
Abstract

ABDI, OMID. Displacement Based Seismic Design of Concentric Braced Frames and
Development of Large Strain POF Sensors for Structural Health Monitoring. (Under the
direction of Dr. Mervyn Kowalsky.)

This research has two major parts: a) Direct Displacement Based Seismic Design (DDBD) of

Concentric Braced Frames (CBF) through numerical study and experimental testing using

advance instrumentation and b) development of single mode Polymer Optical Fiber (smPOF)

sensors for large strain applications in structural health monitoring and structural testing.

Displacement Based Design of Concentric Braced Frames

DDBD is an approach that enables us to assess the nonlinear response of MDOF structures

by analyzing the equivalent linear SDOF models. The DDBD parameters for CBFs were

evaluated by numerical modeling and experimental testing. Due to expected small lateral

displacements, advanced instrumentation (LED sensors) was used to record the structural

response.

Steel concentrically braced frames could provide more strength and stiffness than moment

frames with the same amount of steel. Their energy dissipation mechanism is mainly

dominated by buckling of braces. Therefore they have lower ductility when compared with

the moment frames. Because of the expected type of failure, the behavior of these structures

is different from other types of steel frames. This behavior of CBFs attracted our attention for

DDBD development.

To model the buckling of the braces, a new buckling model was developed and calibrated.

This model provides accurate prediction for buckling of braces. The proposed model was

validated though 14 experimental tests on various braces.

In the presented research, a 1/5 scaled four story CBF with two type of braces was tested and

analyzed. A total of 6 earthquake records with a variety of scale factors were used in the

shaking table tests of CBFs. The maximum displacement profiles along with the effective

yield displacement were determined for the CBF. In DDBD, the effective yield displacement



is the yield displacement of the equivalent SDOF system. Yield displacement and equivalent

damping were determined through the nonlinear monotonic and cyclic reversed pushover

analysis of 2, 4, 8, 12, and 16 stories CBFs. The target displacement profile was also

determined by conducting a series of nonlinear time history analysis. The shift period versus

displacement ductility of the equivalent system was also determined. Finally, the developed

approach and parameters were successfully evaluated through a series of nonlinear time

history analysis on a CBF.

Development of Large Strain smPOF Sensors for Structural Health Monitoring

In this part of the research single mode Polymer Optical Fiber (smPOF) sensors were

successfully developed and tested for large strain measurements up to 10%. POFs are flexible

in bending and durable in harsh environmental conditions. Conventional electrical strain

gages typically fail at 3% strain in steel and 1% strain in concrete structures. The sensors

were tested on the surface of aluminum coupons and embedded inside of the concrete

structural members.

To develop the sensors, the POFs were axially tested to determine their mechanical

propertied for the calibration. Then, three construction materials were tested to prepare an

appropriate embedment for embedding of POFs inside of concrete structural members. The

special cement paste mixture was chosen because of its bond with the POF (base on the pull

out tests). The embedded fibers demonstrated very good performance inside of real concrete

structural members under cyclic loading.

Due to attenuation of POFs, they should be coupled with glass fibers outside of the gauge

length. For this purpose, the surface of POFs should be carefully cleaved. New cleaving

methods were proposed in this research based on the tests on various novel methods. In

addition an effective coupling method was also developed and employed. The data

acquisition system along with Mach-Zender interferometric system were employed to

measure the large strain values. The developed sensors were mounted on aluminum coupons.

They measured up to 10% tensile strain and 1% compressive strain. The POF sensors

presented very good repeatability which resulted in reliable calibration curves. Additionally,



based on the conducted calibration tests, the probable calibration errors were estimated.

Finally, the ability of these sensors for large strain measurement was successfully validated

with a new test on an aluminum coupon. Summarizing, the developed POF sensors

demonstrated impressive ability in large strain measurement with low error rates.
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Chapter 1

1. Introduction on Polymer Optical Fibers

1.1. Introduction and history

Optical fibers are generally great tools for transforming the information and data on a beam

of light. They have been used in variety of sensors and communication industry. The first

optical fibers that were made of glass were used as a communications channel. In the past 30

years Polymer Optical Fibers (POF) were used in various research projects (Zubia and Arrue,

2001).

The well-known polymer optical fibers with PMMA (Polymethylmethacrylate) core were

fabricated in 1960s. The first generations of POFs had attracted very few researches. The

main reason was their high attenuation. The lack of commercial demand and application for

these fibers keeps them away of serious interests. In past decades due to considerable

improvement in development of material and fabrication of optical fibers, new type of plastic

fibers with low attenuation has been introduced (Koike et al., 1992). Because of the

progressive improvements in fabrication of application of POFs, these fibers have also

become very popular since 20 years ago (Zubia and Arrue, 2001).

POFs are manufactured for various purposes. Polymeric material used in POFs could vary

depending on the application and manufacturing technique. In 1970s two major companies

(DuPont in USA and Mitsubishi Rayon in Japan) researched on commercial development of

POFs. In 1974, Mitsubishi was the first company to file the patent to cover the melt-spinning

of a simple light-guiding core-cladding structure. For fabrication of the core, PMMA or PS

(polystyrene) was used along with various fluorinated polymers as cladding. The minimum

attenuation was 3500dB km-1 at an unspecified wave length.
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Their continuous casting process for high-purity acrylics led to development of Eska in 1974.

This dominating POF in that time had the PMMA-core and the poly

(fluoroalkylmethacrylate) cladding (Emslie, 1988). Eska fiber is a POF with a double layer

structure. It has a highly transparent core manufactured with the Polymethyl Mthacrylate

polymer and a thin layer cladding fabricated with a special fluorine polymer.

In the mid 1970s, duPoint confirmed that the toughness of PMMA core fibers could be

increased by molecular orientation. Less than a 300 dB km-1 loss at 567nm wave length was

also reported in that time (Schleinitz, 1977). It was also shown that the minimum loss could

be less than 200dB km-1 when the wavelength increases to 690nm by the use of deuterated

PMMA (PMMA-D8) (Schleinitz, 1977; Emslie, 1988). Their finding stimulated huge

interests in the application of POF sensors for data-transmission media. However, originally

the ornamental or display-quality light guide applications were envisaged. The duPont work

is well reported within the patent literature however duPont gradually has withdrawn from

the market (Emslie, 1988). High capacity transmission medium application has been

discovered in early 1990s while POFs have been available for quite long time (Zubia and

Arrue, 2001). Without doubt the progressive improvement in POFs performance,

transparency and bandwidth was indeed helpful for the recent applications.

In early 1980s new POF development was made by Kaino and co-workers (Fujiki et al.,

1983; Kaino et al., 1981; Kaino et al., 1982; Kaino et al. 1984). The result of their work

yielded the new PMMA core fibers with 55dB km-1 loss at 567nm. However, the loss of the

PMMA-D8 core fibers reduced to 20dBkm-1 with the same wavelength. Because of the

improvement in fabrication methods and fabrication materials, the loss in POFs has been

considerably reduced during the past two decades. However, the attenuation loss in POFs is

still much higher than the attenuation loss in glass fibers. The attenuation loss is still

problematic for some application specially in single mode POFs (Zubia and Arrue, 2001). As

an example, it can limit the long distance telecommunication applications in multimode

POFs. In single mode POFs the attenuation loss limited the number of sensors we used for

our study.
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Koike developed a special kind of POF which was made from amorphous fluorinated

polymer, CYTOP (Koike, 1992). This type of fiber presents very low attenuation for POFs

(around 30 dBkm-1). Although there is some concern in fabrication and preciseness of these

fibers, they could help increasing the transmission length of POFs because of the low

attenuation. They could be used in 1 km with a transmission speed of 1.2 Gb per second per

km.

The historical attenuation level of the POFs depends on their fabrication material and their

type. The optical power attenuation per kilometer of fibers at their minimum attenuation

wavelength is shown in figure 1.1. (Zubia and Arrue, 2001).

Numerous POF sensor applications have been developed and commercialized. Various types

of polymeric materials have also been used in those sensors (Steiger, 1998). Shape change

detectors, scanning heads, liquid-level detectors, color detectors, density detectors, distance

measuring sensors, strain sensors, and accelerometers are among those applications (Steiger,

Figure 1.1: Attenuation of POFs with various core materials has been decreased in the
past decades (from Zubia and Arrue, 2001).
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1998; Bartlett et al., 1998). Application of these sensors in industry would help performing

automated control and monitoring of mechanical or civil infrastructures. These sensors are

great tool for health monitoring application of the structures. The fluorescent POFs discovery

provides us with sophisticated sensors like particle tracking sensors which were developed by

Schilk and Bowyer (Schilk and Bowyer, 1995).

Recently various types of optical fibers with different level of nonlinearity have been

developed for sensor applications (Hasegawa et al., 2006). For example, Bismuth-based glass

fibers show large third order nonlinearities and relatively low nonlinear absorption

coefficients compared to other high refractive glasses containing heavy metals (Hasegawa et

al., 2005). It has been reported that the bismuth-based (Bi-NLF) optical fibers exhibit a

significantly high nonlinearity (Hasegawa et al., 2005). The nonlinear optical signal

processor was employed to use Bi-NLF fibers due to their high nonlinearity.

The nonlinearity of the optical fiber is inversely proportional to the effective core area

(Hasegawa et al., 2006). It means that the small core area (3μm2) of Bi-NLF contributes to

the achievement of considerably high nonlinearities. However, this small core causes some

difficulties in splicing of bismuth-based fibers and glass fibers. It generally leads large

splicing losses. The estimated splicing loss between Bi-NLF and silica-SMF (SMF28) is 8.9

dB/ point which is considerably successful outcome. The main source of the loss is the

mismatching of the mode-field-diameter (MFD) (Hasegawa et al., 2006).

1.2. POF

This section describes various properties of POFs, fabrication materials, fabrication

procedures, and applications.

1.2.1. Single mode and multimode POFs

Considering the propagation point of view, optical fibers can be classified into two major

groups:
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a) single-mode fibers, with a relatively small core size requiring the wave model of the light

and b) multimode fibers, with a larger core requiring a geometric ray-tracing model.

Almost all of POFs fabricated in past decades were multimode POFs. In recent years single

mode POFs and micro structures POFs were introduced for variety of research applications

(Law et al., 2006). Multimode fibers have higher light gathering capacity comparing with

single mode POFs. They have also larger diameter, lower attenuation, and lower cost

connectors and light sources. On the other hand single mode POFs are faster and more

precise in the related applications. Comparing with single mode POFs, multi mode POFs are

thicker in diameter (core and cladding) and could be easily manufactured (Paradigm Optics,

2005). The type of a POF could be determined by evaluating the V value, which is called the

normalized frequency, from the following formulation (Zubia and Arrue, 2001):

2/122 )(2
clco nnV 




In the above equation is the wavelength of the light propagating in a POF (between 600 to

680 nm for PMMA POFs and between 850 to 1310 for perfluorinated (PF) POFs). If the

calculated V is higher than 2.405, it can be concluded that a fiber is the multimode type of

POF (Marcuse, 1974; Snyder and Love, 1983). The number of propagation modes in a

multimode POF for large values of V could be determined based on the following expression

(Zubia and Arrue, 2001):

1
2

2
 VifVN

Koike et al. (1992) developed the first generations of single mode POFs (smPOFs). As

mentioned before they have numbers of disadvantage including high attenuation, difficulties

in handling, lack of reliable connectors, and expensive light sources. However, their

preciseness and speed is noticeably higher than multimode POFs (Zubia and Arrue, 2001).

Sentel Technologies produced and commercialized smPOFs with 1300 nm wavelength. Their

smPOF had a PMMA cladding and a copolymer PS-PMMA core (Sentel Technologies,
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1999). Our smPOFs was fabricated by Paradigm Optics between 2005 and 2009. These

smPOF were used to fabricate large strain sensors (chapter 2, 3, and 4).

The typical core diameter of smPOFs rages from 5 to 20 μm while the cladding diameter is

between 100 and 800 μm. The cores of smPOF usually doped with a dye to manage the

absorption nonlinear propagation properties. Multimode POFs have the core diameter of 100

μm or higher (Zubia and Arrue, 2001).

1.2.2. POFs material

In the past 40 years varieties of plastic materials have been used to fabricate POFs.

Depending on the fabrication material, POFs present various properties for different

applications. The polymeric materials which have been typically used for fabrication of POFs

are polymethylmethacrylate (PMMA) POF, polystyrene (PS) POF, polycarbonate (PC) POF,

deuterinated POF, polystyrene acrylonitrile (SAN), polyethyleneimide (PEI),

polycyclohexylmethacrylate (PCMA), and perfluorinate (PF) POF (Dirk et al., 2000, Daum,

2002, and Zubia and Arrue, 2001).

As an example of their unique properties, Polycarbonate (PC) POFs with the wavelength of

780 nm to 820 nm have low attenuation (around 35 dBkm-1). They are also excellent choice

for sensor application in high temperatures because they have high glass transition

temperature of 150C. therefore they could be easily employed in sensors where temperature

is as high as 125C (Guerrero, 1993). PF POFs are noticeably expensive comparing with

other types of POFs. They exhibit 20 dBkm-1 attenuation values which is considerably low

attenuation among POFs. PMMA POFs which was used in our research are also well known

for their flexibility and their outstanding environmental and impact resistance. This resistance

makes the PMMA POFs a reliable choice for long term monitoring of structures (Yang et al.,

2004).

The POFs fabrication materials affect the refractive indices. The refractive indices of POFs

could range between 1.3 and 1.6 depending on the type of polymer used for fabrication. The

fabrication material also determines the acceptance angle of a fiber. Glass fibers have
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acceptance angle of 16° resulting from the numerical aperture of 0.14. The numerical

aperture for POF is around 0.5 which lets the acceptance angle to be around 60°.

Typical glass fibers have the numerical aperture of 0.14 resulting in acceptance angle of 16°.

The acceptance angle indicates the capacity for accepting and guiding light. It is basically the

angle which determines a cone border around POF core. The beam light within that core

could be directed into the core while the light out of the acceptance cone could not be guided

to the core. This angle for POF with numerical aperture of 0.5 is around 60° which is quite

large difference. Based on mentioned range we could expect high numerical aperture

resulting in large acceptance angles of coupling light waves.

1.2.3. Structures

POFs are considerably flexible compared with silica fibers. They are fabricated with nearly

transparent dielectric materials. These fibers generally have circular cross-section composed

of three layers, as shown in figure 1.2. The three layers are called the core, cladding, and

jacket. Most of the light propagates (same as glass fibers) within the core of POFs.

Jacket

Core

Cladding

Figure 1.2: Components of a POF
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The duty of the cladding is keeping the light within the core of POFs. For this purpose the

core is surrounded by cladding with a lower refractive index. For example, the core and

cladding refractive indices for a PMMA POF could be respectively nco=1.492 and ncl=1.417

(Gagnadre and et al., 1993). Jacket also protects the cladding and core. It is generally made

of polyethylene; however polyvinylchloride and chlorinated polyethylene can also be

employed (Zubia and Arrue, 2001). A separate protective cover may be used to protect POFs

against possible mechanical damage. The refractive index profile of the core could be

uniform or graded. The cladding index of refraction is typically uniform. The radius of the

core is usually between 100 and 490 μm. Figure 1.3 presents the refractive index profile of

the core and cladding of various POFs (Zubia and Arrue, 2001).

In POFs with a graded index, the core refractive index varies depending on the distance to

the symmetry axis (see figure 1.3). The following expression gives better evaluation and

understanding of their index of refraction (Zubia and Arrue, 2001):

.
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The r value is related to the distance from axis of symmetry. The core diameter is named as a.

The factor g is the profile exponent of the optical fiber since various index profiles could be

obtained by changing the exponent value. As an example, with a g=2 a parabolic profile is

obtained (Zubia and Arrue, 2001).



9

Figure 1.3: Refractive index profiles and features of POFs (from Zubia and Arrue 2001).
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1.2.3. Manufacturing of POFs

Generally the need to minimize the optical loss will severely restrict the suitability of

polymerization techniques. In addition it restricts the choice of polymeric materials in

fabrication. There is not any standard method for fabrication of the POFs which is widely

accepted. However in almost all of the proposed methods two general steps for

manufacturing of the POFs are followed. The first step is making a solid cylindrical rod

which is called preform. A preform has approximately between 0.5m and 1 m length with the

diameter of several centimeters. To fabricate POFs with various core and cladding refractive

index profiles, various preforms are needed. In fact, the structure of a preform defines the

profile of POFs refractive indices. The second step is extruding of the preform. This step will

result in fabrication of POFs with length ranging from a kilometer to several kilometers

(Zubia and Arrue, 2001). Figure 1.4 shows this manufacturing procedure. The material is

heated by the furnace inside of a preform. Then formed leave the preform and their diameter

is being adjusted. The final stage is cooling the fibers and wounding them around the take-up

spool (figure 1.4).

There are many proposed manufacturing methods. Each method has its related properties and

parameters affecting the properties and behavior of the fiber. The extensive research has been

conducted by Jiang et al. to study the effect of these parameters on POFs properties. It was

concluded that changing these factors could be resulted in drastic variations in the

mechanical properties of the fibers (Jiang et al., 2002). Drawing ratio, addition of plasticizer,

drawing temperature, and annealing temperature are among those parameters. The drawing

ratio is the proportion of the rate in which fiber is wounded on the take-up spool to the rate of

feeding of the preform into the oven (furnace). Manufactiuring procedures of POFs are

improving toward of the production of inexpensive high-quality POFs with low attenuation

for variety of applications (Asahi Glass Industries, 2000).
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However, the manufacturing methods for developments of single mode POFs are still under

research and experiment. As discussed before smPOFs are much smaller and more senssitive

than multimode POFs. Therefore for smPOF fabrication more precise in manufacturing and

process techniques are needed (comparing with multimode POFs). Lack of the preciseness

along with instability in manufacturing process increased the chance of having deficient

fibers. These deficiencies could be inconsistency in geometry, chemistry, and molecular

structure along the length of smPOFs. The main manufacturing drawback of our smPOF is

very small misaligning of the core in some places along the length of fibers. This problem

could negatively affect the measurement preciseness and coupling efficiency of the fibers.

Figure 1.4: Manufacturing procedure of POFs (from Zubia and Arrue, 2001).
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The general fabrication steps for smPOFs are basically same as multimode POFs. The

majority of manufacturing methods are not able to align the core in smPOFs, provide the

smooth and clear cut surface between core and cladding, control the homogeneity of optical

properties of the material used in core and cladding. Bosc and Toinen (1992) were among the

first researchers who fabricated full polymeric single mode POF.

Because the preforming process of multimode POFs could not be used for smPOFs, they

tried to carry out a tube-rod preforming process. Figure 1.5 shows the procedure of

fabricating the fiber and preform. The steps shown in figure 1.5 are described here: “First, a

PMMA based core bar is hot drawn in order to produce a 4 mm diameter rod (A). Secondly,

the preform (B) is embedded in a rough PMMA tube to get a 25 mm diameter bar (C). After

hot drawing to a 5 mm outside diameter (D) and tubing in a 25 mm diameter bar (E), the

preform is drawn in an oven according to an usual process of optical fiber (F) (Bosc and

Toinen, 1992).”

Figure 1.5 : Fabrication process of smPOF preform (from Bosc and Toinen, 1992).
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Summarizing, the manufacturing process is considerably difficult to control for very small

POFs because of the large thermal gradient and limitation in manufacturing tools. Therefore

the result is a high number of imperfections in smaller POFs (like smPOFs).

Despite of the aforementioned problems, smPOFs manufacturing techniques has been

improved enough to let us employ them with good accuracy. According to the test results

presented in this manuscript, smPOF fabricated by Paradigm Optics exhibited great

consistency in large strain measurement.

1.2.4. Mechanical properties of POFs

Mechanical properties of POFs depend on geometry of POFs, fabrication material, and

manufacturing of them. Because of the properties of polymeric chains, POFs have large

elastic limits. They also have high toughness and flexibility. Therefore they could have

unique applications such as large strain sensors (Kuang et al., 2002). Glass fibers could

measure the strain of less than 1%. Measuring of strain up to 10% in the lab is not an

unachievable goal using PMMA smPOFs. PS POFs have also the potential of measuring

strain up to 6% (Peng and Pak, 2002).

Theoretical strain measurement formulations are based on material strain values. For

example, in our research the material strain values are theoretically related to the light phase

shift of smPOFs. In strain measurement tests, the engineering strain values are practically

measured. Therefore, the material strain and engineering strain relationship for POFs should

be defined. Defining of this relationship is not possible without mechanical testing of POFs.

In addition, in order to define the basic mechanical properties of POFs, axial tensile testing is

needed. POFs have generally the stress-strain curves with similar shapes. Figure 1.6 shows

the typical stress strain curve for a PMMA polymer fiber (Jiang and et al., 2002). However

their elastic limits, plastic limits, and ultimate fracture points might be different (figure 1.7).
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The stress-strain behavior of POFs usually consisted of a linear elastic part and a nonlinear

response up to fracture point of POFs (Jiang et al., 2002). Jiang et al. proposed Young’s

modulus value of 1.6 GPa to 2.1 GPa for POFs. They also suggested the values between 2.4

GPa and 3.1 GPa for the glass fibers (Jiang et al., 2002). It is worth to note that the smPOF

used in our research has the Young’s modulus which is in the predicted range.

The mechanical behavior as mentioned before highly depends on the fabrication and the

drawing process. Undrawn PMMA is in the region between brittle and ductile behavior

because of its viscosity molecular mass (Emslie, 1988). However the behavior of drawn

PMMA could noticeably change due to drawing procedure of the fibers (Law et al., 2006).

Law et al. experimentally investigated the mechanical properties of three types of fibers. The

fibers were prepared on the paper tabs with a gauge length of 100 mm. These three fibers

were low tension fibers, medium tension fibers, and high tension fibers. The tensile test

Figure 1.6: Typical stress vs. strain curve for a POF (from Jiang et al., 2002).
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results at room temperature with the rate of 1 mm/min are shown in table 1.1 and figure 1.7

(Law et al., 2006).

Table 1.1: Yield and failure load strain for the three proposed optical fibers (from
Law et al., 2006).

Figure 1.7: Load-strain response differently drawn PMMA fibers
(from Law et al., 2006).
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All of the fibers yielded approximately at the same strain. High tension fiber presented

increased tensile strength in addition to being brittle in low strain values. This behavior is

generally associated with significant alignment of polymer chains which barely let the fiber

yield before setting in of strain hardening. The medium tension fiber yielded at lower tensile

strength with some strain softening before strain hardening sets in. The fiber failed at 24.3%

of strain which is also slightly higher than for the high tension fiber. The low tension fiber

exhibited noticeable lower tensile strength and very high flexibility. The failure occurred

around 100% strain. The cold-drawn fibers generally have a drop in load followed by a

significant extension at a constant load. As mentioned before, the strain hardening is with

significant chain alignment. Based on the presented result and information, the strain

hardening does not begin until the strain has reached 70% and failure occurs at a load of only

6.9 N but at a strain of nearly 100% (Law et al., 2006).

1.2.5. Attenuation in POFs

Attenuation has existed in POFs since they were fabricated for the first time. As mentioned

before, by the improvements in manufacturing techniques and the fabrication materials, the

amount of attenuation in POFs has been decreased. However the attenuation of POFs is still a

big limitation for variety of applications. Bended POFs usually have more attenuation than

straight POFs. The light power in a straight POF decreases exponentially with the distance

“z” in a straight optical fiber (bellow expression). The following formula could be used to

assess the power in the fiber (Zubia and Arrue, 2001):

In the above equation α is called the attenuation coefficient of the optical fiber. It presents the

attenuation as a function of the fiber length. The attenuation in decibels at a POF could be

estimated using the following equation (Zubia and Arrue, 2001):

10/.10)0()( zPzP 
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The spectral attenuation of two different polymeric materials used for manufacturing of the

POF’s core is shown in figure 1.8 (Kaino, 1992). There are two absolute minimum values of

attenuation for PMMA POF at wavelengths of 522 nm and 570 nm. These wavelengths are

the best operating wavelengths to minimize the light loss.

The spectral also shows that for wavelengths which are higher than 700 nm, the attenuation

in PMMA is extremely high. Figure 1.8 also clearly shows the effect of core material on

attenuation of a POF (Kiano, 1992). Attenuation is the function of the fiber core diameter,

when the diameter of the core increases the attenuation is decreases. The attenuation is also

high in a POF with a thin core.

Figure 1.8: Attenuation spectra for PMMA and PS core POFs (from Kaino, 1992).
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For example, the PMMA POF presented in figure 1.8 has a 0.5 mm diameter core. Its

attenuation at 570 nm is 70 dB/km. However the attenuation is 130 dB/km for a 0.25 mm

diameter PMMA POF (Zubia and Arrue, 2001).

The main reason hidden behind this behavior is the imperfection of smaller POFs. As

mentioned in manufacturing process of smPOFs, the larger number of geometrical and

structural fiber imperfections exist for POFs with smaller diameters. Imperfections are result

of limitation of manufacturing tools and large thermal gradient. In addition, when the core

diameter decreases, light beams strike more frequently on the core-cladding interface where

most of imperfections are located (Zubia and Arrue, 2001). The attenuation for PMMA POFs

with four different diameters which were fabricated by various companies is presented in

table 1.2 (Zubia and Arrue, 2001). It also confirms that the attenuation is a function of core

diameter. The attenuation of a POF could be affected by spectral width and the numerical

aperture of the light source (Marcou, 1997). Any increase in the spectral width or in the

numerical aperture (of the light source) gives rise to higher attenuation (Marcou, 1997). As

an example, with numerical aperture of 0.1, the attenuation of a PMMA POF is 70 dB/km

while the attenuation is 88 dB/km when the numerical aperture is 0.65 (Zubia and Arrue,

2001).

Table 1.2: Relationship between core diameters of PMMA POFs and their attenuation
(Zubia and Arrue, 2001).

Attenuation fiber diameter

250μm 500μm 750μm 1000μm
(dB/km) (dB/km) (dB/km) (dB/km)

<700 <190 <180 <160

<300 <180 <150 <150

--- <180 <180 <125

<150 <150 <150 <150

<150 <150 <150 <150

Mitsubishi

Toray

Asahi

Boston Optical fiber

Optectron
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Generally the attenuation in POFs could be divided into two main groups of losses: intrinsic

and extrinsic. The material and Rayleigh scattering of the light are important in intrinsic

attenuation. In extrinsic loses, the absorption, dispersion, and radiations which are imposed

by various sources are the main sources of attenuation. Table 1.3 summarized the mechanism

of these attenuations along with their origin. Both of intrinsic and extrinsic loss values

depend on the manufacturing and fabrication of the POF. So they should be considered

because they represent the ultimate transmission loss limit in POFs (Zubia and Arrue, 2001).

Table 1.3: Relationship between core diameters of PMMA POFs and their attenuation
(from Zubia and Arrue, 2001).

Type Mechanism Origin

Intrinsic

Extrinsic

Absorption

Rayleigh dispersion

Absorption

Dispersion

Radiation

Vibration modes
Electronic transitions

Density fluctuations

Orientation fluctuations

Composition Fluctuations

Transition metals

Organic pollutants

Dust

Microfractures

Bubbles

Structural imperfections

Microbends

Macrobends
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Molecular vibrational absorption of the groups C-H, N-H, and O-H are the main reason for

these types of attenuation. The light also attenuates due to the electronic transitions between

different energy levels within molecular bonds (Zubia and Arrue, 2001).

While the intrinsic attenuation can exist in any POF, the extrinsic attenuation can only exist

in non-ideal POFs. The extrinsic absorption of the attenuation is consisted of the metallic and

organic pollutants. The extrinsic dispersion is result of dust particles, microfractures,

bubbles, and other structural imperfections which don’t exist in an ideal POF (Kaino, 1997).

As mentioned in manufacturing procedure of POFs, some geometric deficiency and

perturbation (both microscopic and macroscopic) always exist in POFs (Zubia and Arrue,

2001).

Figure 1.9: Attenuation spectra for various fibers: PMMA, D-PMMA (deuterated),
CYTOP, PCS, and silica (from Murofushi, 1996).
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The microbends and macrobends also are the source of radiation loss. Large radius bents

attenuate small amount of the power while the attenuation in fibers with small bent radius

(around ten times of the fiber diameter) is considerable. All of these attenuation sources are

summarized in Table 1.3 (Zubia and Arrue, 2001).

As mentioned before, the attenuation depends on fabrication materials and the manufacturing

procedure. The loss for various POFs is presented in Figure 1.9. The wavelength versus the

attenuation coefficient, α, is shown in this figure. By looking at the figure 1.9, it is clear that

attenuation in POFs in much higher than glass fibers as expected. In addition, the attenuation

For the PMMA POFs is the highest among the presented materials. The core and cladding

material of our POFs was PMMA. This reason and the fact that our fibers were smPOFs with

a very small diameter make them noticeably light attenuating fibers. This undesirable

property limited the number of our operating sensors with a single light source. Besides, in

our smPOF sensors, the attenuation was the key factor governing the length of POF sensor.

Emslie in 1988 proposed four major loss sources in POFs which are not as extensive as

mentioned above. These four sources are wavelength-independent scattering, Rayleigh

scattering, absorption in the infrared regions and absorption in ultraviolet regions. The

schematic relationship between these sources is presented in figure 1.10. The proposed

method gives a rough estimate of the attenuation in polymer fibers and silica fibers (Emslie,

1988).

Summarizing, the POFs fabrication materials, manufacturing process, geometry, and

undesirable deficiencies play an important role in attenuation of POFs. Although the

attenuation of POFs has been decreased by improvements in manufacturing techniques and

material science, but it is still the most unattractive property of POFs.
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Figure 1.10 : Reference attenuation curves for (a) silica-based and (b) PS-core
fibers (Emslie, 1988).
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1.2.6. Coupling of POFs

Due to the high attenuation in our POFs, coupling of POFs and glass fibers is necessary.

Therefore it is essential to develop and consider a simple and effective method for coupling

of fibers. Many coupling methods and approaches have been developed in the literature.

Hasegawa and et al. (2006) developed a simple tapered coupling method for coupling of

bismuth-based nonlinear optical fibers (Bi-NLF) and single mode glass fibers. Due to the

mismatching of the mode-field-diameter (MFD) between Bi-NLF and the single mode silica

fiber, they estimated the coupling loss to be around 8.9 dB/point. In their approach, the

weakly guided MFD was introduced as a well known method for the low-loss coupling.

Hasegawa et al. (2006) successfully fabricate the spot size converter (SSC) of the Bi-NLF

fiber using the tapered structure. Coupling efficiency to silica single mode fiber was

improved with the expansion of MFD in the SSC. Hasegawa et al. (2006) achieved the

impressing result of the 3.0 dB/point loss in coupling.  They experimentally proved the

efficiency of their method (Hasegawa et al., 2006).

Skutnik et al. (2004) employed an optical fiber which has been made with new methods of

preform production.  Due to the new structure of the fiber, it was essential for them to check

for the possible effective coupling methods. Skutnik et al. (2004) used the "cutback" method

for the coupling of optical fibers. A Mono-light Optical Spectrum Analyzer (OSA)

(manufactured by Macam Photometric Ltd. of Livingston, Scotland) was used to develop the

"cutback" method. Two pieces of same type fiber with a length ratio of about 1:4 were used

in the "cutback" method. The fiber lengths were in the range of 20-50 m and 60-200 m. The

shorter length was subtracted from the longer length to determine the cutback length (Skutnik

et al., 2004). The four ends of fibers were well cleaved. Then the ends were placed in acetone

and air-dried for 15 seconds. The OSA input and output blocks were equipped with the

removable rubbers and neoprene foam clamps to secure the fiber ends to any of the six v-

shaped grooves. It is notable that it is critical to position the input and output fiber ends in an

appropriate location in the OSA (Skutnik et al., 2004). They presented low coupling loss.
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An innovative method for low loss coupling of silica fibers using the TeO2 was proposed by

Todorki et al. (2003). The fibers were confronted. Then, 0.5 mm quenched TeO2 melt was

used for securing the fiber splices. The amount of the loss which was measured for this

coupling method was around 1.5 dB/point. The quenched melt was not interfering in the

procedure of optical coupling. If it was involved in the coupling procedure significant light

loss would be expected.

As mentioned in all of the instances above, the coupling is an important need in the optical

fiber sensor development. The coupling may be needed for long distance applications, new

optical fibers splicing, and economical issues. In our research we need to couple two

different type of optical fibers to overcome the attenuation problem. The method is presented

in chapter 3.

1.2.7. Application of POFs as a sensor

Using smPOFs for sensor applications is mainly under research. However, multimode POFs

have been used for variety of sensor applications. POFs are commercially available for light

transmission and communication industry. smPOFs were used in our research for large strain

sensor development. smPOFs are precise in measurement, small in size, and flexible. All of

these properties make them considerable candidate for sensor applications. POF-based

sensors also have no electrical sparkling in dangerous environments which is involved in

other sensors. They could also be easily used and accessed from a remote location (Zubia and

Arrue, 2001).

POFs could be used in POF-based sensors for variety of applications in medical science and

engineering. The following applications are among numerous uses of POF based sensors:

crack detection sensors in civil engineering, shape-defect detectors used in bottling plants,

liquid-level detectors, and manufacturing parameters detectors in automated production

processes.
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Using conventional multimode POFs, it is possible to make sensors to measure distance,

position, shape, color, brightness, opacity, temperature, humidity, pressure, wind speed,

refractive index, density, and turbidity (Zubia and Arrue, 2001).

One of the most interesting properties of POFs is their elastic and plastic tensile limit. There

have been many researches on using multimode POFs to develop crack detecting sensors and

strain sensors (Jiang et al., 2002). Multimode POFs have attracted many interests since they

have low cost, could be easily coupled, have high fracture resistance, and have lower

attenuation comparing with smPOFs. The POF-based sensors measure a physical parameter

based on variety of mechanisms. However, most of them are based on light intensity

modulation (Zubia and Arrue, 2001).

Kuang et al. (2003) developed a low cost multimode POF-based sensor for crack detection in

reinforced concerete structures. They employed a mechanism which used monitoring of the

light intensity modulation when the structural beam is subjected to flexural loading. Their

sensor is one of the early steps toward structural health monitoring. In our research we took

advantage of the preciseness of smPOFs to fabricate large stain sensors for structural health

monitoring. Our smPOF have several advantages comparing with multimode sensors. Among

those advantages their preciseness and thin diameter could be mentioned (Abdi et al., 2008).

Recent manufacturing advances in fabrication of POFs open a more bright future for

fabrication and application of new POF sensors. For instance, advances in fabrication of the

microstructured polymer optical fibers help the guidance of light with only one type of

material. These fibers have much better performance for single mode application because

they support larger range of wavelengths (Law et al., 2006).



26

Chapter 2

2. Preparation of Large Strain POFs sensors

2.1. Introduction

POFs have been used for various sensing applications. In this section some of the

development of POF sensors for civil engineering applications was reviewed. In addition, the

need for development of new POF sensors in this research is discussed. The considerable

advantages of smPOFs and its potential to make an invaluable contribution in civil

engineering are also reviewed.

2.1.1. History of POF strain sensors

Recently the invaluable application of POF sensors in strain measurement attracted

researchers. Few successful examples are introduced here. Kuang et al. (2002, 2003)

developed multi-mode POF fibers and mounted them on the surface of concrete beams to

detect cracks and monitor deflections. The intensity-based measurement was applied by

them. In that case fewer propagating modes experience total internal reflection at any bend

(Abdi et al., 2008 and Kuang et al., 2004). So the light intensity decreases along the fiber.

They also took advantage of the POFs flexibility in measurement of the concrete beam

curvature. To increase the sensitivity of the measurements, the POF was etched to increase

the loss in mode propagation due to bending (Abdi et al., 2008). Takeda (2002) employed the

same concept without etching the sensors. The sensors were embedded in a laminated

composite. Takeda (2002) was able to detect cracks in the laminate because the optical power

transmitted through the POF was noticeably affected by transverse cracks (Takeda, 2002).
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Kuang and Cantwell (2003) used the intensity-based POF sensors to monitor the dynamic

response of undamaged and damaged laminated composite beams (Kuang and Cantwell,

2003 and Abdi et al., 2008). Their presented research has two major problems. the first

problem is the fact that the applied load on their specimens should be transverse to the axis of

the optical fiber. The other concern is the accuracy of test results. Generally, the Intensity-

based measurements are limited in accuracy and measurement because of the presence of

multiple modes propagating in the optical fiber.

Using interferometric sensing in POFs is possible because of recent advances in fabrication

of single mode POFs (smPOFs). Using smPOF interferometer-based sensors could make it

possible to measure large strain with considerable accuracy. However, there are several

challenges and difficulties comparing with glass fibers (or multimode POFs). These

challenges are lack of quantitative knowledge of the opto-mechanical response of smPOFs,

their high attenuation, lack of cleaving tools, and lack of efficient coupling method. In

addition, for long term application the temperature, creep, and cyclic load effect should be

considered. Despite of all of these challenges, smPOF sensors tested in this research

exhibited magnificent ability and preciseness in large strain measurements.

2.1.2. Need for large strain POF sensors

In this research the intrinsic polymer fibers (POF) sensors for large strain applications such

as the performance-based assessment and health monitoring of civil infrastructure are

introduced. Polymer and silica are two main materials which have been used for fabrication

of optical fibers. Polymer optical fibers have important advantages particularly in sensing

applications comparing with silica fibers. POFs could be axially strained up to 20% (tensile

strain). They are more flexible that silica optical fibers, and are more durable in harsh

chemical or environmental conditions. Because of the improvement in manufacturing of

POFs, it is now possible to fabricate interferometric sensors using POFs. In addition, the

interferometric mechanism of our sensors yields high accuracy measurement.
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In this research the mechanical behavior of POFs at various rates was studied. Several

cleaving methods were also tested in order to appropriately cleave POFs for coupling

purposes. In addition, the time-of-flight interferometer used for phase measurements over the

large strain range is discussed. Finally the bond strength between the embedded POF and

various structural materials is investigated and a methodology was demonstrated for

embedment of the POF sensors inside of reinforced concrete structural members.

POF sensors are essential tools that engineers could use for assessment and monitoring of

structures. POF sensors are reliable, precise sensors with impressive abilities to monitor

failure mechanisms of structures. They can capture local and global structural responses. The

developed POF sensors are able of measuring large strains due to localized failures and

damage accumulation. In the past, researchers were not able to get the aforementioned data

due to lack of reliable sensors like the POF sensors developed in this study. For example, the

POF sensors could provide more information about the local structural damages and related

structural limit states (see figure 2.1).

Measurement of global structural response is possible using variety of strain measurement

devices while local structural performance could be measured by conventional strain gages

which are not reliable in large strains based on extensive studies of local structural

performance. Conventional strain gages are reliable up to around 3% strain in steel structures

and less than 1% in concrete structures. However, the strain could exceed 2% in concrete and

5% in reinforcing steel and steel structures.

POFs have several advantages including a high fracture toughness, flexibility in bending, and

high elastic strain limits, which potentially allow large strain measurements in structures

under seismic loading. Disadvantages of POFs include a considerably higher attenuation than

silica optical fibers (Abdi et al., 2008).

Furthermore, the fabrication of single-mode POFs is still under research and some

uncertainties and inefficiencies are involved in their fabrication. However, the developed

POF sensors are also reliable candidates for long term and continuous monitoring of

infrastructures. They are corrosion resistance, could be embedded inside of structures, and

they are insensitive to electromagnetic fields (Kuang et al., 2002).
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The research presented here, investigates the use of polymer fiber sensors inside of concrete

structures and on the surface of steel/concrete structures. The developed POF sensors are

invaluable tools for the performance-based assessment and health monitoring of civil

infrastructure systems. The ability and performance of optical fiber sensors are compared

with other strain measurement devices in table 2.1. Figure 2.1 also shows traditional

measurement devices during an actual test.

It should be mentioned that the embedment of POF inside of concrete members provide

invaluable piece of information which is not comparable to any other device. Although the

sensor described here could be utilized to measure strains of various structural materials

under a variety of load conditions, this research program focused on the development and

calibration of large strain POF sensors. For this purpose, the mechanism for embedding the

POF strain gages in concrete and placing them on the surface of steel was investigated. In the

next stage, an interferometer system along with a data acquisition system was used for large

strain measurement.

Device Typical Gage
Lengths

Typical Max
Strain Range

Embed Surface

Electrical
Resistance Gage

200 μm to 120 mm 1% in concrete,
3% in steel

Yes/No Yes

Vibrating Wire
Gage

25 mm to 150mm 0.3% Yes No

LVDT LPOT 10 mm to 300 mm 8% but over a large
gage length

No Yes

Glass Fiber No limit 1 % Yes Yes

Polymer Fiber No Limit 12% Yes Yes

Table 2.1: Performance of strain measurement devices compared with POFs
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Figure 2.1: Cyclic testing of a concrete column using traditional measurement
devices.
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2.2. Research objectives

The objective of current research is to develop smPOFs for large strain measurement in civil

engineering structures. These POF sensors could be served for structural health monitoring,

damage detection, and damage assessment. At the first step of the research, the smPOFs were

optically and mechanically evaluated for large strain measurement purposes. Optical

evaluation determined the attenuation, optimum wavelength, and opto-mechanical behavior

of smPOFs.

The mechanical evaluation yielded a reliable assessment of the mechanical properties of

smPOFs for calibration. The effect of loading rate on behavior of fibers, elastic strain limits

of fibers, and failure strain limits of fibers are among the important mechanical properties

which were studied in this research. All of these data about our smPOFs are necessary for

sensor development.

After evaluating the fibers, several challenges for fabricating of the sensors were faced.

These fundamental goals were embedment of the fibers inside of concrete structures,

cleaving of smPOF with a reliable method, coupling of glass fibers with smPOFs, developing

a dependable data acquisition system, evaluating the response of smPOFs, and compressive

strain measurement.

In this chapter the results of these mechanical tensile testing are presented. The mechanical

testing of smPOFs was performed at Construction Facilities Laboratory (CFL) and

Department of Textile at North Carolina State University. The smPOFs were tested under

tensile loads to determine the mechanical properties of the fibers.

POF sensors could be easily mounted on the surface of structural members. However due to

their brittleness they could not be used directly inside of the construction materials such as

concrete. In order to measure strain inside of concrete structural members, smPOF sensors

should be embedded inside of a secure, reliable, and compatible material. A special cement

mixture block was developed for embedding of POFs and fabricating of novel POF casted

block strain gages (POF-CBSG) for reinforced concrete structures.
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In this chapter, three material mixtures were used and tested to fabricate the ideal casted

block of the POF-CBSGs. The interaction and compatibility of the POF-CBSG and concrete

was also verified through the presented tests in this chapter.

2.3. Mechanical tests of POFs

Preliminary tensile tests of the POF were performed using a uniaxial tensile machine in

Construction Facilities Laboratory (CFL) and Department of Textile at NCSU. The goal of

these tests was to identify the modulus of the smPOF and their behavior in linear and

nonlinear range. These data help identifying the stress-strain relationship. In addition, tensile

behavior of fibers gave us a benchmark for comparing them with the pull out test results of

the embedded fibers.

In order to test the fibers, a smPOF was placed between two aluminum plates. Then the fiber

was glued to those plates to provide sufficient bonding and also prevent the slippage of the

fiber. Finally the plates were placed between the grips of the tensile test machine. It should

be noted that in CFL the fiber were glued to the plates. However for axial test machine in the

textile department no gluing was needed. Figure 2.2 presents the stress-strain curves obtained

from these tests with the rate of 60mm/min (Department of Textile at NCSU).
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The rates of 30mm/min, 15mm/min, and 2.5mm/min were also tried by Kiesel (Kiesel,

2007).  When the test rates are high, the tests yield larger tensile strength. The fibers also

break in larger values of strain. In the 30mm/min rate of strain, the maximum stress reduced

by about 5% and the elastic strain range was reduced by 2-3% (Kiesel, 2007).

(a)

(b)Figure 2.2: (a) Measured stress-strain curve for PMMA optical fiber. Loading rate
was 60mm/min. (b) A smPOF sample udder tensile test
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Using 15mm/min rate, the maximum strain was decreased by 10% and elastic strain range

was decreased by 6% (Kiesel, 2007). Therefore, the effect of load rating on strain

measurement should be considered in calibration of these sensors. Throughout the test the

axial elongation of the fiber and the applied load were measured. It is evident from the figure

that our POF fibers have around 4% of elastic strain limit however the fibers could be used

for strain measurement beyond 4%. It is notable that these values were used for estimation of

initial Young’s modulus, yield strain, and ultimate strain.

2.4. Development of novel POF-CBSG for large strain
measurement inside of concrete structures

POF sensors could be easily mounted on the surface of concrete and steel structures. But they

could not be employed inside of concrete structures because of their brittleness. Although

POFs are more ductile compared with glass fibers, but due to their small size and direct

interaction with aggregates they could be damaged inside of concrete structures. On the other

hand the inherent advantages of POF sensors for strain measurement inside of concrete

structures could not be ignored. Therefore a new method for protecting of POFs inside of

concrete structural members was proposed and evaluated. In this method, POFs were

protected inside of a casted block. As previously defined, the developed strain gage is called

POF- casted block strain gage (POF-CBSG). In this section, a brief history of protecting of

optical fibers inside of a host material for measurement applications is presented. The

procedure of embedding of POFs inside of three casting material is described. In addition, the

best embedment material was determined through the evaluation tests. Moreover, the

preparation of POF-CBSGs for compressive strain measurement is presented. Finally, the

light transmission and mechanical tests conducted on POF-CBSGs is presented.
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2.4.1. Background of optical fiber embedment

Monitoring of civil structures with optical fiber sensors needs the development of new

sensors which could be embedded or surface mounted. Embedment of optical fibers inside of

concrete structures could give us an invaluable chance to monitor RC structures. In addition

embedded sensors could be used in structural testing. One of the first attempts for embedding

optical fiber sensors was started by Timothy et al. in 1992. They installed over seventy fiber

optic sensors within the concrete frame work of a five story 65000 square foot building. They

employed a standard 4" × 4" electrical conduit box to house the optical fibers. Then the box

with the sensor was utilized for strain measurement inside of the structure. Their developed

sensor was not in direct contact with the structure and could not precisely capture the cracks

and strains in structures. However their sensor could be easily replaced in the case of any

structural damage.

Ki-Soo et al. (1996) directly embedded Intrinsic Fabry-Perot optical fiber sensors inside of

20cm×20cm×l50cm cement concrete structures. Their embedded sensors successfully

measured strain up to 2000 με. However due to lack of a reliable protection for optical fibers,

their sensors could fail in interaction with aggregates inside of real concrete structures. Leung

et al. (2000) also directly embedded glass optical fibers inside of concrete members and

measured small strain values. They also monitored deboning between optical fibers and

concrete members which clearly shows the need for a reliable body to cover optical fibers.

This body could protect the fibers and ensure sufficient strain transfer between optical fibers

and the concrete (as the host material).

Inaudi et al. (1997) developed new POF sensors to be embedded in various structural

materials. They used steel tube section with the diameter of 8mm to protect optical fiber.

They prepared a rugged surface on the tube to provide good interaction with the host

material. They also successfully measured up to 2% strain over gage length of 20cm to 30m

using three types of embedded optical sensors. Philipp et al. (2000) used Teflon tubes for

protecting of optical Fiber Bragg Grating (FBG) sensors inside of concrete structures.
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Tube embedded techniques attracted Leng et al. (2005) too. They used steel tubes for

protecting of FBG sensors inside of concrete cylinders. The measured up to 175 με. Ren et al.

(2006) also utilized stainless steel tubes to protect the FBG sensors for strain measurements

(up to 90 με) inside of a scaled concrete dam.

Several researchers used steel rebar mounted fibers for monitoring of strain inside of

concrete structural members. Stephanus et al. (1998) employed rebar-epoxied FBGs to

monitor the strain inside of RC structural members. They successfully measured up to 1300

με. Kenel et al. (2005) also employed FBG sensors to monitor the strain and detect cracks

inside of concrete structures.

In this section the development of innovate protection for embedding of the large strain POF

sensors (up to 10%) is demonstrated. This embedding process has several advantages which

are described here.

2.4.2. Embedment of POFs

An ideal embedment material must protect POFs with minimum damage possibility. There

should also be enough bond between POF and that ideal embedment material. In addition,

very good interaction between the embedment and the host concrete members is needed. For

this purpose three materials were considered. These materials were mortar, hydrostone, and

cement paste with various mixtures. The rectangular prism-shape embedment was considered

for protecting of POFs. The POF-CBSGs were fabricated using the casting frame shown in

figure 2.3. To fabricate the sensors, the fibers were placed in the middle of the casting frame,

and then the material mixture was casted. Three casting sizes were used: 12.7mm × 12.7mm

× 25.4mm, 12.7mm × 12.7mm × 50.8mm, and 12.7mm × 12.7mm × 76.2mm. The first

casted POF sensor had a gage length of 25mm and the second one had a gage length of

50mm. Several POF-CBSGs could be casted at the same time using the casting frame (see

figure 2.3a). For this purpose, a continuous POF could be used for fabricating two POF-

CBGS. After curing the block the POF could be cut.
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Figure 2.3a shows a sample cut point. The embedded smPOF was protected inside of the

casted block with the casted material (figure 2.3b). The smPOF was also protected outside of

the casted block by plastic tubes as presented in section (figure 2.4a). Figure 2.4b shows a

POF-CBSG after protecting of POF and curing of the block.

Figure 2.3: Casting of POF-CBSG with cement mixture a) several blocks could be
casted at the same time in the casting frame, b) closer view of casted specimens.

Various
casted sizes

Axis of a POF

Cut point (a)

Casted block

Gage length

(b)
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Figure 2.4: a) POF in its gage length without embedment, b) a POF-CBSG

(a)

(b)

POF

Plastic tube



39

2.4.3. Bond test casting materials

As mentioned before, there must be a complete bond between the POF and the casting

material so that the strain of the block could transfer to the POF completely. Moreover the

sufficient bond between the casted block and concrete is necessary for transferring the strain

from concrete to the casted block.

A series of pull-out tests were conducted to evaluate the bond interaction of casted blocks

with POFs. The casted blocks were loaded in tension with the rate of 2.5mm/min using a

MTS Q-Test machine with a 10N load cell. Two separate measurement devices, a LVDT

(25.4mm) and a spring potentiometer (50.8mm) were used to measure displacement. For

gripping and conducting the tensile test, the POFs were glued between two aluminum sheets

in one end (figure 2.4 and 2.5). The other end was embedded inside of the casted block.

Figure 2.4 shows the test casted block under the test and figure 2.5 shows the test setup.

The POF was marked at the grip where it comes out of the aluminum sheets and also where

the fiber exits from the casted block. These marked signs help monitoring of slippage during

the tests. Typical force vs. displacement curves for each of the three material types were

determined and plotted in figure 2.7. For different specimens, the casted length was either

25.4mm or 50.4mm, while the free length of the fiber varied from 112mm to 121mm. The

POF fiber embedded in mortar broke at the exit point of the fiber from the mortar at

approximately 1.4N. The total slippage of the POF from the mortar was 0.8mm at the failure

point.
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Figure 2.5: a) Photograph of a casted block mounted in grips for the pullout test,
b) The sketch of a casted block under the test

(a)

Aluminum sheets

(b)

Casted block

POF

Load cell

LVDT

Grip
Load direction

Casted block

POF

Aluminum sheets

LVDT
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Total slippage at the maximum applied load of 1.5 N for the POF embedded in hydrostone

was significantly higher that of the mortar specimens. For the cement paste specimen, the

POF yielded and then broke at the maximum load of 2.7N before any significant slippage

(less than 0.2mm). The force vs. displacement curve of the cement paste specimen is similar

that of the POF tested by themselves, further indicating that no pullout occurred.

Figure 2.6: Test setup for tensile testing of smPOFs and bond testing of
embedded fibers
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The hydrostone embedment material needs around 4 days to be cured. After curing, it

provides the maximum possible bond with optical fibers. The curing time for mortar was not

easy to determine due to the brittle behavior of fibers inside this material. The small

aggregates in the mortar are probably the main reason for breaking of the POFs. For the

cement paste the cure was approximately 21 days. The minimum cure time was determined

by pull out testing of the specimens with various cure time.

Comparing the three structural materials, the mortar is the most difficult material to cast for

embedding of POFs. The aggregates of the mortar could damage the POFs when the

embedment is casted. Therefore mortar should be casted with special care. The POFs do not

seem to be safe inside of mortar material. The POFs frequently break inside of the mortar

embedment.

Figure 2.7: Force vs. displacement curve for pullout tests of POF embedded in
several structural materials.
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The movement of large sized aggregates (compared with the dimensions of POFs) after first

cracks could cut the POFs and might be the reason for the breakage of them. However, the

rough surface provided a relatively good bond between the mortar and POF, resulting in low

slippage between the two. The hydrostone was relatively easy to mix and cast, however the

smooth surface of the material reduced the bond with the POF significantly, resulting in

relatively large slippage between the two. Finally, the cement paste was the optimal material

system for POF embedment due to the ease of mixing and casting. It also provides the strong

bond between the cement and the POF. Presumably, this is due to the small particle size of

the cement paste. The final cement mixture has 62% cement, 7% silica fume, and 31% water.

Its compression strength was very close to concrete to provide maximum compatibility

(37MPa after 21 days). This mixture is the final and most dependable embedment mixture

foe the mentioned sensor application.

The compatibility between the cement mixture of the casted block and concrete, help

transferring the strain between structural members and the POF-CBSGs. Additionally, the

surface of the embedded sensors was ribbed (see figure 2.8). This ribbed surface ensures an

acceptable interaction between the POF-CBSGs and concrete during an actual structural test.

Figure 2.8: ribbed POF-CBSGs compared with un-ribbed POF-CBSGs
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2.4.4. Pre-straining of POFs to measure compressive strain

POFs were pre-strained to be able to measure compressive strain in structural members.

Before placing the fiber in the casting frame, the POF was pre-strained to 3%. Then the

protection block was casted along the gage length. Out of the casted block the fiber was

protected with a plastic tube as it was discussed in the previous section. The POF-CBSGs are

expected to measure 10% of tensile strain without pre-straining of POFs. After 3% pre-

straining, the POF-CBSGs have ability of 7% strain measurement in tensile direction and 3%

strain in compressive direction. Figure 2.9 shows the stress-strain behavior of the pre-strained

fiber versus a fiber without pre-straining. The bond test for embedded pre-strained POF

sensor was performed at the rate of 25.4 mm/min. Cement mixture was used as the

embedment material and the gage length of POF sensor (casted block) was 25mm.

POF test
Pre-strain POF
in casted block

Figure 2.9: Stress strain curve for pullout tests of prestrained POF by 3%
embedded in cement paste mixture.
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Cement paste was casted on pre-strained fiber (see figure 2.10). Then each end of a fiber at

the exit of the casted block was marked with one millimeter spacing to investigate the

slippage after curing the cement paste. The marks are also helpful for the slippage test of the

casted block. There was no slippage after 28 days of curing of the casted block. The slippage

test of fiber was completely compatible with the mechanical test of fiber and also with the

slippage test of fibers in cement casted block without any pre-straining. Therefore, POF-

CBSGs could also be used as compressive and tensile measurement sensors inside of

concrete structures.

Pre-straining of the POF

Placing the tube for
protection of POF

Casting of the sensor block

Figure 2.10: Casting the POF-CBSG of the pre-strained POF sensors
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2.5. Validation of POF-CBSGs in RC structural members

The developed POF-CBSGs should be validated before actual use in structural members.

POF-CBSGs were placed in the casting frame of concrete structural members before casting

of concrete. The POF-CBSG before casting of the concrete can be seen in figure 2.11.

Figure 2.11: Embedded smPOF sensors in the casting frame of a full-scale reinforced
concrete column.

POF-CBSG

Casting
frame



47

Figure 2.12: Photograph of a) A POF-CBSG survived in high levels of structural
damage, b) A POF-CBSG successfully passed the light transmission test

(a)

(b)

POF-CBSG
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After casting of structural members, the POF-CBSGs were embedded inside of those

members. At the next step, the concrete structural members were tested and the behavior of

the POF-CBSGs was monitored (see figure 2.12a). There was adequate compatibility

between the POF-CBSGs and concrete used for construction because. The ribbed surface of

the POF-CBSGs and the cement mixture seems to be the reason of the good compatibility

and interaction.

The POF-CBSGs could successfully survive up the high structural damage levels (figure

2.12a). The close material properties of the casted block and the concrete increased the

compatibility of the sensors with the concrete structures. Obviously the cement mixture as a

protection material works better than steel or composite materials, which were previously

used for protecting of fibers, in transferring of strain from concrete members to the sensors.

The quality of POF-CBSGs for transmitting of the light should be also evaluated before use.

Prior to embedding POF-CBSGs inside of structural members, light transmission test was

conducted on POF-CBSGs with different gage lengths (figure 2.12b). Each of the samples

demonstrated the excellent light transmission quality. The high attenuation of the POF could

be seen in figure 2.8b. The visible red light which is leaking from the POF along its length

shows light loss due to attenuation of the POF.
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Chapter 3

3. Cleaving of POF
3.1. Introduction

In this section, several cleaving techniques previously demonstrated to provide smooth cross-

sections of multimode POFs were applied to the smPOF. From these techniques, hot-knife

cleaving was determined to be the best method for field applications when the blade was

heated to 80°C and the smPOF heated in the range of 30°C to 40°C.

Our smPOF previously evaluated for large strain measurements is 110μm in diameter,

fabricated from polymethylmethacrylate (PMMA) (n = 1.4906), provided by Paradigm

Optics. The polystyrene (PS) doped core (n = 1.4954) is 6.8μm in diameter. Although the

fiber was optimized for transmission at 632.8 nm, earlier studies demonstrated that this fiber

has high attenuation properties at that wavelength (Kiesel et al., 2008). Hence, to use the

smPOF as a strain sensor short length need to be coupled to Silica Optical Fiber as lead-in

and lead-out fibers for practical applications. As for any optical fiber connection, coupling of

the smPOF to the SOF requires smooth, planar cross-sections in mechanical contact, ideally

with concentrically aligned cores for efficient light transmission. Similar requirements have

been addressed for multimode and microstructured PMMA POFs (Law et al., 2006), however

the small-diameter of the solid-core smPOF used in this study presents a unique challenge.

3.2. Cleaving techniques

The goal is to determine the reliable and applicable method(s) of POF cleaving. Various

cleaving techniques were tried. Some of these techniques were found to be unsuccessful

when directly applied to the smPOF. Figure 3.1 shows a cleaving tool for multimode POFs.

Such a tool is not available for smPOFs.
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Figure 3.2: Tool for cleaving multimode Polymer Optical Fiber (Rennnsteig, 2008).

Figure 3.1: Non-smooth cross-section obtained by razor blade cleaving at room
temperature.
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The widely used method of cleaving multimode POFs at room temperature using a razor

blade was also unsuccessful for cleaving the smPOF. A typical result can be seen in the

microscopic image of Figure 3.2, where it is observed that the cleaved cross-section is far

from smooth because at room temperature PMMA is very ductile.

Therefore, several new or modified techniques were evaluated, ranging from simply using a

razor blade to cut the fiber followed by fiber cross-section polishing, to more precision

machining of the cross-section. Among these techniques, hot-knife cutting and focused ion

beam (FIB) machining were found to be very effective. The performance of each of these

techniques in cleaving the smPOF is presented below.

3.2.1. Low temperature cleaving with razor blade

The fracture toughness of a material indicates its resistance to brittle fracture (Rubin, 1990

and Marshall et al., 1974). Marshall et al. (1974) demonstrated that for PMMA within the

temperature range of -40 to 80°C the fracture instability is related to its viscoelasticity,

whereas below -40°C its viscoelastic effects reduce significantly to make the material

essentially elastic.

To evaluate if the smPOF could be cleaved in effectively for coupling in this elastic range, a

Figure 3.3: Non-smooth cross-section obtained by razor blade cutting at -75°C.
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small length of the fiber was chilled using dry ice inside an environmental chamber to

approximately -75°C.

The chilled fiber was then taken out of the chamber and cut with a razor blade which was

either at room temperature or chilled to the same temperature as the fiber. The resulting

cross-sections from both of the razor blade temperature conditions were not satisfactory. A

typical non-smooth cross-section obtained with the freezing temperature razor blade is shown

in Figure 3.3. Such a cross-section will not provide effective coupling between the smPOF

and SOF, hence cleaving at low temperatures is not a recommended technique for cleaving

the smPOF.

3.2.2. Hot-knife cleaving

The glass-transition temperature, Tg, of unmodified PMMA is approximately 108°C.

However, this transition takes place over a temperature range which depends on the viscosity

molecular mass of PMMA (Rubin, 1990, Marshall et al., 1974, and Matsushige et al. 1976).

Due to the well known brittle behavior of PMMA within its glass- transition temperature

range, cleaving under such conditions would be expected to produce clean cross-sections.

Hot-knife cleaving of microstructured POFs was demonstrated to be quite successful by Law

et al. (2006). For their studies both the fiber and the razor blade were heated in the range of

70 to 80oC.

Solid SmPOF samples and razor blades were thus exposed to various combination of

temperatures within the range 30°C to 100°C, with increments of 102°C, for a exposure

duration of 1, 2, 3, 4, 6, and 8 minutes before cleaving (figure 3.4). Preliminary results

showed those exposure durations of less than one minute were not effective for cleaving. The

manual cutting speed varied between 0.1 to 1 mm/sec, the range suggested in the literature

(Law et al., 2006 and Atkins et al., 1975). A total of 1275 samples at the various smPOF and

razor blade temperature combinations were cleaved and evaluated. Each cross-section was

rated successful or unsuccessful based on visual inspection of the surface with an optical

microscope.
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Examples of two unsuccessful (non-smooth) and two successful (relatively smooth) cleaved

cross-sections are shown in figure 3.5 and 3.6 respectively. The percentage of successful

cleaves for various temperature combinations of the heated smPOF and razor blade, with the

smPOF heated for durations of 2, 4 or 6 minutes, are depicted as contour plots in figure 3.7,

3.8, and 3.9. Due to the selected temperature combinations, the contour lines in figure 3.7,

3.8, and 3.9 are not smooth in many locations, however, from this plot, we can identify the

temperature combinations at which successful cleaving of smPOF can be achieved.

A high percentage (> 80%) of smooth cleaved cross-sections of smPOFs were obtained when

the razor blade temperature was approximately 80°C and the smPOF temperature was in the

range of 30° to 40°C for exposure duration of 2-6mins.  As shown in Figure 3.4, both ends

of fiber were placed on the aluminum plate to be heated inside of the oven. The POF was

heat protected along its length inside of a chamber with ice. Due to undesirable effect of

heating on mechanical behavior of POF, it is highly recommended to protect POF from being

heated.

Figure 3.4: Fibers are protected against heating along their length. Both ends are
on aluminum plates.
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(a)

(b)

Figure 3.5: Cross-sections of smPOF cleaved at various temperature levels: (a) 8
min. exposure of fiber at 80˚C and blade at 80˚C, (b) 4 min. exposure of fiber at
60˚C and blade at 60˚C, Cross-sections (a) and (b) are considered unsuccessful.
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(a)

(b)

Figure 3.6: Cross-sections of smPOF cleaved at various temperature levels: (a)
3 min. exposure of fiber at 80˚C and blade at 80˚C, and (b) 3 min. exposure of

fiber at 30˚C and blade at 80˚C. Cross-sections (a) and (b) are considered
successful.
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Figure 3.7: a) Contour plots of successful cleaving (in percent) of heated smPOF in 6mins
using heated razor blade. b) Successful cleaving result in 6mins exposure time.
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Figure 3.8: a) Contour plots of successful cleaving (in percent) of heated smPOF in 2mins
using heated razor blade. b) Successful cleaving result in 2mins exposure time.
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Figure 3.9: a) Contour plots of successful cleaving (in percent) of heated smPOF in 2mins

using heated razor blade. b) Successful cleaving result in 2mins exposure time.
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Alternatively, successful cleaves were also obtained when  both the razor blade and smPOF

temperatures were approximately 80°C for exposure durations of 2-4min. This latter

temperature range combination is approximately that demonstrated to be most effective for

cleaving microstructured POFs (Lat et al., 2006). However, for the smPOFs in this study the

former temperature range yielded more successful cleaves than the latter range. In addition it

is important to note here that some negative effects on the mechanical properties of smPOFs

were observed when the fibers were exposed to 80°C.  Consequently, the performance of

smPOF as a strain sensor was degraded. These negative effects are presumed to be due to the

local brittleness of the PMMA.

Hence, the smPOF exposed to temperatures of approximately 80°C were not suitable for

later use as a strain sensor. It is also worth mentioning here that by increasing the exposure

time more than 3-4 minutes some local defects appeared in the core of the smPOF which

were the cause of undesirable performance as presented in section 3.4. In summary, cleaving

the smPOF cross-section with a blade temperature of 80°C and fiber temperature in the

range of 30°C to 40°C  produced consistently high quality cleaved cross-sections with no

measurable damage to the PMMA. This temperature range is contradictory to the

recommendation to use a fiber temperature greater than the blade temperature of Law et al.

(2006) for cutting of microstructured POFs. This may be due to the difference in post-

fabrication annealing of the fibers or the solid cross-section of the smPOFs used in this study.

Finally, it was also observed that the speed of cutting and type of razor blade used had

negligible effects on the cleaving quality.
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3.2.3. Polishing of the smPOF cross-section

A third technique to prepare the smPOF for coupling was to fix the fiber into a standard FC

connector and polish the connector endface.Two major challenges in using the FC connectors

designed for standard single mode SOFs were identified. Firstly, the smPOF outer diameter

was less than the 125m for which the ferrule was designed. This problem was addressed by

inserting an additional tube inside the ferrule. Secondly, the PMMA material was more

flexible than the surrounding ferrule, resulting in movement of the smPOF within the

connector during polishing (figure 3.10).

Figure 3.10: Connector end-face surface profile (FC connector cross-section near
ferrule)
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The smPOF was first cleaved with a razor blade at room temperature and then inserted into a

short length of polyimide tubing to increase the outer diameter. The polyimide tube was

inserted into the ferrule of the FC connector and both the tubing and two-part epoxy was

injected through the rear of the connector. The particular two-part epoxy used was chosen to

minimize the shrinkage during curing and therefore minimize the compression applied to the

smPOF. After twenty-four hours of cure at room temperature, the endface was then polished,

ending with 3m diamond paper. The results could be seen in Figure 3.10. This polishing

procedure was successfully used by Kiesel (2007) and the current research for insertion of

the smPOF into larger aluminum cylindrical holders for optomechanical testing of the

smPOF without coupling to SOFs. The quality of the smPOF cross-section could not be

determined.

An optical microscopy image of a representative connector end-face is shown in figure 3.10.

Typically, the smPOF fractured during the polishing process resulted in a smPOF cross-

section which was not planar with the polished tubing and ferrule surfaces. The quality of the

smPOF cross-section could not be determined; however the submersion of the smPOF

surface prevented the FC connector from transmitting lightwaves effectively. The extent of

the submersion depth can be seen from the connector end-face surface profile reconstruction

in figure 3.10.

3.2.4. Focused Ion Beam (FIB) Machining

While the above techniques were considered for rapid cleaving of smPOFs in field

applications, a new technique suitable for high-precision cleaving of the smPOF cross-

section was developed as a benchmark. Initially UV laser beam cleaving was attempted with

the smPOF sample as UV laser cutting has been previously successful for microstructured

PMMA POFs (canning et al., 2002). Due to the smaller diameter of the smPOF used in this

study, however, the local energy density absorbed by the PMMA was too high and therefore

induced melting of the PMMA rather than localized material removal. A typical cross-section

resulting after UV laser beam cutting of the smPOF is shown in Fig. 3.11.
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While relatively time-consuming and expensive, an important advantage of FIB over the

other cleaving techniques discussed in previous sections is the precise site selection and

milling control, thus enabling a high-quality surface finish. The FIB instrumentation and

applications are elaborated in the literature (Giannuzzi and Stevie, 2005) and hence are not

presented here. Over the last 25 years, FIB machining has become an important technology

for polymeric materials research in the field of nanotechnology (Gibson et al., 2005, Dersch

et al., 2005, and Nellen and Brönnimann, 2006). FIB methods have been used for cross-

sectional analysis of core-shell solid microspheres (Barner et al., 2004) and hollow latex

nanospheres (Beach et al., 2005). As mentioned earlier, the smPOF of this study is composed

of PMMA with a light doping of PS in the core. This presented a challenge to the current FIB

preparation techniques for polymer cross-sectioning due to the material similarity between

the fiber cladding and core. In this section, a novel technique is presented for polymer fiber

cross-sectioning. Afterwards, an electron beam technique for differential etching was applied

in order to reveal the core of smPOF from its outer layer.

The FIB technique started with coating the fiber with approximately 100 nm of palladium-

gold using a Denton Desk II sputter coater. A FEI Quanta 200 3D Dual Beam system was

used for cross-sectioning and imaging. The FIB cross-sectioning was carried out in two

major steps: mass removal and cross-section polishing.

Figure 3.11: Melted smPOF obtained from UV laser beam.
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Pt
Strip

Figure 3.13: Micrograph of the fiber cross-sectioning and polishing
process sequence: after the 7nA initial polish.

Pt
Strip

Figure 3.12: Micrograph of the fiber cross-sectioning and polishing
process sequence: after the 20nA mass removal.
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This step was followed by milling using the FEI Selective Carbon Mill (SCM) gas injection

system to provide a water-rich environment. Prior to milling, a platinum strip was deposited

in a selected area covering a 4mm length section across the width of the fiber as seen in

figure 3.12, 3.13, and 3.14. The platinum strip was deposited using an ion beam with a 1nA

aperture to prevent possible forward scattered ions from damaging the final cross section

wall.

This platinum layer serves as a protective cap to the final cross-section from any possible ion

beam tail damage during the milling procedure. The ion beam for both the ion milling and

imaging was set at an accelerating voltage of 30kV. A 110x110 m2 area was removed in the

mass removal step using a 20nA aperture and a rectangular milling box. A 7nA and a

subsequent 5nA aperture were used for cross-section polishing, with an assisted cleaning

cross-section milling box providing a line-by-line scan.

Figure 3.14: Micrograph of the fiber cross-sectioning and polishing process
sequence: after the 5nA final polish.

Pt Strip
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The time to cut through the fiber and polish to obtain a smooth surface took about six to eight

hours. An electron beam was then used to etch the polished cross-section differentially in a

water-rich environment for approximately 20 minutes. The electron beam used was

accelerated at 30kV with an 180pA aperture. Imaging was then performed using an ion beam

with a 100pA aperture at a working distance of approximately 30mm.

An ion beam was chosen to perform the imaging due to the lack of secondary electron signal

generated from the insulating nature of the cross-section surface. The brightness and contrast

of selected images were enhanced using Adobe Photoshop CS2 Edition. Width

measurements of the core were conducted using the FEI Quanta software and confirmed by

NIH ImageJ Version 1.38x. The top-down view of a fiber after cutting and polishing steps is

shown in figure 3.12, 3.13, and 3.14.  Figure 3.15, 3.16, and 3.17 illustrates the effect of

electron beam induced differential etching in the water-rich environment. The core diameter

measured from the micrographs (figure 3.17) is approximately 6m, consistent with the

diameter reported by the manufacturer of 6.8 m. The FIB technique used in this study

Figure 3.15: Micrograph of the polished cross-section after the 5nA final polish.
The core is not identifiable in the micrograph above after the 5nA final polish.
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exploits the significant difference in photo-degradation of PMMA and PS (Thurn-Albrecht

2000). PMMA is known to be a good candidate for negative photoresist. The polymer is

degraded via chain scission during electron beam irradiation. On the other hand, the chemical

degradation in PS upon exposure to electron beam irradiation is less well defined.

Figure 3.17: Micrograph of the polished cross-section after the 5nA final
polish. The electron beam etching of the polished cross-section in a water-

rich environment reveals core as shown above after 20 minutes.

Figure 3.16: Micrograph of the polished cross-section after the 5nA final
polish.  The electron beam etching of the polished cross-section in a water-

rich environment reveals core as shown above after 5 minutes



67

Figure 3.18: Partial melting due to inappropriate use of electron microscope
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Cross linking, chain scission, and oxidation could take place in PS while oxidation is more

probable to have a pronounced effect in a water-rich environment. The small amount of PS in

the core is enough to produce distinctive features during differential etching to reveal core

from the outer layer of the smPOF. This novel technique demonstrates the use of a dual beam

system, consisting of a focused ion beam and an electron beam, to produce the above

mentioned topographical contrast. This process of photochemistry can likely be extended to

other polymeric materials.

It is worth to mention that the 30kV electron beam with an 180pA for etching the polished

cross-section in water-rich environment should be used for 20 minutes. Imaging should also

be performed using ion beam with a 100pA aperture.  Violation of the mentioned condition

will result in unsuccessful results. It usually results in melting if higher pressure and electron

beams are used. Even if ion microscope imaging is replaced with the electron microscope

imaging, the partial melting is not something strange and unexpected. Figure 3.18 shows

some example of these phenomena

3.3. Coupling of smPOF to glass optical fiber

In this part a simple mechanical coupling between the previously cleaved smPOF and glass

fiber is demonstrated to produce sufficient lightwave transmission for sensing applications.

For the particular smPOF used in our research, the core was not perfectly concentric, and the

eccentricity varied along the length of the fiber as shown in figure 3.19. For field

applications, with the rugged connectors used it may not be possible to precisely align the

cores of the fibers, therefore, the practicalities of mechanically coupling the two fibers in a

ferrule are also evaluated.

The primary goal of cleaving the smPOF was to effectively couple the ends of a short sensing

length to standard SOFs for their application as strain sensors with a reasonable amount of

attenuation.
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Furthermore, a rapid coupling technique was required that did not require high-precision

alignment of the optical fibers in a laboratory environment. In this section we describe the

results of mechanical coupling of the smPOF, previously cleaved using the hot knife cutting,

to single mode SOF.

The SOF used was optimized for transmission at 632 nm to match the core diameter and

numerical aperture of the smPOF as closely as possible. Other than the cleaving difficulties,

the primary challenge in coupling the two fibers was that while the core of the smPOF was

approximately at the center of the cross-section, the same precision was not maintained as for

the SOF. Additionally, while all smPOF samples were taken from the optical fiber batch, the

location of the core varied within a few micrometers along the length of the smPOF as can be

seen in Figure 3.19.

In this coupling procedure, 1 mm of the smPOF length was inserted inside a single mode

Zirconia ferrule (see Figure 3.20) and glued at the ends using a rapid cure two-part epoxy. It

is noted that because of the high bending flexibility of the smPOF, insertion the fiber through

the connector can be a time consuming task. After the epoxy had set inside the ferrule, a

cleaved SOF cross-section was placed against the smPOF cross-section from the other side of

the ferrule (Figure 3.20).

Figure 3.19: Microscope image of side view of smPOF, (Image was provided by Dr.
Peters).
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While laser light was transmitted through the SOF, the SOF was rotated to align its core to

the core of the smPOF as concentrically as possible while visually monitoring the light

coupling to the smPOF. Once the maximum light transmission through the smPOF was

obtained, the SOF was glued at the other end of the ferrule. Even with this relatively simple

coupling procedure, the intensity and polarization of the light coming out of smPOF were

found to be sufficient for its effective use as sensors.

3.4. Undesirable effect of POF heating

In order to investigate the effect of heating on the mechanical behavior of POFs, POFs were

exposed to 80°C for more than 5 minutes. After conducting tensile tests on the POFs, an

undesirable change in mechanical properties was observed (figure 3.21). It is recommended

to expose the fiber to the heat not more than 4 mins due to aforementioned effects

Figure 3.20: Coupling of smPOF and light transmission test



71

Figure 3.21: Tensile stress–strain responses of typical solid smPOFs

with and without prior temperature exposure.
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Chapter 4

4. Large strain measurement using POF sensors

In this section the design of the interferometer sensing system which was used to measure the

phase shift (and consequently the strain) of the POF intrinsic sensors over a large strain range

is discussed. Also the coupling method mentioned before, was used on the POF strain sensors

in order to couple POFs to glass fibers at both ends. Several coupons were fabricated with

POF sensors mounted on them and load testing was conducted. The strain measurements of

the POF sensors were compared to that from an independent extensometer for calibration of

the sensor and comparison to previous calibrations of the free optical fibers. In addition, an

actual tensile test of an aluminum coupon was performed and a POF sensor was successfully

used for the strain measurement.

4.1. Test Setup

All of the test components were connected to the data acquisition system and a laptop

computer to monitor and record the test results. Figure 4.1(a) shows the data acquisition

system and the laptop computer on the cart. Figure 4.1 (b) shows the general setup of the test.

It has three major parts: data acquisition system, a Mach-Zehnder interferometer shown in

figure 4.1 (c), and the POF sensor mounted on a specimen, figure 4.1(d). Data acquisition

system consisted of a NI Multifunction DAQ, laptop computer, and a LabVIEW program

based on the passive stabilization scheme by Koo et al. (1982).

Before the POF sensor specimens were tested, some preparation of the POF samples was

required. In addition to the testing arrangement, this chapter will present the methods used

for coupling the POFs with glass fibers and measuring the gauge length.
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The main reason for needing an accurate gauge length measurement is that the strain will be

calculated from the measured change in length of the POF. Therefore, for precise strain

calibration, an accurate gauge length measurement is needed. In this section, the test

specimens, interferometer system, and data acquisition system will be discussed more as

follows.

Figure 4.1: a) Data acquisition systems and laptop, b) Various parts of test
setup, c) The interferometer, d) Specimen with POF sensor during loading.

(a) (b)

(c) (d)
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4.1.1. Preparation of Test Specimens

The high inherent attenuation of polymers is an important issue in fabricating and utilizing

POF optical sensors (Zubia and Arrue, 2001). This high attenuation decreases the

transmission power through the optical fiber and in some cases even limits the length of fiber

through which lightwaves can propagate. For sensors, the high attenuation decreases the

signal to noise level which could undesirably affect the light polarization, preciseness, and

performance of the sensors. In contrast, there is a negligible amount of attenuation in the

silica optical fibers. In addition, there is a very low light loss in connections and splices of

these fibers because of the large amount of commercial research on technologies for splicing

silica. The attenuation in polymers is much lower in visible wavelengths and higher in near

infrared wavelengths. Therefore, our current interferometer system was designed to operate

at the wavelength of 623nm in order to minimize the inherent attenuation of the polymer

(Abdi et. al., 2009).

The POF sensor fabricated for this study had a 0.0250m gauge length (0.0250±0.00005m).

The POF was coupled with glass fibers at both ends using Zirconia ferrules. POF and glass

fibers were butted together inside of the Zirconia ferrule for a proper light transmission. POF

and glass fibers were also glued to the ferrule using the “Fiber Optic Connector Epoxy” by

FIS. Gluing the fibers to the ferrule provides a more stable connection. More information is

provided in the coupling section in chapter 3. After fabricating the sensors, each sensor was

tested for proper light transmission (Abdi et al., 2008).  Sensors that had too high losses in

the connections were considered unreliable and not tested.

Aluminum axial tension coupons were used to test the POF sensors. As shown in figure 4.2,

the aluminum coupons were fixed between two grips of a MTS machine under axial loads.

An extensometer with a gage length of 25mm was used to independently monitor the strain

in each stage of the tests. The extensometer was installed at the POF gage length. The

readings of the extensometer as well as the readings of the crosshead displacement were

recorded during the tests using Lab View 4.0 on a computer connected to the controller of the

MTS machine and its data acquisition system.
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There was a height difference between the fibers coming out of Zirconia ferrule at the glue

points and the surface of the coupons. This height difference presented a problem for gluing

the POF to the surface of the aluminum coupons. The major concern was that the heigh

difference would cause local bending in fibers under the test. To solve this problem, two thin

aluminum plates (1”×1/3”×1/16”) were glued to the coupons using a metal glue (Loctite 430

Instant Adhesive, Metal Bonding). Then, the POF sensors were glued on these two thin

aluminum plates glued to the coupons. Figure 4.3 shows the detail and location of these small

plates on the aluminum coupons.

Although POFs are not as brittle as glass fibers, but they should be protected at the locations

where they might be impacted or damaged. In our sensors, there is a potential of damage at

glue points due to the use of the extensometer and its elastic bands. This protection was

provided using two plastic pieces of half-cylinders which are shown in figure 4.4. Each of

those half cylinders is protecting one side of the POF at glue point against a possible damage.

Figure 4.5 shows the sketch of the test specimen including aluminum coupons, POF sensors,

thin plates and half-cylinders.

Figure 4.2: two thin aluminum plates attached to the coupons.

Thin aluminum plates
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Figure 4.3: Specimen ready for test: a) POF fiber, b) Elastic band, c) Half-
cylinder plastic, d) Thin aluminum plate, e) Ferrule, f) Extensometer.

b

c

d

a

e
f

Figure 4.4: Overall sketch of test specimen.

Thin aluminum plateAluminum
coupon

Half-cylinder plastic

Ferrule

POF Fiber

Glue point
Glass Fiber

120mm
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4.1.2.Interferometer

Generally interferometric measurements are performed through comparing the phase shift,

ΔФ, in a sensor fiber with the phase shift in a reference fiber which is not exposed to the

applied strain. The main challenges in the design of our data acquisition system to monitor

POF sensors measurements are the large strain magnitudes and the high attenuation

properties of the POF.

A Mach-Zhender interferometer was used for strain measurement in this research. It had

several components. Figure 4.6 and 4.7 shows these components.

Linear Polarizer

Quartz
Half-Wave plate

Ferrule
connector

Laser Source Objective
Lens

Linear
Variable

Beamsplitter

Computer

ADC card
(NI USB-6221 BNC)

Objective Lens

Index
Matching Gel

Photo
detector

Photo
detector

Glass Fibers

POF under test

3X3 directional Coupler

Figure 4.5: The Mach-Zhender interferometer, POF sensor, and the data
acquisition system
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Figure 4.6: Interferometer system.
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The light source was a 633 nm HeNe laser with a 10mW output power (Newport, Inc.). A

linear variable beam splitter splits the light into two separate branches. One was

transmitted to the 40X objective lens (Newport, Inc.) and focused into the glass fiber

core. Then it was transmitted through the glass fiber to the ferrule used for coupling, and

after that to POF under the test.

The lightwave exiting the sensor POF was coupled to the glass fiber glued to the ferrule,

and then to the 3×3 directional coupler and finally to the photo detector. The 3×3

directional coupler was used for recombining the beams between the sensing arm and

reference arm signals.

The reflected branch of the variable beam splitter at 90 degrees transmitted to the linear

polarizer (Newport, Inc.) and a quartz half-wave plate (Newport, Inc.) and served as the

reference beam. This polarizer and quartz half-wave plate combination provides the

flexibility to change the intensity of the reference beam. The intensities of the reference

and sensor beams must be approximately equal to achieve good interference between

them. Using the objective lens, light was directed to the glass fiber in order to follow its

path to the 3×3 directional coupler. The 3×3 coupler combines the reference and signal

beams and produces three outputs: (1) the combined signal output, (2) the combined

signal output phase shifted by 120° and (3) the combined signal output phase shifted by

240°.  These outputs will be combined to calculate the phase shift between the reference

and signal arms of the interferometer. More details of the data acquisition systems are

described in the next section (4.3.1).The ends of the other branch of the 3×3 directional

coupler fiber were placed into the index matching gel to reduce backscatter which would

lead to signal noise.

4.1.3. Data acquisition system

The data acquisition system consisted of a “Multifunction DAQ” (NI USB-6221 BNC)

which is compatible with our setup, a laptop computer, and a LabVIEW program for data

collection, recording, and calculation of applied strain measured by POF sensors.
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The multifunction DAQ receives the electrical signals from the photo detectors (which

are proportional to the intensity of the lightwaves arriving at the photo detectors),

converts them into digital signals, and transfers them to the LabVIEW program installed

on the laptop. This section describes the calculation of strain the photo detector signals.

One of the requirements of the setup for this research is that the data acquisition system

should be able to detect the direction of strain. For example, in the case of seismic loads

we need to measure repetitive compressive and tensile strains during the test. Koo and et

al. in 1982 proposed a solution for this problem. They successfully demonstrated and

used a passive stabilization plan and its appropriate signal processing method with the aid

of a 3x3 directional coupler in a Mach Zehnder interferometer (Koo and et al., 1982). The

circuit shown in figure 4.8 was used in the LabVIEW program to determine the phase

difference between two input signals (Koo and et al., 1982). We successfully used their

method in our research studies.

U2 and U3 are the voltage signals coming out of the two photo-detectors during the test.

These signals are proportional to the intensities of the interfered beams from the

reference and sensor arms. U3 and U2 are phase shifted by 120° as compared to U1 (which

is not used in the data collection). U2 and U3 could thus be defined as:

Figure 4.7: Circuit used in the DAQ LabVIEW program (Koo et al., 1982)
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]sin120sin+cos120[cosI=])120-cos(+[1I=U 2
  

]sin120sin-cos120[cosI=])120+cos(+[1I=U 3
  

Where I is the average intensity of the two beams and  is the relative phase shift

between them. It is this relative phase shift which is proportional to the strain in the

sensor arm and which we must therefore calculate. By subtracting and adding the U2 and

U3 values:

sin120sinI2=U-U=U 32-  

)cos120cos+(1I2=U+U=U 32+
 

The first derivative of U- and U+ would be:

cos120sinI-2=U +    

120scI-2=U -     inos

The parameters f1 and f2, defined in the circuit (figure 4.8) are,

   sin120cos120sinI4=f 22
1

   sin120cos120cI-4=f 22
2 os

Similarly, F and the final voltage output of the circuit V(t) value can be calculated,

  3-I=cos120sin120I4=f-f=F 22
21 

(t)V(t)(t)3-I=V(t) 2  

(4.2)

(4.3a)

(4.3b)

(4.1)
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I is the intensity of the signal of the recombined beams, which is modulated by the phase

shift between the reference and sensor arms, (t). Therefore, in cases where I is constant,

the output voltage as a function of time is proportional to the phase shift between the

reference and sensor signals to be measured, Δ(t). This is the case that is normally

assumed in 3X3 coupler interrogators based on silica fibers. However, for POF sensors,

the fiber can be loaded beyond the elastic range, therefore intensity reductions with strain

could potentially occur.

The proportionality constant can be predicted analytically, but this is difficult as all losses

must be known. It is therefore easier to calibrate the proportionality constant. Therefore

the intensity and phase-shift should be separated for measuring phase shift in each steps

of the test. Previous tests showed no considerable change in intensity up to high strains

(more than 13%) in the POFs used for our test (Kiesel et al., 2007). So if the input

intensity, “I”, is measured at the beginning of the test, it could be used during the test.

However, this requires pre-loading the sensor before actually beginning measurements.

Additionally, changes in the output power due to hysteresis in the optical fiber or

deformation of the coupler during testing would lead to false, apparent changes in the

measured strain. Therefore, phase shift and intensity were separated in one version of the

data interpretation for some of the specimens to see if such separation was required. The

phase shift was derived based on equations 4.4 to 4.6. First we can rewrite U2 and U3:

)60-
2

(cos2I=])120-cos(+[1I=U 2
2

  

)60
2

(cos2I=])120cos(+[1I=U 2
3
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Therefore using equation  4.4, we can drive:
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Therefore, based on the 4.6 equation, the phase shift could be calculated based on U2 and

U3 values in each step of the test. The next step is calculation of the intensity value and

then V(t). The intensity could be calculated by substituting value form 4.6 equation in

sum of U2 and U3 (U2+U3 = F()×I). Then V(t) could be calculated using 4.3b equation

and the  calculated intensity (equation 4.7). As discussed, the intensity could be

calculated by knowing U2 and U3 values based on phase shift value presented in equation

4.6:

(4.5)

4.6
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And subsequently the V(t) could be calculated based on equation 4.3b:
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Employing the proposed equations would help us measuring the phase-shift versus time in each step of the test, independent of the

intensity. Additionally, the intensity could also be monitored throughout a test. Two LabVIEW programs were developed based on

the above formulations.

(4.7)
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The first LabVIEW program is shown in figure 4.8, 4.9, and 4.10. This simulation is

based on the assumption that the intensity does not noticeably change during the test

while the strain in the fiber is less than 13% (Kiesel et al., 2008). The intensity was

measured before starting of the test by monitoring the output signals of the photo

detectors. Then the measured intensity was assumed as the known parameter in the

simulation and only the phase-shift was calculated in each step of the test. This

simulation was based on the equations 4.1 to 4.3. The advantage of this LabVIEW

program for simulation is its simplicity and speed of recording with minimum processing

time. This processing time could be important for real time monitoring of structures.

The second LabVIEW program utilizes the developed formulations in equations 4.4 to

4.7 in order to calculate both the intensity and phase-shift in each step of the test. This

LabVIEW simulation and its schematic view are shown in figure 4.11, 4.12, and 4.13.

For the field applications, this data interpretation method could also raise a concern. That

concern is the time lag during the test due to the large number of calculations in each

time step.

Both of mentioned simulations were used for testing and monitoring of the assumptions

and parameters during the test and it will be described in the next sections of this chapter.

It should be noted that the main circuit used in development of the LabVIEW programs is

based on the proposed method by Koo et al. in 1982 which makes the LabVIEW program

able of calculating accumulative phase shifts and also detecting the direction of applied

stain.
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Figure 4.8: Interferometer system, LabVIEW program 1.
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Figure 4.9: Interferometer system, LabVIEW program 1.
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Figure 4.10: Interferometer system, LabVIEW program 1.
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Figure 4.11: Interferometer system, LabVIEW program 2.
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Figure 4.12: Interferometer system, LabVIEW program 2.
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Figure 4.13: Interferometer system, LabVIEW program 2.
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4.2. Strain Measurement Using POF Sensors

In order to apply POFs as strain sensors, both their mechanical and photo elastic effects

should be assessed. Some mechanical properties of our POF sensors were determined in

chapter 2 of this thesis. Other mechanical properties needed for strain measurement were

determined by Kiesel et al. 2007. In this work we assume the same mechanical properties as

Kiesel et al. 2007 in our POFs since we employ the same polymer material with the same

POF diameter from the same manufacturer (Kiesel, 2007). Photo elastic effects and optical

properties of sensors could be different depending on the material and geometry of the fiber

(Zubia and Arrue, 2001). For example, a slight change in core size of fibers will not affect

the mechanical properties of the fiber while it certainly has some effects on optical properties

of the fiber. Therefore, the optical properties of POFs should be determined and calibrated

for measurement applications. In this chapter, by testing a number of samples, the parameters

are compared with actual strain measurements from the POF sensors when mounted on

tensile specimens. The test of a POF surface mounted on an aluminum coupon was

conducted to see the actual ability of POF sensors for strain measurement. Based on the test

results, the POF sensors demonstrate an excellent capability of strain measurement. They

also presented the ability of compressive strain measurement if pre-strained (in unloading

when the POF was in tension). In other words, if the POFs in POF sensors are pre-strained up

to 2 %, they can measure 2% compressive strain of the host material while POFs are still in

tension. The measurement of compressive strain measurement is potentially a weak point for

optical fiber sensors, which was alleviated in this research using the large strain limits of

POFs (Abdi et al., 2008).
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4.2.1. Background and formulation

In chapter 2 of this thesis the monotonic behavior of POFs were investigated. However, for

the purpose of strain measurement more parameters are needed. Kiesel et al. (2007)

conducted several pure tensile tests (the same as tests described in chapter 2) to determine

these parameters. The calibrated mechanical properties are E = 3.83 GPa (initial stiffness), υ
= 0.34 (poison ratio), δ = 15.0 (nonlinearity in axial strain), α = -2.3 (nonlinearity in

transverse strain components).

In this work, the POF interferometer measures strain values through the relative phase shifts

between the reference (not strained) and sensor (strained) fibers. In general the phase shift-

strain relationship in optical fiber interferometers for large strains can be written as (Kiesel et

al., 2007):

2 3
2 3

2 3

d 1 d 1 d=( ) +  ( ) + ( )
d 2 d 6 d
     
  

 

When ε is small (less than 1%) the nonlinear terms of the above equation could be neglected.

For large strains like what we expect in our testing, the higher order terms are also important.

It was shown that the first and second order strain terms are very good approximation for

strain measurement in large strain POF strain sensors (Kiesel et al., 2007).  Considering the

importance of the first and second order strains, we write equation 4.8 for pure axial loading

as a Taylor’s series about ε=0 (Kiesel et al. 2007):

2
)(

2 BA 

In the above equation, A is an important coefficient for small strain measurements and B is a

key coefficient for larger strain measurements.

(4.8)

(4.9)
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The coefficients A and B could be defined based on the total of six parameters which were

defined to consider photoelastic effects during the actual tests. Two of these parameters are

from the linear strain optics tensor, p, and the four remaining parameters are from the

second-order strain optic tensor, g. The A and B values in equation 4.9 can be expressed as

(Kiesel et al., 2007):
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In above formulations L is gauge length of the sensor POF, λ is the wavelength of light

propagating through the POF (623nm in our test), and n0 is effective index of fundamental

mode of the POF.

The equation 4.10a which is used for linear and small strain measurements is usually written

as:
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The second order term for large strain measurements could also be written as (Kiesel et al.,

2009):

(4.10b)

(4.10a)

(4.11)
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In above equations, cm is the nonlinear coefficient of mechanical properties and cp is

nonlinear coefficient of photoelastic properties of the POF (Kiesel et al., 2009). After

mechanical testing of POFs, cm could be determined. However for determining of the cp and

pe values, an actual strain test of POFs needs to be conducted. Using equations 4.12, 4.11 and

4.9, the final equation of phase shift-strain relationship could be rewritten as:

])(
4
1)1[(2)( 2

0 

 mpe ccpLn 

It is very important to note that the (ε) term in all above formulations is the material strain

(true strain) which is different from the engineering strain(ε ) (or nominal strain) which is

measured during the test. The values of strain bellow 1% could be expressed with either

nominal strain or material strain expressions. But for large strain measurements, only the

material strain is valid for above calculations. The engineering strain(ε ) could be calculated

from material strain using equation 4.14 (δ was determined by Kiesel et al., 2007):

2
1 1 5 .0      

In summary, by determining mechanical and optical properties of POFs, the strain

measurement using POF sensors could be performed. The third and higher orders of material

strain were neglected in our equations based on previous experiences (Kiesel et al., 2009).

(4.13)

(4.14)

(4.12)
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4.2.2. Strain measurements

Based on the described test setup and the data acquisition system, strain measurements were

performed with the POF sensor to compare its response to that predicted by the previous

calibrations. An MTS machine was used for applying axial strain (and therefore load) at the

rate of 0.0625 sec-1. The extensometer independently measured the applied strain during the

test.

A total of six successful tests for strain measurement were performed. In the first set of tests,

three POF sensors were loaded up to 4% strain and then unloaded to 3% strain. In the second

series of tests, three other POF sensors were loaded up to 10% strain.

In each test, the phase shift-time response of the POF sensor was measured using the Mach-

Zehnder interrogator described earlier. After comparing the phase shift-time response (POF

sensor) with the recorded strain-time response (extensometer), the phase shift-strain

relationship was determined. Based on the measured phase shift-strain responses, the phase

shift-strain calibration curves for both material and engineering strains were calculated.

These calibration curves were also compared with the theoretical formulation developed in

see section 4.2.1.

It is necessary to note that in all of the proposed equations and formulations, material strain

were used. The proposed equation in the format of nominal strain was calculated using

material strain and nominal strain relationship (equation 4.14). Some key parameters of the

tests are summarized and compared in table 4.1. All of calibration and fitting equations are

shown in table 4.2. Finally, the relationship between phase shift sensitivity and length change

were calculated and  compared with previously performed tests. For clarification it should be

note that the “strain” term in this document refers to the “nominal strain” or basically

elongation of POF. Otherwise “material strain” (or “true strain”) will be used.
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4.2.3. Loading to 4% of strain and unloading to 3% of strain

In these series of tests, the POF sensors were subjected to tensile strain of 4% and then

unloaded (compressive strain) to reach 3% strain. Three major steps could be defined for the

test procedure.  At the first step of the tests POF sensors were strained at the rate of 0.0625

sec-1 up to 4% of strain. In the second stage the POF sensor was held at a constant strain of

4% for about 12 seconds to permit relaxation before unloading of POF sensors. Finally the

last step is unloading at the rate of 0.0625 sec-1 to achieve 3% of strain. In the next sections,

the results of the 4% tensile strain and 1% unloading (compressive strain) portions will be

discussed separately.

4.2.3.1. Tensile loading to 4% of strain

In this section, only the loading part of the tests is discussed as this portion was used for

calibration of the sensors. Three specimens were tested under tensile strain up to 4%.

Photographs of the test specimens are shown in figure 4.14. The red light emitted from the

POF shows the light loss in POFs.  Figure 4.15 to 4.17 shows the time and measured phase

shift during the test. The phase shift was measured at a rate of 0.0625 sec-1. Figure 4.18 to

4.20 shows the strain (measured from the extensionmeter) versus phase shift relationship for

each test as well as a best fit curve (second order curve). . The next step is to calibrate the

response of the sensor and compare it to that previously measured by Keisel et al. (2009).

Figure 4.21 shows the phase shift vs. strain response for each of the three sensors as well as

the best fit curve compared with completed tests in the format of material strain. Figure 4.22

presented the same graphs in engineering strain format which is more sensible since the input

and output of the performed test is in engineering strain format. The response of all three

sensors was extremely repeatable. In addition, the results in figure 4.21 and 4.22 were

compared with equation 4.9 with two sets of material parameters: those from Kiesel et al.

(2009) and the best fit parameters from the current data. We see that there is more

nonlinearity in the phase shift strain response than that predicted by equation 4.9.
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Figure 4.14: Test specimens 1, 2, and 3 during the test
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Figure 4.16: Measured Phase shift versus time for POF sensor 2.

Figure 4.17: Measured Phase shift versus time for POF sensor 3.

Figure 4.15: Measured Phase shift versus time for POF sensor 1.
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Figure 4.20: Measured phase shift versus strain for POF sensor 3.

Figure 4.18: Measured phase shift versus strain for POF sensor 1.

Figure 4.19: Measured phase shift versus strain for POF sensor 2.
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Figure 4.21: Material strain and phase shift calibration curves.

Figure 4.22: Engineering strain and phase shift calibration curves.
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Figure 4.25: Measured phase shift sensitivity for POF sensor 3.

Figure 4.24: Measured phase shift sensitivity for POF sensor 2.

Figure 4.23: Measured phase shift sensitivity for POF sensor 1.
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This increases the nonlinear coefficient calibrated from the current data. This increased

nonlinearity is potentially due to the adhesive mounting the POF in the ferrule and mounting

the ferrule to the specimen. Figure 4.23 to 4.25 also shows the phase shift sensitivity of our

tests for comparison purposes to other research results. The phase shift sensitivity was

calculated from phase shift-time and strain measurements and was not recorded directly

during the test

4.2.3.2. Unloading from 4% to 3% of strain

POFs have several advantages. One of the important advantages is their flexibility. POFs are

not brittle so they could be employed in more applications comparing with silica fibers.

Figure 4.26 is a photograph taken after breaking of a POF sensor during axial loading. This

photograph shows that POFs could easily bend.. This property can facilitate the fabrication of

durable sensors for variety of physical conditions. During compressive strains, POFs will

buckle if they are not prestrained (figure 4.26 and 4.27).

Figure 4.26: Flexibility of a POF in strain a measurement test
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Figure 4.27: Buckling of POF due to the compression during a sample
compression strain measurement test
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The light power in POFs will also be affected in addition to unreliability of measured strain

(Arrue et al., 1998). In order to avoid this undesirable condition, the idea of POF prestraining

is proposed in this research. In this approach, the POFs are prestrained in their elastic range

(less than 4%). Prestraining makes them able of measuring compressive strain of the host

materials while the POFs are still in tension. Therefore in order to measure compressive

strain using POF sensors, prestraining of POFs is recommended.

For precise prestraining of POFs, we took advantage of our tensile test (tensile strain up to

4%). In that case we can study one cycle of the tension-releasing behavior of the POF

sensors, in addition to the ability of POF sensors for compressive strain measurement. We

assumed the complete elastic behavior of POFs under 4% of strain which was demonstrated

in Chapter 2 and also by Kiesel et al. in 2007.

The time phase shift-time data is presented in figure 4.15 to 4.17. In that figure, the line with

increasing phase shift values (versus time) is related to 4% of tensile strain and the line with

decreasing phase shift values (versus time) is related to 1% unloading (compressive) strain.

The strain versus phase shift graph is shown in figure 4.28 to 4.30. Figure 4.31 and 4.32

present the test results and the calibration curve along with the proposed equations using

measured parameters in this study as well as measured parameters by Kiesel et al. 2009. As a

conclusion, the tests for unloading (compressive) strain measurement prove the repeatability

of POF sensors for compressive strain measurement if being prestrained.
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Figure 4.29: Measured phase shift versus strain for POF sensor 2.

Figure 4.28: Measured phase shift versus strain for POF sensor 1.

Figure 4.30: Measured phase shift versus strain for POF sensor 3.
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Figure 4.32: Engineering strain and phase shift calibration curves for 1%
compressive engineering strain.

Figure 4.31: Material strain and phase shift calibration curves for 1%
compressive material strain.
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4.2.4.Tensile strain measurement of 10%

One of the most important characteristics of the POF sensors presented in this research is

their ability to measure large strain. In order to use and calibrate POF sensors for large strain

applications, three POF sensors were tested to 10% tensile stain. Photographs taken during

the tests are shown in figure 4.33. As stated before, only the tensile strain part of the test is

studied and all of formulations are based on material strain. Figure 4.34 to 4.36 shows the

time and the related phase shift values from 0% strain up to 10% strain. Test sample 4 and 5

were able to survive up to 10% of strain while sample 6 broke at a strain of 9.1%. It was

shown before (Chapter 2 and Kiesel et al., 2007) that POFs could survive under tensile strain

of more than 15%. A variety of reasons could be associated with failure of this sensor before

10%. Among these reasons, stress concentration around the glue point might be the most

important reason since the breaking location was close to the glue point of the sensor. Similar

to the results for the 4% tensile strain measurement. Figure 4.37 to 4.39 shows the phase

shift-strain test result along with the best fitting curve for the three POF sensors.

The calibration curves for the material and engineering strain were determined and are

presented in figure 4.40 and 4.41 along with the experimental results and proposed

formulation (equation 4.9). Finally, the calculated phase shift sensitivities are presented in

figure 4.42 to 4.44 for comparison purposes. According to table 4.1, the phase shift

sensitivity values are very close to the values published by other researches (Silvia-Lopez et

al., 2005 and Kiesel et al., 2009). Considering the test results, the POF sensors presented the

reliable and consistent ability in strain large measurement. The fitting and calibration curves

data are presented in table 4.2.
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Figure 4.33: Test specimens 4, 5, and 6 during the test

POF 4

POF 5

POF 6



110

0 30 60 90 120 150 1800

16000

32000

48000




 (r
ad

)

Time (s)

0 30 60 90 120 150 1800

16000

32000

48000




 (r
ad

)

Time (s)

0 30 60 90 120 150 1800

16000

32000

48000




 (r
ad

)

Time (s)

Figure 4.35: Measured Phase shift versus time for POF sensor 5.

Figure 4.36: Measured Phase shift versus time for POF sensor 6.

Figure 4.34: Measured Phase shift versus time for POF sensor 4.
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Figure 4.37: Measured phase shift versus strain for POF sensor 4.

Figure 4.38: Measured phase shift versus strain for POF sensor 5.

Figure 4.39: Measured phase shift versus strain for POF sensor 6.
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Figure 4.40: Material strain and phase shift calibration curves for
10% engineering strain.

Figure 4.41: Engineering strain and phase shift calibration curves
for 10% engineering strain.
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Figure 4.42: Measured phase shift sensitivity for POF sensor 4.

Figure 4.43: Measured phase shift sensitivity for POF sensor 5.

Figure 4.44: Measured phase shift sensitivity for POF sensor 6.
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4.3. Summary of the test results

To summarize, the results of the experiments, the important parameters for the purpose of

measurement and calibration are shown in table 4.1. These parameters were determined

based on our experimental tests as well as the equation 4.13.

First, the linear phase shift sensitivity (df/d(DL))was compared with the previous  results of

Kiesel et al. (2007) and Silvia-Lopez et al. (2005). These are the only two tensile tests on

similar single mode POFs. There is a good correlation between parameters obtained in this

research and other research works. This confirms the accuracy of the measurement through

the current data acquisition system. Secondly, the nonlinear sensitivities, cm and cp values

were calculated based on the described formulation and the optical and mechanical tests. The

nonlinear mechanical term cm, is based on the same formulation as Kiesel et al. (2009) and is

therefore the same value.

Test Length (m) dφ/d(ΔL) (rad/m) cm cp

POF 1 0.02500 1.328 × 107 11.4 43.3

POF 2 0.02505 1.315 × 107 11.4 43.9

POF 3 0.02503 1.343 × 107 11.4 44.4

POF 4 0.02503 1.322 × 107 11.4 42.6

POF 5 0.02505 1.327 × 107 11.4 45.0

POF 6 0.02498 1.348 × 107 11.4 44.2

Kiesel et al. 2009 0.02000 1.370 × 107 11.4 37.0*

Kiesel et al. 2009 0.02000 1.360 × 107 11.4 38.2*

Silvia-Lopez et al. 2005 0.10800 1.310 × 107 - -

Table 4.1: Summary of calibrated response of this study and previous researches
(*corrected values)
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The tests of Silva Lopez et al. (2005) were only conducted up to 0.4% strain; therefore

nonlinear sensitivities were not calibrated. The cp, nonlinear photoelastic effects, in this study

the measured values are larger than those from the measurements of Kiesel et al. (2009). It

should be noted that the original values reported in Kiesel et al. were based on the nominal

strain, not the material strain and have been corrected in table 4.1. It could be the effect of

coupling, amount of glue, and most importantly slight difference in optical properties of the

POFs that were used.

The calibration and fitting equations of the curves shown in graphs of the section 4.3 (strain

measurement), are presented in table 4.2.

Curve a B C R

POF1 (4%) 122.15 3259 -1.12 0.999

POF2 (4%) 113.87 3261 -1.35 0.999

POF3 (4%) 104.18 3284 -4.73 0.999

Eng. Strain (4%) 787.38 2368 57.50 0.988

Mat. Strain (4%) 113.40 3039 -2.40 0.987

POF1 (-1%) 150.91 3372 -912.04 0.985

POF2 (-1%) 169.35 3275 -942.34 0.991

POF3 (-1%) 147.37 3354 -976.06 0.988

Eng. Strain (-1%) 1146.01 1984 236.20 0.997

Mat. Strain (-1%) 155.88 3333 -943.48 0.996

POF4 (10%) 92.369 3347 -72.45 0.991

POF5 (10%) 117.86 3251 9.73 0.987

POF6 (10%) 113.72 3251 6.10 0.993

Eng. Strain (10%) 1004.60 2249 534.74 0.991

Mat. Strain (10%) 105.36 3303 -42.52 0.988

Table 4.2: The Calibration curve and best fitting curve equations

(ax2+bx+c = 0)
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The “Eng. Strain” (engineering engineering) and “Mat. Strain” (material strain) values are

coefficients for calibration equations. These equations will be used to evaluate the strain

values using POFs phase shift measurements. In order to verify the strain measurement

ability of our sensors, an actual test using POF sensors was conducted. In that test, the strain

measured with extensometer was compared with the calculated strain using the proposed

calibration curves. The base of the POF sensors measurement is phase shift of the light due to

applied. Since the phase shift is very sensitive to strain changes, the measurement should be

very precise based on its nature. However, the proposed method for strain measurement

could have some undesirable errors from various sources. These sources and their potential to

produce error in our tests will be reviewed in section 4.3.1.

4.3.1. Parameters affecting the measurement

There are varieties of parameters which can affect the strain measurement using POF sensors.

These parameters could be the characteristics of data acquisition system, interferometer

components, POF properties, environmental conditions, and sensor mounting procedure. In

this section some of these parameters are studied and their effects on the POFs strain

measurement are investigated. The considered parameters are the light intensity during the

test, room temperature during the test, extensometer measurements, and measured gauge

length of the POF sensors.

4.3.1.1. Strain- intensity changes during the test

In the strain measurements of the POF sensors in the results discussed above, it was assumed

that the intensity of the lightwave propagating through the sensor arm does not change during

the test. The validity of this assumption could be a source of considerable errors and is

studied here. During strain measurement using POF sensors, Kiesel et al. (2007) observed

that the intensity did not noticeably change when the strain increased.
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However, it is necessary to check this assumption for the entire strain range applied. The

intensity was calculated from the second LabVIEW program described in section 4.3.1. The

calculated intensity versus strain when POF sensor 6 was loaded to 10% axial strain  is

presented in figure 4.45.

According to the figure 4.45, other than local and small recorded noises during the test, the

intensity does not change even at large strain values. Therefore there is almost no error

affecting the results from this assumption.

4.3.1.2. Temperature

Temperature changes will also result in phase shift of the light propagating inside of the

POFs (Silva et al., 2005). Therefore temperature changes need considerable attention during

strain measurements using POF sensors. For strain calibration purposes, the temperature

should be constant. In our tests, the POF sensors were tested in constant temperature (75˚F).

However, during an actual test, especially in field applications, the temperature could change
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Figure 4.45: Strain-intensity calculated from photodetector response during the
test. Intensity is in arbitrary units
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during the test. Therefore for the field applications, thermo-optic properties of POF sensors

should be determined.

4.3.1.3. Extensometer measurements

The data acquisition system records phase shift of POF sensor versus time during the test.

The extensometer measures strain during the test while the MTS data acquisition system

records the time. By comparing the peaks and also verifying the time, the strain versus phase

shift could be determined for POF sensors. The time verification helps detecting any possible

time lags between the two measurements due to the processing time of LabVIEW program or

data acquisition system. Figure 4.46 shows the reading of extensometers for 10% of strain.

Figure 4.47 also demonstrate the extensometer measurement of 4% of tensile strain and then

1% of unloading strain (for compressive strain measurement applications).

The extensometer error in strain measurement will affect the phase shift strain calibration

measurement of POF sensors.  However, this error is negligible and due to the precision of

the extensometer and performed tests since there is a very good correlation between tests.
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Figure 4.46: Measurement of the extensometer (10% tensile strain)
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4.3.1.4. Gauge length

An accurate measurement of the gauge length is necessary for the calibration of the POF

sensors since the change in length is measured by the phase shift rather than the average

strain. The most significant challenge in this calibration is the measurement of the gauge

length of the extensometer during the tests as it will provide the strain value.

The extensometer gauge length was set to be 25mm. Then it was installed on the gauge

length of the POF sensors. After calibrating of the POF sensors, the phase shift will give us

the amount of strain in each step of the test. Figure 4.48 shows a specimen before the test and

during the test. If a POF sensor has a smaller or larger gauge length than extensometer, then

the POF sensor will be calibrated with incorrect strain values.

A caliper was used to measure the gauge length of each POF sensor to accurately develop

nonlinear opto-mechanical parameters in addition to strain measurement using controller

displacements. The expected error in gauge length measurement using the caliper was

0.025mm.
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Figure 4.47: Measurement of the extensometer (4% tensile and 1% unloading)
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Obviously, there was almost perfect match between the extensometer gauge length and POF

sensors gauge length in all of our tests (table 4.1). The excellent correlation in calibration

curves and measured strain in an actual test are the supporting evidence for negligibility of

this type of error in our tests.

4.4. Estimation of the calibration error

Errors may exist in any test form variety of sources. Calibration error assessment could be

based on repeatability of previous performed tests (Ang and Tang, 2007). In this study, based

on maximum and minimum recorded values of phase shift for any strain, the amount of error

was evaluated. In order to define the expected error in our measurement the following

formula was used (see figure 4.49):

100% minmax 






Error

Figure 4.48: Test specimen (a) before the test and (b) during the test

a b

(4.15)
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Based on the performed tests, the average phase shift values associated with strain (ε) values

are determined. At any phase shift, the εmax and εmin values could also be determined using

the minimum and maximum recorded phase shift-time relationships (figure 4.49). Using

equation 4.15, the error for any strain value could be calculated. The estimated error for

strain values is shown in figure 4.50.
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Figure 4.49: Error calculation using minimum and maximum ΔΦ values.
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Figure 4.50: Error estimation of performed test for strain of 0% to 9%
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As it is shown in figure 4.50, the error increases when strain increases. At the large strain

values (around 10%) the expected error is around 3%.The amount of calibration error in

small strains could be high since the amount of recorded phase shift noise might be high

(compared with very small strain values). In large strains, the error might be related to

cumulative nature of data recording.

For precise error estimation and determining the dependability of the sensors, sensitivity

analysis should be conducted. Since our data is complex and could not be categorized in the

format of well known distributions like normal distribution, Monte Carlo simulation for

probability modeling was performed. Monte Carlo simulation is a method for iterative

estimation of complex deterministic model using sets of random data as inputs (Sundararajan

2009). Total number of 100,000 set input evaluator points in Matlab was used for simulation

of each strain value. Figure 4.51 presented the result of the simulation.
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Figure 4.51: Estimated error with the related confidence level for strain of
0% to 10%.



123

Simply, the meaning of 90th percentile is: with 90% of probability the amount of error in a

POF sensor will be less than the proposed amount for the 90th percentile curve. Same as

error measurement before, (as expected) the estimated error increases when the strain

increases. Figure 4.51 clearly stated that with the probability of 98%, we should expect not

more than 5% of error at around 9% of strain. Also the error for the same strain with the

probability of 95% is less than 3%. The amount of calibration error and noises may relate to

the intensity fluctuations, performance of POF when strain increases, and cumulative nature

of the recorded data. But the most important factor of all could be the cumulative nature of

phase shift measurement versus strain in our data acquisition system which helps error

accumulation.

4.5. Actual test for actual strain measurement in a coupon

The developed POF sensors presented a substantial ability in strain measurement with an

impressing resolution. In this section, an actual tensile test was performed to evaluate the

reliability of the calibrated POF sensors along with the estimated error. The test was

conducted using an aluminum coupon and an extensometer along with a POF sensor (figure

4.52).

The data acquisition system and interferometer were used for this actual tensile testing. It is

notable that in this test the ferrule and the glass fiber were not attached to the narrow part of

the aluminum coupon to avoid straining of the POF sensor other than its gauge length. It also

prevents breaking of the sensor in any location other than its gage length. The phase shift-

time response of the test is presented in figure 4.53.

Test 1-3.
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Figure 4.53: Time phase shift recording of the test

Figure 4.52: Actual test using POF sensor for strain measurement
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After recording the phase shift values during the test, the calibration curve for 10% strain was

used to calculate the strain values associated with the measured phase shift values. The

calculated strain values from calibration curve were compared with measured strain values

by the extensometer mounted on the aluminum coupon. The largest difference was related to

the strain of 10% which was less than 0.12%. This is the proof for the reliability of the

developed POF sensors in strain measurement. In figure 4.54, the phase shift-strain curve of

the test is shown (extensometer measurement). The POF measurement obviously is exactly

same as the calibration curve (in the middle of upper and lower levels).  Figure 4.54 also

compares the test result with the maximum and minimum confidence levels of the Monte

Carlo simulation.

Figure 4.55, 4.56, and 4.57 presented closer view of figure 4.54 in smaller strain ranges. The

actual test result is between of 85% of confidence level intervals (and therefore 90%, 95%,

and 98% confidence levels). The response is also between the maximum and minimum of

previous calibration tests (but closer to the minimum).
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Figure 4.54: Strain-phase shift response of the test compared with
calculated confidence levels (0% to 9%)
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Figure 4.55: Strain-phase shift response of the test compared with
calculated confidence levels (6% to 9% of strain)

Figure 4.56: Strain-phase shift response of the test compared with calculated
confidence levels (3% to 6% of strain)

Figure 4.57: Strain-phase shift response of the test compared with calculated
confidence levels (0.7% to 0.8% of strain)
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Summarizing, the actual tensile test well verified the ability of POF sensors for large strain

measurement. It also proved the creditability of the proposed calibration curve and error

estimation for strain measurement.

4.6. Conclusion

The developed POF sensors along with the proposed interferometer and data acquisition

system could measure large tensile strains (up to 10%) with a considerable precision. In

addition, the POF sensors are able to capture compressive strain if being pre-strained. In our

tests they reliably measured 1% of unloading strain (in compressive direction) while the POF

was still in tension. The sensors successfully presented the ability to be employed in

structural instrumentation applications. Because of data acquisition system and the circuit

used in the LabVIEW program, we are able to capture the direction of strain in addition to its

values during a test. This property along with the operating strain range, preciseness and

reliability of these sensors make them the excellent choice for structural health monitoring

and structural testing.



128

Chapter 5

5. Direct Displacement Based Seismic Design of
Concentrically Braced Frames

In this part of research the direct displacement seismic design of steel structures will be

.investigated and developed. Although DDBD is well developed for steel structural systems,

there is limited data for application of DDBD to steel braced frames. The experimental and

numerical study in this research will result in an approach to be used for the displacement

based design of concentric braced frames.

5.1. Objectives and goals

The goal of this research is to establish reliable formulations, relationships, and approach

toward DDBD of concentric braced frame. In DDBD of any structure, yield drift,

displacement profile, and damping must be defined. At the first step defined yield

displacement relationship for braced frames were defined. The next step was completed by

defining the target displacement profile of concentric braced frames. Finally the hysteresis

and equivalent damping was evaluated. All of these parameters were assessed using both

experimental and numerical approaches.

5.2. Fundamentals of DDBD

Prior to presenting the detail of the work, a brief summary of DDBD is presented here.  More

detail is presented by Priestley et al. (2007). The DDBD method employs the secant stiffness

method and the equivalent damping approach toward designing of structures.
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DDBD assumes the structure as an equivalent SDOF elastic structure. DDBD approach aims

at designing a structure to achieve a selected performance limit state under selected

earthquake intensities. The DDBD should be followed with capacity design principles to

avoid undesirable non-ductile inelastic deformations.

MDOF structures are also transformed to an equivalent linear SDOF structure by DDBD

method. In that case the system mass (M
sys

) based on MDOF structural mass and system

force (F
sys

) based on equal work done by both systems will be assigned to the equivalent

structures (Priestley et al., 2007). The secant stiffness at peak response (K
eff

) will define the

hysteretic behavior of the equivalent system. The equivalent damping which is defined based

on displacement ductility is proportional to the energy dissipated by the system. Figure 5.1

shows the procedure of using DDBD for MDOF structures (when system parameters are

calculated).

Fsys

Msys sys

Keff
Kint

rKint

sysy

Fy
Fu

5.1: Multi degree of freedom DDBd structure modeling.
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Figure 5.2 presents the previously defined equivalent damping of various structures versus

their displacement ductility values. When the target displacement is selected, the

displacement ductility could be calculated. The equivalent damping could be also assessed

using figure 5.2. Then, by using the design response spectrum and the target system

displacement the effective period of the structure could be evaluated (see figure 5.3).

In the next step, the system stiffness (K
sys

) could be calculated using the system displacement

and system mass.

5.2: Equivalent damping versus ductility for using in DDBD application.



131

Finally, by calculating the effective system displacement and multiplying it with the target

displacement value, the base shear could be evaluated. Then, by distributing the base shear in

the structural system, members could be designed for the target displacement.

5.3. Design limit states

According to the definition of the SEAOC guidelines, a structural performance level depends

on both the performance limit state and the seismic demand. The performance objective is

defined based on the performance levels.

Five structural performance levels have been defined by SEAOC (see figure 5.4, and table

5.1). The performance levels vary from effective yielding of the system (SP1) to the collapse

5.3: Design displacement spectra for finding effective period of structure.
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limit state (SP5) (Priestley et al., 2007). SEAOC suggested the performance limit states of

table 5.1.

Total of four seismic hazard levels was defined by SEAOC: EQ-1 to EQ-IV (figure 5.5). The

appropriate probability based on the seismicity and confidence levels was assigned to each

hazard level. The return period for these seismic hazard levels are 25, 72, 1650, and 2475

years, respectively.

Damage

Limit-State
Force

Displacement

SP1 SP2 SP3 SP4

y

p

SP5

30%
p

30%
p

20%
p

20%
p

5.4: Structural performance level in force displacement diagram, SEAOC.

Table 5.1: Structural performance level and system limit states.
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5.4. Steel structures and their lateral load resisting systems

Seismic loading is an inertial load. The forces are dependent on dynamic characteristics of

the acceleration record and the structure with its lateral resisting system. In seismic design of

steel buildings, options include moment resisting frames, eccentric braced, and concentric

braced frames as the lateral resisting system (Brockenbrough and Frederick, 2006). The

response modification factor, R, is a good indication of ductility and behavior of structure in

nonlinear range. In the forced based design the coefficient R reduces the seismic design

forces in recognition of ductility achieved by structural system during a major earthquake.

5.5: Determining the performance Objectives considering earthquake performance
and seismic hazard, SEAOC.



134

Depending on ductility and inelastic behavior of structure, R ranges from 1.25 to 8

(Brockenbrough and Frederick, 2006). The larger values of R are used for ductile structural

systems that can dissipate large amounts of energy and can sustain large inelastic

deformation as well.

5.4.1. Moment frames

Special moment frames are among the most ductile lateral resisting systems with response

modification factor of 8 (R=8). In special moment resisting frames beams, columns, and

joints are capable of providing large amount of resisting forces. They also could dissipate

high amount of energy by flexural deformation of their members. Ordinary moment frames

have less amount of ductility, R=3.5 (Brockenbrough and Frederick, 2006). In special

moment frames, number of considerations is required for beam-columns connections, panel

zone yielding, shear resistant of moment frame connections, and location of development of

plastic hinges (Brockenbrough and Frederick, 2006).

5.4.2. Eccentric braced frames

In eccentric braced frames one or both ends of each diagonal brace intersects a beam away

from the column-beam joints or from an adjacent brace-beam joint (Brockenbrough and

Frederick, 2006). Figure 5.6 shows some configuration of eccentric braced frames. In all of

eccentric braced frames, a link beam is forming. In the designing of these braces frames, this

link beams must yield in shear or bending to prevent buckling of braces in large earthquakes.

This system of bracing is also very ductile with the R value of up to 8. However for the R=8,

special detailing is required.
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5.4.3. Concentric braced frames

In the concentric braced frames (CBFs) beams, columns, and braces will have concentric

joints, unlike eccentric braced frames (figure 5.7). In CBFs the main source of energy

dissipation is buckling of braces. After buckling of the braces, the system loses considerable

amount of lateral stiffness. Yielding of the tensile braces, beams, and columns is expected

after buckling of compressive braces (Remennikove et al., 1997). The ductility of this system

is limited and relatively lower than eccentric braced frames. The fracture of braces is more

likely if concentric joints enter into nonlinear range and experience deterioration

(Brockenbrough and Frederick, 2006). CBFs were divided to ordinary concentric braced

frames and special concentric braced frames (ASCE seismic provision, 2005). The special

consideration for the joints, geometric shapes, and post buckling behavior of braces is the

main difference between special CBFs and ordinary CBFs. As expected, for special CBFs the

R=6 while R=5 was assigned to the ordinary CBFs.

Figure 5.7 shows the typical shape of concentric braced frames among them only V shape

bracing and inverted-V shape bracing is permitted for special concentric braced frames

(Brockenbrough and Frederick, 2006; ASCE seismic provision, 2005).

5.6: Various types of eccentric braced frames (Brockenbrough and Frederick, 2006).
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Chapter 6

5.7: Typical configurations of concentric braced frames. (Brockenbrough and
Frederick, 2006).
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6. Buckling of braces in Concentric Braced Frames

(CBFs)

In Concentric Braced Frames (CBFs), braces provide the bulk of the stiffness attracting very

large compressive and tensile forces during an earthquake. As a result buckling of braces

dominates the behavior of CBFs and is the main source of energy dissipation. CBFs

economically provide more strength and resistance than moment resisting frames with the

same amount of steel (Brockenbrough and Merritt, 2006). However, the inelastic action is

inferior to that of special moment resisting frames. The design of columns and beams rely on

the post buckling behavior of braces (Brockenbrough and Merritt, 2006). Nonlinear modeling

of key members in any structure is very important to predict the behavior of that structure. In

this part of our research, an efficient buckling model for braces of CBFs is developed and

described. This model is verified and calibrated through experimental tests (by other

researchers) and parametric analysis.

6.1. Introduction

In seismic analysis of CBFs, brace buckling models are important from two points of view.

First, the model should predict the hysteretic behavior of braces and therefore the structure.

Second, the model should be numerically stable in seismic structural analysis and modeling.

Some models are able to predict the precise behavior of structural members although using

them in analysis could result in numerical instability. Some other models have deficiencies in

predicting the compressive threshold of buckling or post buckling behavior. In this study, an

efficient and stable model is presented which can be used in structural analysis. This model is

also capable of predicting the cyclic and monotonic responses of braces.
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6.2. Review of buckling models

One of the first models used for analysis of the braces was developed by Kanaan and Powell

in 1973 through the DRAIN-2D computer program to analyze the inelastic behavior of frame

members. This simple model consisted of a truss. This truss could either be a member which

yields in compression and tension or a member which buckles elastically in compression and

yields in tension. Obviously, this model is not a practical model for buckling of braces since

it is not realistic in modeling of the hysteretic loops and energy dissipation. Since that time, a

considerable amount of research has been performed. These studies could be categorized into

three major groups: a) Finite Element subdividing models, b) Phenomenological brace

models, and c) Physical theory model (Remennikov et al., 1997).

Finite element models usually divide a brace member into a series of smaller elements. In

these models, the material properties along with the section properties are necessary inputs

for buckling analysis. Any analysis using these models should be performed under large

displacement theory of the whole system. The finite element models could predict the

buckling behavior. In addition, it is theoretically applicable for almost any type of problem.

Keyvani and Barzegar in 1996 successfully used this approach to model tubular members

and offshore platforms. Unfortunately, finite element buckling models could not be used

practically in a large number of structural engineering analysis software packages because

they are complicated and computationally expensive (Remennikov et al., 1997).

Phenomenological brace models generally mimic the simplified hysteretic behavior of a

brace member based on experimental tests. Several of these methods have been used with

success in many studies (Higginbotham 1973, Nilforoushan 1973, Singh 1977, Jain and Geol

1978, Maison and Popov 1980, Zayas et al. 1980, Khatib et. al. 1988, and Hall and Challa

1995). Phenomenological models are computationally simple and generally numerically

stable.

Despite their advantages, they require a number of calibration input parameters for each

element type in the analysis. They cannot precisely predict the behavior of members because

of their simplified hysteresis behavior and limitation in determining calibration parameters.
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However, by using accurate hysteresis response, it is possible to precisely predict the

behavior of the member.

Physical theory models are generally based on physical modeling along with simplified

theoretical formulations. These models combine the computational efficiency and stability of

phenomenological models with the theoretical formulation of the finite element method.

Beam elements with a hinge in the middle of the brace form the majority of physical theory

models. Several physical theory brace models have elastic beam elements with material

nonlinearity (elastoplastic or bi-linear material behavior) along with plastic hinges at

midspan (Higginbotham 1973, Nonaka 1977, Gugerli et al. 1982, Shibata 1982, Zayas et al.

1981, Ikeda et al. 1984, Ballio et al. 1987, Hall et al. 1995, and Remennikov et al. 1997).

Depending on efficiency, complexity, and computational stability, the performance and

capability of these models vary extensively.

Many of these models are refined versions of older models. For example, Ikeda et al. in 1984

proposed a refined model based on Gugerli et al.’s model and formulations (Remennikov et

al., 1997). Thirteen years later, the Ikeda et al. model was refined and improved by

Remennikov et al. to develop an incremental brace theory model based for application in

dynamic analysis computer programs named RUAUMOKO (Carr, 2007). There are still

some deficiencies dealing with improved physical theory models. Some of the models have

instability issues and numerical deficiency when incorporated into nonlinear dynamic

analysis programs with a large number of braces. Although the Remennikov model is one of

the best physical theory models employed in RUAUMOKO, there are some instability issues

related to the number of members in the analysis and the presence of strength degradation

during the analysis. The other problem in some models is the ability to model hysteretic

behavior including strain hardening and softening after initial buckling. In addition, the

complexity of many models along with required empirical parameters make it difficult to

practically employ them for dynamic analysis of structures with bracing subjected to

buckling.

Recently Uriz et al. in 2008 proposed a new physical theory model (Uriz et al., 2008). The

model (same as the traditional physical theory model with beam-column elements and a
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hinge at the middle) has nonlinear beam-column elements connecting with a joint at the

midspan. The joint should have small imperfection eccentricities that cause the braces to

buckle. Other than nonlinear interaction of beam-column elements, no other behavior is

defined for the middle joint.

The model developed by Uriz et al. works very well at prediction and simulation of buckling

phenomena in braces. It is simple and computationally stable. It also works well in modeling

of structures with a large number of braces even during strength degradation which is the

expected phenomenon in the buckling of braces. The model developed by Uriz et al is

deficient in predicting the post buckling behavior, especially in braces with low slenderness.

It is likely due to the fact that it cannot predict fracture of braces due to low cycle fatigue. In

addition, the traditional assumption that plane sections remain plane after bending impacts

post buckling behavior(Uriz et al., 2008). Moreover, the recommended values for the

eccentricity do not reflect the realistic critical buckling loads according to experimental tests

and AISC (AISC Steel Construction Manual, 2006) proposed values. The initial buckling

capacity and post buckling behavior of braces are important factors in designing of CBFs

(Remennikov et al., 1998). In this study, the Uriz et al. model was considered for further

improvement for prediction of the experimental tests and reliable analysis of structures.

Finally, our refined model, although not perfect, provides a noticeable improvement in

predicting the threshold of the compression buckling load and the energy dissipation post

buckling.

6.3. Brace buckling model

The proposed model for the buckling of braces is composed of two nonlinear beam-column

segments (fiber model) with a joint connecting them at the midspan and three rotational

springs. It is notable that at least one element per segment is required, but eight elements

(based on analysis stability) were used in this study. The middle joint needs to have the

prescribed eccentricity (will be discussed later) to model the compressive behavior and detect

the initial buckling. One nonlinear spring models the midspan rotational stiffness of braces.
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The other springs were assumed to be elastic. Figure 6.1 shows the proposed model for

buckling of the concentric brace systems.

The nonlinear fiber beam-column element is based on a flexibility based formulation by

Spacone (Spacone et al. 1994) for small deformations. In this model, plane sections remain

plane and normal to the longitudinal axis (Spacone et al., 1996). This is not a realistic

assumption, especially after initial buckling. That is the reason why the inelastic spring at

midspan was defined to account for the impact of this assumption. This basic small

deformation formulation could be improved to account for large displacement analysis by

applying the concept of corotational theory (Crisfield, 1991).  There are three major

components in corotational theory (Filippou and Fenves, 2004): transforming the forces and

displacement between the global and local coordinate systems, then removing the rigid body

modes from displacement of the element, and finally the equilibrium formulation of the

forces in the basic and local coordinate systems. The large displacement analysis of nonlinear

beam-column elements used in the model is based on forced based FE corotational

formulation by de Souza (de Souza, 2000, Uriz et al., 2008). The formulation was developed

using a geometrically nonlinear form of the Hellinger-Reissner principle, with an inelastic

strain-displacement relationship (de Souza, 2000).

The Giuffre-Menegotto-Pinto steel material model was developed to model the cyclic

behavior of steel bars (Menegotto and Pinto, 1973). This model was adjusted to account for

isotropic and kinematic strain hardening (Filippou et al., 1983).

L/2 L/2

e

K1
K2

P

K3

Figure 6.1: Components of the proposed model
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For this study the adjusted uniaxial Giuffre-Menegotto-Pinto material model was used. The

beam-column fiber model accurately models the nonlinearity along the length of member as

well as the cross section. The end springs could be adjusted based on experimental results or

estimated end stiffness. For better understanding and calibration of the model, parametric

analysis was performed.

6.4. Parametric study

In order to calibrate the proposed model, a parametric study was performed. The midspan

rotational stiffness, rotational stiffness at ends, and initial imperfection eccentricity of a brace

were the main parameters affecting the model. The best way to determine these parameters is

performing an experimental test, along with theoretical calculations. Based on AISC

recommendations and available experimental data, these parameters will be discussed and

selected.

6.4.1. Initial imperfection eccentricity

In order to artificially define the location of the plastic hinge after the initial buckling in the

braces, a small initial eccentricity is applied at the midspan. Initial eccentricity (“e” in figure

6.1) is an important parameter for determining the buckling load. The parametric analysis of

“e” was performed on a L2×2×1/8 (A=0.484, Zx= 0.23, and Sx= 0.129) member which was

used as a bracing for our experimental tests. The model has rotational stiffness of 150 Kip-in

at both ends with a slenderness ratio of 40. Figure 6.2 and 6.3 show the cyclic and monotonic

analysis results for five values of eccentricities.
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monotonic behavior of the brace
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Figure 6.4 presents the load history used in the cyclic analysis. The imperfection eccentricity

seems to impact the initial buckling force and post yield tensile force. It has almost no affect

on the post buckling part of the response. In the brace under monotonic loading, the initial

buckling capacity increases with lower values of eccentricities.

In order to calibrate the value of initial imperfection, a study was performed. In this study

available experimental data and AISC LRFD manual values were compared to determine

appropriate initial imperfection eccentricity values.

6.4.2. Rotational stiffness at the ends

Rotational stiffness at the ends of the braces is an important factor in evaluating the behavior

of braces under compressive loads. For the parametric analysis, the same section (L2×2×1/8)

was used. The rotational stiffness at both ends was changed to investigate the behavior of

braces.
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Figure 6.4: The cyclic loading history used for analytical modeling
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The cyclic analysis results (figure 6.4 and 6.5) shows considerable effect of the rotational

stiffness values on the behavior of braces, especially in the compressive load-displacement

region.

The monotonic analysis shows considerable effect of rotational stiffness on the initial

buckling load and the post buckling behavior of braces (figure 6.6).

6.4.3. Rotational stiffness at midspan

The rotational stiffness decreases after each (nonlinear) cycle of the test. The weakness of the

model is its assumption that “plane sections remain plane” during the test. This assumption

may not be valid even before the initial buckling. After initial buckling, this assumption

considerably affects the post buckling capacity of modeled braces. In addition, the model is

not able to detect fracture due to low cycle fatigue.

The post buckling response of the model (without any adjustment) has small pinching and

unrealistically high compressive capacity. To reduce this effect, a flexible hinge at the

midspan could be employed. In addition, a slight change in the rotational stiffness of the ends

could help this issue. One option is to employ a bi-linear rotational stiffness. In this part of

this study the spring was used to investigate the effect of rotational stiffness at midspan on

cyclic behavior of braces due to axial loads.

The rotational stiffness degrades at each cycle of the test which could not be properly

detected by using beam-column elements. Therefore, a spring with less rotational stiffness

compared to the real stiffness might be used to adjust the strength reduction during the test.

Figure 6.7 presents the proposed behavior for the middle hinge. 2 is assumed to be 0.2 Rad

and 1 assumed to be between 0.1 y and 30 y. This model gives us the K1 and K2 as

rotational stiffness values in different cycles. The same section (L2×2×1/8) and analysis

procedure was followed to study the effect of midspan rotational stiffness on response of a

brace. By changing the 1 value (K1 and K2 will change), the response sensitivity of the brace

due to rotational stiffness changes could be investigated. The end rotational stiffness was



147

assumed to be 150 Kip-in and the midspan initial eccentricity assumed to be 1/500 L (L is

span length).
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The cyclic and monotonic force-displacement responses of the brace with various midspan

rotational stiffness values are shown in figure 6.8 and 6.9. The rotational stiffness has a

considerable effect on initial buckling and post buckling behavior. With more flexible

stiffness values, the compression threshold of the brace will be decreased. In addition, the

hysteresis expresses more pinching with lower rotational stiffness values, as expected.

Defining appropriate rotational stiffness values might help in adjusting the deficiencies of the

model.

The best way to determine the rotational stiffness values and to improve modeling is

performing experimental tests and using multi-linear stiffness-rotation springs in the model.

In our model, the bi-linear spring is calibrated (based on previous experimental tests and

code specifications). This is appropriate for analytical modeling when experimental results

are not available.
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6.5. Calibration of the proposed model

The proposed model was calibrated based on available experimental data, AISC

specifications, and numerical modeling. Our model was calibrated for compact sections. It

was shown that the model without a spring (reduced rotational stiffness) at midspan, is not an

applicable model for non-compact sections (Uriz et al., 2008). However, the same model

with newly calibrated values for midspan rotational stiffness could be used for modeling of

non-compact sections.

The calibrated model is best for numerical analysis when experimental data are not available.

In the presence of experimental data, the proposed model could be calibrated based on

midspan rotational stiffness, initial eccentricity, and rotational stiffness at the ends. Available

experimental data are also the best reference for calibrating the cyclic behavior of the model.

Moreover, the AISC specification for critical buckling force is a dependable source for

calibrating the maximum buckling force in the monotonic response of a brace. The 1 and 2

values were calibrated for the middle spring of the model (Figure 6.1). The proposed

equations are presented here:

(1)

In the above equations,  and  are the effect of slenderness ratio and  is the function of

slenderness ratio and effective length factor of braces. y is also the yield rotation at

midspan.

 , , and  could be evaluated as:

(2)

(3)
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(4)

In the above equations, S is slenderness ratio and K is effective length factor. The initial

eccentricity value (Figure 6.1) is proposed as (L is the length of a brace in inch):

(5)

(6)

(7)

The advantage, validity, and compatibility of the proposed model with respect to available

experimental results and AISC specification will be investigated next.

6.5.1. Predicting the initial buckling capacity

Tables 6.1 to 6.3 compare the analysis results with the AISC specifications and available

experimental data. This comparison is based on the initial buckling threshold of the braces.

Furthermore, the various brace sections, slenderness ratios, and effective length factors were

considered for the study. The test results (if any) were also compared with AISC

recommended values. As presented in Figure 6.10, there is excellent correlation between

AISC specifications and the proposed model.

In figure 6.11, maximum buckling capacities of braces tested experimentally are considered

for correlation. The experimental test results, analytical modeling, and AISC specifications of

these specimens are compared in figure 6.11 to 6.13. As shown, the numerical analysis has a

reasonable correlation with both experimental results and AISC specification.
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Table 6.1: Analytical modeling of braces compared with experimental results and
AISC specified values for pin-pin condition.

Section Kl/r Fy Pcr (Test) / Pcr (AISC) e L / e Pcr (Analysis) / Pcr (AISC)

W 8X20 40 40.4 - 0.033 1500 1.05
80 40.4 - 0.125 800 1.05
120 40.4 0.89 0.300 500 0.96

W 6X20 40 40.2 - 0.040 1500 1.10
80 40.2 1.25 0.151 800 1.06
120 40.2 - 0.360 500 0.89

W 6X15.5 40 50 1.02 0.039 1500 0.96
80 50 - 0.145 800 0.85
120 50 - 0.348 500 0.75

W 6X16 40 44.7 - 0.025 1500 0.98
80 44.7 - 0.098 800 1.23
120 44.7 1.35 0.232 500 1.46

2-L  6  X  3-1/2  X  3/8 40 40.8 - 0.033 1500 1.06
80 40.8 1.12 0.139 800 0.93
120 40.8 - 0.300 500 0.84

TS   4 X 4 X 0.5 40 82 - 0.037 1500 0.94
80 82 1.13 0.136 800 1.06
120 82 - 0.425 400 1.14

Pipe 4 X-Strong 40 48 - 0.040 1500 0.59
80 48 0.69 0.148 800 0.88
120 48 - 0.450 400 0.84

WT  8 X 22.5 40 41.8 - 0.043 1500 1.06
80 41.8 1.05 0.157 800 1.01
120 41.8 - 0.380 500 0.87

150 UC 30 40 45.5 - 0.040 1500 1.05
80 45.5 1.58 0.150 800 1.00
120 45.5 - 0.450 400 0.85
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Table 6.2: Analytical modeling of braces compared with experimental results and AISC
specified values for pin-fix condition.

Section Kl/r Fy Pcr (Test) / Pcr (AISC) e L / e Pcr (Analysis) / Pcr (AISC)

W 6X20 40 40.2 1.11 0.058 1500 1.07
80 40.2 - 0.213 800 1.05
120 40.2 - 0.520 500 0.95

W 5X16 40 35.7 - 0.048 1500 1.04
80 35.7 1.38 0.180 800 1.02
120 35.7 - 0.432 500 0.92

2-L  6  X  3-1/2  X  3/8 40 40.8 - 0.048 1500 1.06
80 40.8 1.12 0.199 800 0.97
120 40.8 - 0.432 500 0.97

TS   4 X 4 X 0.5 40 82 - 0.053 1500 1.21
80 82 0.98 0.194 800 1.18
120 82 - 0.480 500 1.27

Pipe 4 X-Strong 40 47.5 0.61 0.058 1500 0.68
80 47.5 - 0.213 800 0.80
120 47.5 - 0.510 500 1.13

Section Kl/r Fy Pcr (Test) / Pcr (AISC) e L / e Pcr (Analysis) / Pcr (AISC)

W 8X20 40 40.4 - 0.067 1500 1.03
80 40.4 - 0.250 800 0.96
120 40.4 - 0.600 500 0.87

TS   4 X 4 X 0.5 40 82 - 0.075 1500 1.17
80 82 - 0.280 800 1.01
120 82 - 0.672 500 1.11

150 UC 30 40 47 1.04 0.080 1500 1.00
80 47 - 0.300 800 0.93
120 47 - 0.720 500 0.85

Table 6.3: Analytical modeling of braces compared with experimental results and AISC
specified values for fix-fix condition.
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6.5.2. Advantage of the hinge at the midspan

In the past 30 years several models for hysteresis behavior of concentric braced frames were

proposed or modified. As stated before, the main drawback of the current method is its

assumption that plane sections remain plane in all steps of the modeling. Some other

deficiencies affecting the accuracy of the model might be extensive damage and cross

sectional distortion around midspan, low cycle fatigue, fracture, and change in the direction

of principle stresses due to local damage.

The main reason for using a more flexible hinge compared with the real rotational rigidity at

the midspan is the fact that the hinge could modify some of these undesirable effects. To

investigate the effect of aforementioned defects, two models were compared with

experimental data. The experiment was performed on a W 6×20 strut with pin-fix

connections and slenderness ratio of 40. The first analytical model assumes fix-pin condition.

Figure 6.14: Hysteresis behavior comparison of pin-fix- experimental results
with pin-pin and pin-fix models without nonlinear hinge at the middle
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The second analytical model assumes pin-pin condition, in contrast with real condition.

There is no flexible hinge at the midspan for both models. As shown in Figure 6.14, the pin-

pin condition, which does not represent the test conditions, is in an acceptable agreement

with experimental data (Black et al., 1980) compared with the model with pin-fix condition.

It clearly shows the need for defining a hinge with lower rotational stiffness, that real value,

at the middle of braces.

Figure 6.15 shows the comparison between the proposed model with flexible hinge and the

model without hinge. The proposed model could predict the experimental test much better

that a model without flexible hinge at the middle.

The predicted post buckling compression capacity of the proposed model at large

displacements does not completely match the experimental results. However, it still yields

better results compared with unmodified model.
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Figure 6.15: Hysteresis loops of the pin-fix experiment (Black et al., 1980) compared with
pin-pin and pin-fix analysis result of the model without nonlinear hinge at the middle
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It is notable that when the slenderness ratio is over 80, the described beam-column elements

could acceptably predict the initial and post buckling behavior. On the other hand, for

slenderness ratios around 40, they don’t present such a good prediction of the post buckling

behavior. This phenomena could be related to extensive strength reduction in the midspan in

addition to the fact that plane sections do not remain plane Figures 6.16 to 6.18 demonstrate

the advantage of the midspan hinge for modeling the buckling phenomena in braces. It

successfully modifies most of the deficiencies.
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Figure 6.16: Hysteresis loops of the experiment (Leowardi, 1994) compared
with analysis result of the model with and without nonlinear hinge at the middle
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Figure 6.17: Hysteresis loops of the experiment (Black et al., 1980) compared
with analysis result of the model with and without a nonlinear hinge at the

middle.

Figure 6.18: Hysteresis loops of the experiment (Black et al., 1980) compared
with analysis result of the model with and without nonlinear hinge at the middle
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6.5.3. Comparison of analytical and experimental results

In order to validate the proposed model, the analytical solution was compared with some of

available experimental data experimental data from Black et al. (1980) and Leowardi (1994).

The experimental tests included pin-pin, pin-fix, and fix-fix end conditions of various brace

sections. Moreover, in addition to a variety of sections, the slenderness ratios of 40 to 120

were covered in experimental tests. Based on the results presented in Figure 6.19 to 6.32, the

analytical solution generally predicts the initial and post buckling hysteresis behavior of

braces. Therefore, in the absence of experimental tests the introduced model could be used

for numerical analysis. In all of the analysis, the braces were divided into eight elements

along the length with three integration points per element. The webs, flanges, and legs of the

cross sections were divided into eight fiber sections. For circular sections, eight fiber sections

were defined in circumferential and radial directions.
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Figure 6.19: Hysteresis loops of the experiment (Black et al., 1980) compared
with analysis result of the model with and without nonlinear hinge at the middle
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Figure 6.20: Hysteresis loops of the experiment (Leowardi, 1994) compared with
analysis result of the model with and without nonlinear hinge at the middle.

Figure 6.21: Hysteresis loops of the experiment (Leowardi, 1994) compared
with analysis result of the model with and without nonlinear hinge at the middle.
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Figure 6.22: Hysteresis loops of the experiment (Black et al., 1980) compared
with analysis result of the model with and without nonlinear hinge at the middle.

Figure 6.23: Hysteresis loops of the experiment (Black et al., 1980) compared
with analysis result of the model with and without nonlinear hinge at the middle.
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Figure 6.24: Hysteresis loops of the experiment (Black et al., 1980) compared
with analysis result of the model with and without nonlinear hinge at the middle.

Figure 6.25: Hysteresis loops of the experiment (Black et al., 1980) compared
with analysis result of the model with and without nonlinear hinge at the middle.
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Figure 6.26: Hysteresis loops of the experiment (Black et al., 1980) compared
with analysis result of the model with and without nonlinear hinge at the middle.

Figure 6.27: Hysteresis loops of the experiment (Black et al., 1980) compared
with analysis result of the model with and without nonlinear hinge at the middle.
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Figure 6.29: Hysteresis loops of the experiment (Black et al., 1980) compared
with analysis result of the model with and without nonlinear hinge at the middle.

Figure 6.28: Hysteresis loops of the experiment (Black et al 1980) compared
with analysis result of the model with and without nonlinear hinge at the middle.
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Figure 6.30: Hysteresis loops of the experiment (Black et al., 1980) compared
with analysis result of the model with and without nonlinear hinge at the middle.

Figure 6.31: Hysteresis loops of the experiment (Black et al., 1980) compared
with analysis result of the model with and without nonlinear hinge at the middle.
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As mentioned before in members with low slenderness ratios (kL/r < 60), the middle hinge

plays a significant role in the axial force-displacement response. This phenomenon has been

reported in other models (Remennikov, 1997).  The proposed model has several advantages

which make it a reliable choice for analysis of concentric braced frames. The suggested

midspan hinge properties considerably modified the response of a model without the hinge at

the middle (Uriz et al., 2008).

6.6. Behavior in elastic range

As discussed before, the flexible hinge at the middle modifies and reduces the post buckling

compression strength and energy dissipation of a brace. This hinge helps the modeling of the

hysteretic response of a brace based on available experimental results. On the other hand the

hinge flexibility might have undesirable effects on CBF system response in low

displacements in the elastic range.
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Figure 6.32: Hysteresis loops of the experiment (Black et al., 1980) compared
with analysis result of the model with and without nonlinear hinge at the middle.
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At the first glance, one might think it considerably reduces the stiffness of a CBF system in

the elastic zone, however, a deeper look into that issue is needed. As shown in Figure 6.33,

the total rotation of the midspan consisted of three rotations: rotation in the spring and the

rotations in beam-column elements. Therefore, the rotation at the midspan and the interacting

force at spring could be determined by looking at the coupled action between the nonlinear

spring and the nonlinear beam-column elements. The best way to study the stiffness of a

brace member with a flexible hinge at the midspan is to analytically compare the nonlinear

monotonic response of a brace with a spring at the midspan with the response of that brace

without any hinge. Such a comparison was performed on three braces used in simulated

experimental tests. Figure 6.34 to Figure 6.42 show the amount of axial force reduction, and

axial force ratio when the hinge is used.

According to the analysis results, the axial stiffness (axial force) of the model with the hinge

does not noticeably decrease at small displacements. The change in axial force is less than

0.05%. It is worth noting that since displacement increments in both models were the same;

the axial forces could be directly related to axial stiffness. Summarizing the analysis result,

the elastic stiffness of the brace was not noticeably affected by a flexible hinge at the middle

of span.

θ1

Figure 6.33: The midspan hinge

θ3θ2
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Figure 6.36: Axial force ratio-displacement analytical response
(small displacements) with and without the hinge at midspan

Figure 6.34: Comparison of axial force-displacement analytical
response with and without the hinge at midspan.

Figure 6.35: Axial force ratio-displacement analytical response
with and without the hinge at midspan.
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Figure 6.37: Comparison of axial force-displacement analytical
response with and without the hinge at midspan hinge

Figure 6.38: Axial force ratio-displacement analytical
response with and without the hinge at midspan

Figure 6.39: Axial force ratio-displacement analytical response
(small displacements) with and without the hinge at midspan
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Figure 6.41: Axial force ratio-displacement analytical
response with and without the hinge at midspan

Figure 6.42: Axial force ratio-displacement analytical response (small
displacements) with and without the hinge at midspan
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6.7. Conclusion

The performance of infrastructures depends on behavior of its elements. For assessment of

structural performance, proper models for the structural components must be available. In

CBFs, the initial buckling and post buckling behavior could considerably affect the overall

response of structures.

In design procedures of CBFs, braces are the primary seismic resisting elements. The

secondary elements like beams, columns, and connections should be designed with

consideration of the brace performance  (Remennikove et al., 1997). Moreover, these

secondary elements should be able to demonstrate reasonable resistance after initial buckling

of braces (Remennikove et al., 1997). It was shown that the maximum seismic response of

secondary members depends on the post-buckling strength of braces (Remennikove et al.,

1997). Therefore, more precise post buckling prediction could yield better assessment of a

CBF seismic resisting system.

The model presented in this study is provides a noticeable improvement in prediction of the

initial buckling capacity and post buckling behavior. In addition, it is also simple and

computationally stable. It also could be calibrated for any experimental test based on

midspan hinge properties, initial imperfection eccentricity, and the rotational springs at the

end of a brace. According to very good correlation between experimental tests and AISC

specifications with the model, in the absence of experimental tests the introduced model

could reliably be used for modeling of compact braces in nonlinear analysis of CBF systems.
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Chapter 7

7. Direct displacement based seismic design of
concentrically steel braced frames

Direct displacement based seismic design (DDBD) is an approach suitable for accomplishing

the objectives of the performance based seismic design. Multistory buildings with nonlinear

elements might present a different behavior (for example different hysteresis damping)

compared with a SDOF element. Among multistory bulding systems, concentric braced

frames (CBFs) were considered in this research. CBFs are different from other types of steel

frames in dissipation of energy (Remmenikov, 1997). The buckling of braces occurs first and

then other structural members could become nonlinear. In our study, the inverted V-shape

braces (chevron braces) were used for designing of CBFs.

In order to accomplish the objectives of this chapter, experimental and analytical approaches

were considered. An experimental shaking table test is presented in the first part of this

chapter. The test was conducted to evaluate the displacement profile of CBFs. The yield

displacement of CBFs could also be investigated. At the second part, a nonlinear numerical

study was preformed to evaluate the hysteresis damping, yield displacement, and target

displacement profile of CBFs.

7.1. Experimental Study

The experimental tests were conducted on a 1/5 scaled inverted v-shape CBF. The test was

performed in Construction Facilities Laboratory on the shaking table at North Carolina State

University. The tested CBF has four stories as shown in figure 7.1. After a seismic event, the

braces of the four story frame could be replaced with new braces (if buckling occurs).
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This potential gave us the opportunity of testing two CBFs with different lateral stiffness

values. The designed frame is shown in figure 7.1. Two 2D frames, in direction of braces,

were fabricated. These frames were connected to each other with the beams in the

perpendicular direction. These beams were bolted to the 2D frames. The finite element model

is shown in figure 7.2a. All of the construction detailing including the weld size, bolt size,

bolt locations, sections, and detailing of gusset plates could be find in figure 7.2b.

Figure 7.1: Four story concentric braced steel frame on the shaking table
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For the braces, two types of sections were considered: L×2×2×5/16 and L×2×2×1/8.

According to the ASCE seismic specifications of 2005, these sections, because of their

slenderness ratio in the designed frame, could be used in special and ordinary concentric

braced frames respectively. According to the analytical calculations the frame with

L×2×2×5/16 braces should remain in elastic range with no buckling in the braces. In the case

of a local buckling in the first floor, the whole frame would be affected with an instant failure

and loss of the lateral stiffness. The L×2×2×1/8 braces supposed to experience the initial

steps of buckling according to analysis. These tests are helpful to monitor the displacement

profile of a CBF frame and estimate its effective yield displacement needed for DDBD.

The instrumentation for monitoring the response of the CBF included in: one accelerometer

in each story and also the base, one string potentiometer in each story and base, and finally

the LED sensors which were installed on front side of each story (see figure 7.3 and 7.4).

Figure 7.3:  Displacement instrumentations on the structure
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Figure 7.4: Instrumentations for monitoring of structural response
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Accelerometers



176

7.1.1. Test plan

To determine a reliable experimental test plan, the four story steel frame was analyzed using

the RUAUMOKO (Carr, 2007) computer program.  The analysis was also checked using

SAP2000-v10 in elastic range. In analytical model, beam and beam-column elements were

used for modeling of beams and columns (figure 7.2a). For analysis of the frame with

L×2×2×1/8 braces, the Remennikov buckling (Remennikov et al., 1999) model which is

implemented in RUAUMOKO was used. Although this buckling model presented

instabilities when buckling occurs, but it worked well in evaluating of the structural response

in early steps of nonlinearity. More information about this hysteresis model could be found in

chapter 6 of this thesis. The gusset plates were modeled using elastic shell elements to

consider the joints stiffness (figure 7.2a). In addition, the part of braces bolted to the gusset

plates were modeled using elastic beam-column elements since no inelastic action is

expected in these members. According to figure 7.2, there is about 1.25” eccentricity

between intersection of the braces and the longitudinal axis of the beams. This small

eccentricity is also considered in the analysis by using the shell elements to model the gusset

plates. The Rayleigh damping with 2 percent of critical damping at the first and fourth mode

was used for the modeling. Since the structure is scaled, the earthquake records should be

appropriately scaled too. Basically, the length and displacement should be scaled with the

scale factor. Considering the fact that the material strain is constant for the real structure and

the scaled structure, the earthquake records should be adjusted. Simply, for our 1/5 scaled

structure, the displacement and time were scaled with the factor of 1/5. Scaled earthquake

records were used to analysis and test the braced fame.

In design and analysis of the frame, the shaking table capacity should be considered. This

capacity was very important for our experimental test because the size of the specimen

should be determined based on the shaking table capacity. The allowable range of the

experimental parameters for both specimens was estimated based on analysis results and the

capacity of the shaking table.
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Figure 7.6: Allowable zone of each record for the L×2×2×1/8 braces

Figure 7.5: Allowable zone of each record for the L×2×2×5/16 braces

The main limiting factors are a) the overturning moment capacity, b) the maximum vertical

load capacity, c) displacement limits, and d) velocity limit. Figure 7.5 and 7.6 show the

estimated allowable zone for both type of bracing. The vertical straight line is the indication

of maximum possible record which can be run on the shaking table considering the

displacement and velocity limits of the shaking table.
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Table 7.2: Test protocol for the L×2×2×1/8 braces

Table 7.1: Test protocol for the L×2×2×5/8 braces

The curved line is indication of maximum possible record which can be run on the shaking

table considering the overturning moment capacity of the shaking table as well as the vertical

load. The hatched area presents the allowable zone. Each point in allowable zone indicates a

scale factor of an earthquake record along with the related story mass. For example, zone

“A” in figure 7.5 is the allowable zone for Elcentro, Mammoth, and Llollelo records while in

figure 7.6 the zone “A” is allowable only for Elcentro and Mammoth records.

Based on the determined allowable zone, the analysis was performed to determine the test

protocol. Based on the aforementioned factors, the test protocol was determined and followed

(see table 7.1 and 7.2). Each test supposed to result in a higher displacement than the

previous tests. The star signs in table 7.2 are indication of expected inelastic range.

Test 1 2 3 4 5 6 7 8 9 10
Record Elcentro Mammoth Llollelo Elcentro Sylmar Elcentro Mammoth Nahanni Sylmar Llollelo

Scale 0.25 0.25 0.25 0.50 0.25 0.75 0.50 0.25 0.50 0.50

Test 11 12 13 14 15 16 17 18 19 20
Record Tabas Elcentro Sylmar Mammoth Elcentro Llollelo Elcentro Mammoth Nahanni Llollelo

Scale 0.25 1.00 0.62 0.75 1.25 0.75 1.50 1.00 0.50 1.00

Test 21 22 23 24 25 26 27 28 29 30
Record Elcentro Tabas Mammoth Elcentro Llollelo Elcentro Mammoth Nahanni Elcentro Llollelo

Scale 1.75 0.50 1.25 2.00 1.25 2.25 1.50 0.75 2.43 1.50

Test 31 32 33 34 35 36 37 38 39 40 41
Record Tabas Mammoth Llollelo Mammoth Nahanni Mammoth Llollelo Mammoth Nahanni Nahanni Mammoth

Scale 0.68 1.75 1.75 2.00 1.00 2.25 1.99 2.50 1.25 1.35 2.77

Test 1 2 3 4 5 6 7 8 9
Record Elcentro Mammoth Sylmar Elcentro Mammoth Llollelo Elcentro Nahanni Elcentro

Scale 0.50 0.50 0.62 1.00 1.00 0.50 1.50 0.50 2.00

Test 10 11 12 13 14* 15* 16* 17* 18* 19*
Record Elcentro Tabas Mammoth Llollelo Llollelo* Mammoth* Llollelo* Nahanni* Mammoth* Llollelo*

Scale 2.43 0.68 2.00 1.00 1.25* 2.50* 1.50* 1.23* 2.77* 1.90*
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Figure 7.7: Measured and command acceleration history for the Elcentro record with
the scale factor of 2.0.

7.1.2. Experimental results

During the tests, some of maximum velocities and accelerations of records could not be

generated by the shaking table (probably because of the hydraulic supply). However, the

experimental results were close to the predicted results. The displacement time history of an

earthquake was commanded to the shaking table controller in each run. Then, the

acceleration on the frame was recorded using the accelerometers during the test.

However the command displacement history is not exactly the same as the measured one.

Therefore, the shaking table generates an acceleration time history which is different from

the actual acceleration time history of the related record. Generally, after the shaking table

test a post experiment analysis is needed to see the correlation between the experimental

results and numerical modeling.
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Figure 7.8: Maximum displacement profile of the frame with L×2×2×5/8 braces tested
under Llollelo record with the scale factor of 1.99

Figure 7.7 shows the measured acceleration and command acceleration for the (1/5

dimension scaled) Elcentro record with the scale factor of 2.  The post experiment analysis

was conducted using RUAUMOKO and the measured acceleration time histories. In

numerical analysis part of this research, RUAUMOKO was replaced with OpenSees because

of the efficiency and stability of OpenSees in nonlinear analysis. However RUAUMOKO

worked well for the purpose of experimental verification, but it presented considerable

instability in higher levels of structural damage. The experimental maximum displacement

profiles along with the post-experiment evaluation could be found in appendix B. Some of

the results are presented in figures 7.8 to 7. 13.
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Figure 7.9: Maximum displacement profile of the frame with L×2×2×5/8 braces tested
under Elcentro record with the scale factor of 2.43

Figure 7.10: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Mammoth record with the scale factor of 2.77
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Figure 7.11: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Elcentro record with the scale factor of 2.43

Figure 7.12: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Mammoth record with the scale factor of 2.77
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Figure 7.13: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Llollelo record with the scale factor of 1.90

As could be seen in above figures LED sensors consistently and accurately measured very

small displacements which are in a good correlation with analysis. According to the

prediction, the CBF on the shaking table remained elastic for the large type of braces. When

the frame with L×2×2×1/8 braces was tested under Llollelo record with the scale factor of

1.90, small cracks appeared on couple of the first story braces (see figure 7.14).

Moreover, the displacement profile of the frame under Llollelo earthquake with 1.90 scale

factor was considered as a yield displacement profile (see figure 7.13). The yield

displacement at effective height of the braced frame with smaller braces could be evaluated

as 9.25mm. This displacement will be compared with the result of numerical study in this

chapter.
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Figure 7.14: The cracked brace (right) is compared with an un-cracked brace (left)

The cracks on the surface of the braces seem to be the result of compressive load and the

indication of buckling threshold. As mentioned before after the buckling of first floor braces,

the CBFs lose considerable lateral stiffness and could result in failure of columns.
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Figure 7.15: Displacement profile of the L×2×2×5/8 braced frame

Therefore, it was risky to go beyond that limit. In addition, it could not provide us

considerable additional information for DDBD.

For determining the displacement profile, each record with its two largest scale factors was

considered. Only the experimental results which were close to the post-experiment analysis

were considered. Figure 7.15 and 7.16 show the first floor normalized displacement profiles

for the frame with L×2×2×5/8 and L×2×2×1/8 braces respectively.
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Figure 7.16: Displacement profile of the frame which was braced with L×2×2×1/8

7.2. Numerical modeling

The numerical simulation was conducted to determine the hysteresis damping of CBFs in

various damage levels. The equivalent damping versus ductility curve was determined for all

of the analyzed structures. The curves were in a very good correlation with each other. In

addition for the analyzed structures, the effective yield displacement was also determined.

Finally, the developed DDBD approach was applied to a CBF and the effective

displacements was compared with nonlinear time history analysis. In this section the analysis

methods and analyzed structures are introduced. Then the results were presented and the

DDBD parameters were estimated. Finally, the verification test was performed on the

developed approach and parameters.
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Figure 7.17: Failure mechanism of CBFs

7.2.1. CBFs behavior

The CBFs are not generally appropriate choices for high seismic regions; however their

stiffness and low lateral displacement may encourage the designer to control the buckling

and yielding of the braces. According to the ASCE/SEI 7-05, the response modification

factors of 5 and 6 were respectively assigned to ordinary and specific concentrically braced

frames. The response modification values clearly show that although a brittle type of failure

is expected for CBFs, their ability to dissipate energy could not be ignored in the design.

Generally, the brittle failure of CBFs starts with the buckling of the first floor braces and

follows with yielding of tensile braces and finally forms a soft story type of behavior in the

structure (see figure 7.17). Khatib et al. proposed the zipper-braced frame to avoid such a

failure. (Khatib et al. 1988).

Yielding
Buckling
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Figure 7.18: The CBFs considered for the analysis

7.2.2. Analytical models

For the purpose of the numerical study five inverted V-shape concentric braced frame were

designed. The AISC LRFD 2005 and ASCE/SEI 7-05 were considered toward the equivalent

lateral force (ELF) designing of CBFs. The 2, 4, 8, 12, and 16 story CBFs were designed as

office buildings in San Francisco area with the importance factor of 1.5 (figure 7.18 and table

7.3).
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Table 7.3: Structural members of analyzed CBFs

The structural member sizes for each story could be found from table 7.3 except for the two

story frame. In the two story CBF, the W6×20 sections were used for beams and W6×28

sections for both braces and columns. The developed brace model in chapter 6 was used for

the first four stories. The rest of braces were modeled using the proposed model by Uriz et al.

in 2008. There are three main reasons supporting this decision. In CBFs, the braces of the

upper stories do not generally enter into the inelastic range. If entered, the general behavior

of the structure is mainly governed by the first floor(s) behavior. Finally the last reason is the

computational cost and avoiding the possible instability issues. The nonlinear fiber beam-

column elements were used for modeling the columns and beams of CBFs. These elements

are based on the forced based formulation by Spacone (Spacone et al. 1994) with three

integration points.

A bilinear behavior with the yield stress of 40ksi was assumed for the steel material of beam

and columns. In addition the P-δ effects were also considered in the analysis. For modeling

of the braces, nonlinear fiber beam-column elements with the concept of corotational theory

Story Level Beam Column Brace
1 W 10×60 W 14×370 W 12×53
2 W 10×60 W 14×370 W 12×53
3 W 10×60 W 14×370 W 12×53
4 W 10×60 W 14×370 W 12×53
5 W 8×48 W 12×230 W 10×49
6 W 8×48 W 12×230 W 10×49
7 W 8×48 W 12×230 W 10×49
8 W 8×48 W 12×230 W 10×49
9 W 8×24 W 10×60 W 10×33
10 W 8×24 W 10×60 W 10×33
11 W 8×24 W 10×60 W 10×33
12 W 8×24 W 10×60 W 10×33
13 W 6×25 W 8×40 W 8×31
14 W 6×25 W 8×40 W 8×31
15 W 6×25 W 8×40 W 8×31
16 W 6×25 W 8×40 W 8×31
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Figure 7.19: Monotonic response of the 2 story CBF

(Crisfield, 1991) were employed (de Souza 2000, Uriz et al 2008). As mentioned in chapter

6, the Giuffre-Menegotto-Pinto steel material model was used for modeling of the braces

(Menegotto and Pinto 1973).

7.2.3. Analysis results

Monotonic and cyclic-reversed pushover analysis was conducted on aforementioned

structures to determine the effective yield displacement of the structure in addition to

equivalent damping of various damage levels. As expected, the failure was governed by the

buckling of first story braces. CBFs demonstrated the considerable loss in lateral resistance

capacity after the buckling. They also showed weak ability in redistributing of forces to avoid

the instant loss of lateral stiffness. Figures 7.19 to 7.28 present the behavior of CBFs with

various story heights.
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Figure 7.20: Cyclic response of the 2 story CBF

Figure 7.21: Monotonic response of the 4 story CBF
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Figure 7.22: Cyclic response of the 4 story CBF

Figure 7.23: Monotonic response of the 8 story CBF
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Figure 7.24: Cyclic response of the 8 story CBF

Figure 7.25: Monotonic response of the 12 story CBF
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Figure 7.26: Cyclic response of the 12 story CBF

Figure 7.27: Monotonic response of the 16 story CBF
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Figure 7.28: Cyclic response of the 16 story CBF

As expected, the first stories brace which was in compression buckled first. Then because of

the lateral load increase along with the redistribution of the forces in the CBF, the other brace

yielded. Shortly after yielding of the tensile brace, the post buckling and yielding capacity of

braces along with nonlinear capacity of columns and beams resisted against the lateral load.

In the monotonic response of CBFs the buckling and yielding points for the braces are

marked in the figures. The braces in the two and four stories CBFs provide considerable

portion of the lateral resistance capacity of the frame. This might be the main reason why in

two story and four story CBFs, yielding of the tensile brace occurred shortly after the

buckling of compressive brace. The equivalent damping of each CBF could be calculated

using its cyclic lateral response. This calculation is discussed in the next section.
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7.2.4. Parameters for DDBD of CBFs

In this section the yield drift, equivalent damping, and target displacement profile will be

calculated based on the analysis and experimental results.

7.2.4.1. Equivalent damping

In DDBD we replace a nonlinear structure with an equivalent linear structure with the same

maximum displacement response (ideally). One of the important needs of this approach is the

assessment of the equivalent damping of the equivalent structure. The modified Jacobsen

equivalent damping method was used to calculate damping of CBFs system (Jacobsen 1930).

The original Jacobsen method has some fundamental assumptions with regards to the real

structure and the equivalent structure which are not generally met. These assumptions are: a)

both structures are considered to be at resonance, b) both structure have a harmonic steady

response, c) the dissipated energy in each cycle are equal for both structures, and d) both

structures have the same initial period. These assumptions could produce various errors in

equivalent damping calculation. For example, the nonlinear cycles before occurring of

maximum displacement is simply ignored while they obviously have direct impact in energy

dissipation and equivalent damping. This concept was described in detail by Gulkan and

Sozen in 1974. In addition using the initial period is not a realistic assumption since a period

shift will occur in reality. Using the concept of secant stiffness at peak response of the model

yields a more realistic equivalent damping if 2/π in a rigid perfectly plastic (RPP) hysteresis

loop (Jennings, 1968).

In our approach toward the development of a base for DDBD of CBFs, the modified

Jacobsen method was used for evaluation of the equivalent damping at the first step.

Equation 7.1 and figure 7.28 show the applied approach to evaluate the Jacobsen damping of

CBFs.



197

Figure 7.29: Jacobsen damping of a hysteresis loop
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7.1

In above equation, the Aloop is the area of the hysteresis in the RPP cycle and the ARPP is the

area of the RPP cycle (see figure 7.29).

As mentioned in chapter 5, the hysteresis damping-ductility curve is needed to conduct

DDBD of a structure. The initial buckling of a brace in a CBF system was defined as a bench

mark to determine the lateral yield displacement of the system at effective height. Then, the

Jacobsen damping of the analyzed CBFs were calculated and presented in figure 7.30.

To calculate the hysteresis damping, the Jacobsen damping should be corrected (because of

the unrealistic assumptions in Jacobsen approach). The correction factors proposed by

Priestley et al. in 2007 were used to calculate the hysteresis damping. In addition to

hysteresis damping, the viscous damping should be defined to determine the equivalent

damping of CBFs. The following expression was used to determine the equivalent damping

(Priestley et al., 2007):

Aloop

ARPP

Displacement

Force
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Figure 7.30: Calculated Jacobsen damping values

  kwherek hysteleq

In the above equation, μ is the displacement ductility. The λ value depends on the hysteresis

rule and the elastic damping. The λ value of the Ramberg-Osgood hysteresis model was

considered for calculation of viscous damping of CBFs. The equivalent damping is presented

in figure 7.31. ζel values was assumed as 2%.
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Figure 7.31: Equivalent damping of CBFs

The following expression could be proposed to calculate the equivalent damping of CBFs:

)1(67.002.0

 

eq

Another parameter that should be adjusted is the effective period of structure. In DDBD

method, Keff or secant stiffness is employed. Using the secant stiffness will result in a shift in

the fundamental period of structure. In addition, determining this shift in period is very

helpful in evaluating of the effective period of CBFs under earthquake records. Based on

analysis results, the shift in structural period was calculated for CBFs (see Figure 7.32). The

ratio of the effective period to initial period of structure increases with ductility as expected.

Moreover, this ratio decreases when the number of stories increases.
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Figure 7.32: Period shift in secant stiffness method

These results clearly show the need for analysis of multi-story buildings to derive more

reliable parameter for DDBD of buildings.

7.2.4.2. Yield drift

The yield displacement at effective height of a CBF is another parameter needed in DDBD of

CBFs. Based on monotonic analysis results, five values for yield drift at effective height have

been determined (see figure 7.33). As shown in figure 7.33, the effective yield displacement

of the experimental test was in a very good correlation with the best linear fit of the yield

displacements from analysis.
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Figure 7.33: Yield drift versus number of stories in CBFs

There is a noticeable difference between the current study and proposed formulation by

Priestley et al. in 2007. This difference could be because the fact that the formulation by

Priestley et al. was proposed for CBFs based on yielding of the braces, not their buckling. In

CBFs braces buckle first and the onset of buckling was defined as yielding point for the

structure. Based on the conducted numerical study and experimental test the following

expression could be proposed for yield displacement of CBFs:
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In above equation, Lbay is the length of frame bay, Hs is the story height, εy is the yield strain

of steel, and N is number of stories. At this point the DDBD parameters were calculated. The

next step would be the effectiveness of DDBD approach to design and determine the

structural behavior of CBFs.

7.2.4.3. Target displacement profile

Target displacement profile is needed for transforming MDOF parameters to SDOF

parameters. Series of nonlinear time history analysis was conducted to determine the target

displacement profile of CBFs. The previously designed 4, 8, 12, and 16 story CBFs were

considered for the time history analysis.

Based on the analysis results, the following displacement profiles were determined figure

7.34 to 7.37. Clearly the target displacement profile of CBFs, same as yield drift, depends on

the number of stories. Based on the performed analysis the following expression is defined

for target displacement profile of CBFs:
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In the above equation, n is number of stories, Hi is the height of ith story, and Hn is the height

of the nth story. The proposed formulation was also compared with Priestley et al. (2007)

suggested values for target displacement profiles in figure 7.34 to 7.37. The proposed

equation in this research considerably improves the prediction for target displacement profile

of CBFs (with more than 4 stories). The proposed equation has a very good correlation with

experimental results too.
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Figure 7.34: Displacement profiles of the 4 story CBF

Figure 7.35: Displacement profiles of the 8 story CBF
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Figure 7.36: Displacement profiles of the 12 story CBF

Figure 7.37: Displacement profiles of the 16 story CBF
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7.2.5. Evaluation of the DDBD approach

In this part of the study a verification method was followed to determine the DDBD

efficiency. In this approach, a 8-story CBF was designed based on the developed DDBD. The

UBC-97 response spectrum (“zone 3” and “soil type e”) was considered for the design. The

sixth floor assumed to be the critical floor with 6 inches of lateral displacement. The average

weight of each story assumed to be 120 Kips. Based on the proposed equations for DDBD of

the CBFs, the equivalent design displacement was calculated as Δd=6.50”. The height at the

sixth floor was determined as the effective height of the structure. The displacement ductility

, the equivalent damping, and the effective period of the structure were also calculated as

μ=1.75, ζeq=11.2%, and Teff=1.1 sec. Finally the CBF was designed for the calculated base

shear (Vbase=351 Kips).

Five real earthquake records were used to evaluate the design. These records were Elcentro,

Llollelo, Mammoth, Nahanni, and Tabas. At the first step, these records were transformed to

response spectrum compatible records using ArtifQuakeLet MATLAB code (Montejo,

2004). Then nonlinear time history analysis was performed on the DDBD CBF using the

response spectrum compatible records. The analysis was performed in OpenSees

computational framework (McKenna et al., 2010). The DDBD displacement profile along

with displacement profiles of the nonlinear time history analysis are presented in figure 7.38.

Figure 7.38 clearly show the efficiency of the developed formulation for DDBD of CBFs.
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Figure 7.38: Displacement profiles of the time history analysis and DDBD
method
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7.3. Conclusion

The DDBD of CBFs developed here is the strong evidence supporting the need for the study

of multi MDOF structures. Since each structural system has its own properties and

specifications, an extensive study on any of these structural systems should be conducted.

These future studies could determine the important DDBD parameters like hysteresis

damping and yield displacement profile. In CBFs, because of the considerable loss in lateral

stiffness (after buckling), the period shift values are noticeably larger than moment frames or

steel structural members. In addition, the shift in period of structure depends on the number

of stories based on the analysis result. The new expressions for calculating the equivalent

damping, yield drift, and target displacement profiles of CBF was also presented in this part

of the research. Finally, the efficiency and effectiveness of the proposed expressions was

successfully evaluated through the design example and nonlinear time history analysis.
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Chapter 8

8. Conclusion

In this chapter, the result and findings of the research are presented in summary. In addition,

the recommendations for future potential research projects have been made.

8.1. Conclusion and Summary

In the presented research, the DDBD guideline for analysis of CBFs was developed,

validated, and presented. The need for advance sensor which can measure large strain and

displacements accurately is presented through the experimental test for DDBD of CBFs. The

novel large strain POF sensors were developed and the challenges were discussed. The

findings of this research and the inherent characteristics of POFs introduced POF sensors as a

great tool for structural health monitoring and structural testing. Based on the experimental

tests, analysis, and calculations the following summary and conclusions could be made:

8.1.1. DDBD of CBFs

- Experimental test on the designed CBF was not possible without advance sensors

- The reliable evaluation of buckling threshold and post buckling capacity is very

important in evaluation of CBFs.

- The presented buckling model in this research noticeably improved the prediction of

the initial buckling capacity and the post buckling behavior.

- The presented buckling model is in a very good agreement with experimental tests

and the AISC specifications.
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- The displacement profiles of the tested CBF along with the effective yield

displacement were determined to support the DDBD of CBFs

- Based on nonlinear monotonic pushover, cyclic-reversed pushover, and nonlinear

time history analysis of the 2, 4, 8, 12, and 16 stories CBFs, the equivalent damping,

yield drift, and target displacement profiles were determined.

- New expressions for equivalent damping, yield drift, and target displacement profile

of CBFs were proposed.

- The proposed expressions are not in a good agreement with the proposed values for

CBFs by Priestley et al. (2007).

- Based on the analysis results of CBFs, the braces of the first story usually buckle first

and then tensile braces and other structural components enter into the nonlinear range.

- The shift in the period of the equivalent structure which was calculated based on the

analysis, presented noticeably larger values than previous evaluation. The reason

could be the considerable lateral stiffness loss in CBFs after buckling of braces.

- The shift in the period of the equivalent structure reduces with an increase in number

of stories.

- The developed approach and evaluated parameters in support of DDBD of CBFs were

successfully validated by nonlinear time history analysis of the 8 story CBF using real

earthquake records.

8.1.2. Development of large strain POF sensors

- The POFs presented large elastic strain limit and large strain failure according to the

experimental test results
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- The special cement paste mixture was chosen out of three materials for embedding

POFs based on pull out tests for bonding strength between fiber and the host material.

- The POF sensors were successfully embedded in special cement paste mixture to

form the POF-CBSG (POF-Casted Block Strain Gage). This strain gage could be

used for strain measurement inside of concrete structural members.

- Due to high attenuation in POFs, they should be coupled with glass fibers. An

efficient coupling method was also presented for this purpose.

- To cleave the POFs for the coupling purposes, the hot knife cleaving approach was

chosen out of the novel proposed approaches.

- Focused Ion Beam (FIB) approach presented excellent result in cleaving of POFs;

however it was not an economical approach.

- The Labview programs for data collection were developed based on mathematical

calculations.

- Mach-Zender interferometric system was designed to interfere the light beams for

strain measurement applications.

- The POF sensors successfully measured large tensile strain of 10% and compression

strain of 1%.

- The calibration curves for the developed POF sensors were developed with a very

good correlation.

- The reliability tests on the measurements of POF sensors present their reliability in

large strain measurements with low amount of errors.

- The validation test of the POF sensor on the aluminum coupon verified the

outstanding ability of the developed POF sensors and their calibration curves for large

strain measurements.
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8.2. Recommendations for future works

This study made the base and opened new potential for future research works. These areas

could be summarized as:

- Evaluating the DDBD parameters based on nonlinear analysis of various MDOF

structural systems rather than a SDOF structural analysis..

- The proposed buckling model could also be improved by considering low cycle

fatigue in the element during the finite element analysis.

- A potential research on manufacturing of a cleaving POF tool using the hot knife

cleaving method in variable temperatures could be conducted.

- The application of FIB for cleaving of various optical fibers could be investigated.

- A laser source with variable wavelengths could clearly define the optimum

wavelength to minimize the light attenuation. In addition it can improve the coupling

efficiency and improve the sensors performance.

- An important research work could be related to the load rating and temperature

effects on strain measurement. In structural health monitoring of infrastructures, the

temperature and load rate will not be constant.

- The POF sensors could be employed for crack detection and strain measurement

inside of concrete structures.
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Appendix A - Displacement profile of the frame during shaking
table test

Maximum and minimum displacement profile of the frame (maximum and minimum in each

story) during the shaking table test along with the analysis results are presented in this

appendix. Each figure is related to a specific earthquake record, scale, or brace type. The

table of earthquake record along with the related scale factor under which the frame was

tested could be found in section 7.1.2. (L×2×2×5/8 and L×2×2×1/8 sections were used as

brace sections).
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Figure A.1: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Elcentro record with the scale factor of 0.25

Figure A.2: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Elcentro record with the scale factor of 0.50
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Figure A.3: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Elcentro record with the scale factor of 0.75.

Figure A.4: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Elcentro record with the scale factor of 1.00
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Figure A.5: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Elcentro record with the scale factor of 1.25

Figure A.6: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Elcentro record with the scale factor of 1.50
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Figure A.7: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Elcentro record with the scale factor of 1.75

Figure A.8: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Elcentro record with the scale factor of 2.00
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Figure A.9: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Elcentro record with the scale factor of 2.25

Figure A.10: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Elcentro record with the scale factor of 2.43
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Figure A.11: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Llollelo record with the scale factor of 0.50

Figure A.12: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Llollelo record with the scale factor of 0.75
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Figure A.13: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Llollelo record with the scale factor of 1.00

Figure A.14: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Llollelo record with the scale factor of 1.25
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Figure A.15: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Llollelo record with the scale factor of 1.50

Figure A.16: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Llollelo record with the scale factor of 1.75
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Figure A.18: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Mammoth record with the scale factor of 0.50

Figure A.17: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Llollelo record with the scale factor of 1.99
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Figure A.19: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Mammoth record with the scale factor of 1.00

Figure A.20: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Mammoth record with the scale factor of 1.25

0

1

2

3

4

-2 -1 0 1 2

Story

Displacement (mm)

Analysis

Experiment

0

1

2

3

4

-2 -1 0 1 2

Story

Displacement (mm)

Analysis

Experiment



240

Figure A.21: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Mammoth record with the scale factor of 1.50

Figure A.22: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Mammoth record with the scale factor of 1.75
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Figure A.23: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Mammoth record with the scale factor of 2.00

Figure A.24: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Mammoth record with the scale factor of 2.25
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Figure A.25: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Mammoth record with the scale factor of 2.50

Figure A.26: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Mammoth record with the scale factor of 2.77
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Figure A.27: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Nahanni record with the scale factor of 0.25

Figure A.28: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Nahanni record with the scale factor of 0.75
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Figure A.29: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Nahanni record with the scale factor of 1.00

Figure A.30: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Nahanni record with the scale factor of 1.25
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Figure A.31: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Nahanni record with the scale factor of 1.35

Figure A.32: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Sylmar record with the scale factor of 0.50
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Figure A.33: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Sylmar record with the scale factor of 0.62

Figure A.34: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Tabas record with the scale factor of 0.50

0

1

2

3

4

-2 -1 0 1 2

Story

Displacement (mm)

Analysis

Experiment

0

1

2

3

4

-2 -1 0 1 2

Story

Displacement (mm)

Analysis

Experiment



247

Figure A.35: Maximum displacement profile of the frame with L×2×2×5/8 braces
tested under Tabas record with the scale factor of 0.68

Figure A.36: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Elcentro record with the scale factor of 0.50
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Figure A.37: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Elcentro record with the scale factor of 1.00

Figure A.38: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Elcentro record with the scale factor of 1.50

0

1

2

3

4

-3 -2 -1 0 1 2 3

Story

Displacement (mm)

Analysis

Experiment

0

1

2

3

4

-3 -2 -1 0 1 2 3 4

Story

Displacement (mm)

Analysis

Experiment



249

Figure A.39: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Elcentro record with the scale factor of 2.00

Figure A.40: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Elcentro record with the scale factor of 2.43
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Figure A.41: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Llollelo record with the scale factor of 0.50

Figure A.42: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Llollelo record with the scale factor of 1.00
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Figure A.43: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Llollelo record with the scale factor of 1.25

Figure A.44: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Llollelo record with the scale factor of 1.50
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Figure A.45: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Llollelo record with the scale factor of 1.90

Figure A.46: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Mammoth record with the scale factor of 0.50
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Figure A.47: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Mammoth record with the scale factor of 1.00

Figure A.48: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Mammoth record with the scale factor of 2.00
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Figure A.49: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Mammoth record with the scale factor of 2.50

Figure A.50: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Mammoth record with the scale factor of 2.77
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Figure A.51: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Nahanni record with the scale factor of 0.50

Figure A.52:  Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Nahanni record with the scale factor of 1.23
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Figure A.53: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Sylmar record with the scale factor of 0.62

Figure A.54: Maximum displacement profile of the frame with L×2×2×1/8 braces
tested under Tabas record with the scale factor of 0.68
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