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ABSTRACT 

 

Past studies have demonstrated that carbon nanofiber aggregate (CNFA) to be 

self-sensing and can be embedded in concrete structures to monitor the strain due to 

external loading. In this study, CNFAs were embedded in 16 reinforced concrete columns 

governed by flexure or shear failures for the purpose of the structural health monitoring. 

The columns were excited by cyclic loads with various loading rates to study the effect of 

strain rate on the structural behavior of reinforced concrete columns. Finite element 

analysis program OpenSees was used for comparison with the test results. The test results 

showed that the CNFAs were capable of sensing complex strain histories in qualitative 

way and the loading rates in the range of 0.05 Hz to 7 Hz did not have significantly 

influence on the structural behavior of the columns. The analytical hysteresis loops are in 

agreement with the test outcomes. 
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CHAPTER 1: INTRODUCTION 

1.1  Overview of Research 

Fibers are often used in reinforced concrete. The modern development of the use of 

fibers in construction began in the 1960s with the addition of steel fibers in reinforced 

concrete structures. This was followed by the addition of polymeric fibers, glass fibers 

and carbon fibers in the 1970s, 1980s and 1990s, respectively (Li 2002). 

Short-fiber composites are a class of strain sensor based on the concept of short 

electrically conducting fiber pull-out that accompanies slight and reversible crack 

opening. It was found that the fibers must be more conducting than the matrix in which 

they are embedded, of diameter smaller than the crack width, and well dispersed for a 

fiber composite to have strain sensing ability. Their orientation can be random, and they 

do not have to touch each other (Chung 1995; Chen and Chung 1996). The electrical 

conductivity of the fibers enables the direct current electrical resistivity of the composite 

to change in response to strain variation, allowing sensing (Bontea et al., 2000; Li et al., 

2004; Chung 1995). 

Fiber research in concrete construction is ongoing and carbon nanofibers are used in 

this study. Because of the availability and high cost of carbon nanofibers, an aggregate 

made from mortar reinforced by carbon nanofibers is developed. Previous research at the 

University of Houston demonstrating that self-consolidating carbon nanofiber concrete 

(SCCNFC) can be used as a strain sensor (Howser et al., 2011; Gao et al., 2009), so the 

carbon nanofiber aggregate (CNFA) is developed to detect the strain and damage in 

concrete structures utilizing the strain sensing capabilities of SCCNFC. The CNFA can 
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be embedded in reinforced or prestressed concrete structures to monitor early strength 

and determine the damage of the structure (Howser 2013). 

The influence of loading rate (or strain rate) on the stress-strain relationship, strength 

and modulus of elasticity of concrete structures has not been studied systematically. In 

order to better understand the constitutive behavior of reinforced concrete subjected to 

various loading rate, columns were tested in order to critically examine the effect of 

loading rate on the structural behavior. 

1.2  Literature Review 

Carbon nanofibers have unique mechanical, thermal, and electrical properties that can 

be implemented in cement-based composites. CNFs are cylindrical nanostructures with 

graphene layers arranged as stacked cones, cups or plates. They are advantageous 

because their stacked structure presents exposed edge planes that introduce increased 

surface area and better bond characteristics. The majority of nanoreinforced composite 

research has been completed on polymers containing CNFs (Sanchez and Sobolev 2010). 

The main difficulty for the application of CNFs in cement-based material is the uniform 

dispersion. Well dispersed CNFs results in uniform calcium-silicate-hydrate (CSH) gel 

formation, which improves the structural and electrical properties of concrete (Chung 

2005). Several solutions have been proposed to help disperse carbon nanofibers (Yu and 

Kwon 2012; Hilding et al., 2003; Gao et al., 2009; Chen and Chung 1993). These 

methods can be divided into two categories: mechanical and chemical dispersion. The 

mechanical dispersion methods, such as ultrasonification, while effective in separating 

the fibers, can fracture them decreasing their aspect ratio. Chemical methods use 
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surfactants or functionalization to make the fibers less hydrophobic, reducing their 

tendency to agglomerate (Howser 2013). It was found that well-dispersed CNFs improves 

the strength and stiffness of concrete, but excess concentration leads to poorly dispersed 

CNF clumps inside the concrete and has a negative effect on both strength and electrical 

sensitivity. Highly workable and stable self-consolidation concrete (SCC) can maintain 

its workability and stability with the addition of fibers and the dispersion of CNFs as well 

(Gao et al., 2009). 

CNF composites can sense their environment and respond to changes in strain and 

temperature (Chung 2000; Gao et al., 2009; Howser et al., 2011). There are two types of 

strain sensing, reversible and irreversible. The measurement of irreversible strain allows 

structural health monitoring, which is the process of implementing a damage detection 

and characterization strategy for engineering structures. While the sensing of the 

reversible strain permits dynamic load monitoring, it can detect loads on structures as 

they are applied and removed in real time. These are important technologies because they 

gauge the ability of a structure to perform its intended function despite structure 

subjected to aging, degradation, or disasters. Typically, monitoring reversible strain is 

more difficult because it can only be monitored in real time and it tends to be smaller 

than irreversible strain (Chen and Chung 1996). CNF cement-based material exhibit 

properties necessary for reversible strain monitoring and could be a better option as strain 

sensors because they have low cost, good durability, and without the need for expensive 

peripheral equipment including electronics and lasers.  

The mechanical properties of CNF cement-based materials were studied when they 

were developed. Yang and Chuang (1992) noted that the electrical resistivity of mortar 
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containing the fibers dramatically decreased by up to seven orders of magnitude. Mortar 

cubes containing carbon microfibers suffered from cyclic loading were investigated and 

they concluded that carbon fiber reinforced concrete can serve as a smart structural 

material. Detailed experiment was conducted to find that the initial irreversible behavior 

is duo to permanent damage associated with the fiber/matrix interface weakening (Chen 

and Chung 1996).  

Gao et al. expanded the work on self-sensing cement-based materials to concrete 

cylinders containing CNFs (Gao et al., 2009). The cylinders were sized 6.00 in. by 12.00 

in. and loaded monotonically to study the electrical resistance variation. Test results 

showed that the electrical resistance varied up to 80%, which concluded that concrete 

containing CNFs could be used for structural health monitoring. 

Howser et al. extended Gao’s work to a full scale reinforced concrete column 

containing CNFs (Howser et al., 2009). The column was constructed using self-

consolidating carbon nanofiber concrete (SCCNFC) and tested under a reversed cyclic 

load. The structural behavior and self-sensing ability were examined. Test results showed 

that SCCNFC can be used as a reversible strain sensor. The peaks and valleys in the 

electrical resistance readings of the SCCNFC matched that of the applied force and the 

strain in the concrete. While the peaks and valleys in the electrical resistance readings of 

the self-consolidating reinforced concrete and self-consolidating steel fiber concrete 

specimens occasionally matched. It was concluded that when an appropriate dosage of 

CNFs is used, SCCNFC can be used for self-structural health monitoring. 

With regard to the effect of loading rate on the concrete structure, research has been 

conducted since 1992. Bazant and Gettu (1992) studied the rate effect and load relaxation 
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in static fracture of concrete. The test was conducted on three-point load specimens. The 

fracture toughness was found to decrease and the effective length of the fracture process 

zone was found to decrease with increasing loading rate, which implies increasing 

brittleness and a shift toward linear elastic fracture mechanics behavior. Ragueneau and 

Gatuingt (2003) presented a theoretical development for the constitutive model of 

concrete at low strain rates but still need to handle the hardening or softening phenomena 

which explain a particular hysteretic response for a given cyclic loading as well as the 

strain rate effects. Sukontasukkul et al. (2004) stated in their research that the damage to 

concrete at the peak load depended mainly on the rate of loading, as it increased with 

increasing loading rate. Cotsovos and Pavlovic (2008a) performed the numerical 

investigation of concrete subjected to high rates of uniaxial tensile loading and suggested 

that both experimental and numerical results described structural rather than material 

behavior thus raising questions regarding the validity of the use of such data in the 

constitutive modelling of concrete-material behavior under high-rate loading conditions.  

Cotsovos and Pavlovic (2008b) tried to give a fundamental explanation for the apparent 

strength gain at high loading rate. A simplified finite element model was employed to 

investigate the effect of loading rate on the behavior of prismatic concrete elements under 

high rates of uniaxial compressive loading in an effort to identify the fundamental cause 

of the experimentally observed strength increase of specimens when a threshold range of 

loading rates was exceeded. Shkolnik (2008) presented new results on the influence of 

high strain rates on the stress-strain relationship, strength and modulus of elasticity using 

the thermofluctuation theory, principle of accumulation and development damages as 

well as nonlinear behavior of concrete under loading. 
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As shown above by previous research, CNFAs can be used as a smart aggregate 

embedded in full-scale structures for structural health monitoring. Although some 

experimental program observed the apparent strength gain at high loading rates, 

explanations and models are needed to include the effect of loading rates into the material 

properties or structural behavior. 

1.3  Objectives and Outlines 

The objectives of this research can be summarized as follows: 

(a) Develop smart CNFAs with self-sensing capability to monitor the structural 

behavior of 16 full-scale reinforced concrete columns. 

(b) Investigate the effect of loading rate (strain rate) on the load-deflection 

relationships of 16 columns governed by flexure or shear failure. 

(c) Investigate the self-sensing capability of CNFAs and compare the results with 

those of strain gauges. 

(d) Predict the structural behavior of columns using finite element analysis with 

OpenSees and compare the analytical results with test outcomes. 

This thesis is divided into five chapters. Chapter 1 introduces the background of the 

study, including a literature review of the past relevant work and an overview and the 

objectives of the research. Chapter 2 describes the experimental program, including the 

development of CNFAs and the design and construction of the columns. Chapter 3 

presents the experimental results and gives discussions on the cyclic behavior, the 

influence of loading rates, and the conductivity of CNFAs. Chapter 4 includes the 
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modeling process and analytical results of OpenSees finite element analysis. Chapter 5 

concludes the study and suggests future work.  
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CHAPTER 2: EXPERIMENTAL PROGRAM 

2.1  Introduction 

Previous research at the University of Houston has demonstrated that self-

consolidating carbon nanofiber concrete (SCCNFC) has strain sensing capability because 

the electrical resistance varies with the applied loading, thus SCCNFC can be used as a 

strain sensor (Gao et al., 2009; Howser et al., 2011).  Since carbon nanofibers are too 

expensive to be used in full scale structures, a carbon nanaofiber aggregate (CNFA) was 

developed to monitor strain in concrete structures (Howser 2013). The CNFA is a cubic 

specimen (1.00 in. × 1.00 in. × 1.00 in.) made of carbon nanofiber (CNF) mortar, and the 

CNF mortar is self-sensing and can be used to monitor the damage in the CNFAs. In this 

experimental program, the CNFAs are embedded in full-scale reinforced concrete 

columns for the purpose of structural health monitoring. 

Several variables affect the structural behavior of reinforced concrete columns, such 

as concrete strength, the length of the column, percentage of longitudinal steel etc. In this 

program tests on 16 reinforced concrete columns with different lengths and loading rates 

are reported to study the effects of loading rates on the flexural and shear behavior of 

reinforced concrete columns. 

2.2  Development of Carbon Nanofiber Aggregate (CNFA) 

The self-sensing capability of CNFA is measured by the variation of the electrical 

resistance, in which the four-probe method will be used. As shown in Fig. 2.1, the current 
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is supplied to the whole circuit and is measured by the known resistor and the voltage 

drop across it using Ohm’s Law, which is 

𝐼 =
𝑉𝑟

𝑅𝑟
⁄  ,                                                            Eq. 2.1 

where Rr is the known resister, Vr is the voltage drop across Rr. 

There are four current leads for CNFA, the outer pair (1 and 4) connects CNFA to the 

circuit and the inner pair (2 and 3) is responsible for the electrical resistance measurement. 

The electrical resistance variation (ERV) can be determined as 

𝑅 = 𝑉
𝐼⁄    and                                                           Eq. 2.2 

𝐸𝑅𝑉 =
(𝑅𝑖 − 𝑅0)

𝑅0
⁄  ,                                               Eq. 2.3 

where R stands for the resistance of CNFA, V is the voltage drop across R, I is the current 

of the circuit; ERV is the electrical resistance variation, Ri is the resistance of CNFA at 

step i, R0 is the initial resistance of CNFA. 

 
 

Fig. 2.1 Four-Probe Method Principal Fig. 2.2 CNFA Schematic (Howser 2013) 

According to the four-probe method, CNFA is constructed using four steel meshes 

embedded in carbon nanofiber mortar, as shown in Fig.2.2. The meshes have prongs that 

can be soldered to the electrical wires which are connected to the data acquisition. 
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To ensure the four meshes can be easily places within the aggregate without touching 

each other, the CNFA needs to be large enough to give manageable space. Meanwhile to 

be embedded in large concrete structures as a coarse aggregate, it has size limitation to 

avoid casting problems. According to the American Concrete Institute (ACI) (ACI 318 

2011), the size limitations on aggregates are provided to ensure proper encasement of 

reinforcement and to minimize honeycombing. For optimization, the CNFA is sized as 

1.00 in. by 1.00 in. by 1.00 in, which is approved to satisfy both requirements above 

(Howser 2013). 

The first step to make CNFAs is mesh construction. The meshes were made from 23 

gauge welded galvanized steel hardware cloth with the unit size 0.25 in by 0.25 in., the 

cloth was then cut into 0.75 in. by 0.75 in. squares with four prongs extending, as shown 

in Fig. 2.3. Then two of the prongs in one side were inserted into holes at the bottom of 

the steel formwork to hold the meshes in place, as illustrated in Fig. 2.4.  

  

Fig. 2.3 Steel Mesh (Howser 2013) 
Fig. 2.4 Mesh Inserted into Formwork 

(Howser 2013) 

The second step is the mix proportion. Besides the normal mortar ingredients, i.e. 

water, cement, fine aggregate, admixtures like High-Range Water Reducer (HRWR), 

silica fume and carbon nanofiber were added. HRWR was used to create self-
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consolidating concrete to help mortar flow without vibration (Gao et al., 2009). Silica 

fume was approved to help the dispersion of fibers in cement-based materials (Chen and 

Chung 1997). Carbon nanofiber was added to achieve strain sensing capability (Chen and 

Chung 1996). For CNF concentration, Gao et al. 2009 found that increasing the fiber 

content in CNF concrete by more than 0.7% by weight of cement caused fiber clumping 

(Gao et al., 2009). Howser et al. found a CNF concentration with respect to the weight of 

cement of 0.7% exhibited the largest change in ERV (Howser and Mo 2013). For final 

mix design illustrated in Table 2.1, the concentration of 0.7% by weight of cement was 

chosen and the experimental study (Howser 2013) showed that the compressive strength 

was between 3.0 ksi to 3.8 ksi after 7 days of curing in water for the CNFA constructed 

by the mix design showed as follows: 

Table 2.1 CNFA Mix Design 

 

Material Percentage of Total Mortar Weight Weight (gram) 
Cement 28.35% 200 

Water 12.76% 90 

Fine Aggregate 52.45% 370 

HRWR 1.99% 14 

CNFs 0.20% 1.4 

Silica Fume 4.25% 30 

ASTM Type III Portland cement; Quikrete Premium Play Sand;  

Glenium 3400 HES from BASF Chemical Co.; Rheomac SF100 from BASF Chemical Co.; 

PR-19-XT-LHT-OX fiber from Pyrograf Products, Inc. with specific gravity 0.0742, diameter 149 nm and 

length 19 μm, aspect ratio 128. 

The last step is the mortar mix procedure. There are some references to produce self-

consolidating fiber reinforced concrete that can be considered. Liao et al. proposed to 

premix the water and the chemical admixtures, and then add to the cement, fly ash and 

fine aggregate in several steps to produce a homogeneous paste before adding fibers and 

coarse aggregate (Liao et al., 2006). Gao et al. suggested premixing the water, chemical 

admixtures and CNFs, and then adding to the cement, fly ash, fine and coarse aggregates 
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in one step (Gao et al., 2009). Howser recommended a hybrid mixing procedure of the 

both (Howser 2013). 

(1) Premix the CNFs, HRWR and water in a laboratory blender for half of a minute. 

(2) Pour about one half of the sand, cement, the silica fume, and the rest of the sand 

into another blender in the right order showed above. Dry mix for one minute to 

make sure the mixture is homogenous. 

(3) Pour approximately one half of the liquid mixture to the dry stuff, use a long thin 

tool to aid the mix and turn on the power to mix for about one minutes to make 

sure the mixture looks like wet granulated sugar. 

(4) Pour approximately one half of the remaining liquid mixture into the mortar 

mixture, repeat the mixing method in Step 3 and the consistency of the mixture 

should look like that of dough. 

(5) Pour all the remaining liquid mixture into the mortar mixture, repeat the mixing 

method in Step 3 and this time the consistency of the mixture should be like that 

of syrup. 

(6) Add a small amount of water to the mixture if it is still too dry and mix to 

homogenous.  

(7) Pour the mortar into the assembled formwork with all the meshes inserted in place. 

Fig. 2.5 shows fresh mortar poured into the formwork. 

(8) Wait for 48 hours until the mortar is settled, remove the aggregates from the 

formwork and cure in water for 7 days. Fig. 2.6 shows the CNFAs removed from 

formwork. 



13 

 

The CNFA is developed based on the four-probe method. It is a 1.00 in. by 1.00 in. 

by 1.00 in. cube containing 0.7% carbon nanofibers by weight of cement. By measuring 

the electrical resistance through the prongs connected to the embedded steel mesh, the 

electrical resistance variation can be determined, which allows sensing. 

  
Fig. 2.5 Fresh Mortar Poured into  

Formwork 

Fig. 2.6 CNFAs Removed from  

Formwork 

 

2.3  Column Design and Construction 

The main purpose to develop carbon nanofiber aggregate (CNFA) is for strain 

monitoring. It can be embedded in reinforced or prestressed concrete structures to 

determine the damage. In this study, CNFAs were embedded in a series of reinforced 

concrete columns governed by flexure or shear failure for the purpose of the structural 

health monitoring. At the same time, the columns were designed to be excited by 

reversed cyclic loads with various loading rates to study the effect of strain rate on the 

structural behavior of reinforced concrete columns. 

There are 16 reinforced concrete columns (including eight in Phase I and eight in 

Phase II) designed at the University of Houston and constructed at Tongji University in 
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Shanghai, China. Currently all of them have been tested. Each phase includes four 

flexure-critical and four shear-critical columns with various loading rates. The main 

differences between the two phases are the size of the columns and the magnitude of the 

loading rates, as shown in Table 2.2. 

Table 2.2 Column Size and Loading Rates 

 

Phase 
Failure 

Type 

Specimen 

Number 

Cross 

Section 

(mm×mm) 

Total 

Length 

(mm) 

Effective 

Length 

(mm) 

Loading 

Rate (Hz) 

I 

Flexure-

critical 

IF1 450×450 3400 3100 0.05 

IF2 450×450 3400 3100 0.1 

IF3 450×450 3400 3100 0.5 

IF4 450×450 3400 3100 0.9 

Shear-

critical 

IS1 450×450 1600 1300 0.05 

IS2 450×450 1600 1300 1.0 

IS3 450×450 1600 1300 3.0 

IS4 450×450 1600 1300 5.0 

II 

Flexure-

critical 

IIF1 300×300 2000 1800 0.05 

IIF2 300×300 2000 1800 2 

IIF3 300×300 2000 1800 3 

IIF4 300×300 2000 1800 4 

Shear-

critical 

IIS1 300×300 800 600 0.05 

IIS2 300×300 800 600 3 

IIS3 300×300 800 600 5 

IIS4 300×300 800 600 7 

In this study, concrete C30 was designed to be used for all the column and foundation 

constructions. But for some practical reasons, like the differences of the geometric and 

the temperature, the actual concrete compressive strength tested for foundation is  

𝑓𝑐
′ = 30 𝑀𝑃𝑎 , while the concrete compressive strength for shear-critical columns is 

averaged as 𝑓𝑐
′ = 28 𝑀𝑃𝑎 , and for flexure-critical columns 𝑓𝑐

′ = 38 𝑀𝑃𝑎 . So for the 

finite element modeling, different concrete compressive strength should be used 

accordingly. As for the steel rebars and stirrups, #6 and #8 with the yielding strength  

𝑓𝑦 = 334 𝑀𝑃𝑎 , #20, #22 and #25 with the yielding strength 𝑓𝑦 = 355 𝑀𝑃𝑎 were used to 

reinforce all the columns and foundations. 
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For Phase I, the four flexure-critical columns had the same cross-section (450 

mm×450 mm) and the same effective length 3100 mm, and contained 14 #25 longitudinal 

rebars with seven on each side, as shown in Fig. 2.7. They also contained #8 stirrups with 

a spacing of 100 mm all through the columns which satisfied the maximum spacing 

requirement. The maximum spacing is defined as the distance from the extreme 

compression fiber to the centroid of the longitudinal tension reinforcement divided by 

four (ACI 318 2011). The four shear-critical columns had the cross-section 450 mm × 

450 mm and the effective length 1300 mm, also contained 14 #25 longitudinal rebars 

with seven on each side. But the #8 stirrups were placed at the spacing 200 mm. See Fig. 

2.8 and 2.9 for the elevation view of the flexure- and shear-critical columns respectively. 

The columns were rigidly connected to a 1525 mm × 900 mm × 500 mm foundation 

which was reinforced with 20 #25 rebars in the loading direction and #8 stirrups spaced 

at 150 mm, as illustrated in Fig. 2.10. 

 
Fig. 2.7 Phase I Column Cross-Section (units in mm) (Howser 2013) 
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Fig. 2.8 Phase I Flexure-Critical Column Elevation View  (units in mm)  

(Howser 2013) 

 
Fig. 2.9 Phase I Shear-Critical Column Elevation View (units in mm) 
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Fig. 2.10 Phase I Column Foundation Plan View (units in mm) (Howser 2013) 

For Phase II, the eight columns had the same cross-section (300 mm × 300 mm), and 

contained 10 #20 longitudinal rebars with five on each side, as shown in Fig. 2.11. The 

concrete cover was 25 mm thick. The four flexure-critical columns contained #8 stirrups 

with a spacing of 60 mm all through the columns except the bottom one which was 50 

mm away from the top level of the foundation. The effective length for the flexure-

critical columns was 1800 mm, as shown in Fig. 2.12.  The four shear-critical columns 

contained #6 stirrups spaced at 60 mm except the bottom one which was 50mm distance 

from the top level of the foundation. The effective length for these columns was 600 mm. 

See Fig. 2.13 for the elevation view of the shear-critical columns. Like Phase I, all the 

columns were rigidly connected to a foundation sized at 1700 mm × 1100 mm × 630 mm. 

the foundation was reinforced by 24 #20 bars in the loading direction with 12 each on the 

top and bottom side. Also #8 stirrups were placed at a space of 150mm except 120mm at 

two ends. There were six holes left to bolt the foundation to the strong floor. See Fig. 

2.14 for the plan view of the foundation. 
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Fig. 2.11 Phase II Column Cross-Section (unit in mm) 

At Tongji University, columns in Phase I were constructed in 2013 and Phase II in 

2014. All the columns for each phase were poured simultaneously. For Phase I, 

foundations were poured before the column rebar cages were built. For Phase II, all the 

rebar cages were built before the cast of the foundations and columns. Fig. 2.15 shows 

foundation and column rebar cages for four flexure-critical and four shear-critical 

columns in Phase II. After the rebar cages were built, the columns were instrumented 

with internal sensors. Both CNFAs and strain gauges were used to monitoring the 

damage in this study, the instrumentation will be introduced in the next sector. When all 

the instrumentations were ready, the columns in each phase were poured together to make 

sure they have the same compressive strength. Fig. 2.16 shows the columns in Phase II 

that were ready for test. 
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Fig. 2.12 Phase II Flexure-Critical Column Elevation View  (units in mm) 
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Fig. 2.13 Phase II Shear-Critical Column Elevation View  (units in mm) 
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Fig. 2.14 Phase II Column Foundation Plan View (units in mm) 
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Fig. 2.15 Column Rebar Cages 

 

 

Fig. 2.16 Columns Ready for Test 
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2.4  CNFA Instrumentation 

The columns designed above were instrumented with carbon nanofiber aggregates 

(CNFAs) and strain gauges as well for the structural health monitoring. Each column had 

12 CNFAs and 12 strain gauges embedded, as illustrated in Fig. 2.17 and Fig. 2.18. 

CNFAs and strain gauge were placed as a pair to make sure they sense the strain at the 

same point. Because the bottom part of the columns was more critical, sensors were 

embedded near the bottom at two levels and two sides with three pairs in each level and 

each side, see Fig. 2.19 to Fig. 2.20 for the detailed locations of the sensors. 

 
Fig. 2.17 Sensor Instrumentation in the Cross-Section for Phase I Columns 

 

Fig. 2.18 Sensor Instrumentation in the Cross-Section for Phase II Columns 
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Fig. 2.19 Elevation View for Sensor Instrumentation in Phase I Columns 
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Fig. 2.20 Elevation View for Sensor Instrumentation in Phase II Columns 

For the installation, the rebars adjacent to the CNFA locations were painted with 

epoxy so that the electrical properties of the rebar would not affect the electrical 

properties of the CNFAs (Howser 2013). Plastic zip ties were used to fix the CNFAs to 

the rebar. Strain gauges were protected by waterproof material to ensure the quality of the 

test. See Fig. 2.21 for the Installed CNFAs and strain gauges. 
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Fig. 2.21 Installed CNFA 

 

2.5  Loading Procedures 

Before the loading protocol was determined, an open-source finite element analysis 

program, Open System for Earthquake Engineering Simulation (OpenSees) (McKenna 

and Fenves 1999) was used to predict the structural behavior of the column subjected to a 

monotonic push-over load. The results, shown in Fig. 2.22 and Fig. 2.23, predicted that 

the yielding point should be a load of 150 kN at a displacement of 20 mm for flexure-

critical columns in Phase I; a load of 400 kN at a displacement of 7 mm for shear-critical 

columns in Phase I; a load of 85 kN at a displacement of 15 mm for flexure-critical 
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columns in Phase II and a load of 250 kN at a displacement of 5 mm for shear-critical 

columns in Phase II. 

 

Fig. 2.22 Predicted Column Behavior for Phase I  

 

Fig. 2.23 Predicted Column Behavior for Phase II 

 

Because the applied loading rates were different from one another for all 16 columns, 

the loading procedures were designed respectively for each column. But they were either 
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displacement-control or the combination of the force-control and the displacement-

control. The specific loading procedures for all columns were shown in Table 2.3, and 

some explanations were made for force-control and displacement-control as follows: 

For force control, three cycles of the incremental load times n were applied to the 

columns, where 𝑛 = 1, 2, 3 … until the desired load step. One cycle contained of loading 

the column to the desired load in the positive direction, loading the column to the desired 

load in the negative direction, and returning to zero load. Using force-control would be 

very dangerous when the column approached to yielding, at this time the loading 

procedure should be switched to displacement-control. 

For displacement-control, the incremental displacement was chosen as 2 mm (for 

practical reasons, it may be changed). Three cycles of the incremental displacement times 

n were applied, where 𝑛 = 1, 2, 3 … until the force of the envelop curve equaled 80% of 

the maximum force recorded. One cycle consisted of loading the column to the desired 

displacement in the positive direction, loading the column to the desired displacement in 

the negative direction, and returning to zero displacement. 

2.6  Test Setup 

In order to measure the electrical resistance, each CNFA was connected in one circuit 

supplied with a 10 V power supply. The outer wire (leads 1 and 4 in Fig. 2.1) of the 

CNFA was connected with a known resister, as shown in Fig. 2.24. The voltage drops 

across the inner wire (Leads 2 and 3 in Fig. 2.1) of the CNFA and the known resistor 

were recorded using a data acquisition system.  
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Table 2.3 Column Loading Procedure 

Specimen 
Loading 

Rate  
Loading Protocol 

IF1 

0.05 Hz 

Sinusoidal 

Wave 

Force-Control (kN): 

(0) 0; (1) 20; (2) 40; (3) 60; (4) 80; (5) 100; (6) 120; (7) 140; (8) 160; 

Displacement-Control (mm): 

(9) 22; (10) 24; (11) 26; (12) 28; (13) 30; (14) 32; (15) 34; (16) 36; 

(17) 38; (18) 40; (19) 42; (20) 43; (21) 44; (22) 45; (23) 46; (24) 47; 

(25) 48; (26) 49; (27) 50; (28) 51; (29) 52; (30) 53; (31) 54; (32) 55; 

(33) 56; (34) 57; (35) 58; (36) 59; (37) 60; (38) 62; (39) 64; (40) 66; 

(41) 68; (42) 70; (43) 73; (44) 76; (45) 79; (46) 82; (47) 85; (48) 88; 

(49) 91; (50) 94; (51) 97; (52) 100; (53) 105; (54) 110; (55) 115; (56) 

120; (57) 130; (58) 135; (59) 140; (60) 145; (61) 150.  

IF2 

0.1 Hz 

Sinusoidal 

Wave 

Displacement-Control (mm): 

(0) 0; (1) 2; (2) 4; (3) 6; (4) 8; (5) 10; (6) 12; (7) 14; (8) 16; (9) 18; 

(10) 20; (11) 22; (12) 24; (13) 26; (14) 28; (15) 30; (16) 32; (17) 34; 

(18) 36; (19) 38; (20) 40; (21) 42; (22) 44; (23) 46; (24) 48; (25) 50; 

(26) 52; (27) 54; (28) 56; (29) 58; (30) 60; (31) 62; (32) 64; (33) 67; 

(34) 70; (35) 73; (36) 76; (37) 79; (38) 82; (39) 85; (40) 88; (41) 91; 

(42) 94; (43) 97; (44) 100; (45) 105; (46) 110; (47) 115; (48) 120; 

(49) 125; (50) 130. 

IF3 

0.5 Hz 

Sinusoidal 

Wave 

Displacement-Control (mm): 

The same as IF2 + (51) 135; (52) 140. 

IF4 

0.9 Hz 

Sinusoidal 

Wave 

Displacement-Control (mm): 

The same as IF3 + (53) 145; (54) 150. 

IS1 

0.05 Hz 

Sinusoidal 

Wave 

Force-Control (kN): 

(0) 0; (1) 20; (2) 40; (3) 60; (4) 80; (5) 100; (6) 120; (7) 140; 

Displacement-Control (mm): 

(8) 5.0; (9) 5.5; (10) 6.0; (11) 6.5; (12) 7.0 ; (13) 7.5; (14) 8.0; (15) 

8.5; (16) 9.0; (17) 9.5; (18) 10.0; (19) 10.5; (20) 11.0; (21) 11.5; (22) 

12.0; (23) 13.0; (24) 14.0; (25) 15.0; (26) 16.0; (27) 17.0; (28) 18.0; 

(29) 19.0; (30) 20.0; (31) 21.0; (32) 22.0; (33) 23.0; (34) 24.0; (35) 

26.0; (36) 28.0; (37) 30.0; (38) 32.0; (39) 34.0; (40) 36.0; (41) 38.0; 

(42) 40.0; (43) 42.0. 

IS2 

1.0 Hz 

Sinusoidal 

Wave 

Displacement-Control (mm): 

(0) 0; (1) 0.5; (2) 1.0; (3) 1.5; (4) 2.0; (5) 2.5; (6) 3.0; (7) 3.5; (8) 4.0; 

(9) 4.5; (10) 5.0; (11) 5.5; (12) 6.0 ; (13) 6.5; (14) 7.0; (15) 7.5; (16) 

8.0; (17) 8.5; (18) 9.0; (19) 9.5; (20) 10.0; (21) 10.5; (22) 11.0; (23) 

11.5; (24) 12.0; (25) 12.5; (26) 13.0; (27) 13.5; (28) 14.0; (29) 14.5; 

(30) 15.0; (31) 15.5; (32) 16.0; (33) 16.5; (34) 17.0; (35) 18.0; (36) 

19.0; (37) 20.0; (38) 21.0; (39) 22.0; (40) 23.0; (41) 24.0; (42) 25.0; 

(43) 26.0. 

IS3 

3.0 Hz 

Sinusoidal 

Wave 

Displacement-Control (mm): 

(0) ~ (34) the same as IS2 + (35) 17.5; (36) 18.0; (37) 19.0; (38) 20.0; 

(39) 21.0; (40) 22.0. 
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Table 2.3 Column Loading Procedure (Continued) 

Specimen 
Loading 

Rate  
Loading Protocol 

IS4 

5.0 Hz 

Sinusoidal 

Wave 

Displacement-Control (mm): 

(0) ~ (36) the same as IS3 + (37) 18.5; (38) 19.0; (39) 19.5; (40) 20.0; 

(41) 21.0; (42) 22.0; (43) 23.0; (44) 24.0; (45) 25.0; (46) 26.0. 

IIF1 

0.05 Hz 

Sinusoidal 

Wave 

Displacement-Control (mm): 

(0) 0; (1) 2; (2) 4; (3) 6; (4) 8; (5) 10; (6) 12; (7) 13; (8) 14; (9) 15; 

(10) 16; (11) 17; (12) 18; (13) 19; (14) 20; (15) 21; (16) 22; (17) 23; 

(18) 24; (19) 25; (20) 26; (21) 27; (22) 28; (23) 29; (24) 30; (25) 32; 

(26) 34; (27) 36; (28) 38; (29) 40; (30) 42; (31) 44; (32) 46; (33) 48; 

(34) 50; (35) 52; (36) 54; (37) 56; (38) 58; (39) 60; (40) 63; (41) 66; 

(42) 69; (43) 72; (44) 75; (45) 78. 

IIF2 

2.0 Hz 

Sinusoidal 

Wave 

Displacement-Control (mm): 

(0) ~ (10) the same as IF2 + (11) 21; (12) 22; (13) 23; (14) 24; (15) 

25; (16) 26; (17) 27; (18) 28; (19) 29; (20) 30; (21) 32; (22) 34; (23) 

36; (24) 38; (25) 40; (26) 42; (27) 44; (28) 46; (29) 48; (30) 50; (31) 

53; (32) 56; (33) 59; (34) 62; (35) 65; (36) 68; (37) 71; (38) 74; (39) 

77; (40) 80; (41) 83; (42) 86. 

IIF3 

3.0 Hz 

Sinusoidal 

Wave 

Displacement-Control (mm): 

(0) ~ (42) the same as IIF2 + (43) 89. 

IIF4 

4.0 Hz 

Sinusoidal 

Wave 

Displacement-Control (mm): 

The same as IIF3. 

IIS1 

0.05 Hz 

Sinusoidal 

Wave 

Displacement-Control (mm): 

The same as (0) ~ (40) of IS4. 

IIS2 

3 Hz 

Sinusoidal 

Wave 

Displacement-Control (mm): 

The same as (0) ~ (40) of IS4 + (41) 20.5; (42) 21; (43) 21.5; (44) 22. 

IIS3 

5 Hz 

Sinusoidal 

Wave 

Displacement-Control (mm): 

The same as (0) ~ (40) of IS4. 

IIS4 

7 Hz 

Sinusoidal 

Wave 

Displacement-Control (mm): 

The same as (0) ~ (38) of IS4. 

Differential amplifiers were used to avoid the impedance problem, which were placed 

between the CNFA (or the known resistor) and the data acquisition system, as shown in 

Fig. 2.24. A differential amplifier is a circuit that computes the differences of two 

voltages and multiplies it by a constant, as illustrated in Fig. 2.25. If all four of the 
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resistors have equal resistances, then the output voltage will equal the difference of the 

two input voltage (Howser 2013).  

 

Fig. 2.24 Electrical Circuit for CNFA Test (Howser 2013) 

 

Fig. 2.25 Differential Amplifier Circuit (Howser 2013) 
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As for the column specimen, please see Fig. 2.26 to Fig. 2.27 for the experimental 

setup. The columns were rigidly connected to the foundation, and the foundation was 

bolted to the strong floor. A horizontal actuator providing reversed cyclic loading to the 

columns was bolted to a strong wall. CNFAs and strain gauges were embedded in critical 

sections and recorded using data acquisition systems. Displacement at the point of 

loading was recorded using linear variable differential transformers (LVDTs). 

 

Fig. 2.26 Experimental Setup for Flexure-critical Column in Phase II 

 

Fig. 2.27 Experimental Setup for Shear-critical Column in Phase II 
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CHAPTER 3: EXPERIMENTAL RESULTS 

3.1  Reversed Cyclic Behavior 

Phase I consisted four long columns with the aspect ratio  ℎ 𝑙⁄ = 3100 450⁄ =

6.89 > 4, which were supposed to fail at the flexure-critical pattern, see Fig. 3.1 for the 

comparison of the four flexure-critical columns when the tests were finished. There were 

a lot of cracks at the bottom of the columns because of the large moment. After the 

columns yielded, the concrete cover failed which may cause the slightly drop of the load 

capacity of these columns. The strain gauges and CNFAs were embedded at this region to 

sensor the local damage. After the columns reached the ultimate strength, the sensors 

may be broken because the columns were severer damaged at the bottom (the concrete 

cover failed, the rebars were pulled out). There were also four short columns with the 

aspect ratio  ℎ 𝑙⁄ = 1300 450⁄ = 2.89 < 4 consisted in Phase I. They were designed to 

fail in shear, the shear failure modes were illustrated in Fig. 3.2 and Fig. 3.3. A large 

crack was formed at the loading point and went down to the bottom in approximately 45˚ 

direction as the load increasing. When the columns failed, the severer damages were 

occurred at the loading point, rather than the bottom as shown in flexural failure modes. 

There were also minor cracks throughout of the columns. 

For Phase II, the four flexure-critical columns were designed with the aspect ratio 

ℎ 𝑙⁄ = 1800 300⁄ = 6 > 4 and the four shear-critical columns were designed with the 

aspect ratio  ℎ 𝑙⁄ = 600 300⁄ = 2 < 4. The tests showed that they failed in the same way 

as described in Phase I accordingly, see Fig. 3.4 and Fig. 3.5 for the flexural and shear 

failure modes for columns in Phase II. 
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Fig. 3.1 Columns in Phase I with Flexural Failure Modes 

  

Fig. 3.2 Shear Failure Cracks in Phase I Fig. 3.3 Shear Failure Modes in Phase I 
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Fig. 3.4 Flexural Failure Modes of 

Columns in Phase II  

Fig. 3.5 Shear Failure Modes of Columns 

in Phase II 

The measured load-deflection (force-displacement) relationships for all the 16 

columns under reversed cyclic loading are shown in the Fig. 3.6 to Fig. 3.21. All figures 

for flexure-critical columns gave a yielding plateau which shows a good ductility, the 

figures for shear-critical columns showed they had higher load capacity and were more 

brittle. 

 

Fig. 3.6 Force-Displacement Curves of Specimen IF1 
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Fig. 3.7 Force-Displacement Curves of Specimen IF2 

 

Fig. 3.8 Force-Displacement Curves of Specimen IF3 

 

Fig. 3.9 Force-Displacement Curves of Specimen IF4 
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Fig. 3.10 Force-Displacement Curves of Specimen IS1 

 

Fig. 3.11 Force-Displacement Curves of Specimen IS2 

 

Fig. 3.12 Force-Displacement Curves of Specimen IS3 
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Fig. 3.13 Force-Displacement Curves of Specimen IS4 

 

Fig. 3.14 Force-Displacement Curves of Specimen IIF1 

 

Fig. 3.15 Force-Displacement Curves of Specimen IIF2 
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Fig. 3.16 Force-Displacement Curves of Specimen IIF3 

 

Fig. 3.17 Force-Displacement Curves of Specimen IIF4 

 

Fig. 3.18 Force-Displacement Curves of Specimen IIS1 
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Fig. 3.19 Force-Displacement Curves of Specimen IIS2 

 

Fig. 3.20 Force-Displacement Curves of Specimen IIS3 

 

Fig. 3.21 Force-Displacement Curves of Specimen IIS4 
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The force-displacement curves give the typical characteristics of the specimen 

including the initial stiffness, yield point, ultimate strength and energy dissipation. Table 

3.1 lists some of the characteristics of the 13 columns, from which the flexure and shear 

failure behavior can be evaluated. The influence of the loading rate is presented in the 

following section.  

Table 3.1 Comparison of the Columns 

Specimen 
Loading 

Rate (Hz) 

Ultimate 

Load (kN) 

Yield Point Disp. 

Corresponding 

to Ultimate 

Load (mm) 

Starting 

Disp. (mm) 

Ending 

Disp. (mm) 

IF1 0.05 165 50 120 - 
IF2 0.1 175 50 102 - 
IF3 0.5 175 50 100 - 
IF4 0.9 166 40 100 - 

IS1 0.05 210 - - 8.0 
IS2 1.0 260 - - 12.0 
IS3 3.0 200 - - 12.5 
IS4 5.0 218 - - 15.5 

IIF1 0.05 95 23 60 - 
IIF2 2 97 25 63 - 
IIF3 3 96 23 68 - 
IIF4 4 98 26 50 - 

IIS1 0.05 280 - - 8.5 
IIS2 3 270 - - 10 
IIS3 5 327 - - 7 
IIS4 7 315 - - 7 
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3.2  Study of Loading Rate Effect 

If the effective stiffness is defined as the ultimate load divided by the displacement 

when the ultimate load occurred, then the effect of loading rate can be evaluate by the 

ultimate load and the effective stiffness. Fig. 3.22 gives the trend of the ultimate load 

versus loading rate, Fig, 3.23 gives the curve of the effective stiffness versus loading rate. 

Some conclusions can be draw from these two figures. 

  

Fig. 3.22 Ultimate Load versus Loading 

 Rate  

Fig. 3.23 The Effective Stiffness versus  

Loading Rate 

(a), For Phase I flexure-critical, with the column size as 450 mm by 450 mm by 3100 

mm, the ultimate load increased first and then decreased as the loading rate increased 

from 0.05 Hz to 0.9 Hz, at the same time the effective stiffness increased all the way. It is 

supposed to have an optical loading rate (range between 0.1 Hz to 0.5 Hz) which can give 

a maximum ultimate load, and there is no doubt the higher the loading rate, the more 

brittle the column exhibited. From table 3.1, the yielding plateau was shortened as the 

loading rate increased, which indicated the capacity of the column to absorb energy was 

slightly weakened. 
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(b), For Phase I shear-critical, with the column size as 450 mm by 450 mm by 1300 

mm, the ultimate load also increased first and then decreased as the loading rate changing 

from 0.05 Hz to 5.0 Hz, but the effective stiffness decreased which was different from the 

previous one. As illustrated in Fig. 3.22 and 3.23, the variations of ultimate load and 

effective stiffness for the shear-critical columns were larger than that of the flexure-

critical columns. 

(c), For Phase II flexure-critical, with the column size as 300 mm by 300 mm by 1800 

mm, neither the ultimate load nor the effective stiffness changed too much as the loading 

rate increased from 0.05 Hz to 4 Hz. The yielding plateau can be seemed as the same 

with the acceptable test error. 

(d), For Phase II shear-critical, with the column size as 300 mm by 300 mm by 600 

mm, both the ultimate load and the effective stiffness didn’t have a regular trend when 

the loading rate ranged from 0.05 Hz to 7 Hz. This might be caused by the testing error or 

the lack of the data pool. 

According to the test, the capacity variations of shear-critical columns due to various 

loading rates were larger than that of the flexure-critical columns. Because of the 

limitation of the test specimens, the trend of the ultimate load versus loading rate and the 

effective stiffness versus loading rate cannot be found, more tests with various loading 

rates are needed for further study. 
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3.3  Conductivity of Carbon Nanofiber Aggregates 

Carbon nanofiber aggregates were embedded in all 16 columns at critical sections for 

the strain sensing purpose. CNFAs and strain gauges were installed in pairs so that the 

ERV measured by CNFAs could be directly compared with the strain. The CNF 

aggregates were installed in rows of three where each row should have the same strain 

value. Also, there were three strain gauges located on each row. The strain values 

measured by the three strain gauges were averaged for each row to determine that row’s 

strain. The row designations are shown in Table 3.2. The internal sensor locations for 

specimen IS4 are shown in Fig. 3.24.  The row designations and sensor locations are all 

the same for the other columns. 

Table 3.2 Rows of Associated CNFAs and Strain 

Row Associated CNFAs Associated Strain 

A C1 C2 C3 (𝑆1 + 𝑆2 + 𝑆3) 3⁄  

B C4 C5 C6 (𝑆4 + 𝑆5 + 𝑆6)/3 

C C7 C8 C9 (𝑆7 + 𝑆8 + 𝑆9)/3 

D C10 C11 C12 (𝑆10 + 𝑆11 + 𝑆12)/3 

 

 

Fig. 3.24 Column Internal Sensor Locations for Specimen IS4 
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For each column, the force, strain and ERV versus time were compared for each row 

to check the conductivity of the CNFAs. According to the test results, all the CNFAs did 

a great job in sensing the cyclic behavior of the columns in qualitatively way. The peaks 

and valleys of the force, strain and ERV matched very well. For each phase, the results of 

one flexure-critical and one shear-critical column were selected to show the sensitivity of 

CNFAs. In the course of the test, CNFAs exhibited good robustness since they were 

casted inside the concrete and can work functionally with little maintenance. Fig. 3.25 ~ 

3.28 shows the force, strain, and ERV behavior for Rows A, B, C, D for specimen IF2, 

respectively. Fig 3.29 ~ 32 shows these behavior for specimen IS2, Fig. 3.33 ~ 3.36 for 

specimen IIF1 and Fig. 3.37 ~ 3.40 for specimen IIS1. 

For the specimen IF2, both the CNFAs and the strain gauges sensed every cycle of 

the entire experiment. In the elastic stage, the magnitude of the change in ERV was not 

obvious than strain gauges, but it did change according to every cycle and ranged from 0 

~ 0.5. When exceeding the yielding point, the force was stable while the displacement 

kept growing, which explained the yielding plateau. In this stage, the strain became 

unstable. Some of them even gave a sudden drop or jump because of the plastic 

deformation or the local damage. Correspondingly, ERV exhibited larger change in this 

stage and the shift behavior was involved in. Shift behavior can be explained as when the 

force returned to zero, the ERV cannot return to zero and has a residual ERV. This 

phenomenon was also appeared in the previous research (Howser 2013). This might be 

caused by the large stress and the damage of CNFA itself, which means the CNFA might 

be damaged and the carbon nanofiber inside may be rearranged. The overall shape of the 

curves showed CNFAs are capable of detecting damage.  
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Fig. 3.25 Column Row A Force, Strain, and ERV versus Time for Specimen IF2 
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Fig. 3.26 Column Row B Force, Strain, and ERV versus Time for Specimen IF2 
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Fig. 3.27 Column Row C Force, Strain, and ERV versus Time for Specimen IF2 
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Fig. 3.28 Column Row D Force, Strain, and ERV versus Time for Specimen IF2 



50 

 

 

 

 

Fig. 3.29 Column Row A Force, Strain, and ERV versus Time for Specimen IS2 
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Fig. 3.30 Column Row B Force, Strain, and ERV versus Time for Specimen IS2 
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Fig. 3.31 Column Row C Force, Strain, and ERV versus Time for Specimen IS2 
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Fig. 3.32 Column Row D Force, Strain, and ERV versus Time for Specimen IS2 
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Fig. 3.33 Column Row A Force, Strain, and ERV versus Time for Specimen IIF1 
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Fig. 3.34 Column Row B Force, Strain, and ERV versus Time for Specimen IIF1 
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Fig. 3.35 Column Row C Force, Strain, and ERV versus Time for Specimen IIF1 
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Fig. 3.36 Column Row D Force, Strain, and ERV versus Time for Specimen IIF1 
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Fig. 3.37 Column Row A Force, Strain, and ERV versus Time for Specimen IIS1 
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Fig. 3.38 Column Row B Force, Strain, and ERV versus Time for Specimen IIS1 
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Fig. 3.39 Column Row C Force, Strain, and ERV versus Time for Specimen IIS1 
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Fig. 3.40 Column Row D Force, Strain, and ERV versus Time for Specimen IIS1 
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For the specimen IS2, the CNFAs also did an excellent job in sensing the cyclic 

behavior of the column. All 12 CNFAs picked up the most cycles. The magnitude of 

ERV didn’t change much before cracking. But after reaching the ultimate load, ERV 

became unstable and changed significantly.  

For the specimen IIF1, the result was not as good as that of Phase I. But some of the 

sensors did a great job, like C10, C11, and C12. They sensed most of the cycles and the 

ERV stayed modest before the column yielded. After yielding, the ERV had a dramatic 

change in the magnitude of each cycle, and also had a shift off the origin axis. But for 

some other CNFAs (like C1 and C2), the shift started at the beginning, which may be 

caused by the defect of CNFA itself.  The CNFA C6 did not react too much throughout 

the experiment, which was the only case for the entire experiment that the CNFA did not 

work effectively. 

For the specimen IIS2, all the CNFAs gave a good prediction for the cyclic behavior. 

The peaks and valleys of the force, strain, and the ERV matched for every CNFA. The 

shift of ERV occurred at the beginning except for the CNFAs in Row A. For Row A, the 

ERV behaved like the previous result, shift only came after the column reached the 

ultimate load. The reason for this phenomenon cannot be explained accurately, it might 

be caused by the defect of CNFA itself, the embedded locations, the size of the column or 

the loading procedure. Some more tests should be needed to model it. 

From all the four column results listed above, the CNFA can be approved to be a 

reliable sensor. They picked up the cyclic behavior and gave a good prediction when the 

columns were yielded or failed. For most cases, the ERV changes more significantly after 

the flexure-critical columns were yielded and the shear-critical columns were failed. 
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3.4  Relationship between Electrical Resistance Variation (ERV) and 

Horizontal Displacement 

The relationship between the electrical resistance variation (ERV) and the strain was 

investigated in previous research (Howser 2013), but the curves did not give any 

significant information about how the ERV changed with the strain. In the course of this 

test program, the relationship between ERV and strain was plotted for each CNFA. But 

also none of a common law can be draw from the curves.  

Instead, the relationship between ERV and the horizontal displacement at top point of 

the columns was investigated. The curves for all CNFAs in all 16 columns yielded a 

similar shape. Fig. 3.41 shows a typical ERV versus horizontal displacement curve for 

CNFA C10 embedded in specimen IF1which was governed by flexural-critical failure 

mode. Fig. 3.42 shows a typical ERV versus horizontal displacement curve for CNFA C8 

embedded in specimen IS1 which was governed by shear-critical failure mode.  

 

Fig. 3.41 Typical ERV versus Horizontal Displacement Relationship for CNFA  

Embedded in Flexure-Critical  Column (CHFA C10 in IF1 Shown) 
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Fig. 3.42 Typical ERV versus Horizontal Displacement Relationship for CNFA 

Embedded in Shear-Critical Column (CHFA C8 in IS1 Shown) 

According to the two curves, the following conclusions were made from the study: 

(a) For reversed cyclic loading, the curves of ERV versus horizontal displacement 

can sense the reversed cyclic behavior in a better way. ERV changes a lot 

when the displacement is relatively small, especially before the column yields 

or reaches the ultimate load. After yielding, the displacement grows 

dramatically while ERV keeps stable. From the backbone curves showed in 

red in Fig. 3.41 and Fig. 3.42, the trend of the curve for ERV versus 

displacement is similar to that of the force versus displacement. 

(b) The curves can indicate all the cyclic behavior, and show a reasonable shape 

corresponding to the change of displacement. In this sense, ERV plays an 

important role before yielding or failing, which gives more accurate prediction 

of the column behavior than the ERV versus time curves. As showed in 

previous section, the ERV versus time curve only shows a drastic change at 

yielding point or the ultimate loading point. 
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(c) The ERV versus displacement curve can qualitatively sense the behavior of 

the column under reversed cyclic loading. To be quantitative or to be modeled 

for practical use, some more tests should be needed. The loading procedure, 

the dimension of the column, and the location of CNFAs can all have 

influences on the curves. So there are many parameters and coefficients to be 

determined for the future work.  

3.5  Discussion 

Sixteen full-scale reinforced concrete columns with carbon nanofiber aggregates 

(CNFAs) and strain gauges embedded were tested under reversed cyclic loads with 

various loading rates. There were two purposes of this experiment. One is investigating 

the effects of loading rates on the behavior of the flexure-critical and shear-critical 

columns; the other is studying the sensing capability of CNFAs. The following 

discussions can be made from the study: 

(a) The variations of ultimate load and effective stiffness due to various loading rates 

for the shear-critical columns were larger than those of the flexure-critical 

columns. More tests should be conducted to further investigate the loading rate 

effect on the constitutive model of the reinforced concrete structures. It seems that 

the loading rates don’t affect the flexure-critical columns. 

(b) The CNFAs are capable of sensing complex strain histories in qualitative way. 

The ERV versus time curve can give a prediction when the flexure-critical 

column is going to yield and when the shear-critical column is going to fail. The 

ERV changed more significantly after the columns yielded or failed, which might 
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be caused by the damage of CNFAs themselves and the rearrangement of carbon 

nanofibers. 

(c) The ERV versus displacement curves can sense the reversed cyclic behavior in a 

better way. In order to model the damage sensing capability of CNFA 

scientifically, more tests with different parameters, e.g., column size, loading rates, 

and embedded locations of CNFAs need to be conducted. 

(d) CNFA is a more reliable. It can be casted in full-scale reinforced concrete 

structures with little maintenance than strain gauge. 
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CHAPTER 4: FINITE ELEMENT SIMULATION 

4.1  Analytical Model 

An open-source finite element analysis (FEA) program, Open System for Earthquake 

Engineering Simulation (OpenSees) was used to model the columns subjected to the 

cyclic loading. OpenSees is an object-oriented framework (C++) for simulation 

applications in earthquake engineering using finite element methods. Key features of 

OpenSees include the interchangeability of components and the ability to integrate 

existing libraries and new components into the framework without the need to change the 

existing code (Fenves, 2005). This makes it convenient to implement new classes of 

elements, materials and other components. Due to the limitation of suitable constitutive 

models, OpenSees is not readily applicable for reinforced concrete plane stress structures. 

This was the situation until the constitutive model cyclic softened membrane model 

(CSMM) was implemented and a nonlinear finite element computer program, Simulation 

of Concrete Structures (SCS), was developed (Mo et al., 2008). This program is capable 

of predicting the nonlinear behavior of reinforced concrete structures subjected to static, 

reversed cyclic, and dynamic loadings. And the program is validated with studies on 

different type of structures (Hsu and Mo, 2010). 

OpenSees is comprised of a set of modules to perform creation of the finite element 

model, specification of an analysis procedure, selection of quantities to be monitored 

during the analysis, and the output of results. In each finite element analysis, an analyst 

constructs four main types of objects: ModelBuilder, Domain, Analysis and Recorder, as 

shown in Fig. 4.1 for the framework of OpenSees. 
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Fig. 4.1 Diagram of OpenSees Framework 

Finite element analyses were conducted on the 16 columns using SCS. Specimen IF2 

and IIS1 were selected to show the comparison of the test and analysis results as they 

stand for flexure and shear governed cases, respectively.  

Specimen IF2 was modeled using the finite element mesh illustrated in Fig. 4.2. The 

two flange sides of the column perpendicular to the bending direction, which are mainly 

under compression and tension duo to bending, are modeled as NonlinearBeamColumn 

elements with fiber sections, containing uniaxialMaterial Concrete01 and Hysteretic 

material for steel. For confined concrete, Kent-Park model is used to modify the 

parameters of concrete properties. The two web sides of the column parallel to the 

bending direction, which resist the shear force, are defined by FAReinforceConcrete 

PlaneStress Quadrilateral elements. SteelZ01 and ConcreteZ01, which consider softening 

effect of concrete, Poisson effect and Baushinger effect, were used to generate the 

membrane elements. The cap beam on the top of the column is defined as a rigid body in 

the finite element model.  The analysis procedure was separated into two steps. In the 

first step, gravity loads were applied to the columns using load control by 10 load 
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increments. In the second step, gravity loads were kept constant and reversed cyclic 

horizontal loads were applied by the predetermined displacement control on the drift 

displacement. 
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Fig. 4.2 Finite Element Model of Specimen IF2 

Specimen IIS1 was modeled using the finite element mesh illustrated in Fig. 4.3. 

Because the aspect ratio is only 2, the column was governed by shear. The two web sides 

of the column parallel to the bending direction, which resist the shear force, are modeled 

as ten Quadrilateral elements with FAReinforceConcretePlaneStress material. SteelZ01 

and ConcreteZ01were used to create the uniaxial constitutive laws of steel and concrete, 

respectively. The two flange sides of the column perpendicular to the bending direction, 

which are mainly under compression and tension due to bending (a small part in this 

case), are modeled as Truss elements with fiber sections. The fiber sections contained one 
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layer of rebar with Concrete01 and Steel01 material. The cap beam on the top of the 

column is also defined as a rigid body in the finite element model.  For the analysis 

procedure, gravity force was neglected and reversed cyclic horizontal loads were applied 

by the predetermined displacement control. 
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Fig. 4.3 Finite Element Model of Specimen IIS1 

 

4.2  Comparison of Analytical Results with Test Outcomes 

The measured and calculated force-displacement relationship for specimen IF2 is 

shown in Fig. 4.4. Compared with the experimental results, the analysis predicted the 

force-displacement characteristics of the specimen including the effective stiffness, the 

yielding strength, yield displacement, ultimate strength, and energy dissipation. The only 

difference between the measured and calculated curve is the descending part. For the test 

result, the drop appeared after the yielding plateau, but the analytical result cannot show 

the descending part. The reason is that, after yielding, the concrete cover may be broken, 

and the steel bars were failed due to buckling without the protection of concrete cover. 
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But for the analytical modeling, the uniaxialMaterial Hysteretic material for steel doesn’t 

including buckling effect, that’s why it cannot give a descending part. In general, the 

predictions for the hysteretic behavior agree with the test results. 

 

Fig. 4.4 Experimental and Analytical Force-Displacement Curves of Specimen IF2 

The measured and calculated force-displacement relationship for specimen IIS1 is 

shown in Fig. 4.5. For convergence reason, the analytical result can only predict the 

descending part to approximately 80% of the ultimate strength. Because of the test error 

or the unsymmetrical making of the column, the test data didn’t show symmetric property 

of the hysteretic curve. The ultimate strength in the positive direction was much higher 

than that of the negative part. The analytical result predicted the force-displacement 

characteristics of the specimen including the initial stiffness, the ultimate strength, the 

displacement at the ultimate point, part of the descending curve, which were in a good 

agreement with the negative hysteretic curve of the test result. Also the analytical result 

captured the pinching effect very well, which was a great advantage of the material 

constitutive models and the SCS program developed by UH. In general, the analytical 

results agree with the test data. 
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Fig. 4.5 Experimental and Analytical Force-Displacement Curves of Specimen IIS1 

 

4.3  Discussion 

One of the flexure-critical and one of the shear-critical columns, from Phase I and 

Phase II respectively, were modeled and analyzed using OpenSees. The constitutive 

model cyclic softened membrane model (CSMM), developed by University of Houston, 

was implemented and nonlinear finite element analysis were performed. The following 

discussions were made base on the study: 

(a) The analytical model for flexure-critical column includes the shear contribution of 

the quadrilateral elements of the web. This might be the minor part of the capacity 

of the column, but it gives more accurate prediction of the structural behavior 

under reversed cyclic loading. The two flanges were modeled as nonlinear 

BeamColumn elements, which were mainly suffered from bending. A rigid beam 

was considered at the top of the column to connect the element at the flanges and 

the web together.   
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(b) The analytical model for shear-critical column mainly contains the quadrilateral 

elements with Reinforce Concrete PlaneStress material in the web to resist shear 

force and the truss elements in the flanges to resist compression and tension. Also, 

a rigid beam was put at the top of the column. The model can give a better 

understanding of the structure. 

(c) In general, the analytical results agree with the test data. The structural 

characteristics including the initial stiffness, the yielding (ultimate) load, the 

displacement at yielding (or ultimate loading) are captured by the analysis. 

(d) To improve the analysis results, the parameters for the hysteretic material in 

Nonlinear BeamColumn elements should be modified to include the descending 

part for the flexure- critical column. For the shear-critical column, the increment 

of the integration step after the ultimate load should be reduced to include the 

descending part when performing the displacement control analysis.  
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 

5.1  Conclusions 

Past studies at the University of Houston have demonstrated that carbon nanofiber 

aggregate (CNFA) is self-sensing and can be embedded in reinforced concrete structures 

to monitor the strain. In this study, CNFAs were embedded in 16 reinforced concrete 

columns governed by flexure or shear failure for the purpose of the structural health 

monitoring. At the same time, the columns were designed to be tested by reversed cyclic 

loading with various loading rates to study the effect of loading rate ranged from 0.05 Hz 

to 7 Hz on the structural behavior of reinforced concrete columns. OpenSees was used to 

perform the finite element analysis. The following conclusions were made from the study: 

(a) The capacity variations of shear-critical columns due to various loading rates 

were larger than that of the flexure-critical columns. The test results showed that 

the loading rate did not greatly affect the structural behavior of flexure-critical 

columns. Because of the limitation of the test specimens, the trend of the ultimate 

load versus loading rate and the effective stiffness versus loading rate cannot be 

found. More tests with various loading rates are needed to include the loading rate 

effect on the constitutive model of reinforced concrete. 

(b) The CNFAs were capable of sensing complex strain histories in qualitative way. 

The peaks and valleys of the force, strain and electrical resistance variation (ERV) 

matched very well. The ERV versus time curve can give a prediction of the 

yielding load for flexure-critical columns and ultimate load for shear-critical 

columns. The ERV changed more significantly after the columns yielded. 
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(c) The ERV versus displacement curves can sense the reversed cyclic behavior in a 

better way. In order to model the damage sensing capability of CNFA, more tests 

with various parameters, e.g. column size, loading rates, embedded locations of 

CNFAs need to be conducted. 

(d) CNFA is a reliable sensor. It can be cast in reinforced concrete structures with 

little maintenance than strain gauges. The impedance problem in the data 

acquisition process was avoided by using differential amplifiers. 

(e) The analytical model for the columns included the shear contribution of the 

quadrilateral elements with FAReinforceConcretePlaneStress material in the web 

and the nonlinear BeamColumn elements (for flexure-critical columns) or Truss 

elements (for shear-critical) in the two sides with longitudinal bars. A rigid beam 

was considered at the top of the column. The model can give a better 

understanding of the structure. 

(f) In general, the analytical results agree with the test data. The structural 

characteristics including the initial stiffness, the yielding (ultimate) load, the drift 

at yielding (or ultimate loading) are captured by the analysis. 

5.2  Recommendations for Future Work 

To improve the self-sensing ability of CNFA, to be modeled for commercial use, and 

also to give a better prediction by finite element analysis using OpenSees, future work on 

the strain sensing and the study of loading rate as well as the finite element analysis 

includes: 
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(a) More tests with various parameters, e.g., column size, loading rates, embedded 

locations of CNFA need to be conducted to find the relationship between the ERV 

and the displacement, so that the damage sensing capability can be modeled. 

(b) The effect of loading rate needs a detailed investigation by increasing test 

specimens, especially for the shear-critical columns. The trend of how the loading 

rate affects the ultimate loads and the initial stiffness need to be determined, so 

that the loading rate effect on the constitutive model can be incorporated. 

(c) To improve the analytical results, the parameters for the hysteretic material for 

steel in Nonlinear BeamColumn elements should be modified to include the 

descending part for the flexure- critical column. For the shear-critical column, the 

increment of the integration step after the ultimate load should be reduced to 

include the descending part when performing the displacement control analysis.  
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APPENDIX A: EXAMPLE INPUT FILES 

The OpenSees input file for the reversed cyclic analysis of Specimen IF2 described in 

section 4.1 is presented as follows:  

 

# Input File for Specimen IF2 

 

# ------------------------------ 

# Units: N, mm, sec, MPa 

# ------------------------------ 

 

# -------------------------------- 

# Start of model generation 

# -------------------------------- 

  wipe 

# --------------------------------------------------------------------------------------------------------- 

# Create ModelBuilder for moment carrying walls of column (with 2D and 3 DOF/node) 

# --------------------------------------------------------------------------------------------------------- 

  model basic -ndm 2 -ndf 3 

   

# --------------------------------------------------------------------- 

# Create nodes needed for moment carrying walls (3 DOF) 

# --------------------------------------------------------------------- 

 

# set dimension of the wall and mesh 

  set L 360; 

  set H 3100; 

  set deltaL 180; 

  set deltaH 387.5; 

  set nL [expr $L/$deltaL];        # 2 elements along width 

  set nH [expr int($H/$deltaH)];   # 8 elements along length 

  set t 450; 

   

# creating nodes for moment carrying walls 

  set nodeStartID [expr ($nH+1)*($nL+1)+1];   # 28 

  set eleStartID [expr $nH*$nL+1];            # 17 

  set j 0; 

   

  while {$j<[expr $nH+1]} { 

   if {$j<[expr $nH]} { 

    node [expr $nodeStartID+$j*2] 0.0 [expr $deltaH*$j] 

 node [expr $nodeStartID+$j*2+1] [expr $L] [expr $deltaH*$j] 

   } else { 

    set i 0; 

 while {$i<[expr $nL+1]} { 

  node [expr $nodeStartID+$j*2+$i] [expr $i*$deltaL] [expr $H] 

  set i [expr $i+1] 

 } 

   } 
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   set j [expr $j+1] 

   } 

 

# Fix supports at base of columns 

  fix [expr $nodeStartID] 1 1 1 

  fix [expr $nodeStartID+1] 1 1 1 

   

# ------------------------------------------------------------------ 

# Define nonlinear materials for moment carrying walls 

# ------------------------------------------------------------------ 

# CONCRETE tag f'c ec0 f'cu ecu 

# Cover concrete (unconfined) 

  uniaxialMaterial Concrete01 1 -38.2 -0.003 -9 -0.01 

# Core concrete (confined) 

  uniaxialMaterial Concrete01 2 -53 -0.003 -12 -0.03 

 

# STEEL tag fy E0 b 

# Longitudinal Reinforcing Steel 

  set fy 355;    # Yield Strength for bare bar 

  set E 200000;  # Young's Modulus 

  uniaxialMaterial Hysteretic 3 $fy 0.003 355.446 0.0045 355.892 0.006 -$fy -0.003 -355.446 -0.0045 -

355.892 -0.006 1 1 0.0 0.0 0.1 

 

# ------------------------------------------------------ 

# Define cross-section for nonlinear columns 

# ------------------------------------------------------ 

 

# set some parameters 

# bar phi25 

  set colWidth 450; 

  set colDepth 90; 

  set coverz 25; 

  set covery 25; 

  set As 490.874; 

  set cy1 [expr $colDepth/2] 

  set cz1 [expr $colWidth/2] 

 

# the section 1 is for left moment carrying wall (confinement is #8@100) 

  section Fiber 1 { 

# Create the confined concrete fibers matTag numSubdivY numSubdivZ yI zI yJ zJ  

  patch rect 2 10 1 [expr $covery-$cy1] [expr $coverz-$cz1] [expr $cy1-$covery] [expr $cz1-$coverz] 

# Create the concrete cover fibers (top, bottom, left, right) 

  patch rect 1 14 1 [expr -$cy1] [expr $cz1-$coverz] $cy1 $cz1 

  patch rect 1 14 1 [expr -$cy1] [expr -$cz1] $cy1 [expr $coverz-$cz1] 

  patch rect 1 2 1 [expr -$cy1] [expr $coverz-$cz1] [expr $covery-$cy1] [expr $cz1-$coverz] 

  patch rect 1 2 1 [expr $cy1-$covery] [expr $coverz-$cz1] $cy1 [expr $cz1-$coverz] 

# Create the reinforcing fibers (2 layers) 

  layer straight 3 4 $As [expr $covery-$cy1] [expr $coverz-$cz1] [expr $covery-$cy1] [expr $cz1-$coverz] 

  layer straight 3 3 $As [expr $cy1-$covery] [expr $coverz-$cz1] [expr $cy1-$covery] [expr $cz1-$coverz] 

  } 

   

# the section 2 is for right moment carrying wall (confinement is #8@100) 

  section Fiber 2 { 

# Create the confined concrete fibers matTag numSubdivY numSubdivZ yI zI yJ zJ  

  patch rect 2 10 1 [expr $covery-$cy1] [expr $coverz-$cz1] [expr $cy1-$covery] [expr $cz1-$coverz] 

# Create the concrete cover fibers (top, bottom, left, right) 
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  patch rect 1 14 1 [expr -$cy1] [expr $cz1-$coverz] $cy1 $cz1 

  patch rect 1 14 1 [expr -$cy1] [expr -$cz1] $cy1 [expr $coverz-$cz1] 

  patch rect 1 2 1 [expr -$cy1] [expr $coverz-$cz1] [expr $covery-$cy1] [expr $cz1-$coverz] 

  patch rect 1 2 1 [expr $cy1-$covery] [expr $coverz-$cz1] $cy1 [expr $cz1-$coverz] 

# Create the reinforcing fibers (2 layers) 

  layer straight 3 3 $As [expr $covery-$cy1] [expr $coverz-$cz1] [expr $covery-$cy1] [expr $cz1-$coverz] 

  layer straight 3 4 $As [expr $cy1-$covery] [expr $coverz-$cz1] [expr $cy1-$covery] [expr $cz1-$coverz] 

  } 

   

# ----------------------------------------- 

# Define cross-setion for top beam 

# ----------------------------------------- 

  section Elastic 3 2e5 1e6 1e14 

 

# ------------------------------- 

# Define column elements 

# ------------------------------- 

  geomTransf Linear 1 

  set np 2; 

  set iterNum 10; 

  set iterTol 1e-3; 

# ELEMENT Tag iNode jNode numIntgrPts secTag transfTag <-iter $maxIters $tol> 

  set j 0; 

  while {$j<[expr $nH]} { 

   if {$j<[expr $nH-1]} { 

   element nonlinearBeamColumn [expr $eleStartID+$j*2] [expr $nodeStartID+$j*2] [expr 

$nodeStartID+$j*2+2] $np 1 1 -iter $iterNum $iterTol 

   element nonlinearBeamColumn [expr $eleStartID+$j*2+1] [expr $nodeStartID+$j*2+1] [expr 

$nodeStartID+$j*2+3] $np 2 1 -iter $iterNum $iterTol 

   } else { 

   element nonlinearBeamColumn [expr $eleStartID+$j*2] [expr $nodeStartID+$j*2] [expr 

$nodeStartID+$j*2+2] $np 1 1 -iter $iterNum $iterTol 

   element nonlinearBeamColumn [expr $eleStartID+$j*2+1] [expr $nodeStartID+$j*2+1] [expr 

$nodeStartID+$nH*2+$nL] $np 2 1 -iter $iterNum $iterTol 

   } 

   set j [expr $j+1] 

  } 

   

# ---------------------------- 

# Define beam elements 

# ---------------------------- 

  geomTransf Linear 2 

   

  set j [expr $nH] 

  set i 0; 

  while {$i<[expr $nL]} { 

   element nonlinearBeamColumn [expr $eleStartID+$j*2+$i] [expr $nodeStartID+$j*2+$i] [expr 

$nodeStartID+$j*2+1+$i] $np 3 2 -iter $iterNum $iterTol 

   set i [expr $i+1] 

  } 

   

# ---------------------------------------------------------------------------------------------------------------------------- 

# Create ModelBuilder for 2D elements representing shear carrying walls of the column (with 2-D and 2 

DOF/node) 

# ----------------------------------------------------------------------------------------------------------------------------- 

  model basic -ndm 2 -ndf 2 
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# Create nodes & add to domain 

  set j 0; 

  while {$j<[expr $nH+1]} { 

    set i 0; 

    while {$i<[expr $nL+1]} { 

      node [expr $j*($nL+1)+$i+1] [expr $i*$deltaL] [expr $j*$deltaH] 

  set i [expr $i+1] 

    } 

   set j [expr $j+1] 

  } 

   

# Set the boundary conditions 

  set i 0; 

  while {$i<[expr $nL+1]} { 

    fix [expr $i+1] 1 1 

   set i [expr $i+1] 

  } 

   

# Tying nodes between moment carrying walls and 2D elements representing shear carrying walls of the 

column 

  equalDOF 4 30 1 2 

  equalDOF 6 31 1 2 

  equalDOF 7 32 1 2 

  equalDOF 9 33 1 2 

  equalDOF 10 34 1 2 

  equalDOF 12 35 1 2 

  equalDOF 13 36 1 2 

  equalDOF 15 37 1 2 

  equalDOF 16 38 1 2 

  equalDOF 18 39 1 2 

  equalDOF 19 40 1 2   

  equalDOF 21 41 1 2   

  equalDOF 22 42 1 2   

  equalDOF 24 43 1 2 

  equalDOF 25 44 1 2 

  equalDOF 26 45 1 2 

  equalDOF 27 46 1 2 

   

# ----------------------------------------------------------------------------- 

# Define materials for 2D ReinforceConcretePlaneStress element 

# ----------------------------------------------------------------------------- 

  set wfc 38.2; 

  set wfyv 355; 

  set wfyh 334; 

  set wE 200000; 

  set rouv 0; 

  set rouh 0.0025;    # 0.002234 0.001117 #8@100 

  uniaxialMaterial SteelZ01 11 $wfyv $wE $wfc $rouv 

  uniaxialMaterial SteelZ01 12 $wfyh $wE $wfc $rouh 

  uniaxialMaterial ConcreteZ01 14 [expr -$wfc] -0.003 

  uniaxialMaterial ConcreteZ01 15 [expr -$wfc] -0.003 

  set pi 3.141592654 

# nDMaterial: FAReinforceConcretePlaneStress 

  nDMaterial FAReinforceConcretePlaneStress 21 0.0 11 12 14 15 [expr 0.5*$pi] [expr 0.0*$pi] $rouv 

$rouh $wfc $wfyv $wE -0.003 
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# nDMaterial FAFourSteelRCPlaneStress 21 0.0 11 12 11 12 14 15 [expr 1*$pi] [expr 0.5*$pi] [expr 

0.5*$pi] [expr 0.0*$pi] 0 0 $rouv $rouh $wfc $wfyv $wE -0.002  

 

# -------------------------------------------------------------- 

# Define 2D ReinforceConcretePlaneStress element 

# -------------------------------------------------------------- 

  set j 0; 

  while {$j<$nH} { 

    set i 0; 

    while {$i<$nL} { 

      element quad [expr $j*$nL+$i+1] [expr $j*($nL+1)+$i+1] [expr $j*($nL+1)+$i+2] [expr 

($j+1)*($nL+1)+$i+2] [expr ($j+1)*($nL+1)+$i+1] $t PlaneStress 21 

     set i [expr $i+1] 

    } 

   set j [expr $j+1] 

  } 

   

# -------------------------- 

# Define gravity loads 

# -------------------------- 

# Create a Plain load pattern with a linear TimeSeries 

  pattern Plain 1 "Linear" { 

   load 25 0 [expr -5e3] 

   load 26 0 [expr -5e3] 

   load 27 0 [expr -5e3] 

  } 

 

# -------------------------------- 

# Analysis for gravity load 

# -------------------------------- 

# Creating the system of equation, a sparse solver with partial pivoting 

  system BandGeneral 

   

# Creating the constraint handler 

  constraints Plain 

 

# Creating the DOF numberer 

  numberer Plain 

  

# Creating the convergence test 

  test NormDispIncr 1.0e-3 100 5 

    

# Creating the solution algorithm 

  algorithm KrylovNewton 

 

# Creating the integration scheme, the LoadControl scheme 

  integrator LoadControl 0.1 

 

# Creating the analysis object 

  analysis Static 

   

# Perform the analysis 

  analyze 10 

   

# Print out the state of nodes 

  puts "done" 
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  print node 25 26 27 44 45 46 

   

# set the gravity and prestress loads to be constant & reset the time in the domain 

  loadConst -time 0.0 

 

# ------------------------------ 

# Define horizontal loads 

# ------------------------------ 

# Value of horizontal loads 

  set P 1000.0 

# Create a Plain load pattern with a linear TimeSeries 

  pattern Plain 2 "Linear" { 

   load 25 [expr $P/3] 0 

   load 26 [expr $P/3] 0 

   load 27 [expr $P/3] 0 

  } 

   

# ------------------------------- 

# End of model generation 

# ------------------------------- 

 

# ---------------------------------- 

# Start of analysis generation 

# ---------------------------------- 

# Creating the system of equation, a sparse solver with partial pivoting 

  system BandGeneral 

   

# Creating the constraint handler 

  constraints Plain 

 

# Creating the DOF numberer 

  numberer Plain 

 

# Creating the convergence test 

  test NormDispIncrVaryIter 0.01 118 5 numStep 20   40  40   40  40   40  60   80  80   80  80   80 100  120 

120  120 120  120 140  160 160  160 160  160 180  200 200  200 200  200 220  240 260  280 300  320 340  

360 380  400 420  440 460  480 500  520 540  560 580  600 620  640 660  680 700  720 740  760 780  800 

820  840 860  880 900  920 940  960 980 1000 1040 1080 1100 1120 1140 1160 1180 1200 1220 1240 

1260 1280 1310 1340 1370 1400 1430 1460 1490 1520 1550 1580 1610 1640 1670 1700 1730 1760 1790 

1820 1850 1880 1910 1940 1970 2000 2050 2100 2150 2200 2250 2300 2350 2400 2450 2500 2550 2600 

numIter 100    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   

0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    

0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    

0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0   0    0 

 

# Creating the solution algorithm 

  algorithm KrylovNewton 

 

# Creating the integration scheme, the DisplacementControl scheme 

  integrator DisplacementPath 26 1 118 numStep 20   40  40   40  40   40  60   80  80   80  80   80 100  120 

120  120 120  120 140  160 160  160 160  160 180  200 200  200 200  200 220  240 260  280 300  320 340  

360 380  400 420  440 460  480 500  520 540  560 580  600 620  640 660  680 700  720 740  760 780  800 

820  840 860  880 900  920 940  960 980 1000 1040 1080 1100 1120 1140 1160 1180 1200 1220 1240 

1260 1280 1310 1340 1370 1400 1430 1460 1490 1520 1550 1580 1610 1640 1670 1700 1730 1760 1790 

1820 1850 1880 1910 1940 1970 2000 2050 2100 2150 2200 2250 2300 2350 2400 2450 2500 2550 2600 

increment 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -
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0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 

-0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1 0.1 -0.1  0.1 -0.1  0.1 -0.1  

0.1 -0.1  0.1 -0.1  0.1 -0.1  0.1 -0.1  0.1 -0.1  0.1 -0.1  0.1 -0.1  0.1 -0.1  0.1 -0.1  0.1 -0.1  0.1 -0.1  0.1 -0.1  

0.1 -0.1  0.1 -0.1  0.1 -0.1  0.1 -0.1  0.1 -0.1  0.1 -0.1  0.1 -0.1  0.1 -0.1  0.1 -0.1  0.1 -0.1 

 

# Creating the analysis object 

  analysis Static 

 

# initialize in case we need to do an initial stiffness iteration 

  initialize 

 

# --------------------------------- 

# End of analysis generation 

# --------------------------------- 

 

# Creating a recorder to monitor nodal displacements 

  recorder Node -file IF2_Output.out -time -node 26 -dof 1 disp 

 

# Perform the analysis 

  analyze 109540 

   

# Print out the state of nodes 

  puts "done" 

  print node 25 26 27 

 

 

 

 

 

 

 

 

 

The OpenSees input file for the reversed cyclic analysis of Specimen IIS1 described 

in section 4.1 is presented as follows:  

 

# Input File for Specimen IIS1 

 

# ------------------------------ 

# Units: N, mm, sec, MPa 

# ------------------------------ 

 

# ----------------------------------------------------------------------------------- 

# Create ModelBuilder (with three-dimensions and 6 DOF/node) 

# ----------------------------------------------------------------------------------- 

  wipe; 
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  set folder ColumnModel2 

  file mkdir $folder;    # Create data directory 

 

# set dimension of the wall and mesh 

  set pi 3.141592654 

  set L 216; 

  set H 600; 

  set deltaL 108; 

  set deltaH 120; 

  set nL [expr $L/$deltaL]; 

  set nH [expr $H/$deltaH]; 

  set t  [expr 300.0]; 

 

# ------------------------------------------------------------------------------------ 

# Define  nodes for rigid beam 

# ------------------------------------------------------------------------------------ 

  model basic -ndm 2 -ndf 3 

   

  for {set i 0} {$i < [expr $nL+1]} {incr i} { 

      node [expr ($nH+1)*($nL+1)+$i+1] [expr $i*$deltaL] [expr $H] 0 

      #puts "node [expr ($nH+1)*($nL+1)+$i+1] [expr $i*$deltaL] [expr $H] 0" 

  } 

  

   

  set eIdBeamStart [expr $nH*($nL+2)+1]; 

  set HBeam 300; 

  set BBeam 300; 

  set A   [expr $HBeam*$BBeam ]; 

  set Iz [expr $BBeam*$HBeam*$HBeam*$HBeam/12.0]; 

  set E  [expr 1.e10]; 

  set IDBeamTrans 2; 

  geomTransf Linear $IDBeamTrans; 

   

  for {set i 0} {$i < [expr $nL]} {incr i} {   

        element elasticBeamColumn [expr $eIdBeamStart+$i] [expr ($nH+1)*($nL+1)+$i+1] [expr 

($nH+1)*($nL+1)+$i+2] $A $E $Iz $IDBeamTrans;    

        #puts "[expr $eIdBeamStart+$i] [expr ($nH+1)*($nL+1)+$i+1] [expr ($nH+1)*($nL+1)+$i+2]" 

  }   

 

   

# ------------------------------------------------------------------------------------ 

# Define  nodes for column 

# ------------------------------------------------------------------------------------ 

  model basic -ndm 2 -ndf 2 

   

# for shell 

  for {set j 0} {$j < [expr $nH+1]} {incr j} { 

    for {set i 0} {$i < [expr $nL+1]} {incr i} { 

       node [expr $j*($nL+1)+$i+1] [expr $i*$deltaL] [expr $j*$deltaH] 0        

    } 

  } 

 

# ------------------------------------------------------------------------------------ 

# Define boundary condition 

# ------------------------------------------------------------------------------------ 

# fix one end as a pin, the other end as a roller 
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  fixY 0.0 1 1; 

  for {set i 0} {$i < [expr $nL+1]} {incr i} { 

       equalDOF [expr $nH*($nL+1)+$i+1] [expr ($nH+1)*($nL+1)+$i+1] 1 2 

  } 

   

# ------------------------------------------------------------------------------------ 

# Define flange elements 

# ------------------------------------------------------------------------------------ 

 

# CONCRETE tag f'c ec0 f'cu ecu 

# Cover concrete (unconfined) 

  uniaxialMaterial Concrete01 1 -28.0 -0.003 -5.6 -0.006 

 

# STEEL 

# Reinforcing steel  

  set fy 355.0; # Yield stress for #7 bar 

  set E 165000.0; # Young's modulus 

 

# tag fy E0 b 

  uniaxialMaterial Steel01 3 $fy $E 0.005 

 

# set some paramaters 

  set colWidth 300.0 

  set colDepth 84.0 

  set As [expr 380.0]; # area of #20 bars 

  set cover 42.0 

 

# some variables derived from the parameters 

  set cy1 [expr $colDepth/2.0] 

  set cz1 [expr $colWidth/2.0] 

 

  set SecTag 1; 

   

  section Fiber $SecTag { 

#   Create the concrete core fibers 

    patch rect 1 5 5 [expr -$cy1] [expr -$cz1] [expr $cy1] [expr $cz1] 

 

#   Create the reinforcing fibers (4 layers) 

    layer straight 3 5 $As  0.0  [expr $cz1-$cover]   0.0  [expr $cover-$cz1] 

  }  

 

  set IDColTrans 1; 

  # geomTransf Linear $IDColTrans; 

 

  set np 3 

  set iterNum 10 

  set iterTol 1e-3 

  set eleStartID  [expr $nH*$nL+1]; 

 

  puts "\nFlange:\n" 

  for {set j 0} {$j < [expr $nH]} {incr j} { 

       set eIdL [expr $eleStartID+$j*2]; 

       set eIdR [expr $eIdL+1]; 

       element truss $eIdL  [expr $j*($nL+1)+1]     [expr ($j+1)*($nL+1)+1]     $SecTag; 

       element truss $eIdR  [expr ($j+1)*($nL+1)]   [expr ($j+2)*($nL+1)]       $SecTag; 

  }   
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  set topflange  $eleStartID 

  set botflange  [expr $eleStartID + 1] 

  puts "$topflange and $botflange" 

 

# --------------------------------------------------------------------------------------- 

# Define Shell element  

# --------------------------------------------------------------------------------------- 

# Define materials 

  set wfc 28.0; 

  set wfy 334.0; 

  set wE  165000.0; 

  set rou1 0.0031; 

  set rou2 0.00001; 

 

# UniaxialMaterial:    steelZ01  tag   fy   E0   fpc   rou 

  uniaxialMaterial     SteelZ01  11  $wfy  $wE  $wfc  $rou1 

  uniaxialMaterial     SteelZ01  12  $wfy  $wE  $wfc  $rou2 

 

# UniaxialMaterial: concreteZ01  tag        f'c      ec0    

  uniaxialMaterial  ConcreteZ01  13 [expr -$wfc]  -0.003 

  uniaxialMaterial  ConcreteZ01  14 [expr -$wfc]  -0.003 

 

 

# NDMaterial: FAReinforceConcretePlaneStress  tag  rho s1 s2 c1 c2         angle1          angle2    rou1  rou2   

fpc   fy  E0    eo       

  nDMaterial  FAReinforceConcretePlaneStress   15  0.0 11 12 13 14 [expr 0.0*$pi]  [expr 0.5*$pi]   $rou1 

$rou2  $wfc $wfy $wE 0.002 

 

# Assign Shell element 

  set j 0; 

  while {$j < $nH} { 

    set i 0; 

    while {$i < $nL} { 

        element quad [expr $j*$nL+$i+1] [expr $j*($nL+1)+$i+1] [expr $j*($nL+1)+$i+2] [expr 

($j+1)*($nL+1)+$i+2] [expr ($j+1)*($nL+1)+$i+1]  $t PlaneStress 15 

        set i [expr $i+1] 

     } 

    set j [expr $j+1] 

  } 

 

# --------------------------------------------------------------------------------------- 

# Start of additional modeling for lateral loads 

# --------------------------------------------------------------------------------------- 

# Define horizontal reference load 

  set P 1000.0; 

 

# Create a Plain load pattern with a linear TimeSeries 

  set topNodeL [expr $nH*($nL+1)+1]; 

  set topNodeR [expr ($nH+1)*($nL+1)]; 

   

  set P0 [expr $P/$nL] 

  set P1 [expr 0.5*$P0] 

 

  puts "\nLoading: \n" 

  pattern Plain 2 "Linear" { 
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    # Create the nodal load - command: load nodeID xForce yForce 

    load [expr $topNodeL]    $P1 0 

    load [expr $topNodeR]    $P1 0 

    puts $topNodeL,$P1 

    for {set i 1} {$i < [expr $nL]} {incr i} {   

    load [expr ($topNodeL+$i)] $P0 0 

        puts [expr ($topNodeL+$i)],$P0 

    } 

    puts $topNodeR,$P1 

  } 

   

 

# --------------------------------------------------------------------------------------- 

# Define for post processing 

# --------------------------------------------------------------------------------------- 

  recorder Node -file $folder/IIS1_n13.out -time -node $topNodeL -dof 1 disp 

 

# --------------------------------------------------------------------------------------- 

# Start of analysis generation 

# --------------------------------------------------------------------------------------- 

   

# Create the system of equation, a sparse solver with partial pivoting 

  system BandGeneral 

 

# Create the constraint handler 

  constraints Plain 

 

# Create the DOF numberer 

  numberer Plain 

 

# Create the convergence test 

  test NormDispIncrVaryIter 0.01 241 5 numStep 50   100  100   100  100   100  150   200   200  200  200   

200  250   300  300   300  300   300  350   400  400   400  400   400  450   500  500   500  500   500  550   

600  600   600  600   600  650   700  700   700  700   700  750   800  800   800  800   800  850   900  900   

900  900   900  950  1000 1000  1000 1000  1000 1050  1100 1100  1100 1100  1100 1150  1200 1200  

1200 1200  1200 1250  1300 1300  1300 1300  1300 1350  1400 1400  1400 1400  1400 1450  1500 1500  

1500 1500  1500 1550  1600 1600  1600 1600  1600 1650  1700 1700  1700 1700  1700 1750  1800 1800  

1800 1800  1800 1850  1900 1900  1900 1900  1900  1950   2000  2000   2000  2000   2000  2050   2100  

2100   2100  2100   2100  2150   2200  2200   2200  2200   2200  2250   2300  2300   2300  2300   2300  

2350   2400  2400   2400  2400   2400  2450   2500  2500   2500  2500   2500  2550   2600  2600   2600  

2600   2600  2650   2700  2700   2700  2700   2700  2750   2800  2800   2800  2800   2800  2850   2900  

2900   2900  2900   2900  2950   3000  3000   3000  3000   3000  3050   3100  3100   3100  3100   3100  

3150   3200  3200   3200  3200   3200  3250   3300  3300   3300  3300   3300  3350   3400  3400   3400  

3400   3400  3450   3500  3500   3500  3500   3500  3550   3600  3600   3600  3600   3600  3650   3700  

3700   3700  3700   3700  3750   3800  3800   3800  3800   3800  3850   3900  3900   3900  3900   3900  

3950   4000  4000   4000  4000   4000 2000 numIter 100     0    0     0    0     0    0     0    0     0    0     0    0     

0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    

0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     

0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    

0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0    0     0     0      0     0      0     0      0     

0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      

0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     

0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      

0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     

0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      0     0      
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0     0      0     0      0    0    

 

# Create the solution algorithm 

  algorithm KrylovNewton 

 

# Create the integration scheme, the DisplacementControl scheme 

  integrator DisplacementPath $topNodeL 1 241 numStep 50   100  100   100  100   100  150   200   200  

200  200   200  250   300  300   300  300   300  350   400  400   400  400   400  450   500  500   500  500   

500  550   600  600   600  600   600  650   700  700   700  700   700  750   800  800   800  800   800  850   

900  900   900  900   900  950  1000 1000  1000 1000  1000 1050  1100 1100  1100 1100  1100 1150  1200 

1200  1200 1200  1200 1250  1300 1300  1300 1300  1300 1350  1400 1400  1400 1400  1400 1450  1500 

1500  1500 1500  1500 1550  1600 1600  1600 1600  1600 1650  1700 1700  1700 1700  1700 1750  1800 

1800  1800 1800  1800 1850  1900 1900  1900 1900  1900  1950   2000  2000   2000  2000   2000  2050   

2100  2100   2100  2100   2100  2150   2200  2200   2200  2200   2200  2250   2300  2300   2300  2300   

2300  2350   2400  2400   2400  2400   2400  2450   2500  2500   2500  2500   2500  2550   2600  2600   

2600  2600   2600  2650   2700  2700   2700  2700   2700  2750   2800  2800   2800  2800   2800  2850   

2900  2900   2900  2900   2900  2950   3000  3000   3000  3000   3000  3050   3100  3100   3100  3100   

3100  3150   3200  3200   3200  3200   3200  3250   3300  3300   3300  3300   3300  3350   3400  3400   

3400  3400   3400  3450   3500  3500   3500  3500   3500  3550   3600  3600   3600  3600   3600  3650   

3700  3700   3700  3700   3700  3750   3800  3800   3800  3800   3800  3850   3900  3900   3900  3900   

3900  3950   4000  4000   4000  4000   4000 2000 increment 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 

0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 

0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 

0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 

0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 

0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 0.01 -0.01 

0.01 -0.01 0.01 -0.01 0.01 -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  

0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  

0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  

0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  

0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  

0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  

0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  0.01  -0.01  

0.01  -0.01  0.01  -0.01  0.01  -0.01 0.01 

 

# Create the analysis object 

  analysis Static 

 

# initialize in case we need to do an initial stiffness iteration 

# initialize 

 

# perform the analysis 

  analyze 492000 

 

# Print out the state of nodes, if wanted 

  print node $topNodeL $topNodeR 
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