (Yang et al., 1991). With respect to non-structural elements, there are two primary mechanisms

that cause damage. The first is related to inter-story drifts, and the second is related to floor accelera-

tions. Inter-story drift is defined as the relative displacement that occurs between two adjacent

floors. Second, floor accelerations are the absolute accelerations that occur as a result of an earth-

quake. Clearly, a design concept that reduces both the inter-story drifts and floor accelerations com-

bines the best aspects of these two design philosophies. Seismic isolation is such a concept, but it

also can be costly and may not be appropriate for the retrofit of tall slender building structures.

Conventional upgrading techniques usually include the addition walls and foundations, and

strengthening of frames. Most of these techniques often lead to costly consequences such as heavy

demolition, lengthy construction time, reconstruction, and occupant relocation. Advanced compos-

ite materials and new technologies have been extensively researched and applied in seismic retrofit-

ting projects. Considering both innovative structural design and construction philosophies, prefabri-

cated light-weight nonstructural elements were proposed here as a new technology for seismic

retrofitting.

The basic design philosophy and structural technique considered herein focus on increasing the effi-

ciency for retrofitting a structure before and after earthquake damages. The properties of the prefab-

ricated PMC infill systems can be easily modified to suit their functional purposes. Fiber orientations

and stacking sequence of the PMC materials can be adjusted to enhance structural behavior without

any limitations given by existing configurations. Also, ductile behavior of PMC infill systems can

prevent the catastrophic failure of the overall structure. From the construction point of view, PMC
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infill systems can be easily installed during the strengthening and retrofitting process of the existing

structures. To perform these purposes, a full-scale multi-panel PMC infill system was examined.

The proposed multi-panel PMC infill panel system is composed of two separate basic structural

components, and they are: inner PMC sandwich infill and outer FRP damping panels. Figure 6-1

shows the geometric configuration of these basic structural components.

1) Inner PMC Sandwich Panel 2) Outer FRP Damping Panel

Interface Layer

FRP Plate

Figure 6-1 The Geometric Configuration of the Multi-panel PMC Infill Panel

This multi-panel PMC infill panel was designed to have constrained passive energy damping inter-

face layers, which were made of both 3M viscoelastic solid and polymer honeycomb materials. The

primary function of the constrained damping layers between the FRP panels is to provide the neces-

sary energy dissipation. However, the inner PMC infill wall was considered to provide lateral resist-

ance of the structure.

The primary design concept of the proposed multi-panel PMC infill system was focused on two as-

pects; (1) enhancement of damping properties from the passive interface damping layers, and (2)

providing considerable lateral stiffness by the inner PMC sandwich infill at high drift level to resist

severe earthquake excitation and avoid excessive relative floor displacements that cause both struc-
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tural and non–structural damage. These two separate components along with the steel frame are in-

tended to provide the desired stiffness or/and damping following different drift values.

For the inner component, a PMC sandwich infill was designed to reduce the weight, sound, and

vibration as well as to improve the structural rigidity of the composite wall. The inner PMC sand-

wich infill consisted of two fiber-reinforced polymer (FRP) laminates with an infill of Divinycell

H-100 sheet foam in between. For the selection of the FRP skin laminate materials, E-glass in the

form of woven fabric was chosen as reinforcement of the FRP because of its cost performance, and

vinyl ester resins were employed as the matrix (DERAKANE 411). The selected vinyl ester resins

are typically used when high durability, thermal stability, and extremely high corrosion resistance

are required. The Divinycell foam is a semi-rigid PVC used as a core material in conjunction with

high-strength skins to produce strong, stiff, lightweight composite structures. Thus, Divinycell foam

has a high strength-to-weight ratio, exceptional dynamic strength, and excellent insulating proper-

ties.

Finally, the FRP skin laminates were designed to have the same number of fibers along wrap and

fill directions for easy construction. In this study, FRP laminates were used for both fabricating the

skin layer of the PMC infill and the outer panels. For these FRP laminates, material properties were

obtained from a previous research by Kitane (2003) because same FRP laminates were employed

for the design and fabrication process. Accordingly, material properties are modeled as a homoge-

neous, linear elastic, and orthotropic material. Table 6-1 presents the obtained FRP laminate material

properties.

Similar to the behavior of traditional infilled frame structures, when a PMC infilled frame is sub-

jected to a racking load, the frame tends to separate from the infill over part of the length of each

side. The remaining regions of contact between the frame and the infill occur in the corners at the

end of the compression diagonal. Also, if the racking load is increased until the structure collapses,

several modes of failure of the infill and of the frame are possible. In the traditional infilled frame
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structures composed of concrete, masonry, or brick, these behaviors have led to the concept that the

infill may be considered roughly as equivalent to a diagonal bracing strut.

Table 6-1 The Summary of FRP Material Test Results 
Used in the Multi-panel Infill Panel System (Kitane, 2003)

Fill direction Wrap direction

Method Tension Compression Shear Tension Compression Shear

Width (in)

Thickness (in)

0.498

0.0545

0.256

0.197

1.0

0.064

0.4945

0.053

0.25

0.2

1.09

0.0615

Elastic modulus
(ksi)

2415 2303.3 2600 3264

Shear modulus (ksi) 394.5 355.7

Poisson’s ratio 0.129 0.1 0.13 0.25

Ultimate stress (ksi) 41.3 35 8.13 48.7 38 9.26

Numerous analytical and experimental investigations of the behavior of diagonally-loaded tradi-

tional infilled frames have been performed by several researchers (Staford, 1966; Carter and Staf-

ford, 1967; Saneinejad et al., 1995). On the basis of the infill’s failure mode, possible design methods

were established for the infilled frame structures. However, in the case of the inner PMC sandwich

infill panel, the empirical design formulae for the traditional infilled frame cannot be employed due

to: (1) out of range in the proposed functions because of a thin panel thickness, (2) the effect of allow-

ing initial gaps, and (3) anisotropic properties of the PMC infill. Therefore, a new approach for de-

signing the PMC sandwich infill is derived in this section.

As observed in section 4, the dominant failure of the PMC sandwich infill panel was elastic buckling

under racking load. By considering the observed failure mode, an iterative process by numerous fi-

nite element simulations was carried out. The maximization of buckling loads with respect to lami-

nate configuration was the objective function of the inner PMC sandwich panel design. Since the

structural behavior of sandwich constructions is strongly affected not only by the types of fiber rein-

forced composite materials, but also by fiber orientations and stacking sequences of individual plies

constituting the sandwich faces, the determination of optimum stacking sequence is a significant key
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parameter in the design process. By considering several stacking sequences, Fig. 6-2 shows the max-

imum buckling force that was obtained from finite element analysis.
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Figure 6-2 Numerical Design Examples for Maximum Buckling Force 
of Several Stacking Sequence Arrangements

The corresponding features involved in the buckling response of the PMC infill panel were obtained

numerically by using linear buckling and geometrical non-linear analyses.

To simplify the analysis, the inner PMC sandwich infill was only modelled and analyzed under diag-

onally compressive forces as shown in Fig. 6-3(a). The interaction between the infill and frame

members was represented by applying constraint conditions as depicted in Fig. 6-3(b). The applied

stacking sequences were designed by iterative procedures while ply layer thicknesses are kept

constant. Total thickness of the PMC sandwich was controlled by space on the steel beam, and the

thickness ratio of the FRP skin and the core was designed to prevent local buckling failures.

Finally, the results obtained by numerous finite element simulations including different geometric

combinations were evaluated for the static critical buckling load. Table 6-2 presents the designed

stacking sequence of the inner PMC sandwich infill panel. Also, detailed dimensions of the PMC

sandwich infill panel are shown in Fig. 6-4 and Fig. 6-5. These figures show the geometric configu-
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ration of the PMC sandwich infill and fiber orientation along the loading direction. In this design,

the core to skin thickness ratio was assumed to be 7.6.

X

Y

Z

Top constraint

Bottom constraint

Diagonal Compression

A
pp

lie
d 

L
oa

di
ng

            (a) FE Model 
(FRP = shell, Core = solid element) (b) Loading and Boundary Conditions

Figure 6-3 Simplified Numerical Analysis for the PMC Sandwich Infill Design

For the steel frame with infills, the presence of any gaps between the columns and the infill wall

and/or between the top beam and the infill wall may be unavoidable. These gaps may negate some

or all of the stiffness provided by the infill. In particular, large gaps are not practically tolerable for

pure infilled frame structure, because they are normally subjected to alternating loads. As such, dif-

ferent strength and stiffness conditions must be expected with different gap types. Therefore, atten-

tion has to be given to the initial gaps between the infill and the opening of steel frame.

In designing the PMC sandwich infill, these unavoidable gaps between the infill and the opening

of steel frame can be used as a key design parameter to achieve the considerable lateral resistance

at specific drift. In practice, it would be expected that the post-action of the infill panel after closing

the initial gaps may prevent excessive relative floor displacements, and the shear deformation of the

combined interface damping layers in the outer FRP damping panels will be occurred until the initial

gap closes.
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For the gap effects on concrete or masonry infilled frames, Riddington (1984) concluded that a lack

of fit equivalent to 0.1% of the infill dimensions did not appreciably change the collapse load, but

significantly increased the horizontal deflection due to the infill sliding and jamming into the top

loaded corner of the frame. However, Dawe and Seah (1989) found that a gap of 0.7% of the infill

height dramatically decreased the collapse load up to 50% for a masonry infilled steel frame, due

to significant decrease in the lengths of the contact. Generally, large gaps are not practically tolerable

for infilled frame structure, because they are normally subjected to alternating loads.

In this study, although there should be little decrease in the stiffness and/or strength of the infill, it

is assumed arbitrarily that the maximum side gap was allowed to have less than 0.4% of the infill

dimensions. By using finite element simulations representing the PMC infilled frame with different

side and top gap distances at the interface, the force-displacement relationship was evaluated. In the

numerical analysis, it was found that there is a relation between different gap distances and the corre-

sponding infill action by designed contact point of lateral displacement. Fig. 6-6 and 6-7 present the

relation between the contact lateral displacement and initial side gap distance. It is evident that the

gap distance may become a design parameter for initiating considerable stiffness in a structure.

In this study, the design target was chosen in the range between 2% and 2.5% drifts in order to allow

maximum shear strain in the interface layers; thus, 0.37 inch of side gap and 0.6 inch as a top gap

were chosen based on numerous finite element simulations. When the frame exhibits a lateral drift

larger than 2.0% - 2.5%, the inner PMC sandwich infill panel will start to come in contact with the

steel frame components. This onset of contact, however, produces additional lateral stiffness and the

steel frame is prevented from undergoing a lateral drift larger than what it was designed for. Because

now the inner PMC sandwich infill is providing significant stiffness, it will be eventually failed by

buckling. The geometric configuration and laminate architecture of the PMC sandwich infill, de-

picted in Fig. 6-4 and 6-5 were determined based on the prescribed initial gap distance.
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Table 6-2 The Orientation Code of the Skin Laminate (Total thickness = 0.21 inch)

No. Orientation angle The number of layers Total thickness (inch)

1 30 1 0.015 (0.381mm)

2 45 2 0.03 (0.762mm)

3 0 1 0.015 (0.381mm)

4 –45 2 0.03 (0.762mm)

5 –60 1 0.015 (0.381mm)

6 –60 1 0.015 (0.381mm)

7 –45 2 0.03 (0.762mm)

8 0 1 0.015 (0.381mm)

9 45 2 0.03 (0.762mm)

10 30 1 0.015 (0.381mm)

76.00 85.00

78.00

92.00

7.00

5.00

4.00

0.21

0.21

1.6

Skin (FRP laminate)

Core (Divinycell  H 100)
R

AA

Cross Section A–A

Figure 6-4 The Detailed Dimension of PMC Sandwich Panel (unit=inch)
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Figure 6-5 The Orientation of Stacking Sequence of Inner Panel (unit=inch)
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Figure 6-7 Numerical Results for the Initial Gap Distance and 
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For the outer damping panel design, the damping concept of the previous research (Gasparini et al,

1981) was adopted and basic consideration was given to have shear deformation of the interface lay-

ers between FRP plates along the relative motion of the top and bottom beams. This passive energy
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damping panels should be designed so as to achieve initial static stiffness and an acceptable maxi-

mum strain at the interface layers. Practically, the proposed damping system could be utilized in as

many panels as necessary to achieve different levels of damping and stiffness. As shown in Fig. 6-8,

the geometric configuration of the outer panels with constrained energy dissipating layers was de-

signed in this study to have three FRP laminate plates and constrained passive damping materials

at the interface between them.

Viscoelastic solid

Honeycomb

Interface layer
FRP laminate plates

Figure 6-8  Geometric Configuration of the Damping Panel

In the design process of the FRP laminates, the vertical releases at the top panel to beam connections

were considered to eliminate axial forces in the panels. Only the bottom connection of end panels

must then transfer some vertical forces into the beam. As a key design problem of the outer damping

system, the design of the interface damping layers can be carried out for the required damping ratio

of the structure. This design becomes the primary parameter for controlling the overall structural

vibration under extreme loading conditions. According to the required design damping ratio, the

geometric size of the FRP plates, and the interface damping layer dimensions and properties will

be determined by simple calculation.

In the design process of the outer FRP laminates, an idealized symmetric motion was assumed. Ac-

cordingly, the thickness of FRP laminates was designed to have rigid body motion to make idealized

shear deformation in the constrained interface damping layers. That is, the laminate thickness could

be determined from the maximum allowable interface deformation to insure the maximum shear
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strain in the viscoelastic materials. The geometric size of the outer damping panels can be adjustable

to the configuration of the constrained interface damping layers. In practice, an actual thickness will

be larger than the design thickness due to the application of adhesive material. In this study, bonding

effect of the interface layers was not considered, and perfect bond was assumed. From Fig. 6-9, the

shear strain in the layers may be expressed as:

�� �
��
���

�����

h

b
VV V

VVV

SS

�

�
� �

Figure 6-9  Deformed Geometry of the Damping Panel during Inter-story Drift

The parameters that need to be considered are: the shear strain, ��, inter-story displacement, �, thick-

ness of the interface layer, t, and width, b, and height, h, of damping panel. Further, the static lateral

stiffness of n interface layers may be expressed using the energy method.

For the external energy,

��� �
�

�
�����
�

� �����

and the internal energy,

� � �
�

�
� ��!�
��

�
�" �����

where !� , �� present shear modulus and strain of the interface layer, representatively, and V is the

volume of an interface layer (i.e. V = Av  (interface area) x t (thickness) ).

Upon substituting �� and V into (6-3), then the internal strain energy is
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Using the energy balance, �� � �  , $��� can be evaluated, that is, the strain energy in the interface

layer should now equal to the work by the applied loads. Finally, the static lateral stiffness produced

by the interface layers is given as,

����� � �����!�#�

�
���

�
�
�

���
�

Based on the concepts outlined in (6-1) and (6-5), the PMC panels were designed. Among design

parameters, the interface layer thickness was determined by considering a desirable shear strain in

both the viscoelastic materials and the commercial honeycomb size. Based on the selected layer

thickness, the other design parameters were chosen here. Especially, the combining ratio of the poly-

mer honeycomb and viscoelastic materials is a very important parameter in the design process of

the constrained passive damping interface layers. To get the best combination factor, numerous cou-

pon tests by representing different combining ratios were performed in section 5. Finally, the com-

bining ratio of 0.6, was determined by the test results. Such a ratio is likely to be an economical de-

sign strategy for reducing the use of relatively expensive viscoelastic materials.

Fig. 6-10 presents the detailed design dimension of both the interface damping layer and a piece of

outer FRP panel, respectively. In this study, considering the natural frequency of the undamped

structure, 5–10% increased damping was considered as a design target due to expensive viscoelastic

material and limited experimental results. Finally, the overall configuration of the multi-panel PMC

infill system is shown in Fig. 6-11 and 6-12.
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Honeycomb

Viscoelastic solid

28.0

6.0

28.0

6.0

6.0

Interface Width

0.8 inch width

1.0 inch pin hole

Front View

(Including 0.1 inch slot)
1.1 inch hole

1.0016.00

1.90

2.50 1.90

83.00

2.50
2.00

16.0

1.0
Cross Section

Side View
1.0

16.0

83.0

(a)

(b)

Figure 6-10 The Detail Dimension of a Damping Panel (unit=inch): 
(a) Interface Damping Layer (b) FRP Laminate Plate
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B

A

A

B

C C

Section B–B

Bottom Beam

Outer Panel

Pin–joint

Section C–C

Structural connector
           (6x2)

Column Flange

Section A–A

0.375 inch Bolt

Rubber to avoid friction

Steel plate (t=0.375 inch)

Vertical Slot (0.1 inch, top)

Top Beam

Structural connector
             (5x2)

Figure 6-11 The Detail Configuration of Each Cross Section



83
.0

0

Ø
1.

0

0.
40

0.
40

B
o

lt 
w

ith
 v

er
tic

al
 s

lo
t

0.
1 

in
ch

R
o

d
 o

r 
B

o
lt

 (d
=1

.0
 in

ch
)

2.
50

24
.4

0

40
.8

0

8.
00

B
o

lt 
w

ith
 v

er
tic

al
 s

lo
t

3.
50

1.
00

0.
8

1.
0

C
ro

ss
 S

ec
tio

n
 B

–B

Ta
b

16
.0

3.
5 

(b
ot

to
m

)

0.
18

A A

B
B

C
ro

ss
 S

ec
tio

n
 A

–A

1.
1 

in
ch

 h
o

le

1.
0 

b
o

lt 
h

o
le

In
te

rf
ac

e 
la

ye
r

O
u

te
r 

p
an

el

2.
50

Ø
1.

0

78
.0

0

4.
56

1.
90

4.
56

 (
to

p)

F
ig

ur
e 

6-
12

 T
he

 D
et

ai
l D

im
en

si
on

 o
f 

O
ut

er
 P

an
el

 (
un

it
 =

 in
ch

)

(w
it

h 
ve

rt
ic

al
 s

lo
t)

179



180


����  Construction

Similar to the construction process of the multi-layer PMC infilled frame described in section 4, the

PMC sandwich infill wall of the multi-panel infill system was constructed in collaboration with a

local company (An–Cor Industrial plastics, Inc., North Tonawanda, NY). A product is formed to

the desirable shape by the hand lay-up process. Applied reinforcing and resin materials were of Style

7781 E-glass (0.015” thickness/ply) and Derakane 411-350 Momentum clear with cure, respective-

ly. Several layers were required and their reinforcing orientations were varied according to design.

In the fabrication, one side of the foam at a time was considered in lay-up, with every other ply being

carried out to completely cover the edge. When the other side is laid up, again carry out every other

ply completely onto the edge. This should result in an edge thickness approximately the same as side

thickness. Fig. 6-13 shows the completely fabricated PMC sandwich panel. For the purpose of ex-

perimental setup, lifting tabs were installed on the surface of the PMC sandwich panel at the top posi-

tion as depicted in Fig. 6-13.

Lift Tab

Figure 6-13 Fabrication of the PMC Sandwich Infill Panel

To get larger passive energy dissipation, the combined composite materials of honeycomb and solid

viscoelastic materials were installed at the interface between outer FRP laminates. Based on the ori-
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entation of stacking sequence depicted in Fig. 6-5, the fibers orientation for the outer FRP laminates

was all in one direction, 
�� and each laminate panel was simple flat stock 1.0 inch thickness using

several plies of boat cloth on each side of interface. Fig. 6-14 shows the fabrication of the combined

damping interface layers.

(a) Polymer Honeycomb Layer (b) 3M Viscoelastic Solid Layer

(c) Combining Polymer Honeycomb and 3M Viscoelastic Materials

Figure 6-14 Detailed Fabrication of the Interface Damping Layer

In the outer damping panel construction, pin joints were fabricated in order to connect the outer

damping panel to the top and bottom steel beams. These joints are unavoidable in complex structures
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because of their low cost, simplicity, and facilitation of disassembly for repair. Most commonly,

these joints are formed by using mechanical fasteners.

In practice, it is important, however, to investigate the failure modes of these pinned connections.

Uncertainties regarding the failure of joints in outer FRP laminates may lead to misleading results

in the experimental works. According to previous research (Okutan et al., 2001; Ireman et al., 2000),

there are, in general, three basic joint failure modes related to composite failure – namely, net-ten-

sion, shear out and bearing. In practice, a combination of these failure modes is possible. Typical

damages due to each mechanism are shown in Fig. 6-15.

(a) Net–tension (b) Shear–out (c) Bearing

Figure 6-15 Typical Failure Mechanisms for the Pinned-joint Configuration

Joint failure modes for composite materials are generally not similar to those observed in metals,

in which the metal exhibits considerable yielding prior to fracture. Yielding does not occur in FRP

composites, but some form of pseudo-yielding can be experienced for certain lay-ups in which dela-

mination and partial fiber breakage occurs before final failure. The behavior of the joint could be

influenced by four groups of parameters.

Material parameter: fiber types and form, resin types, fiber orientation, laminate stacking sequence,

etc.

Geometric parameters: specimen width (W) or ratio of width to hole diameter (W/D), edge distance

(E) or ratio of the edge distance to hole diameter (E/D), specimen thickness (t), hole size (D).

Fastener parameter: fastener type, clamping area, hole size.
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Design parameter: loading type, loading direction, failure criteria.

In the case of the multi-panel PMC infilled frame, � ���� inch steel plates were sandwiched into

the FRP laminate in order to avoid the above uncertain joint failures and a � ��� slot joint with 1.0

inch diameter was considered to relieve the vertical force at the top of the FRP laminate. Fig. 6-16

and 6-17 show the joint connections used in the outer FRP laminates.

In the fabrication process of the sandwiched steel plates, there were three steps: (1) cutting 1/4 inch

deep areas into foam to accept carbon steel, (2) squashing the steel into the cutting area, and (3) using

thixotropy to fill out where necessary. Finally, each sandwiched steel plate, shown in Fig. 6-18, was

assembled together in the hand lay-up process. From the transparent surface of outer FRP laminates,

the holes of each joint connection were then drilled.

Fig. 6-19 shows the completed fabrication for the outer FRP panels. To protect the damage of the

passive damping layers, 3M hot patches over each inter-panel joint were applied for shipping and

rigging purposes.
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Figure 6-16 Top Connection of the Outer Damping Panel (Slot)

Figure 6-17 Bottom Connection of Outer Damping Panel (Pin)
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Sandwiched steel plate ( t=0.25 in )

Figure 6-18 Sandwiched Steel Plate in the Outer Damping Panel Laminate

Figure 6-19 View of the Outer Damping Panel
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�)�� Design Concept and Structural Configuration

Light and flexible building systems often require specific design features for limiting damage and

maximizing occupant comfort and safety. Numerous infill panel arrangements are possible in these

design processes. With the same passive energy mechanical concept employed in the outer FRP

damping panel in the multi-panel system, a tube-type infill system was proposed to have three FRP

box panels instead of laminate plates. Fig. 6-20 shows the geometric configuration of the FRP box-

type infill system.

78.00 81.59

22.00 0.400.40

Figure 6-20 The Configuration of FRP Box Infill System (unit=inch)

In this case, significant increase in the damping of a steel frame may be expected by larger damping

material space and some amount of initial stiffness will be produced before the polymer honeycomb

breaks. In the conceptual design, the interface damping layers in the FRP box infill systems were

arranged differently. The arrangement of the interface damping layers in the multi-panel infill panel

system was in series, while the combining interface damping layers in the FRP box infill were ar-

ranged in parallel. This result may provide more information on the proper arrangement of the damp-
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ing interface layers and their behaviors. The main emphasis herein is on quantifying the damping

which arises from the cyclic straining of the damping materials in the primary lateral resistant sys-

tem. Fig. 6-21 illustrates combined arrangement of the constrained passive interface damping layer

in the FRP box infill.

Honeycomb

Viscoelastic solid

1.0

2.0

74.0

Figure 6-21 The Detail Dimension of Interface Layer (unit=inch)

In the design process of the FRP box infill system, the damping ratio and stiffness of the constrained

interface layers are dominant factors. Similar to the design case of the outer FRP damping panel in

the multi-panel PMC infill system, the required damping ratio is calculated by analyzing the un-

damped structure. By choosing the damping ratio, the geometric dimensions of the FRP box infill

are designed. In such a case, it is assumed that the lateral resistance of the overall structure will be

mainly provided by the steel frame. Although a limited amount of stiffness can be achieved by the
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constrained interface damping layers, this may be dependent on the applied strain, the frequency,

and the design of the interface properties.

Two cases of the FRP box infill systems were classified on the basis of the properties of the interface

damping layers. First, the FRP box infill panel with a stiff and a flexible interface layers was consid-

ered. In such a case, a stiff interface layer, which was fabricated by woven-fabric epoxy coating on

the surface, was intended to increase the lateral resistance by preventing sliding shear mechanism,

while a flexible layer, which is not coated on the surface, was attributed to enhance the damping in

the structure. Second, the FRP box damping panel with both flexible interface layers was designed

to have a larger damping of the structure as well as comparison of the first case. Fig. 6-22 shows the

configuration of each FRP box infill system.

stiff layer

flexible layer

both flexible layers

(a) Stiff & Flexible Interface Layers (Case 1) (b) Flexible Interface Layers (Case 2)

Figure 6-22 The Configuration of Two Types of FRP Box Infill Systems

For the design of the combined interface layers, since larger surface area was provided by the FRP

box infill rather than the outer damping plates in the multi-panel PMC infill system described earlier,

the applied area of composite damping materials at the interface between the FRP box panels was

considered to be twice as large compared to the multi-panel PMC infill system. The designed shear

strain of the viscoelastic material under applied static loading was approximately 200% at 2.5%

drift. Finally, the FRP box infill was designed as shown in Fig. 6-23. For a given configuration of
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the FRP box infills, designed damping ratio should be in the range of 0.1 and 0.4. Similarly, on both

faces of the box panel, 0.25 inch thick steel plates were inserted in between the FRP box layers as

in the multi-panel infilled frame structure to prevent unexpected pin connection failure.

The main scope of the FRP box infill is to produce shear deformation in the interface layer through

the panel deformed shape, and relative lateral displacement. Accordingly, optimum ply stacking se-

quence and the total ply layer thickness are not important mechanically. In the design process, the

chosen thickness of the FRP box section was 0.84 inch. This is the possible value to reduce the weight

and costs when the sandwiched steel plates (0.25 inch) are considered. Finally, the stacking sequence

with all [� 
����]s was designed for increasing vertical resistance in the FRP box panel system. The

ply thickness was 0.03 inch. Fig. 6-24 shows the stacking sequences and fiber orientation along the

loading direction. More detailed structural configurations including the connection between the

FRP box infill and steel beams are presented in Fig. 6-25. The width of the FRP box section was

determined by considering the width of steel beam.
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82.00

22.0

Empty

5.5

22.00

82.00

2.00

2.00

78.00

1.101.40

5.5

2.00

thickness = 0.84 inch

22.0

5.5

Side View

Cross Section

Front View

Figure 6-23 The Detailed Description of the FRP Box Infill System (unit=inch)
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Figure 6-24 The Basic Orientation of FRP Box Infill (Each ply layer = 0.03 inch)
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Structural connector (6x2)

Column Flange

Rubber

Rod or Bolt (d=0.5 inch)

Top Beam

Vertical Slot (0.15 inch)

Steel plate (t=0.375 inch)

0.375 inch Bolt

Bottom Beam

Pin–joint

Outer Panel

Viscoelastic solid
Honeycomb

Section A–A Section B–B

Section D–D

C

B

B

C

A

A

D D

22.00 0.40 1.00 (Honeycomb)

2.00 (Viscoelastic)0.84

Section C-C

Figure 6-25 The Configuration of the FRP Box Infill 
(Each layer = 0.03 inch)
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�)�� Construction

The FRP box infill panel was also fabricated at An-Cor. Industrial Plastics, Inc. (North Tonawanda,

NY). By using prefabricated mold composed of stacking layers of 3/4 inch thickness fiberwood,

each rectangular composite box section was fabricated individually by the hand-process. The fiber

reinforcement and resin materials were Style 7781 E-glass and Derakane 411–350 momentum clear

cure, respectively. The Style 7781 E-glass is the same reinforcement used in the multi-panel infill

system. Each layer of the laminate was constructed with a [
����]s direction through the entire thick-

ness of the laminate. The ply thickness was 0.015 inch. After fabricating the FRP box sections, three

box sections were squashed together and the polymer honeycomb and 3M viscoelastic solid materi-

als were placed in parallel between them by using a ply of boat cloth on each side of interface. Fig.

6-26 and 6-27 show the full configuration and cross section of the FRP box infill panel. With same

mechanical concept of the outer damping panel of the multi-layer infilled frame, slot and pin holes

depicted in Fig. 6-28 and 6-29 were also made at the top and bottom surface of each box section.

respectively. To avoid premature fracture of these joint holes, 0.25 inch steel plates were also sand-

wiched into the FRP box infill as shown in Fig. 6-30.

At the interface a bonding adhesive, Dexter HYSOL (EA 9309NA, aerospace adhesive products)

and DERAKANE 411–350 epoxy vinyl ester resin were used to provide superior toughness and in-

creased strength. Dexter HYSOL (EA 9309NA) is a commonly used fluid for bonding metal, plas-

tics, and glass. This adhesive is flexible and can resist water, salt spray, and excellent outstanding

peel strength to the honeycomb bonding scrim. The high elongation characteristic of DERAKANE

411–350 material provides high bonding strength on the surface of viscoelastic materials during the

testing. After completing the fabrication, the test specimen was applied by 3M hot patches over each

inter-section joint for shipping and rigging purpose. Fig. 6-31 shows the interface layer made of a

stiff by woven fabric-epoxy and resin coating on the surface of the interface layers.
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Figure 6-26 Fabricated FRP Box Infill Panel

Figure 6-27 Cross Section of FRP Box Infill
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Figure 6-28 Top Connection of the FRP Box Infill (Slot)

Figure 6-29 Bottom Connection of the FRP Box Infill (Pin)
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Embedded Steel Plate ( t=0.5 inch)

Figure 6-30 Sandwiched Steel Plate in the FRP Box Panel

(a) Woven fabric epoxy and resin coating

(b) Overflow of epoxy bonding adhesive

Figure 6-31 Configuration of the Proposed Stiff Layer of the Interface
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In this section, two test specimens and the setup for each test are described.

Steel frame with a multi-panel PMC infill system

The multi-panel PMC infilled frame is composed of two structural components, outer panels and

inner PMC sandwich panel. In the design process, each component was considered to have individu-

al mechanical behavior upon loading the frame. Therefore, the multi-panel infilled frame test was

divided into two stages; a steel frame (1) with the inner PMC sandwich panel and (2) with both inner

and outer panels. Considering the experimental setup procedure, a steel frame with the PMC sand-

wich infill was tested first. Fig. 6-32 shows a steel frame in which a PMC sandwich infill has been

placed. The objective of this test is to investigate the response of the PMC infill when allowing de-

signing top and side gaps between the infill and the opening perimeter of the steel frame. As such,

only push-over loading test was performed with a careful attention for inflecting any damage in the

bolted angle connections. From this test, the expecting contact point obtained by numerical analysis

will be investigated by experimental force-displacement relationship, and it is expected during the

tests that the post action of the infill can be observed at specific lateral drift due to allowing initial

gaps.

In order to achieve theoretically individual mechanism of each component and to erect the infill pan-

el during the tests, wood and rubber spacers were used at the different gaps between the inner PMC

sandwich infill and outer FRP damping panels. These materials were chosen to reduce the friction

effect. 0.875 inch wood spacers were placed on the middle surface of the infill and 0.25 inch rubber

pads were also attached at the angle connector areas. Fig. 6-33 shows the attached wood and rubber

spacers using high strength adhesive plastic tapes after finishing the inner PMC sandwich panel test.

Consequently, the outer damping panels were setup and tested to evaluate the overall response of

the structure. Monotonic and cyclic loadings were applied in this test.
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Figure 6-32 PMC Sandwich Infill Setup

Figure 6-33 Wood and Rubber Spacers
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In order to set-up the outer damping panels to the steel frame structure, specific connectors were

required in this study. By combining an L-shape angle (L 6 x 3.5 x 0.5) and a steel plate (PL 6 x 6

x 0.5), a beam-to-panel angle connector was developed. The beam-to-panel angle connectors can

be attached to the top and bottom holes of the outer damping panels by using 1.0-inch high-strength

A325 bolts. In the experimental phase, the outer FRP damping panels with beam-to-panel connec-

tors were delivered into the opening of steel frame and fixed by welding with the steel beams. Fig

6-34 and 6-35 illustrate the geometric configuration and the setup process of the beam-to-panel con-

nectors, respectively.

Outer Panel (FRP)

Vertical slot

Welding

Column Flange

Inner Panel
(Sandwich PMC)

Rubber

PL 6.0 x 6.0 x 0.5

L 6 x 3.5 x 0.5

1.0” Bolt

Top Beam

1.50

2.50
4.00 3.501.90

0.50
1.3751.13

2.00
0.125

1.0

6.00

Figure 6-34 Design of Outer Damping Panel Connectors (unit=inch)

For easy installation of the outer damping panel, parts of structural components such as top beam

and guide wheels were removed temporarily. Then, outer damping panels were placed on both sides

of the PMC sandwich infill panel. The installation of outer panel on both sides will be helpful to

provide larger buckling resistance by restraining out-of-plane behavior of the inner PMC sandwich

infill. Fig. 6-36 shows the completed setup of the PMC sandwich infill panel and the FRP outer

damping panel system.
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(a) Fabricating Beam-to-panel Connector

(b) Installing Beam-to-panel Connector to Outer Damping Panel

(c) Setup Outer Damping Panel to the Tested Frame by  weld

Figure 6-35 Fabrication Process of Beam-to-Panel Connector
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Figure 6-36 Multi-panel PMC Infill Panel Setup

Steel frame with FRP box infills

A relatively flexible structural infill panel was applied to investigate the response under monotonic

and cyclic loading conditions. The relatively flexible infill panel consists of FRP box sections and

composite damping materials at the interface between them. In this study, three FRP box sections

were employed due to high material costs.

Based upon the characteristics of the interface damping layers, two experimental cases were carried

out here; a steel frame with (1) a stiff and a flexible damping interface layers, and (2) both flexible

damping interface layers. After finishing the first case, woven fabric-epoxy coatings on the stiff in-

terface were grinded away for making a flexible interface damping layer which allows shear de-

formation of the interface during the test.

The connection of the FRP box infill system to steel frame utilizes twelve sets of beam-to-panel con-

nectors Fig. 6-37 shows the completed test specimen setup and the beam-to-panel connectors.
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(a) Test Specimen Setup

(b) Beam-to-panel Connectors

Figure 6-37 FRP Box Infill System Setup
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�.��  Instrumentations

The specimens were instrumented to provide key quantities to characterize the structural response

of the frame, the infill walls, and the constrained interface layers. The typical instrumentations were

already illustrated in section 4. (depicted in Fig. 4-23). In this stage, additional measurement instru-

ments were used for each individual test depending on the geometrical configuration and the re-

sponse of the infill walls. In the cases of the multi-panel PMC infilled frame test, more strain gauges

were used to determine the compressive straining actions at the PMC sandwich infill panel and the

steel frame. The location and evaluation of the strain gages are shown in Fig. 6-38 and 6-39. Five
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pairs of strain gages, that suited composite material, were bonded at the center of the inner PMC

sandwich panels because the strut generally tends to be wider towards the center of the infill panel.

These strain measurements were intended to determine the direction of the principal strains of the

infill. Accordingly, the equivalent strut angle of the PMC infill could be predicted.
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(a) PMC Sandwich Infill Panel

(b) Steel Frame

ST_10

Figure 6-38 Strain Gage Location at the Inner Panel and the Steel Members 
(Cp: Composite strain pairs, ST: Steel strain pairs, unit=inch)
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Figure 6-39 Calculation of the Steel Straining Actions

For steel frame members, 9 pairs of strain gages (ST_1 to ST_9) were used to determine moment

distributions of steel members and, in particular, a pair of strain gages were attached to measure the

moment-rotation relation at the end of the bottom beam. For each pair, three strain gages were

bonded to the web of the steel column . Two gages designated 1 and 2 (one close to each flange)

measured the strains along the axial direction of the member (���� ��). From these gages, the curvature

(�) and the average strain (�) at that section were calculated as shown in Fig. 6-39. The chosen sign

convention implies that positive curvature means tension and positive average strain implies axial

tensile strain. The computed bending moment (M) and axial force (N) at any section are linearly

proportional to the curvature (�) and average strain (�) at that section. It is assumed that the strain

and corresponding stress in the frame member for all the conducted experiments remained below

elastic limit. Practically, because infilled frame, relative to the same non-infilled frame subjected

to similar forces, is to reduce substantially the bending moments in the members, the steel frame has

not developed a plastic collapse mechanism and still has considerable capacity to withstand higher

stress while at the peak racking load. The experimental setup for applied strain gages was presented

in Fig. 6-40.

The layout of the special instrumentation in the joint region is shown in Fig. 6-41 (a). First, two sets

of linear potentiometers were placed on the top and bottom of the bolted semi-rigid connections.

Two longitudinally mounted potentiometers (P1HS, P2HS) were used at the connection to measure
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displacement related to the connection rotation. Fig. 6-42 presents local instrumentations for bolted

top and seat angle connections. Determination of relative connection rotation (�) is shown in Fig.

6-41 (b) The following is the function of connection rotation,

� �
[�(P1HS) � �(P2HS)]

d
or

[�(P3VS) � �(P4VS)]
L

�����

Moreover, another set of linear potentiometers were used to capture the shear deformation of the

interface damping materials when the structure was subjected to the applied force. The layout of the

interface linear potentiometer is illustrated in Fig. 6-43.

(a) Strain Gages at the Column (b) Strain Gages at the PMC Panel

Figure 6-40 Strain Gage Setup of the Test Specimen

Linear Potentiometer
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Figure 6-41 Joint Angle Connection Instrumentation
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In the experimental setup, a linear potentiometer was bonded to one panel, and the rigid thin steel

plate was fixed to the other panel. From such instrumentation setup, the relative displacement be-

tween them could be measured.

(a) LP at Joint Angle Connection (b) LP at Interface Damping Layer

Figure 6-42 Linear Potentiometers for Special Measurements

Interface layers

h

θθθ

b

δ
FRP laminates

41.50

Linear Potentiometer

Δ

Fixed

(a) Installation (b) Deformed Shape

Figure 6-43 Linear Potentiometer Setup at the Interface Layers

Two sets of linear variable differential transformers (LVDTs) were used to measure the absolute di-

agonal displacement as well as out-of-plane displacement of the infill panel. As shown in Fig. 6-44,

LVDTs were placed along the diagonal and off-diagonal directions using magnetic bases. Out-of-

plane LVDT measurement depicted in Fig. 4-23 (d) could be inconsistent and depended on the exact

location of the buckling mode.
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Foundation Beam

Diagonal LVDTs

Lateral LVDTs

Top position

Bottom position

Figure 6-44 Design of Diagonal and Out-of-plane LVDTs


�.�� Loading System and History Protocol

The single–story frame specimen was subjected to sine–wave lateral displacement of constant am-

plitude. The load is applied to the top beam (W 8 x 21). A displacement feedback hydraulic actuator

of 100 kips capacity with a stroke of � � inches and a closed–loop MTS servo control system were

used to control the actuator displacement. An externally mounted LVDTs on the specimen provided

the necessary displacement feedback to the MTS controller. The displacement at the loaded point

of the structure and the corresponding load are monitored and displayed using the graphical interface

of the control software. The end of the actuator attached to the tested specimen allowed in–plane

free rotation of the actuator axis with respect to the specimen. Therefore, there was no action applied

due to rotational restraint from the actuator assembly.

The choice of the testing program and the associated loading history depends on the purpose of the

experiment and the type of anticipated failure mode such as rapid or slow strength deterioration.

Based on the multi-layer PMC infilled frame test described in section 4, multi–step test was also

employed to allow for visual inspection. However, due to frequency effect of the viscoleastic materi-

al at the interface, the test specimens were cycled at least three times at assigned displacement under

different frequencies. The displacement level was increased gradually by either 0.25% or 0.5% drift

depending on the observed behavior of the structure. A sinusoidal wave form was then used to con-



208

trol the input displacement histories. The applied amplitude of the test specimen for each lateral drift

is illustrated in Table 6-3. Considering that the maximum velocity of the applied hydraulic actuator

is 0.6 inch/sec, the possible frequency for each assigned displacement was shown in Table 6-4.

Table 6-3 The Applied Displacements of the Tests

Drift Total Disp Inter–story disp

0.25 & 0.5 % drift 0.295 in & 0.59 in (1.5 cm) 0.47 in (1.2cm)

1.0 % drift 1.18 in (3.0 cm) 0.94 in (2.4cm)

1.5 % drift 1.77 in (4.5 cm) 1.41 in (3.6cm)

2.0 % drift 2.36 in (6.0 cm) 1.88 in (4.79cm)

2.5% drift 2.95 in (7.5cm) 2.36 in (6.0 cm)

3.0% drift 3.54 in (9.0cm) 2.83 in (7.2 cm)

The test was paused after each test case so that the onset or progress of damage was visually inspected

where the interface layers and the bolted semi-rigid angle connections were examined. Finally, the

test was stopped when either the breaking of the bolted semi-rigid connections or buckling of PMC

sandwich panel occurrs. The applied displacement patterns consisted of two cycles of constant dis-

placement histories as illustrated in Fig.6-45.
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Figure 6-45 Displacement Pattern Applied Cyclic Loading
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Table 6-4 Possible Frequency for Assigned Displacements

Total Displacement 0.12 in (0.1%) 0.19 in (0.16%) 0.3 in (0.25%)

Max. Velocity ( in / sec) 0.6 0.6 0.6

Max. Freq (Hz) 0.81 0.5 0.324

Max. Period (T) 1 cycle / 1.24 sec  1 cycle / 2 sec 1 cycle / 3.1 sec

Min. Velocity ( in / sec) 0.3 0.3 0.3

Min. Freq (Hz) 0.4 0.25 0.162

Min. Period (T) 1 cycle / 2.51 sec 1 cycle / 4 sec 1 cycle / 6.2 sec

Total Displacement 0.59 in (0.5%) 0.89 in (0.75%) 1.18 in (1.0%)

Max. Velocity ( in / sec) 0.6 0.6 0.6

Max. Freq (Hz) 0.16 0.1 0.08

Max. Period (T) 1 cycle / 6.2 sec  1 cycle / 9.3 sec 1 cycle / 12.4 sec

Min. Velocity ( in / sec) 0.3 0.3 0.3

Min. Freq (Hz) 0.08 0.05 0.04

Min. Period (T) 1 cycle / 12.4 sec 1 cycle / 20 sec 1 cycle / 25 sec

Total Displacement 1.77 in (1.5%) 2.36 in (2.0%) 3.54 in (3.0%)

Max. Velocity ( in / sec) 0.6 0.6 0.6

Max. Freq (Hz) 0.054 0.04 0.027

Max. Period (T) 1 cycle / 18.5 sec  1 cycle / 25 sec 1 cycle / 37 sec

Min. Velocity ( in / sec) 0.3 0.3 0.3

Min. Freq (Hz) 0.027 0.02 0.0135

Min. Period (T) 1 cycle / 37 sec 1 cycle / 50 sec 1 cycle / 74 sec
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The purpose of experiments is to evaluate seismic performance of the proposed infill system as part

of structures. Adequate performance implies that a component fulfills a set of specified performance

requirements. These requirements may be based on various measures, such as, the stiffness and

strength characteristics, deformation capacity, and energy dissipation characteristics. For a compo-

nent this implies that its role within a structure needs to be identified and its capacities as well as

the demands imposed by applied loading need to be quantified.


�
�� *� �$� 	�"	��$��%&#��$	���	��"�$$��	��#(�	�� �

Testing of a Steel Frame with the inner PMC Sandwich Infill Panel

A static experiment on a steel frame with the PMC sandwich infill with monotonically increasing

lateral load was conducted. The purposes of this test were to investigate in-plane behaviors of the

PMC sandwich infill along with preset initial top and side gaps. The force-displacement relation ob-

tained from the test clearly indicated that the contact point of the PMC infill with designing gaps

was approximately 2.0 inch. Fig. 6-46 presents the force-displacement response of the PMC sand-

wich infill panel with allowing initial gaps. Beyond that point, there is a progressive increase in later-

al load resistance as the contact area increases. The test result for the contact point is verified by finite

element analysis as shown in Fig. 6-6.

As shown in Fig. 6-47, it was observed by the shape of the loading and unloading curve that hystere-

sis loops are apparent. This is an evidence of sliding shear mechanism as well as the potential bolted

angle connections yielding before the contact. When the contact occurred, the test was stopped to

avoid further damage of bolted angle connections since the contact will attract large forces and,

hence, damage the connection. From the inter-story drift vs. joint rotation response (depicted in Fig.

6-48), it can be seen that the bottom rotation was relatively smaller than the top. The bottom joint

appeared to be moving less probably due to some extra stiffening and strengthening in that corner

of the PMC infill. Fig. 6-49 presents the moment-rotation relation of the PMC sandwich infilled

frame at the top angle connection where the contact occurs under push-over load.
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Figure 6-46 Force-displacement Relationship of the PMC Sandwich Infill Panel 
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In the PMC sandwich infill panel test, several pairs of strain gages were used at both columns and

the upper beam. The location of each strain gage is illustrated in Fig. 6-38. This was necessary be-

cause it was not fully known as to how the frame would react with a PMC sandwich infill placed

inside it. The moments at each strain gage location were captured when either maximum positive

loading or maximum negative loading was applied. Fig. 6-50 and 6-51 indicate that the obtained

maximum bending moment was less than section yield moment so that the frame members remained

in the elastic range. Fig. 6-52 and 6-53 show the substantial reduction of bending moment on the

structural frame members by the effect of the PMC infill.

The variation of the strain measurements at different locations on the PMC infill wall is illustrated

in Fig. 6-54. It shows the variation of the corresponding strain amplitude on the PMC infill panel

before and after the contact between the infill and steel frame under the push-over load. From these

strain actions of the infill, an equivalent strut acting in compression can only be generally defined

to represent the effect of the infill on the bounding frame members. However, in the laminate struc-

tures having orthotropic properties, the magnitude and direction of the stress and strain for the prin-

cipal planes are varied through the layers.

In this study, an equivalent strut angle of the PMC infill panel was simply determined following the

principal strain direction. More detailed discussions on the principal stress and strain directions of

the FRP laminates are presented in the reference (Jones, 1999). The results for strut angle along prin-

cipal material and global coordinates are between ��� and ��� as shown in Fig. 6-55 and Fig. 6-56,

respectively. For the compressive strut angle with respect to the principal stress plane, the optimum

angle obtained by summing total force will be recommended as a strut angle value. Practically, the

strut angle for principal stress direction varies with the arranged stacking sequence of laminates.



214

0

20

40

60

80

100

120

–900 –600 –300 0 300 600 900

Bending Moment (kips–in)

C
ol

um
n 

D
is

ta
nc

e 
(i

n)
 

left_col

right_col

Beam face

Beam face

U
lti

m
at

e 
se

ct
io

n 
m

om
en

t U
ltim

ate section m
om

ent

Figure 6-50 Maximum Moment Distribution of Steel Column 
under Push-over Test (2.0%)
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Figure 6-52 Reduction of Bending Moment at the Column after the Contact Point
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Testing of Steel Frame with Multi-panel PMC Infill System

This part of testing involves the testing of both the inner PMC sandwich infill and the outer FRP

panels.

Force-displacement Response

Monotonic tests were conducted at 0.5%, 1.0%, and 1.5% drift. Important information about in-

plane stiffness and the effect of the interface layer can be obtained from such experiments. At first,

a hydraulic actuator was driven slowly up to 0.5% drift. The aim of such a test was to investigate

the initial stiffness of the structure having all multi-panel infill components, and to remove the ef-

fects of epoxy coating or overflowed adhesive on the surface of the interface layer. Fig. 6-57 shows

the high initial stiffness induced by the effects of the polymer honeycomb contribution and a fraction

of imperfection factors associated with overflow of adhesive on the viscoelastic layers that were

caused by the hand-layup process.

After spalling off overflowed epoxy bonding on the interface layers and breakage of the honeycomb

layers, the behavior of the structure was restored to the intended structural condition, which means

the interface layers of 3M viscoelastic were acting only. Practically, the overall stiffness of the multi-

panel infilled frame was considered in this range because the basic design criteria of the interface

layer is to have sufficient strength to preclude its failure. As shown in Fig. 6-58, the measured overall

stiffness of the multi-panel PMC infilled frame was larger than that of the steel frame. It is evident

that the interface layer increased the lateral resistance by the contribution of the viscoelastic materi-

als. The stiffness of the multi-panel infilled frame was found to vary from 5.5 kips/in to 7.7 kips/in

during the test.

In the fabrication, bolt holes of each connector between the outer FRP panels and the steel beams

were made 0.125 inch larger than the bolt shaft diameter. As such, there was a slippage between the

bolt shank-to-bolt holes until locking the pin or slot connector in place. Once a desirable locking

configuration is achieved, the interface layer will be subjected to shear force. Fig. 6-59 presents the

shear deformation of the interface layer after locking the connectors.
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The measured stiffness of steel frame was approximately 5.5 kips/in. Compared with the steel frame

test in section 3, the overall stiffness was decreased. It is possible that accumulated fabrication errors

at the bolted joint angle connections may become larger as the test specimen was successively sub-

jected to monotonic and cyclic loading. Previously conducted experiments may have some effect

on the inelastic strain distribution of the joint angle materials and the high restraint between angle

and column face which arises from the clamping action of the bolts. Fig. 6-60 shows the comparison

of moment-rotation behavior of the bolted angle connection before and after the multi-panel infilled

frame testing.

Joint Rotation Response

Moment-rotation relationships were investigated under push-over and cyclic loads. As shown in Fig.

6-61, the measured rotational stiffness at the top and bottom connection exhibited slightly different

response. This variation was attributed to the large racking force induced by the PMC infill concen-

trated at the bottom angle connection when a previous PMC sandwich infill system was tested. The

bottom angle joint appeared to be moving less due to extra stiffening and strengthening in that corner

of the infill. Fig. 6-62 and 6-63 show the cyclic displacement vs. joint rotation response for the top

and bottom joints of the multi-panel PMC infilled frame tests. These figures show only the first cycle

of each test.

Finally, based on measured data of joint rotations, the comparison of the top joint response before

and after the contact between the infill and the steel members is presented in Fig. 6-64. Before con-

tact initiated, a reduction in joint rotations cannot be seen under loading and reverse loading direc-

tions. However, after the initiation of contact, a reduction in joint rotation became apparent when

the angle joint was closing in on the panel, whereas in the reverse direction, diagonal strut of the infill

should help to open the angle joint more than the drift angle at the steel bare frame test. However,

it is clear that significant hysteresis can be observed which indicates that angle connections had

yielded.
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Moment Distribution

In this section, the distribution of the bending moment induced by the outer FRP damping panels

was investigated and compared with that of the bare frame. As shown in Fig. 6-65 to 6-67, it was

observed that an increase in horizontal stiffness and enhanced damping by the constrained interface

layers had reduced bending moment of steel members compared to the steel frame only. Moreover,

the loaded corner exhibited an increase in stress and the bolted angle attracted more stress as the lat-

eral drift was increased.

In general, relative to the bare frame subjected to similar force, additional effect of the infilling on

the frame is to reduce substantially the bending moments in the members. In reality, the infill bears

against the beam and column members over part of their lengths and induces bending moments in

them. Saneinejad et al. (1995) presented that a single-panel infilled frame loaded diagonally up to

the peak level would not undergo a plastic collapse mechanism, and develop only insignificant bend-

ing moments at the unloaded corners. As presented before, the PMC sandwich infill was also effec-

tive for reducing the bending moment on the structural members. The variation of bending moment

in the PMC infilled frame members with applied lateral loading is highly nonlinear because of the

continuous variation of the contact length between the infill and column members.

Typically, the effectiveness of energy dissipation is significantly reduced when the structural system

undergoes inelastic action. The reasons being that – (a) de-tuning of the energy dissipation when

inelastic action occurs, and (b) the enhancement of damping is insignificant in comparison to that

generated by inelastic action (Constantinou et al., 1998). In the case of the multi-panel infill system,

de-tuning of the energy dissipation may not be a problem and the reduction of structural drift by the

outer damping panels and the increased stiffness by the PMC sandwich infill will prevent inelastic

action of structural frame members.
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Energy Dissipation of the Interface Damping Layer

Attention is given to the experimental investigation of the energy dissipation which is present in the

multi-panel infilled frame. Generally, resonant dynamic response is controlled by the overall damp-

ing exhibited by a structure. Such damping may arise from many sources, such as cyclic straining

of structural and nonstructural elements, friction at interfaces, and nonlinear behavior. In this study,

the damping arises from cyclic straining of the damping materials at the interface between the FRP

laminates. Of concern herein is the availability of increasing the damping which arises from the cy-

clic straining of the materials in the composite frame and the feasibility of the design concept. Fric-

tional and nonstructural sources are not considered herein. Therefore, the exact overall damping of

a structure is not quantified.

The experimental results are evaluated by considering force-displacement curves, stiffness degrada-

tion under successively applied cycles, and dissipated energy. The experimental force-displacement



227

response is divided into two stages as depicted in Fig. 6-68 and 6-69. Both figures are represented

by the hysteretic response before or after the PMC sandwich infill contacted the steel frame. It was

observed that the outer FRP damping panels produced the damping without significant lateral resist-

ance, while an increase in lateral resistance of the structure was provided by the PMC infill beyond

the point where contact took place.

The hysteretic energy observed during the applied loading cycles was compared for the steel frame

and the multi-panel PMC infilled frame. Because of rate dependent effect of the interface damping

layer, the multi-panel PMC infilled frame tests were investigated for different frequencies. Fig. 6-70

to 6-75 present the comparison of the energy dissipation between both structures at 0.16%, 1.0%,

and 1.5% drift. By comparing the performance of both specimens, some insights on the effect of

interface damping layers at 0.16% drift can be obtained. However, significant hysteresis could not

be captured as the lateral drift increased, because hysteretic envelopes of the multi-panel infilled

frame were obtained under very low frequencies. In the experiment, the maximum velocity of the

100 kips MTS servo-controlled hydraulic actuator used in the tests was 0.6 inch/sec. The capacity

of the applied frequency was varied with the assigned displacement so that the available maximum

frequency was 0.5, 0.16, and 0.08 Hz at three levels of lateral drift; 0.16%, 0.5%, and 1.0% drift.

Therefore, the obtained energy dissipations induced by the constrained interface damping layers

were underestimated considering the available maximum performances. In this study, to predict an

enhanced performance under high frequencies, finite element simulations were performed and pre-

sented in Fig. 6-76 and 6-77. The results show that the hysteretic energy response of the structure

significantly increases as the applied loading rate increases.

Fig. 6-78 and 6-79 show shear deformations of the interface damping layers under successively in-

creasing lateral cyclic drifts. The discrepancy in both results is due to the slippage of the bolt shank-

to-bolt holes at the early stage of the loading (as shown in Fig. 6-59). The effective length of the

connector lock was found to be approximately 0.18 inch, and little difference between the behaviors

of the left and right interface layers therefore occurred during the tests. The difference between peak
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point of the interface layers under push and pull loading may be due to the fact that the structure was

not able to return exactly to its original position upon reverse loading.

In a viscoelastically damped structure, it is necessary to investigate the effect of frequencies and the

environmental temperature within which they operate for practical applications. In general, the vis-

coelastic materials need to be designed for the expected maximum ambient temperature to ensure

adequate damping for the structure at various conditions. However, the applied 3M viscoelastic ma-

terials were considered to operate at room temperature of approximately ���*. Hence, only the vari-

ation of the structure’s natural frequencies was considered in the study.

Fig. 6-80 compares the structural hysteretic responses under different frequencies and drifts. From

this figure, little effect of the frequency for energy dissipation was observed experimentally even

if the frequency may be a significant factor that controls the energy dissipation effect of 3M viscoe-

lastic material. In the case of small drift and large frequency range such as 0.16% drift, because of

the slip effect of the bolt shank-to-bolt holes, the viscoelastic material was not able to work well even

though the applied frequency is adequate. For the other cases: such as 1.5% and 1.0%, the applied

frequency during the tests was not adequate to investigate the frequency effect of the viscoelastic

material. It is due to the fact that there was a limitation of the applied velocity of the hydraulic actua-

tor used in cyclic loading tests. As such, it is advisable that the frequency response of the full test

structure with viscoelastic materials should be studied in the future using a shaking table in order

to investigate its real behavior and the corresponding effects under seismic excitation.

Finally, energy dissipation capacities were calculated based on the experimental results and present-

ed in Fig. 6-81. By comparing these results, it can be seen that there is a slight difference and energy

dissipation increases as the frequency increases. Fig. 6-82 presents hysteretic energy absorbed by

test specimens at 1.0% drift. From the result, the net response of the multi-panel PMC infill system

under applied various frequencies can be obtained by subtracting the the steel bare frame response

for a given lateral drift from the gross infilled frame response.
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Degradation and Failure of Overall Structure

Fig. 6-83 shows the change in the effective stiffness of the structure under increasing displacement

amplitude and number of cycles. It is evident that the bolted angle connections were already yielded

and started to undergo plastic deformation.

After completion of the monotonic and cyclic loading tests, the specimen was tested to failure to

examine its failure mode. The test was conducted by displacement control until the test specimen

reached failure. Test result is shown in Fig. 6-84. The PMC infilled frame was designed based on

the elastic buckling of the PMC infill. However, the progressive angle connection failure occurred

during the test before the elastic buckling of the PMC sandwich infill. It was observed that by allow-

ing large gaps around top and side places, a large slippage between the PMC infill and the bottom

beams can be introduced. As the result, high pressure between the PMC infill and the bolted angle

connection at left bottom side was generated when the infill slid across into the lower corner of the

steel frame. The pressure between PMC infill and the bolted angle connection was gradually in-

creased as the inter-story drift increased. Finally, larger compressive pressure to the bolted angle

connection led to failure of the structure. The schematic representation of these failure modes is il-

lustrated in Fig. 6-85.

In the design process, four edges of the PMC sandwich infill were cut off from its original shape to

allow slipping distance between the PMC infill and the bottom beam. The cutting edge area was cho-

sen based on the initial side gap distance. However, the verification of slippage can be complicated.

For design purpose, slippage between the PMC infill and the bottom beams need to be investigated

and considered as one of important design parameters. Finally, Fig. 6-86 shows the edge shape of

the current PMC sandwich infill and the failure of the joint angle connection.
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(a) Edge Shape of the PMC Sandwich Infill Panel

(b) Bolted Semi-rigid Joint Angle Connection Failure

Figure 6-86 The Failure of the Multi-panel PMC Infilled Frame Structure
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A special specimen was tested for developing enhanced energy dissipating infill panel after complet-

ing the multi-panel infilled frame tests. The test specimen was composed of two constrained inter-

face damping layers and was tested for two cases. Both test cases were identical in all respects except

that the FRP box damping panel was installed with a stiff and a combining interface layers in one

specimen test (Case 1) and with both viscoelastic interface layers in the other (Case 2).

The construction of the stiff layer was described in earlier section. From the testing of a steel frame

with the FRP box infill panel system, the effectiveness of two different types of FRP box infills is

addressed in terms of in-plane behavior and energy dissipation capacity. The local responses of the

steel frame members could not be investigated due to severe damage of strain gages and plastic de-

formation at parts of the joint connections during previous tests. In this test, careful attention was

paid to the behavior of the joint angle connections in order to obtain the hysteretic energy contribu-

tion of the damping panel system without failure of the joint connections.

Force-displacement Response of the Test Specimens

Both cases of the FRP box damping panel system were monotonically tested and compared to the

response of the steel frame. Fig. 6-87 shows the force-displacement response of the test structures

under push-over load. It is shown that the initial stiffness of case 1 was significantly enhanced by

two sources. First, the polymer honeycomb material in the combining interface layer provided the

lateral resistance for the structure. Second, the epoxy coating on the stiff layer prevented deforma-

tion of the interface layer leading to a large lateral resistance in the structure.

In the testing of case 2, the force-displacement response was measured after breaking the polymer

honeycomb material on the stiff interface layer. In such a case, the initial stiffness was provided by

the viscoelastic materials at both interface layers. The stiffness of case 1 was increased at the begin-

ning of loading but the case 2 was stiffened after the bolt shank-to-bolt holes lock. As shown in Fig.

6-88, the gap of the bolt shank-to-bolt holes introduced slippage that the shear deformation of the
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constrained interface layer did not commence. Based on the measurement of force-displacement re-

sponse, results are summarized in Table. 6-5.

Table 6-5 The Comparison of the Initial Stiffness for the Steel Frame and Two Cases of the
FRP Box Damping Panel Systems under Push-over Load

Steel Frame FRP Box – Case 1 FRP Box – Case 2

Stiffness (kips/in) 7.2 18.3 13.2

The hysteretic responses for both cases (1 and 2) of the FRP box damping panel are shown in Fig.

6-89 and 6-90, respectively. The tests were carried out based on the assigned cyclic displacement

and the corresponding frequency. Careful attention was given to the test for case 1 and this test was

stopped at 1.5% drift to avoid the progressive joint connection failure. From the testing of the struc-

ture in case 1, it is clear that preventing sliding shear at the stiff layer provided a large effective stiff-

ness to the structure after locking at the pin connection. However, preventing shear deformation at

the stiff interface layer may cause high pressure at the joint angle connection as the tests progressed

and the lateral displacement increased. Fig. 6-90 presents the hysteretic loops of the structure (case

2) when both flexible interface layers undergo successively increasing lateral displacements. This

figure also indicates that enclosed area obtained by the hysteretic loops became larger as the cyclic

strain amplitude of the interface layers increases.

As shown in Fig. 6-91 and 6-92, these figures indicate the variation of shear deformation for two

different interface cases. As expected, under the loading, the stiff interface layer was not deformed,

whereas the combined flexible interface layer produced a large shear deformation. By comparing

with the result obtained from the simplified design calculation (depicted in Fig. 6-9), 0.2 inch slip

caused by the bolt shank-to-bolt hole gap was occurred at the response of the shear deformation in

the combined flexible interface layer.

At the moment of reversed loading direction, a flat region was also observed due to the slippage at

the contact surface between the measuring instrumentation and the attached plate. Fig. 6-93 and 6-94

present the variation of total measured shear deformation on the both interface cases under increas-
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ing lateral cyclic displacements. It is evident by the enclosed area that there is an amount of energy

dissipation in the combined interface layer upon loading the frame.
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Energy Dissipation Capacity of the FRP Box Damping Panel

The combined interface layer of the FRP box panel consists of the polymer honeycomb and 3M vis-

coelastic materials. In general, viscoelastic solid material exhibits mechanical properties which are

frequency and temperature dependent. The frequency effect for both cases of the FRP box infill sys-

tems was investigated at a high drift level in order not to consider the honeycomb effect and present-

ed in Fig. 6-95 to 6-96. As shown in these figures, a significant effect was not found in the tests due

to limited applied loading rate. The maximum velocity of the hydraulic actuator used in these tests

was also 0.6 in/sec. For the static full-scale specimen test, it was difficult to represent the frequency

effect under the applied actuator velocity. However, it is believed based on material testing that the

energy dissipation capacity of the combined interface layers will be increased as the applied frequen-

cy increases. In section 5, the dependency of energy dissipation capacity on frequency was verified

by experimental studies. Under seismic excitation, it would be expected that the interface damping

layers may play an important role to reduce seismic response of the structure.

Energy dissipation capacity of both FRP box infill cases was evaluated at the available maximum

frequency. From the test results, a slight increase in energy dissipation was observed compared to

the steel bare frame response as shown in Fig. 6-97 to 6-100. On the basis of the measured hysteretic

energy responses for a given drift, energy dissipation capacity was calculated and summarized in

Fig. 6-101. In reality, larger energy dissipation capacity of the structure will occur as the frequency

increases. In practical application, such frequency dependent damping performance will be effective

to control structural vibration when the FRP box infill system is subjected to the wind environment

or earthquake excitations.

The failure of the FRP box panel having a stiff and a combined interface layers was investigated after

completing all test procedures. The displacement had been applied monotonically up to 2.0% drift.

Fig. 6-102 shows the right top joint angle connection of steel frame failed by the stress concentration

as a result of preventing sliding shear of the stiff interface layer.
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Figure 6-95 Frequency Effect of the Combining Interface Layer 
in the FRP Box Infill (Case 1, 1.5%)
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the Steel Frame (1.0% drift, f = 0.08 Hz)
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Figure 6-98 Comparison of the Hysteretic Energy for the FRP Box Infill (Case 2) and 
the Steel Frame (1.0% drift, f = 0.08 Hz)
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Comparison and Discussion for the FRP Box Infill Systems ( Case 1 & Case 2 )

This section presents the comparison of the behavior of two cases of the FRP box infill systems. As

mentioned before, basic configuration of FRP box infill system was composed of three FRP box

panels and two constrained layers at the interface between them. Two FRP box infill systems were

identical in all aspects except that one of the interface layers was stiffened in case 1, and both are

flexible in case 2. Both systems were tested under static monotonic and cyclic loads, and all test re-

sults were presented in terms of the effective stiffness and energy absorption capacity.

When the FRP box infill system was subjected to the applied lateral force, two different deformed

shapes were achieved; unsymmetric and symmetric interface deformations. This behavior can be

predicted according to the characteristic of the interface layers. Fig. 6-103(a) and (b) show the pos-

sible schematic representation of deformed shape of both FRP box infill systems. In case 1, with a

stiff interface layer, actual deformation is not easily defined because each layer was made up of dif-

ferent stiffness properties. This unsymmetric interface motion between the FRP box panels can pro-

duce a complex problem. At the top connection of the FRP box panel, the slot distance, which was

used to reduce vertical forces, may also introduce an unknown factor and, thus, the exact deformed

panel geometry is affected. However, the expected shear deformation of case 2 is easily determined

by its symmetric motion as mentioned earlier.

In order to investigate the effect of unsymmetric motion caused by a stiff interface layer in case 1,

shear deformation of the flexible interface layer in both cases was measured experimentally under

1% inter-story drift of the applied lateral displacement. To reduce the stiffening effect of the honey-

comb, the test was performed after breaking the honeycomb material in the combined interface layer.

Fig. 6-104 shows the shear deformation of the interface layer at “B” location (depicted in Fig. 6-103)

in case 1. The comparison of the results in both cases provides an indication of the effects produced

by a stiff interface layer in case 1. It is evident in Fig. 6-105 that the shear deformation of case 1 is

larger than that of case 2 because preventing shear by the stiff interface layer in case 1 produced an

increase in shear deformation in the other side of interface layer.
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The comparison of the hysteretic response of both cases of the FRP box infill is presented from Fig.

6-106 to 6-108. From these figures, significant increase for the stiffness/strength to the structure is

clearly illustrated in case 1 because of preventing shear effect of one interface region in case 1. How-

ever, the hysteretic energy of both cases was not much different even though the number of applied

interface layers in case 2 was twice as many as that of case 1. This is primarily due to the fact: (1)

the shear deformation at interface layers in case 2 was relatively smaller than that of case 1, (2) the

energy dissipation obtained by the inelastic action of the joint angle connection may become larger

in case 1 than in case 2 because of a large stress concentration at the joint connection caused by pre-

venting shear deformation in case 1, and (3) the lower frequency was applied during the tests.

Based upon the in-plane behavior, the overall response of the FRP box infill system with a stiff and

a flexible layers (Case 1) is analogous to that of the multi-layer PMC infilled frame with the column-

to-infill connections described in section 4. Practically, it is clear that preventing shear mechanism

induced by either the stiff interface layer or the column-to-infill connections increases lateral resist-

ance in the structure, but the corresponding stress concentration at the joint connections will lead

to failure of the structure. The bolted joint angle connection failure induced by preventing shear de-

formation of the stiff interface layer is clearly shown in Fig. 6-109.
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Shear Deformation

Figure 6-104 Shear Deformation of the Interface Layer at B Location (1.0% drift)
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In this study, the polymer honeycomb material was employed in the constrained interface layer to

increase the initial lateral resistance/energy dissipation of the structure and reduce the fabricating

cost. Fig. 6-110 shows total results for push-over static loading tests at the initial stage. As shown

in this figure, the honeycomb primarily contributes to the overall lateral resistance up to its scrim

layer failure, in the range between 0.15 –0.25 % strain. The resistant range matches well with materi-

al coupon test results. From design point of view, it will be desirable that the contribution of the poly-

mer honeycomb in the interface layers may be adjustable depending on its thickness/area in the FRP

box infill dimensions, but the durability of the honeycomb is questionable under prolonged cyclic

loading. In the tests, it was found that additional energy was dissipated from friction between inter-

face walls after breaking the honeycomb.

After loss of the polymer honeycomb resistance, the stiffness of the structure dropped rapidly. At

the beginning of loading, the polymer honeycomb layer was subjected to in-plane shear deforma-

tion. When the honeycomb wall reached maximum shearing stress, the wall yielded and behaved

nonlinearly. Finally, the honeycomb lost its capacity due to the scrim failure or delamination be-

tween surface sheet and honeycomb. Test 3 in Fig. 6-110 shows that the structure with only viscoe-

lastic interface layers did cause a loss of stiffness, but it seemed tolerable and provided a relatively

small fraction to the total lateral stiffness by interface friction between honeycomb walls.

In the design process, the honeycomb was considered as an additional component in the combined

interface layers because the polymer honeycomb material does not have adequate fatigue strength

for long term durability in the wind excitation. From a construction perspective, it is apparent that

by applying advanced cellular materials, there is a possibility of making more advanced honeycomb

material to achieve a desirable drift ratio to satisfy various design criteria..
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Light and flexible building systems often require specific design features for limiting damage and

maximizing occupant comfort and safety. This section described two types of energy dissipating

PMC infill systems for seismic retrofitting. By using the constrained interface damping layers, such

panels were designed to form part or all of test structural system. The challenge in making these con-

cepts is to achieve satisfactory input of passive energy dissipation to the steel frame in an existing

building. To validate some of the proposed concepts, full-scale infill models were fabricated and

tested within a steel frame.

Several important conclusions concerning proposed energy absorbing PMC infill panel are stated.

For the multi-panel PMC infill system, the effectiveness of the PMC sandwich infill was examined

first by analytical and experimental studies. The PMC sandwich infill was designed to provide con-

siderable stiffness in the existing structure at specific lateral drift to avoid large excessive relative

floor displacements that causes both structural and non–structural damage. In the design process,

stacking sequence of FRP skin laminates as well as initial gaps between the infill and the opening

of steel frame were considered as key parameters. By using numerous finite element simulations

representing the lay-up, optimum stacking sequence was designed on the basis of maximum buck-

ling resistance, and the commencement of the infill action was determined by a specified initial gap

distance. Finally, the in-plane behavior of a steel frame infilled with the PMC sandwich panel was

investigated by the experimental studies. The comparison of both numerical and experimental re-

sults was in a good agreement.

The outer FRP panels were designed to have the FRP laminate panels and the constrained interface

layer at the interface between them. The constrained interface layers were fabricated by a combina-

tion of 3M viscoelastic solid and polymer honeycomb material. Combining ratio between these

composite materials was studied in section 5, and the geometric dimensions were designed by the

simplified calculation proposed by Gasparini et al.(1981) on the basis of required damping of the

structure. After installing the outer FRP panels, overall behaviors of the multi-panel PMC infill sys-
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tem were investigated under various frequencies in terms of the effective stiffness as well as energy

dissipation. In the experimental studies, the comparative results with steel frame showed a slight

increase of the damping in the multi-panel PMC infill system but these results may still be highly

conservative. It is because that energy dissipation of the multi-panel PMC infill was limited by the

loading rate available during the test. In the experimental phase of a full-scale specimen test, the

maximum velocity of the hydraulic actuator used in this study was restricted within 0.6 in/sec, thus,

the corresponding applied frequency was very low. Also, the frequency was decreased as the lateral

drift increases. Considering that viscoelastic material in the combined interface layer is a frequency-

dependent, the obtained energy dissipation was not accurately quantified from the tests. However,

the multi-panel PMC infill system was proven numerically to have tremendous potential for increas-

ing the damping as the applied frequency increases. It is also evident by test results that measured

cyclic shear straining of the combined interface layers becomes larger as the lateral drift increases

in the structure. The passive damping mechanism represented by the cyclic straining of the interface

layers is a very important factor for evaluating the damping of the multi-panel PMC infill system.

From the failure of the multi-panel PMC infilled frame, some important observations were found

in regard to the semi-rigidly bolted connection. In particular, the relation between the edge shape

of the PMC sandwich infill and allowing initial gaps needs to be investigated. Allowing initial gaps

in the current design required a large infill lifting into the corner of steel frame. When the infill slides

into the corner, the impact between the infill and the bolt head on the surface of the angle connection

had taken place before the contact between the infill and the steel column. This was a reason to re-

duce the contact length between the infill and the steel column, and hence it caused a high pressure

on the joint angle connection.

In the installation of the outer panel into the steel frame, the gaps between the inner PMC sandwich

infill and outer panels are sometimes disregarded. In this study, this gap was filled out by wood and

rubber spacers before starting the tests in order to achieve an individual behavior in the PMC sand-

wich infill and the FRP outer panels, respectively. Sometimes, it would happen during the tests that

the spacers tightly inserted in between the PMC sandwich and outer panels may interrupt a free
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movement of the PMC sandwich infill to take place during the opening and closing of the initial gaps

under cyclic loading condition.

For the studying the FRP box infill system, we considered two cases; (1) the FRP box infill with a

stiff and a flexible interface layers (case 1), and (2) the FRP box infill with both flexible interface

layers (case 2). A stiff layer was fabricated by a woven fabric coating on the surface of the interface

layer. In the experimental studies, testing procedures and descriptions were similar to the multi-pan-

el PMC infill system tests described earlier. The specimen in case 1 was tested up to 1.5% drift to

avoid a progressive damage of the joint angle connections, while the specimen of case 2 was per-

formed up to failure under various frequencies. The test results in both cases were examined in terms

of effective stiffness as well as the energy dissipation. Significant increase in stiffness/strength to

the structure induced by preventing shear deformation of the stiff interface layer was observed in

case 1 by the experimental force-displacement response. However, preventing shear mechanism led

to a large stress concentration to the bolted angle connections and finally to damage of the structure.

Such a behavior was also observed in the multi-layer PMC infilled frame with the infill-to-column

connections described in section 4.

From the experimental hysteretic energy response, the energy dissipations in both cases were still

not taken because of lower applied loading rate. However, by considering the factors: (1) the en-

hanced energy dissipation capacity of the combined interface layers presented in section 5, (2) nu-

merical simulation for hysteretic energy under high frequency, and (3) the evaluation of the cyclic

straining in the combined interface layer under the cyclic load in present section, the FRP box infill

system should have larger energy dissipation as the frequency increases. Finally, the effect of the

polymer honeycomb was investigated in case 1. It was found by experimental studies that although

the polymer honeycomb material does not have adequate fatigue strength for long term durability,

the honeycomb primarily contributes to the initial lateral resistance up to its yield point. Therefore,

in practical applications, the honeycomb was considered as an additional component in the com-

bined interface layers.
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In this section, even if significant energy dissipations of the proposed PMC infill systems were not

apparent from the experimental studies, it is believed that these infill systems will provide consider-

able stiffness and/or enhanced energy dissipation capabilities when applied to mid-rise building or

hospital structures under seismic excitation. The predictable seismic response of those PMC infill

systems when subjected to real earthquake loading will be presented in another report.
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By using polymer matrix composite (PMC) material, new conceptual designs for seismic retrofitting

were developed for application in existing buildings. Similar to partial rehabilitation techniques us-

ing composite material such as column wrapping, the use of prefabricated PMC infill panel systems

is a very efficient way to achieve seismic retrofitting of existing facilities because of the efficiency of

the material and its ease of use in construction. PMC material has high stiffness–to–weight and

strength–to–weight ratios. Thus, the addition of PMC infill panels into existing structures will not

significantly alter the weight of the structure while providing substantial structural enhancements.

In this study, three prefabricated PMC infill panel systems for seismic retrofitting were proposed.

The PMC infill panels were studied using analytical and experimental methods to assess their effec-

tiveness and response under simulated earthquake loading. Applying the concept of combined inter-

face damping layers to the proposed panel systems was found to be highly feasible in the seismic

applications. Design and fabrication procedures for each PMC infill panel were presented, and a

conceptual trial design was performed using finite element (FE) analysis. To validate the proposed

systems in real situations, both monotonic– and cyclic–loading tests were performed on full–scale

models. The results obtained from this research showed that the systems offer the potential to in-

crease the damping as well as the lateral resistance of steel frames, with a relatively low cost of retro-

fitting.


���� General Advantages of Proposed PMC Infill Panel Systems

Fiber–reinforced polymeric (FRP) composites offer a significant potential for dramatic changes in

the design and construction of civil structures ranging from bridges to buildings because of their ease

of fabrication, high strength–to–weight and stiffness–to–weight ratios, and potentially high durabil-

ity. From an architectural perspective, PMC materials enable the designer to produce highly efficient
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structures, often utilizing the geometric form to provide stability and strength, while removing the

inherent structural redundancy and lack of efficiency found in most conventional structures.

Compared to traditional infill wall materials, such as concrete, masonry, and brick, a PMC infill pan-

el is much lighter, which can result in less weight being carried by columns and the foundation as

well as a reduced seismic load because of the reduced mass added to the structure. Also, prefabri-

cated PMC infill panels shorten the erection process while reducing the cost of construction, field

inspection, and quality control, resulting in even greater construction efficiencies for these systems.

Compared to traditional infill systems, PMC infill panels can be much easier and faster to construct

when they are used for seismic retrofitting of existing structures.


���� Multi-layer PMC Infilled Frame

To use PMC material in infill panel walls, several technical and cost challenges associated with the

design of the PMC infill panel must be overcome. The current lack of design standards for infill pan-

el walls made of PMC materials and many design variables that affect both the performance and cost

of the infill panel were two of the most serious challenges encountered in this study. The design crite-

ria of traditional infill panel systems, such as those constructed of concrete or masonry, were not

applicable to the PMC infill panel systems because of the different material characteristics, relative

stiffness, and initial gap between the steel column and the PMC infill panel.

To achieve high damping performance in the structure, a multi–layer PMC infill panel system was

introduced. Such a system was designed with three components comprising the entire wall thickness

— namely, the inner component, the outer component, and the interface. With a perfect bonding as-

sumption, this multi–layer system was expected to allow in–plane shear deformation and, therefore,

sliding along specific layers upon loading of the frame. The damage of the multi–layer PMC infill

panel was intended to be concentrated in its honeycomb interface layers and, hence, energy dissipa-

tion would be produced within the panel system itself.
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To achieve the expected behavior, a sandwich–type construction was chosen for the inner compo-

nent, and the FRP laminate was fabricated as outer components on both sides of the inner compo-

nent. At the interface between these inner and outer components, the polymer honeycomb material

constitutes the link between the inner and outer component of the PMC infill panel and dissipates

energy. The practical role of this inner component was to increase the structural rigidity of the com-

posite panel, while the outer FRP laminates were designed to transfer the applied force to the inter-

face layers.

The optimal design of inner and outer FRP laminates was obtained by weighing the structural perfor-

mance and cost of the components. After selecting the fiber reinforcement, the FRP laminates were

designed by considering several possible stacking sequences and constraints, such as cost and stiff-

ness. By using numerous FE simulations representing different lay–up and geometric combinations

of a variety of materials, the final choice of laminate architecture for the PMC infill panel was deter-

mined by stiffness rather than strength.

The experiments demonstrate that the multi–layer PMC infill panel system can play an important

role in the strength and ductility of steel–frame structures. Several important results concerning en-

ergy dissipation of the PMC infill wall systems are summarized here.

The stiffness of the PMC–infilled frame was three times that of the bare steel frame. The load–carry-

ing capacity of the PMC–infilled frame was four times that of the bare steel frame. For a second

PMC–infilled frame, one in which column–to–infill connections were introduced, the stiffness was

1.43 times that of the PMC–infilled frame that lacked any connections to the columns. In terms of

energy dissipation, the PMC–infilled frame could dissipate three times energy compared to the bare

steel frame when subjected to small deformation at the honeycomb layers. The PMC infill panel wall

contributed 65% of the overall energy–dissipation performance of the structure without significant

degradation in stiffness or strength. The energy–dissipation capacity of the PMC–infilled frame may

become greater when the honeycomb layers undergo large deformations. The test of the PMC–in-
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filled frame with column–to–infill connections shows the enhanced contribution of the PMC infill

panel honeycomb layers.

Initial gaps affect the behavior of the PMC–infilled frame. Similar to the frame infilled with tradi-

tional materials, the initial stiffness of the PMC–infilled frame was reduced by the presence of any

initial gap. From a practical standpoint, reducing the size of the initial gap as much as possible in the

PMC infill panel wall is preferred.

The main damage to the PMC–infilled frame structure was through elastic buckling of the inner pan-

el at high drift values (2.5% or more) and consequent angle–connection damage. To increase the

performance of the PMC infill panel wall system, new geometric shapes and dimensions of the inner

and outer panel are being considered. For the outer panel, two facts are relevant. First, it was evident

that by calculating a resistant force, assuming that a distributed stress acts on the surface area, the

honeycomb layers provided a fraction of the total lateral and vertical stiffness in the PMC infill wall

system. Second, it was shown that the current geometric shape of the outer panel is not an optimal

solution for a cyclic–loading condition. These results indicate that further studies to optimize the

shape of the outer panel by considering both the stiffness of the honeycomb material as well as the

cyclic loading condition are warranted.

The test results presented in this study showed that the presence of the PMC infill panel greatly stiff-

ened and strengthened the structural system. However, the results obtained also suggest some defi-

ciencies, such as insufficient damping performance, of the structure. More researches on the larger

energy–dissipation interface layers and their role in improving damping characteristics were re-

quired in this study. As such, the following section presents the study of advanced composite damp-

ing layers for more effective application in the infill wall.


���� Combining Interface Constrained Damping Layer

From the research conducted on the multi–layer panel, it was found that the honeycomb material

may not be efficient at applying large interface damping, even if considerable stiffness in the struc-
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ture was achieved. In addition, considering the feasibility of the constrained damping layer concept,

the honeycomb layers at the interface did not have sufficient strength to preclude their failure during

extreme loading conditions. To enhance the damping output of the interface damping layers, the ma-

terial must have adequate fatigue strength as well as flexibility for long– term durability in wind– or

earthquake–prone environments. It was illustrated that the inclusion of a passive material in the in-

terface layer could provide more flexibility for the design and thereby satisfy different requirements

of damping as well as stiffness.

A new concept with a passive hybrid constraining layer was proposed to improve the damping per-

formance of the previously proposed stiff constrained layer system composed of honeycomb materi-

al. In this new configuration, the interface layer consists of two different types of composite materi-

als. One is the polymer honeycomb material; the other is 3M� viscoelastic solid material. Previous

research (Cao, et al., 1995) has shown that applying viscoelastic material in constrained layers with-

in a mechanical structure is very effective in suppressing resonant vibration, excessive noise, and

fatigue failure.

By combining both composite materials and adjusting the proportions of each material in the inter-

face layer, maximum energy dissipation can be obtained from shear straining of the viscoelastic ma-

terial and interface slip between the honeycomb cells. It is expected that the stiff portion of the hon-

eycomb would fail in the early stages of earthquake loading without the presence of the damping

properties afforded by a viscoelastic component, and, thus, the 3M viscoelastic material will effec-

tively produce significant damping to the system. With this two–stage behavior that the combined

interface layers are expected to perform, enhanced damping and stiffness can be adjusted and cus-

tomized by the design. Thus, the capacity for customization in allowing stiffness and damping to be

integrated into the design of one system is a novel and effective approach, as demonstrated in this

study.

Experimental studies for individual materials forming the combined interface and hybrid

constrained layer systems were performed to verify the feasibility of the damping concept and inves-
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tigate its design parameters. Several experimental studies and quantitative design assessments were

made to define the characteristics of the proposed damping interface system. Possible design param-

eters were considered in the experimental studies, and two parameters regarding the geometric ar-

rangements — area and mixing ratios — were proven to be the most critical factors in determining

the damping performance in the system. Finally, experimental studies conclusively show that the

combined interface system is more effective than each individual material system. As a result, a new

approach employing a combined interface damping layer could be adopted to provide a moderate

level of vibration control in large structures.

In seismic applications, a minimum combination ratio of 60% viscoelastic material is recommended

to provide an effective damping system. When less than 60% viscoelastic material is used, the effect

of the honeycomb material becomes dominant, and the viscoelastic material provides only limited

damping effects.


���� PMC Infill Panel Systems with Passive Energy Dissipation Mechanisms

When structures such as buildings and bridges are subjected to earthquakes, dissipating some of the

input energy through predetermined and well–designed mechanisms is imperative. Recent earth-

quakes have demonstrated that a lack of energy absorption mechanisms is one of the major causes of

poor building performance. The aim of this research was to propose a new seismic retrofitting strate-

gy that places a priority on energy absorption and examine the effectiveness of the advanced PMC

infill panel systems as part of this strategy. The research concentrated on two particular PMC infill

panel systems that included passive energy–damping layers. In the first system, the multi–panel in-

fill concept was introduced. FRP damping panels with vertical combined interface damping layers

were positioned on both sides of a PMC sandwich infill panel. This PMC sandwich infill panel was

designed to provide lateral stiffness at high lateral drift. In the second system, lightweight FRP box

damping panels were designed, and passively combined interface–damping layers were installed in

parallel between the FRP box sections.
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For the multi–panel infill system, research focused on the mechanical behavior of strategically lo-

cated component elements with reliable stiffness and damping properties that can modulate the re-

sponse. The results of the study showed that the multi–panel PMC infill system had potential for

improving seismic response of existing structures. It is believed that the corresponding behaviors

shown under monotonic– and cyclic–loading tests demonstrate that the large shear deformation of

the combined interface layers and PMC sandwich infill panel action provide enhanced damping as

well as considerable stiffness in the structure. The FRP box infill panel system was designed to have

relatively more flexible damping panels, given the advantage of the wide surface area of the box

section. Although several types of structures are suitable for the application of such a concept, a

tube–type structure lends itself best to the application because passive damping material can be easi-

ly installed in an existing structure such as a multi–story building.

On the basis of experimental investigations, the multi–panel PMC infill system was designed to pro-

vide considerable stiffness as well as enhanced damping properties. According to the numerical and

experimental studies, using the passive concept of the combined interface damping layers provided

enhanced damping characteristics through the outer damping panels. Also, as lateral drift increases,

the contribution of the PMC sandwich infill panel can increase the stiffness when it wedges within

the steel frame; thus, the additional contact and enhanced stiffness provide a mechanism to avoid

excessively large relative floor displacements. Moreover, the influence of this stiffening by the PMC

sandwich infill panel minimizes the p–� effect of the steel column.

In the experimental studies of the multi–panel PMC infill system, the energy dissipation characteris-

tics did not show clear enhancement to structural damping. This apparently lackluster behavior was

mainly attributable to the low rate of loading, a limitation imposed by the testing equipment. Howev-

er, it was found numerically that the proposed systems should have the potential for significantly

increasing the damping that arises from the cyclic straining of the interface damping layers when

they are subjected to cyclic loads. It was also evident, and obviously anticipated, that the shear de-

formation of the interface damping layers becomes greater as the lateral drift increases in the struc-
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ture, and the behaviors of the proposed PMC infill panels would therefore be expected to improve

drastically. Moreover, the behavior of the interface layers is a very important factor for evaluating

the effectiveness of the proposed PMC infill panel systems.

The main damage to a steel frame with the multi–panel PMC–infill system was the failure of the

joint–angle connections at high drift values (2.75% or greater). To increase the performance of the

multi–panel PMC infill system, two issues were considered in the design. First, the edge shapes of

the PMC sandwich infill panel must be redesigned. By allowing initial gaps to be present in the cur-

rent design, the large infill panel is permitted to lift into the corner of the steel frame. When the infill

panel slides into the corner of the steel frame, the resulting impact between the edge of the infill panel

and the bolts on the semi–rigid angle connection was occurring before the infill panel was in contact

with the steel column. This was a direct cause of joint–angle connection failure. If the edge shape of

the infill panel is properly designed to avoid this early impact, the infill panel making contact tightly

into the corner of the joint–angle connection would reduce the rotation of the joint connection at that

location. Second, the predominant factor for determining the overall resistance of PMC–infilled

frame structures is the bolted semi–rigid connections. If the bolted semi–rigid angle connections

have enough strength to produce buckling of the PMC sandwich infill panel, the overall performance

of the structure will be significantly enhanced. To increase the bolted angle connection capacity, top–

and seat–angle connections with double web–angles are recommended because their rotational ca-

pacities would then be sufficient.

Significant potential for dramatic changes in the design and construction of civil structures was of-

fered by using prefabricated PMC infill panel systems. Compared to traditional infill panel walls,

such as those constructed of concrete, masonry, and brick, the proposed PMC infill panel systems

will be easily designed to provide the desired damping limit in association with a light infilled frame

structure through their constrained damping layers. In the design process of the proposed PMC infill

panel systems, significant increases in the damping of existing structures may be realized by incor-

porating outer FRP laminate panels and combined damping layers at the interface between them.
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The optimal damping panel can be easily designed by the simplified procedures previously de-

scribed.

Mechanically, high values of initial stiffness are beneficial in areas dominated by wind loads or low

seismicity. For the possible application of the structures under wind loads or low seismic zones, hon-

eycomb materials were used in the PMC infill panel systems to make the structure stiff upon loading

the frame. The results of the static experimental tests showed an increased initial lateral resistance of

the structure through the honeycomb interface layers up to its failure. Otherwise, high values of stiff-

ness for seismic loading may not necessarily be beneficial. Higher stiffness values are often associat-

ed with lower energy dissipation values, which are not beneficial for a structure under seismic load-

ing. By designing the honeycomb material in the combined interface layers for the PMC infill panel

systems, a desirable level of stiffness can be incorporated in the structure at the initial stage. After the

honeycomb layers fail under their small elastic strain range, the polymer honeycomb material will be

useful to the structure under seismic excitation because a slight amount of energy would be dissi-

pated through the interface friction between the honeycomb cells.

As another important mechanism of the proposed multi–panel PMC infill systems, out–of–plane be-

havior or buckling resistance of the PMC–sandwich infill panel may be increased by placing the FRP

rigid damping panels on both sides of the infill panel. Compared with the out–of–plane behavior of

the steel frame with the PMC–sandwich infill panel only, the existence of the outer panels on both

sides of the PMC sandwich infill panel may decrease out–of–plane behavior of the PMC–sandwich

infill panel by adding their rigidity. Accordingly, it would be expected in the infilled frame structures

that the buckling resistance of the multi–panel infill panel under racking load would be higher than

that of the PMC–sandwich infill panel only. To achieve this performance, the connector elements

between the FRP damping panels and steel beams must be conservatively designed to avoid prema-

ture failure of the angle connections.

Tube–type structures, as demonstrated in the FRP box infill system, prove to be relatively flexible,

and they are very useful in areas of high seismic excitations. The shape of a box section can provide
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ample spaces for installing large numbers of viscoelastic layers. This type of damping panel system

has three advantages: first; it is a simple method for designing such panel systems; second, it affords

simple prediction for the effective damping and stiffness of such a system; and, third, it provides easy

construction and practical retrofitting applications in existing structures by using prefabricated box

damping panels.

In practical applications, more attention needs to be focused on the fabrication of the combined inter-

face layers in both the multi–panel PMC infill and the FRP box infill systems. Sometimes, unex-

pected effects, such as the overflow of adhesive material in the honeycomb and/or epoxy–coated

surface of the interface, may introduce a slightly stiffened structure under seismic excitation. In the

experiments, the stiffening of the interface layers caused by these effects prevented the shear de-

formation of the viscoelastic layer and, finally, led to failure of the bolted angle connections during

the FRP box infill system test.
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This study focused on the conceptual design, fabrication, and testing of energy–dissipating PMC

infill panel systems. The scope of this research was aimed at examining the effectiveness and feasi-

bility of these proposed infill systems. Even after performing extensive experimental and analytical

studies, a need for a more complete understanding of PMC infill panel systems remains. The follow-

ing is some recommendations for future research:

• Before the loss of the wall, the steel frame adds confining pressure to the wall and enhances its resist-

ance. Thus, the actual effective forces on the steel frame components are probably minimal. As the

frame components attempt to develop force, they deform and the stiffer infill panel components on

the far side of the member pick up load. However, for the multi–panel PMC infill system, a one–

story, semi–rigidly connected steel frame was applied, and its semi–rigid angle connections failed

before the lateral resistance of the PMC infill panel reached its maximum capacity. Therefore, the

maximum capacity of the PMC sandwich infill system was not assessed in the experimental studies.

By the application of a prototype semi–rigidly connected steel frame used in a real hospital building

structure, the lateral resistance of the PMC sandwich infill panel and the corresponding semi–rigid

angle connection behavior will be investigated. Furthermore, numerical and experimental research

for the multi–story steel frame infilled with the proposed PMC panels will be performed in the future

and focus on the following: (1) in–plane behavior of the overall structure; (2) the behavior of the

beam–to–column connections induced by their interaction with the infill panel; and (3) the plastic

collapse mechanism if the semi–rigid connections have enough strength and ductility. The different

plastic mechanisms between one–story and multi–story infilled frames were shown in Fig. 10-1.
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Plastic hinge mechanism

(a) (b)

Figure 10-1 Plastic Hinge Mechanism:
(a) Single-story Steel Frame; (b) Multi-story Steel Frame

• For the steel frame with the PMC infill panel systems, initial gaps are unavoidable in  construction.

As can be seen in the tests of the multi–panel PMC infill system, the presence of relatively large gaps

or discontinuities between the prefabricated PMC infill panels and the frames led to problems such

as different contact length and the impact between the infill panel edge and the joint–angle connec-

tions. Therefore, more research on the role of these initial gaps will be needed, taking into account

the geometric configuration of the PMC sandwich infill panel. At the specific initial gap distance, the

study of the corresponding behavior of the PMC infill panel system will be recommended in accor-

dance with the various panel aspect ratios of the PMC infill panel. These results will be used for the

practical application and the preliminary design with a proper evaluation of the connection.

• In the construction process, the PMC infill panels were fabricated by a hand lay–up procedure. This

fabrication technique may affect the fiber volume fraction of composites and could result in some

non–uniformity in material properties, section dimensions (including the panel thickness), and
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adhesive properties. To reduce such fabrication errors during construction, it is recommended that a

structural section be fabricated by an automated process, such as pultrusion.

• Damping of the proposed PMC infill panel systems is dependent on the applied frequencies. In the

static experimental studies, larger hysteretic energy dissipation was not clearly demonstrated by the

proposed damping systems because of the limited capacity of the applied actuator in the structural

testing lab. Consequently, exact structural behaviors under cyclic loads, especially energy–dissipa-

tion capacity, cannot be evaluated accurately. Therefore, dynamic testing of such damping systems,

using a shaking table and observation of earthquake response of the structure, should be conducted to

evaluate the efficiency of the proposed PMC infill panel systems.
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One of the main engineering advantages of composite materials is that designers can obtain the

desired properties of materials in selected directions. The properties can be altered by the appropriate

choice of fiber and matrix in the individual plies. However the greatest flexibility is obtained by ar-

ranging the various plies in various orientations during composite manufacturing process to obtain

the overall thermomechanical properties. For example, in a unidirectional composite, the longitudi-

nal strength (or stiffness) to the transverse strength (or stiffness) can be altered by changing the vol-

ume properties, the transverse properties are matrix dominated. A laminate is formed from two or

more laminae (plies) bonded together to act as an integral structural element. However, as laminates

are combinations of laminae that are oriented with respect to each other their design becomes critical

in obtaining the final property of the composite.

��� � !����!!�"#����!

Classical lamination theory (CLT) embodies a collection of stress and deformation hypothesis.

The basic assumptions are:

1. Each lamina is orthotropic and homogeneous.

2. Individual lamina properties (stiffness, compliance) specific to the angle of the ply with re-

spect to loading axis are maintained.

3. Displacements are continuous across the laminae; however, the stress and strain need not be

continuous.

4. Laminates are perfectly bonded, they are infinitely thin and not shear deformable. Thus at

the interface (normal to z-direction) ��� � ��� � ��� � ��� � �. Thus all the interlaminar

shear stresses are zero.
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5. Each lamina is elastic and no slip occurs between the lamina interfaces.

��$ 	�� ��� ���	��%!!���� �
 "�� �%

The stress-strain relation in principal material coordinates (1-2 axis, as shown in Fig. NO TAG)

for a lamina of an orthotropic material under plane stress is expressed as,
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where, ��� are reduced stiffnesses for a plane stress state.
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Alternatively,
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where 	�� are reduced compliances for a plane stress state.
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In any other coordinate system in the plane of the lamina, the stresses are
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where [T] is a transformed matrix that transforms stresses in the material principal axes to those

in global (x–y) coordinates, and it is defined as follow:
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where, � is the angle from the global coordinate (x-axis) to the material principal coordinate

(1-axis).

Finally, the stress-strain relations in the global coordinate (x-y axis) is expressed as follow:
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where the transformed reduced stiffnesses in terms of the reduced stiffnesses are
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Both Equations (9) and (10) can be considered as stress-strain relations for the kth layer of a

multilayered laminate. Accordingly, the stress-strain relations can be rewritten as

{�}
k � �Q�

k
{�}k ����

The total variation of stresses and strains in the laminates will be the net effects of the above

equation.

��& 	��%!!� ���	�� ���' �� �������� �
 "�� �%

The variation of stress and strain through the laminate thickness is essential to the definition of

the extensional and bending stiffness of a laminate. From the definition of CLT, displacements are

continuous across laminae boundaries. Each lamina exhibits individual properties based on its orien-

tation.

If the laminate is thin, then Kirchhoff hypothesis is assumed whereby a line originally straight

and perpendicular to the middle surface of the laminate is assumed to remain straight and perpendic-



291

ular to the middle surface when the laminate is extended or bent. This requirement is equivalent to

ignoring shear strain in plane perpendicular to the middle surface, that is ��� � ��� � � where z is the

direction of the normal of the surface. Also, the normals are presumed to have constant length so

that �� is assumed to have zero.

Consider the Kirchhoff hypothesis and a side view of a plate in the Cartesian x–y–z coordinate

system as shown in Fig. A.1, assume ���� �� and 
� to be displacements in the x–, y– and z–directions

at mid–plane and u, v and w are the displacements at any points in the x–, y–, z–directions, respec-

tively. At any point other than the midplane, the two displacements in the x–y plane will depend on

the axial location of the point and the slope of the laminate midplane with the x– and y–direction.

u � u0 � z� where, � �
�w0
�x ��
�

(a) Undeformed Section (b) Deformed Section

Figure A.1: Bending of Line Element in x–z Plane

The displacement u and v in the x–y direction are,

u � u0 � z
�w0
�x ����

v � v0 � z
�w0
�y ����

The middle surface of the laminate is usually considered as the reference surface. By using these

displacement expressions, the strains in the laminate can be obtained as

�x �
�u
�x �

�u0
�x � z

�w0
2

�x2 ����

�y �
�v
�y �

�v0
�y � z

�w0
2

�y2 ����
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�xy �
�u
�x ��v

�y �
�u0
�y �

�v0
�x � 2z

�w0
2

�x�y ����

For the reference surface strains and curvatures as
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Respectively, the laminate strains can be written as
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The term ��� is the twist curvature of the middle surface. The above analysis is valid only for

plates. For shells, the �� term should be supplemented by a term ��

�  where � is the radius of a circular

shell. More complicated terms are needed to be added for other types of shells.

With the strain variation, the stress in the k th layer can be obtained in terms of the reference

surface strains and curvatures as
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Since ��� can be different for each layer of the laminate, the stress variation through the laminate

thickness is not necessary linear, though the strain variation is linear.

��( )���%� �����"%����%!�*� ��!���� �
 "�� �%

Force and moment resultants acting on a laminate can be obtained by integrating the stresses

through the entire thickness of the laminate. Numerical approach assumes that a laminate arranged

with the principal directions of each layer in different orientations. The various layers are assumed
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to be rigidly bonded together. The section force and moment resultants per unit length in the normal

basis directions in a given layer can be defined on this basis as

�Nx , Ny , Nxy� � �
h
2

�h
2

��x , �y , �xy� dz �
��

�M1 , M2 , M12
� � �

h
2

�h
2

��1 , �2 , �12
� z dz �

�

where h  is the thickness of the laminate. This leads to the relations
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where ��� , ��� , and ��� are extensional stiffnesses, bending-extension coupling stiffnesses, and

bending stiffnesses, respectively. the components of this section stiffness matrix are given by

�Aij , Bij , Dij
� � �

h
2

�h
2

Qij
m�1 ,	 ,	2� d	 , (i , j � 1 , 2 , 3 ) �
��

Here m indicates a particular layer. Thus, the ���

�
 depend on the material properties and fiber

orientation of the mth layer. If there are n layers in the layup, the above equation can be rewritten

as a summation of integrals over the n laminae. The material coefficients will then take the form

Aij � �
n

m�1

Qij
m�hm � hm�1

� �
��

Bij � 1
2
�

n

m�1

Qij
m�hm

2
� h2

m�1� �
��

Dij � 1
3
�

n

m�1

Qij
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3
� h3

m�1� �
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where the �� and ������ in above equations indicate that the mth lamina is bounded by surface

z = �� and z = �������. The geometry and resultant force directions of the laminate are shown in Fig.

A.2.
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(b) Force of a Laminate

(c) Moment of a Laminate

Figure A.2: Geometry and Resultant Forces of a Laminate
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Relation between the applied loads and the midplane strains and plate curvatures are provided

by Eq. (23). These equations can be solved for the unknowns. The strains and curvatures are derived

as explicit functions of applied loads. The general constitutive equations for a laminate are

� N
M � � � A

B
B
D � �

�0
�
� �
	�

Considering the equation for N and M,

{N} � [A]��0� � [B]{�}

{M} � [B]��0� � [D]{�}

�

�

Solving the first term of Eq. (29) for midplane strains gives,

��0
� � �A�1�{N} � �A�1�[B]{�} ����

Substituting Eq. (30) in Eq. (29)

{M} � [B]�A�1�{N} � �[B]�A�1�[B] � [D]�{�} ����

A partially inverted form of the laminate constitutive equation as follow

� �0

M � � � A*

C*
B*

D* � � N
�
� ��
�

where

� A*� � �A�1�

� B*� � � �A�1� [ B ]

�C*� � [B]�A�1� � � [B]T

�D*� � [D] � [B]�A�1�[B]

����

Eq. (30) and (31) can be rewritten as
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��0
� � �A*���0� � �B*�{�}

{M} � �C*���0� � �D*�{�}
����

Solving the second of Eq. (34) for plate curvatures gives

{�} � �D*�1�{M} � �D*�1��C*�{N} ����

Substituting Eq. (35) in the first relationship in Eq. (34) yields

��0� � ��A*� � �B*��D*�1��C*��{N} � �B*��D*�1�{M} ����

Eq. (35) and (36) can be combined to obtain a fully inverted form of the laminated constitutive

equations as follows:

� �0

M � � � A�

C�

B�

D� � � N
�
� � � A�

B�

B�

D� � � N
�
� ����

where

� A�� � �A*� � �B*��D*�1��C*� � �A*� � �B*��D*�1��B*�
T

�B�� � �B*��D*�1�

� C�� � � �D*�1��C*� � �B��
T
� �B��

�D�� � �D*�1�

��	�
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