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Fig. 4.47 Effect of Steel Reinforcement Ratio on Hysteretic Response of Frame CFF 
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Fig. 4.48 Effect of D/t Ratio on Hysteretic Response of Frame CFF 
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Fig. 4.49 Effect of H/L Ratio on Response Envelope of Frame CFF 
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Fig. 4.50 Effect of Concrete Compressive Strength on Response Envelope of Frame 
CFF 
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Fig. 4.51 Effect of Axial Load Ratio on Response Envelope of Frame CFF 
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Fig. 4.52 Effect of Steel Reinforcement Ratio on Response Envelope of Frame CFF 
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Fig. 4.53 Effect of D/t Ratio on Response Envelope of Frame CFF 
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Fig. 4.54 Effect of H/L Ratio on Cumulative Energy of Frame CFF 
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Fig. 4.55 Effect of Concrete Compressive Strength on Cumulative Energy of Frame 
CFF 
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Fig. 4.56 Effect of Axial Load Ratio on Cumulative Energy of Frame CFF 
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Fig. 4.57 Effect of Steel Reinforcement Ratio on Cumulative Energy of Frame CFF 
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Fig. 4.58 Effect of D/t Ratio on Cumulative Energy of Frame CFF 
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Fig. 4.59 Effect of H/L Ratio on Maximum Load of All Frames   
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Fig. 4.60 Effect of D/t Ratio on Maximum Load of All Frames 
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Fig. 4.61 Effect of Axial Load Ratio on Maximum Load of All Frames 
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Fig. 4.62 Effect of Steel Reinforcement  Ratio on Maximum Load of All Frames 
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Fig. 4.63 Effect of Concrete Compressive Strength on Maximum Load of All Frames 
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Fig. 4.64 Effect of H/L Ratio on Ductility Factor of All Frames 
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Fig. 4.65 Effect of D/t Ratio on Ductility Factor of All Frames 
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Fig. 4.66 Effect of Axial Load Ratio on Ductility Factor of All Frames 



 

125 

 

0.0

5.0

10.0

15.0

20.0

25.0

30.0

0% 1% 2% 3% 4%

ρs

D
uc

til
ity

 F
ac

to
r

CFF

HFF

GFF

Fig. 4.67 Effect of Steel Reinforcement  Ratio on Ductility Factor of All Frames 
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Fig. 4.68 Effect of Concrete Compressive Strength on Ductility Factor of All Frames 



 

126 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0.6 0.8 1 1.2 1.4 1.6 1.8

H/L

Pi
nc

hi
ng

 F
ac

to
r

CFF

HFF

GFF

 
Fig. 4.69 Effect of H/L Ratio on Pinching Factor of All Frames 
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Fig. 4.70 Effect of D/t Ratio on Pinching Factor of All Frames 
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Fig. 4.71 Effect of Axial Load Ratio on Pinching Factor of All Frames 
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Fig. 4.72 Effect of Steel Reinforcement  Ratio on Pinching Factor of All Frames 
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Fig. 4.81 Effect of Axial Load Ratio on Maximum Cumulative Energy of All Frames 
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Fig. 4.82 Effect of Steel Reinforcement Ratio on Maximum Cumulative Energy of All 

Frames 

M
ax

im
um

 C
um

ul
at

iv
e 

En
er

gy
 (l

bs
-in

.) 
M

ax
im

um
 C

um
ul

at
iv

e 
En

er
gy

 (l
bs

-in
.) 



 

133 

0

5,000

10,000

15,000

20,000

25,000

30,000

35,000

3 3.5 4 4.5 5 5.5 6 6.5

f'c (ksi)

C
um

ul
at

iv
e 

En
er

gy
 (l

bs
-in

.)

CFF

HFF

GFF

 
Fig. 4.83 Effect of Compressive Concrete Strength on Maximum Cumulative Energy of 

All Frames 
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Fig. 4.84 Pinching Factor Versus FRP and Total Stiffness Index 
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Fig. 4.85 Normalized Moment Versus FRP and Total Strength Index 
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Fig. 4.86 Normalized Moment Versus Steel and Total Strength Index 
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(a) Plan View 

 
(b) Elevation View 

Fig. 4.87 Schematics of Bridge Case Study (a) Plan View, (b) Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.88 Cross Section of Bridge Superstructure 
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Fig. 4.89 Finite Element Model for Entire Bridge Structure 
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Fig. 4.90 Tabas (1978) Longitudinal Ground Acceleration Record   
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Transverse Direction
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Fig. 4.91 Tabas (1978) Transverse Ground  Acceleration Record  
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Fig. 4.92 Llollelo (1985) Ground  Acceleration Record  
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Fig. 4.93 Sylmar (1971) Ground  Acceleration Record  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

N
or

m
al

iz
ed

 D
rif

t R
at

io

RCF Bridge

CFF Bridge

HFF Bridge

GFF Bridge

Abutment Pier 1 Pier 2 Pier 3 Abutment
 

Fig. 4.94  Normalized Drift Ratio at Each Pier under Sylmar Earthquake at ξ  = 0.03 
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Fig. 4.95  Normalized Drift Ratio at Each Pier under Tabas Earthquake at ξ  = 0.03 
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Fig. 4.96  Normalized Drift Ratio at Each Pier under Llolleo Earthquake at ξ  = 0.03 
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Fig. 4.97  Normalized Drift Ratio at Each Pier under Sylmar Earthquake at ξ  = 0.05 
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Fig. 4.98  Normalized Drift Ratio at Each Pier  under Tabas Earthquake at ξ  = 0.05 
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Fig. 4.99  Normalized Drift Ratio at Each Pier under Llolleo Earthquake at ξ  = 0.05 
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Fig. 4.100  Normalized Drift Ratio at Each Pier under Sylmar Earthquake at ξ  = 0.08 
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Fig. 4.101  Normalized Drift Ratio at Each Pier under Tabas Earthquake at ξ  = 0.08 
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Fig. 4.102 Normalized Drift Ratio at Each Pier under Llolleo Earthquake at ξ  = 0.08 
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Fig. 4.103 Effect of Damping Ratio on Performance of RCF Bridge 
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Fig. 4.104 Effect of Damping Ratio on Performance of CFF Bridge 
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Fig. 4.105 Effect of Damping Ratio on Performance of GFF Bridge 
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Fig. 4.106 Effect of Damping Ratio on Performance of HFF Bridge 
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Fig. 4.107 Effect of Damping Ratio on Normalized Drift Ratio of Pier 2 for All Bridges 

under Tabas (1978) Earthquake 
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Fig. 4.108 Effect of Damping Ratio on Normalized Drift Ratio of Pier 2 for All Bridges 

under Sylmar (1971) Earthquake 
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Fig. 4.109 Effect of Damping Ratio on Normalized Drift Ratio of Pier 2 for All Bridges 

under Llollello (1985) Earthquake 
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Fig. 4.110 Damage Index at Each Pier under Sylmar Earthquake at ξ  = 0.03 
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Fig. 4.111 Damage Index at Each Pier under Tabas Earthquake at ξ  = 0.03 
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Fig. 4.112 Damage Index at Each Pier under Llollelo Earthquake at ξ  = 0.03 
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Fig. 4.113 Damage Index at Each Pier under Sylmar Earthquake at ξ  = 0.05 
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Fig. 4.114 Damage Index at Each Pier under Tabas Earthquake at ξ  = 0.05 
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Fig. 4.115 Damage Index at Each Pier under Llolleo Earthquake at ξ  = 0.05 
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Fig. 4.116 Damage Index at Each Pier under Sylmar Earthquake at ξ  = 0.08 
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Fig. 4.117 Damage Index at Each Pier under Tabas Earthquake at ξ  = 0.08 
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Fig. 4.118 Damage Index at Each Pier under Llolleo Earthquake at ξ = 0.08 
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Fig. 4.119 Effect of Damping Ratio on Damage Index of Pier 2 in All Bridges under 

Tabas (1978) Earthquake  
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Fig. 4.120 Effect of Damping Ratio on Damage Index of Pier 2 in All Bridges under 
Sylmar (1971) Earthquake 
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Fig. 4.121 Effect of Damping Ratio on Damage Index of Pier 2 in All Bridges under 
Llolleo (1985) Earthquake 
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CHAPTER 5          

CONCLUSIONS AND DESIGN RECOMMENDATIONS 

           As an alternative to transverse spiral or hoop steel reinforcement, fiber 

reinforced polymers (FRPs) were introduced to the construction industry in the 1980’s. 

The concept of concrete-filled FRP tube (CFFT) has raised great interest amongst 

researchers in the last decade. FRP tube can act as a pour form, protective jacket, and 

shear and flexural reinforcement for concrete. However, seismic performance of CFFT 

bridge substructure has not yet been fully investigated.  

               The experimental work consisted of two-column bent tests, component tests, 

and coupon tests, all carried out in the Structures and Constructions Laboratory at Florida 

International University. Four 1/6-scale bridge pier frames, consisting of control 

reinforced concrete pier frame (RCF), glass FRP-concrete pier frame (GFF), carbon FRP-

concrete pier frame (CFF), and hybrid FRP-concrete pier frame (HFF) were tested under 

reverse cyclic lateral loading with constant axial loads. Specimen GFF had the most 

impressive deformation capability with a drift ratio of 15% under considerable lateral 

load with no cracks, whereas Specimen CFF showed that lowest ductility at a similar load 

level.  

  FRP-concrete columns and pier cap beams were then cut from the tested pier 

frame specimens, and were tested again in three point flexure under monotonic loading 

with no axial load. The tests indicated that bonding between FRP and concrete 

significantly affects the flexural response of the components, and yielding of steel plays 
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an important role on the flexural strength and ductility of each component. The coupon 

tests were also carried out for FRP tubes, to establish their material constitutive models. 

          Analytical modeling of the hybrid FRP-concrete pier frame system was developed 

using an open source object-oriented nonlinear structural analysis software, namely, 

Open System Earthquake Engineering Simulation (OpenSees), developed by the 

University of California, Berkeley. Upon validating the model, a comprehensive 

parametric study was performed for the four different types of pier frames. Subsequently, 

a typical bridge was analyzed in its entirety with three different earthquake loadings and 

three different damping ratios.  

The following conclusions may be drawn from the aforementioned experimental 

and analytical work: 

• FRP tubes significantly increased the load capacity of pier frames, as compared 

to the conventional RC pier frame. Hybrid glass-carbon FRP tubes 

demonstrated the highest load capacity and initial stiffness among the four 

specimens. Glass FRP tubes showed the highest ductility with considerable load 

capacity, and as well the largest hoop strains at the column base among the four 

specimens. Moreover, the glass FRP specimen did not show any sign of crack 

even at a drift ratio of 15%. The carbon FRP specimen had the least ductility 

among the FRP-concrete pier frames with a vertical crack developing after 

transverse cracks had enlarged. 

• Total reinforcement strength index using the compressive strength of confined 

concrete showed a very good correlation with the normalized flexural strength 
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of the pier frames. The pinching behavior in pier frames is seemingly affected in 

large by the internal steel reinforcement as well as the type of FRP tube. 

• Pier cap beams performed as rigid beams with small rotations and a mid-span 

inflection point. The tests showed that the 1.5D and 0.625D embedments of the 

FRP tubes in the footing and the pier cap beam, respectively, were quite 

adequate, as no apparent slippage was noticed. D in the above relation is the 

diameter of the column. The slippage and separation of FRP tube at column 

base was the largest in the glass FRP specimen, as compared with those of the 

other FRP-concrete pier frame specimens.  

• The interface bond between FRP and concrete affects the flexural behavior of 

pier cap beams. When concrete is cast against FRP with no epoxy, yielding of 

steel would play an important role in the flexural strength and ductility of the 

beam, and therefore, the response follows that of steel reinforcement. On the 

other hand, when concrete is strengthened with bonded FRP, the response is 

nonlinear.  

• Glass FRP columns, when cut and tested again columns performed very well 

with quite large deflections and tensile strains at mid-span, as compared with 

the other two types of FRP-concrete columns. Hybrid FRP-concrete columns 

have the largest load capacity and a bilinear load-deflection response. Carbon 

FRP-concrete columns had the least load capacity, tensile strain, mid-span 

deflection, and ductility; perhaps due to a large horizontal crack that was 

developed earlier in the pier frame tests. On the other hand, larger slippage was 
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noted in the glass and hybrid FRP-concrete columns, in comparison with the 

carbon FRP concrete columns. 

• Modeling with zero-length element to account for the bond-slip effects leads to 

favorable agreement with the test results.  

• The parametric study showed that the frame height to span ratio, FRP diameter 

to thickness ratio, and steel reinforcement ratio are the three parameters that 

affect the performance of pier frames the most. On the other hand, compressive 

strength of concrete, within the range studied, has almost no influence on 

performance of the pier frames.   

• Bridges with FRP-concrete columns sustain much lower damage under severe 

earthquakes, as compared with conventional RC substructures. Damping ratio 

has a pronounced effect on bridge performance. Therefore, adding a dynamic 

damping device may improve the seismic performance of the bridge quite 

significantly. 

Future Research 

            In this study, no damping ratio was included in the pier frame analysis. The 

damping ratios of 0.03, 0.05, and 0.08 used in the dynamic analysis of the bridge case 

study were verified experimentally. In order to measure the damping effects and to 

observe the performance of the FRP-concrete bridge under simulated ground 

acceleration, a large-scale 4-span bridge shake table test will be carried out at the 

University of Nevada, Reno in late 2009. The bridge columns will be built with FRP 

tubes, and will be tested on three bi-directional shake tables. This type of test will provide 
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researchers with better understanding of the performance of the FRP-concrete 

substructure in seismic regions. 

Design Recommendations 

         FRP tubes can replace the hoop or spiral steels to provide the same level of 

confinement effect. The stress-strain responses of steel-confined concrete based on Kent-

Park (see Taucel et al. 1991) model and the FRP-confined concrete based on Samaan 

model ( Samaan et al.1998) are shown in Figures 5.1 and 5.2, respectively. 

        Equations (4-4) and (4-5) are used to obtain the peak stress and corresponding strain 

in Kent-Park model. The FRP tube design philosophy suggested here is to achieve the 

same confined concrete stress, when the strain in FRP-confined concrete reaches the 

same strain in steel-confined concrete, as calculated by Equation (4-4). 

        Equation (5-1) was derived from the Kent-Park and Samaan models to illustrate the 

relationship between the FRP tube thickness and volumetric reinforcement ratio of steel 

spiral or hoop based on this design philosophy: 

v

v

D
t

ζργ
βαρ

+
−

=
)(

       (5-1) 

 where 

      ycc fff )'105.0'( 2.0−=α                                                                                        (5-2) 

     908.0'128.0'105.0 2.0 +−= cc ffβ                                                                           (5-3) 

     uctct ffff εγ /'0027.0'742.0 +=                                                                            (5-4) 

     uty ff εζ /0027.0=                                                                                                 (5-5) 
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and t is the FRP tube thickness, D is the outside diameter of the column, vρ  is the 

volumetric reinforcement ratio of the hoop or spiral steel reinforcement, fy is the yielding 

strength of the steel hoop or spiral, ft is the FRP ultimate strength in the hoop direction 

and uε is the ultimate strain of the FRP in the hoop direction. 

           Figure 5.3 plots Equation (5-1) for all FRP tube types in this study. The tested 

specimens are also shown for comparison. The FRP tube thickness of Specimen HFF 

matches the proposed thickness by this design method perfectly, whereas the FRP tube 

thickness of Specimens GFF and CFF are below the proposed thickness. However, the 

test results have already shown the superior effect of FRP tube in all specimens, as 

compared with Specimen RCF. Therefore, the proposed design method seems to be quite 

reasonable. 
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Fig. 5.1 Stress-Strain Response of Steel Hoop or Spiral Confined Concrete Based on 
Kent-Park Model 
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Fig. 5.2 Stress-Strain Response of FRP Confined Concrete Based on Samaan Model  



 

160 

0

0.01

0.02

0.03

0.04

0.05

0.06

0 0.005 0.01 0.015 0.02 0.025 0.03
ρv

t/D

Carbon

Hybrid

Glass

Specimen HFF

Specimen GFF 

Specimen CFF

Fig. 5.3 t/D Versus vρ  of Proposed Design Method for All Types of FRP Tubes  

 

 

 

 

 

 

 

 

 

 



 

161 

REFERENCES 

Cole, B., and Fam, A. (2006). “Flexural Load Testing of Concrete-Filled FRP Tubes with 
Longitudinal Steel and FRP Rebar.” Journal of Composites for Construction, 
ASCE, Vol. 10, No. 2, pp. 161-171. 

Davol, A., Burgueño, R., and Seible, F. (2001). “Flexural Behavior of Circular Concrete 
Filled FRP Shells.” Journal of Structural Engineering, ASCE, Vol. 127, No. 7, pp. 
810-817. 

Fam, A., Pando, M., Filz, G., and Rizkalla, S. (2003). “Precasted Piles for Route 40 
bridge in Virginia using Concrete-Filled FRP Tubes.” PCI Journal, Vol. 48, No. 3, 
pp. 32-45. 

Fam, A., Bart, F., and Rizkalla, S. (2003). “Experimental and Analytical Modeling of 
Concrete-Filled Fiber-Reinforced Polymer Tubes Subjected to Combined 
Bending and Axial Loads.” ACI Structural Journal, Vol. 100, No. 4, pp. 499-509. 

Fan, L., Zhou, W., and Xue, Y. (2000). “Preliminary Study of Seismic Performance of 
FRP Tube Confined Concrete Short Columns.” Proc., 1st Chinese National Conf. 
of Application Technology of FRP Materials in Civil Engineering, National 
Diagnosis and Rehabilitation of Industrial Building Research Center, Beijing, pp. 
113–117 (in Chinese). 

Kovacs, T. (1998). “Dynamic Investigation on Reinforced Concrete Bridges.” 2nd Int. 
PhD Symposium in Civil Engineering, Budapest, pp. 1-8. 

Lam, L., and Teng, J.G. (2002). “Strength Models for Fiber-Reinforced Plastic-Confined 
Concrete.” Journal of Structural Engineering, ASCE, Vol. 128, No. 5, pp. 612-
623. 

Mirmiran, A., Naguib, W., and Shahawy, M. (2000). “Large Beam-Column Tests on 
Concrete-Filled Composite Tubes.” ACI Structural Journal, Vol. 97, No. 2, pp. 
268-276. 

Mirmiran, A., and Shahawy, M. (2003). “Composite Pile: A Successful Drive.” Concrete 
International, ACI, Vol. 25, No. 3, pp. 89-94. 

Naguib, W., and Mirmiran, A. (2002). “Time-Dependent Behavior of FRP-Confined 
Concrete Columns.” ACI Structural Journal, Vol. 99, No. 2, pp. 142-148. 

OpenSees Manual (2006). University of California, Berkeley, CA. 
            http://opensees.berkeley.edu/OpenSees/manuals/usermanual/index.html 

OpenSees Software (2008). University of California, Berkeley, CA. 
             http://opensees.berkeley.edu/ 



 

162 

Ozbakkaloglu, T., and Saatcioglu, M. (2006). “Seismic Behavior of High-Strength 
Concrete Columns Confined by Fiber-Reinforced Polymer Tubes.” Journal of 
Composites for Construction, ASCE, Vol. 10, No. 6, pp. 538-549. 

Park Y., Ang A. (1985). “Seismic Damage Analysis of Reinforced Concrete Buildings,” 

Journal of Structural Engineering, ASCE, Vol. 111, No. 4, 1985, pp. 722-739. 

Park, Y. J., Ang, A.H-S and Wen, Y. K. (1987). “Damage-Limiting  A Seismic Design of  
Buildings.” Earthquake Spectra, Vol.3, No.1, pp. 1-26 

Popovics, S. (1973). “Analytical Approach to Complete Stress-Strain Curves.” Cem. 
Concr. Res., Vol 3, No.5, pp.583-599 

Pulido, C., Saiidi, S., Sanders, D., Itani, A., and EI-Azazy, S. (2004) “Seismic 
Performance of Two-Column Bent-Part I: Retrofit with Carbon Fiber-Reinforced 
Polymer Fabrics.” ACI Structural Journal, Vol. 101, No. 4, pp. 558-568. 

Ravi. S., and Saatcioglu, M. (1999). “Confinement Model for High-Strength Concrete.” 
Journal of Structral Engineering, ASCE, Vol. 125, No.3, pp 281-289 

Saafi, M., Toutanji, H. A., and Li, Z. (1999). “Behavior of Concrete Columns Confined 
with Fiber Reinforced Polymer Tubes.” Material  Journal, ACI, Vol.96, No.4, pp. 
500-509. 

Samaan, M., Mirmiran, A., and Shahawy, M. (1998). “Model of Concrete Confined by 
Fiber Composite.” Journal of Structural Engineering, ASCE, Vol. 124, No. 9, pp. 
1025-1031. 

Seible, F., Davol, A., Burgueño, R., Nuismer, R.J., and Abdallah, M.G. (1996). 
“Structural Behavior of Concrete Filled Carbon Fiber Composite Tubular 
Columns.” International SAMPE Technical Conference, Vol. 28, pp. 1258-1269. 

Scott, B.D., Park, R. and Priestley, M. (1982). “Stress-strain Behavior of Concrete 
Confined by Overlapping Hoops at Low and High Strain Rates.” ACI Journal, 
Vol. 79, No. 1, pp.13-27. 

Shao Y. (2003). “Seismic Performance of FRP-Concrete Beam-Column.” Ph.D. 
Dissertation , North Carolina State University, Raleigh, NC. 

Shao, Y., and Mirmiran, A. (2004). “Nonlinear Cyclic Response of Laminated Glass FRP 
Tubes Filled with Concrete.” Composite Structures, Elsevier Science Ltd., Vol. 
65, No.1, pp. 91-101 

Shao, Y.,and Mirmiran, A. (2005). “Experimental Investigation of Cyclic Behavior of 
Concrete-Filled FRP Tubes.” Journal of Composites for Construction, ASCE, 
Vol. 9, No.3, pp. 263-273 



 

163 

Shi, Y., Li, B., and Mirmiran, A. (2007). Report: "Seismic Performance of Hybrid FRP-
Concrete Pier Columns." Final Report SCL-071201, Network for Earthquake 
Engineering Simulation Research-Small Group (NEESR-SG), National Science 
Foundation (NSF) Grant No. CMS-0420347, Miami, FL. 

Tanimoto, T. (2007). “A New Vibration Damping CFRP Material with Interlayers of 
Dispersed Piezoelectric Ceramic Particles.” Composites Science and Technology 
vol.67, pp. 213-221 

Taucer, F., Spaone, E., and Filip F. (1991). “A Fiber Beam-Column Element for Seismic 
Response Analysis of Reinforced Concrete Structures.” Report No. UCB/EERC-
91/17, Earthquake Engineering Research Center, University of California, 
Berkeley, CA. 

Williams, M. and Sexsmith, R. (1995). “Seismic Damage Indices for Concrete Structures: 
A State-of-the-Art review.” Earthquake Spectra, Vol.11, No. 2, May, pp.319-349. 

Wu. G., Wu, Z.S., Lv, Z.T., and Gu, D.S. (2007). “Seismic Retrofit of Large Scale 
Circular RC Columns Wrapped with CFRP Sheets.” 3rd International Conference 
on Composites in Civil Engineering (CICE), pp. 547-550, Miami, FL, USA 

Yamakawa, T., Komesu, K., Zhong, P., and Satoh, H. (2001). “Seismic Performance of 
Aramid Fiber Square Tubed Concrete Columns with Nonmetallic 
Reinforcement.” Proceeding of Inernational Conference on FRP Composites in 
Civil Engineerin , Vol. II, pp. 1329–1336. 

Yuan, H., Xue, Y., Li, X., and Zhang, M. (2002). “Study on A Novel Hybrid 
GFRP/CFRP Composite Beam.” Proc., 2nd Chinese National Conference of 
Application Technology of FRP Materials in Civil Engineering, Tsinghua 
University Publication, Beijing, pp. 296–305 (in Chinese). 

Zhao, J. and Sritharan, S., (2007). “Modeling of Strain Penetration Effect in Fiber-Based 
Analysis of Reinforced Concrete Structures.” ACI Structural Journal, Vol. 104, 
No. 2, pp. 133-141. 

Zhuo, W., Fan, L., and Xue, Y. (2001). “Shaking Table Testing of Simply Supported 
Bridges with Prefabricated GFRP Tube Jacketed RC Columns.” Proc., Int. Conf. 
on FRP Composites in Civil Engineering, Vol. II, pp.1337–1344. 

Zhu, Z., Mirmiran, A., and Shahawy, M. (2004). “Stay-in-Place FRP Forms for Precast 
Modular Bridge Pier System.” Journal of Composites for Construction, ASCE, 
Vol. 8, No. 8,  pp. 560-568. 

Zhu, Z. (2004). “Joint Construction and Seismic Performance of Concrete-Filled Fiber 
Reinforced Polymer Tubes.” Ph.D. Dissertation, North Carolina State University, 
Raleigh, NC. 



 

164 

Zhu, Z., Ahmad, I., and Mirmiran, A. (2006). “Splicing of Precast Concrete-Filled FRP 
Tubes.” Journal of Composites for Construction, ASCE, Vol. 10, No. 4, pp. 345-
356. 

Zhu, Z., Mirmiran, A., and Saiidi, M.S. (2006). “Seismic Performance of Fiber 
Composite Tubed Reinforced Concrete Bridge Substructure.” Transportation 
Research Record No. 1976, Transportation Research Board, National Research 
Council, Washington, D.C., pp. 197-206. 

Zheng, R., (2007). “Performance of FRP-concrete bridges under blast loading.” Ph.D. 
Dissertaion, Florida Internatinal University, Miami. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

165 

APPENDICES 

          The input files for CFFT column analysis in OpenSees were written in Tool 

Command Language (TCL). The common files which might be referred by various 

analysis programs are listed first, as follows: 

A.  Build File for Reinforced Concrete Circular Cross Section 

B.  Build File for Concrete-filled FRP Tube Circular Cross Section 

C.  Earthquake Record Data Reading File 

         Due to the space limit of the dissertation, only representative analysis input files are 

listed here. The TCL files for all analysis in this research program can be essentially 

modified from the following sample files, only by changing few parameters. The sample 

files are appended in the following sequence: 

D.  Input File for Specimen RCF Static Analysis 

E.  Input File for Specimen GFF Static Analysis 

F.  Input File for RCF Bridge Seismic Analysis 

G.  Input File for GFF Bridge Seismic Analysis 
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Appendix A.  Build File for Reinforced Concrete Circular Cross Section 
 
File Name: RCcirSection.tcl 
proc RCcircSection {id ri ro cover coreID coverID steelID numBars barArea 
nfCoreR nfCoreT nfCoverR nfCoverT}{ 
# Define the fiber section 
section fiberSec $id { 

 
# Core radius 
set rc [expr $ro-$cover] 
 
# Define the core patch 
patch circ $coreID $nfCoreT $nfCoreR 0 0 $ri $rc 0 360 
 
# Define the cover patch 
patch circ $coverID $nfCoverT $nfCoverR 0 0 $rc $ro 0 360 
 
if {$numBars <= 0} { 
        return 
} 
# Determine angle increment between bars 
set theta [expr 360.0/$numBars] 
 
# Define the reinforcing layer 
layer circ $steelID $numBars $barArea 0 0 $rc $theta 360 

      } 
} 
 

Appendix B.  Build File for Concrete-Filled FRP Tube Circular Cross Section  
 

File Name: CFFTcirSection.tcl 
proc RCcircSection {id ri ro t rs coreID coverID steelID numBars barArea 
nfCoreR nfCoreT nfCoverR nfCoverT} { 
# Define the fiber section 
section fiberSec $id { 

 
# Core radius 
set rc [expr $ro-$t] 
 
# Define the core patch 
patch circ $coreID $nfCoreT $nfCoreR 0 0 $ri $rc 0 360 
 
# Define the cover patch 
patch circ $coverID $nfCoverT $nfCoverR 0 0 $rc $ro 0 360 
if {$numBars <= 0} { 
  return 
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} 
 
# Determine angle increment between bars 
set theta [expr 360.0/$numBars] 
 
# Define the reinforcing layer 
layer circ $steelID $numBars $barArea 0 0 $rs $theta 360 

       } 
} 

 
Appendix C.  Earthquake Record Data Reading File 

 
File Name: ReadSMDFile.tcl 
proc ReadSMDFile {inFilename outFilename dt} { 
 

# Pass dt by reference 
upvar $dt DT 
 
# Open the input file and catch the error if it can't be read 
if [catch {open $inFilename r} inFileID] { 
            puts stderr "Cannot open $inFilename for reading" 
} else { 
            # Open output file for writing 

set outFileID [open $outFilename w] 
 
# Flag indicating dt is found and that ground motion 
# values should be read -- ASSUMES dt is on last line 
# of header!!! 
set flag 0 
 
# Look at each line in the file 
foreach line [split [read $inFileID] \n] { 

 
if {[llength $line] == 0} { 
        # Blank line --> do nothing 
        continue 
} elseif {$flag == 1} { 
 

# Echo ground motion values to output file 
puts $outFileID $line 

} else { 
 

# Search header lines for dt 
foreach word [split $line] { 

# Read in the time step 
if {$flag == 1} { 
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                         set DT $word 
                         break 
                   } 

# Find the desired token and set the flag 
if {[string match $word "DT="] == 1} { 
set flag 1 

               } 
                                              } 
                                     } 
                            } 

# Close the output file 
close $outFileID 

                   
                  # Close the input file 
                  close $inFileID 
          } 
} 

 

Appendix D.  Input File for Specimen RCF Static Analysis  
 
File Name: Specimen RCF 
wipe; 
model BasicBuilder -ndm 3 -ndf 6 
 
# Define geometry 
#Set parameters for model geometry 
set Fspan 50;      # frame span 
set pier4 300;    # Location of pier4  
set Fheight 61;    # Height of the frame 
set fc -6.39;        # Concrete Strength  
set Ec [expr 40000*sqrt(-$fc*1000)/1000+1000]; # Elastic concrete modulus (ksi) 
set t 0.5;         # Cover  
set rs 3.5         
set ro [expr ($rs+$t)]  
 
# Create nodes 
#    tag   X                   Y                 Z  
node  1   [expr $pier4]       -6         [expr  -$Fspan/2] 
node  2   [expr $pier4]        0         [expr  -$Fspan/2] 
node  3   [expr $pier4]        0         [expr  -$Fspan/2] 
node  4   [expr $pier4]       16        [expr  -$Fspan/2] 
node  5   [expr $pier4]       31        [expr  -$Fspan/2] 
node  6   [expr $pier4]  56        [expr  -$Fspan/2]  
node  7   [expr $pier4]  56        [expr  -$Fspan/2]  
node  8   [expr $pier4]  61        [expr  -$Fspan/2]  
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node  9   [expr $pier4]  61        [expr   $Fspan/2]  
node  10  [expr $pier4]  56        [expr   $Fspan/2]  
node  11  [expr $pier4]  56        [expr   $Fspan/2]  
node  12  [expr $pier4]  31        [expr   $Fspan/2]  
node  13  [expr $pier4]  16        [expr   $Fspan/2] 
node  14  [expr $pier4]   0         [expr   $Fspan/2] 
node  15  [expr $pier4]   0         [expr   $Fspan/2] 
node  16  [expr $pier4]  -6         [expr   $Fspan/2] 
 
# Set base constraints 
#   tag DX DY DZ RX RY RZ 
fix  1    1  1  1  1  1  1 
fix  16  1  1  1  1  1  1 
#equalDOF $rNodeTag $cNodeTag $dof1 $dof2 ... 
equalDOF  2  3 2 3  
equalDOF  7  6 2 3  
equalDOF 10 11 2 3 
equalDOF 15 14 2 3  
 
# Define materials for nonlinear columns 
# Core concrete (column confined) 
# CONCRETE                  tag            f'c           ec0           f'cu            ecu 
uniaxialMaterial Concrete01  1      [expr 1.134*$fc]   -0.00454  [expr 0.682*$fc]    -0.022 
uniaxialMaterial Concrete01  100  [expr 1.134*$fc]   -0.00454  [expr 0.682*$fc]    -0.022 
#Footing Concrete        tag      E     
uniaxialMaterial Elastic     2   $Ec 
# Cover concrete (unconfined) 
uniaxialMaterial Concrete01  4        $fc         -0.003      [expr 0.3*$fc]    -0.006 
# Steel 
# Reinforcing steel 
#                             tag     fy     Ey    ey      
uniaxialMaterial  Steel01     6      60   30000  0.035 
#uniaxialMaterial Bond_SP01 $matTag $Fy  $Sy  $Fu  $Su   $b   $R 
uniaxialMaterial Bond_SP01   7     60  0.0137  90  0.411  0.3  1 
 
# Define torsional stiffness and attach it to RC section 
set GJ  1.0e12; 
uniaxialMaterial Elastic 10 $GJ 
# Geometry of column elements 
#                tag  
geomTransf Linear 1  1 0 0 
geomTransf Linear 2  0 1 0  
# Source in procedure to define circular fiber section 
 
# Source in procedure to define circular fiber section 
source RCcircSection.tcl 
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#                tag ri  ro cover coreID coverID1  steelID     num  area     nfCoreR
 nfCoreT nfCoverR nfCoverT 
RCcircSection  1   0  $ro   $t     1      4          6     8      0.11     8 16   8  180 
# Footing 
RCcircSection  2   0  $ro   $t     2      2          6      8      0.11     8 16   8  180 
#Zero Length 
RCcircSection  3   0  $ro   $t     100    4          7      8      0.11    8  16   8  180 
 
#                 tag uniTag uniCode          secTag 
section Aggregator 4    10      T    -section    1 
section Aggregator 5    10      T    -section    2 
section Aggregator 6    10      T    -section    3 
 
set np 6;    # Number of integration points 
# Define element 
#                            tag ndI ndJ nsecs secID transfTag 
element nonlinearBeamColumn 1    1    2    $np 5 1 
element nonlinearBeamColumn 2    3    4    $np 4 1 
element nonlinearBeamColumn 3    4    5    $np 4 1 
element nonlinearBeamColumn 4    5    6    $np 4 1 
element nonlinearBeamColumn 5    7    8    $np 5 1 
 
element nonlinearBeamColumn 6    16    15    $np 5 1 
element nonlinearBeamColumn 7    14    13    $np 4 1 
element nonlinearBeamColumn 8    13    12    $np 4 1 
element nonlinearBeamColumn 9    12    11    $np 4 1 
element nonlinearBeamColumn 10    10    9    $np 5 1 
#                          tag ndI ndJ     A        E        G          J     Iy      Iz    transfTag 
element elasticBeamColumn   15  8   9     100      4560     $GJ   1666.7   833  833       2 
#element zeroLengthSection $eleTag $iNode $jNode $secTag <-orient $x1 $x2 $x3 $yp1 
$yp2 $yp3> 
element zeroLengthSection  11 2  3   6 
element zeroLengthSection  12 6  7   6  
element zeroLengthSection  13 15 14  6 
element zeroLengthSection  14 11 10  6 
  
set P 12.7;  #define gravity load 
# Constant gravity load 
pattern Plain 1 Constant { 
 #            FX  FY MZ  
 load    8 0.0 [expr -$P]  0.0 0 0 0 
      load    9 0.0 [expr -$P]  0.0 0 0 0 
} 
 
system SparseGeneral -piv 
constraints Plain 
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numberer Plain 
#                    tol  max dispCode 
test NormDispIncr 1.0e-4 2000      
algorithm KrylovNewton 
# Integrator with zero time step for initial gravity analysis 
integrator LoadControl 0 1 0 0  
analysis Static 
analyze 1 
loadConst -time 0.0 
 
# Record section forces and deformations 
recorder Element -file Hnode2force.out -ele 2 globalForce 
recorder Element -file Hnode7force.out -ele 7 globalForce 
recorder Element -file Concrete.out  -ele 2 section 4 fiber [expr -$rs]  0  1 stressStrain 
recorder Element -file Steel.out     -ele 2 section 4 fiber [expr -$rs]  0  6 stressStrain 
recorder Node -file nodedisp.out -node 8 -dof 3 disp 
 
set H  1;       # Reference lateral load 
# Set lateral load pattern 
pattern Plain 2 Linear { 
   load 8 0.0 0.0 $H 0 0 0 
} 
 
set dU 0.01;      # Displacement increment 
set ndU -0.01;      # negative Displacement increment 
set maxU 0.36;     # Max displacement 
set step 0.36;      # Set Step size 
 
#circle 1 
#     node dof init Jd min max 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
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analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
puts "Done, Cycle 1!"  
 
#circle 2 
set maxU [expr $maxU+$step] 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
puts "Done, Cycle 2!"  
 
#circle 3 
set maxU [expr $maxU+$step] 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
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integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
puts "Done, Cycle 3!"  
 
#circle 4 
set maxU [expr $maxU+$step] 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
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integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
puts "Done, Cycle 4!"  
 
#circle 5   
set maxU [expr $maxU+$step]  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
puts "Done, Cycle 5!"  
 
#circle 6 
set maxU [expr $maxU+$step] 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
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set numSteps [expr int($maxU/$dU)] 
analysis Static 
analyze $numSteps 
 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
puts "Done, Cycle 6!"  
puts "Done, Great Job!"  

 
Appendix E.  Input File Specimen GFF Static Analysis  

 
File Name: Specimen GFF 
wipe; 
model BasicBuilder -ndm 3 -ndf 6 
 
# Define geometry 
# Set parameters for model geometry 
set Fspan 50;      # frame span 
set pier4 300;   # Location of pier4  
set Fheight 61;   # Height of the frame 
set fc -6.39;       # Concrete Strength  
set Ec [expr 40000*sqrt(-$fc*1000)/1000+1000]; # Elastic concrete modulus (ksi) 
set t 0.143;         # FRP tube thickness 
set ro [expr (8.356+2*$t)/2]   
set rs 3.5 
 
# Create nodes 
#    tag             X                   Y                 Z  
node  1    [expr $pier4]            -6        [expr  -$Fspan/2] 
node  2    [expr $pier4]             0        [expr  -$Fspan/2] 
node  3    [expr $pier4]             0        [expr  -$Fspan/2] 
node  4    [expr $pier4]            16       [expr  -$Fspan/2] 
node  5    [expr $pier4]  31        [expr  -$Fspan/2] 
node  6    [expr $pier4]  56        [expr  -$Fspan/2]  
node  7    [expr $pier4]  56        [expr  -$Fspan/2]  
node  8    [expr $pier4]  61        [expr  -$Fspan/2]  
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node  9    [expr $pier4]  61        [expr   $Fspan/2]  
node  10  [expr $pier4]  56        [expr   $Fspan/2]  
node  11  [expr $pier4]  56        [expr   $Fspan/2]  
node  12  [expr $pier4]  31        [expr   $Fspan/2]  
node  13  [expr $pier4]  16        [expr   $Fspan/2] 
node  14  [expr $pier4]    0        [expr   $Fspan/2] 
node  15  [expr $pier4]    0        [expr   $Fspan/2] 
node  16  [expr $pier4]   -6        [expr   $Fspan/2] 
 
# Set base constraints 
#   tag DX DY DZ RX RY RZ 
fix  1    1  1  1  1  1  1 
fix  16  1  1  1  1  1  1 
#equalDOF $rNodeTag $cNodeTag $dof1 $dof2 ... 
equalDOF  2  3 2 3  
equalDOF  7  6 2 3  
equalDOF 10 11 2 3 
equalDOF 15 14 2 3  
 
# Define materials for nonlinear columns 
# CONCRETE                     tag            f'c                          ec0                f'cu             ecu 
uniaxialMaterial Concrete01 1     [expr 1*$fc]  [expr 2*$fc/$Ec]  [expr 1.5842*$fc]  
-0.0273 
uniaxialMaterial Concrete01 100 [expr 1*$fc] [expr 2*$fc/$Ec] [expr 1.5842*$fc]  
-0.0273 
#Footing Concrete        tag      E     
uniaxialMaterial Elastic     2   $Ec 
# FRP   
# Cover FRP Tube  tag  fp1      ep1 fp2 ep2 fp3 ep3 fn1 en1       
fn2 en2     fn3 en3 pinchx  pinchy damage1 damage2 beta 
uniaxialMaterial Hysteretic  4 3 0.00205  15 0.024 23 0.05 -3-0.00205
 -15 -0.024 -23 -0.05 1 1 0 0 0.3 
# Reinforcing steel 
#                                         tag    fy   Ey     b      
uniaxialMaterial Steel01     6    60  30000  0.035 
#uniaxialMaterial ElasticPP $matTag $E $epsyP <$epsyN $eps0> 
#uniaxialMaterial Bond_SP01 $matTag $Fy  $Sy  $Fu  $Su   $b   $R 
uniaxialMaterial Bond_SP01          7     60  0.0137  90  0.411  0.3  1 
# Define torsional stiffness and attach it to RC section 
 
set GJ  1.0e12; 
uniaxialMaterial Elastic 10 $GJ 
# Geometry of column elements 
#                tag  
geomTransf Linear 1  1 0 0 
geomTransf Linear 2  0 1 0  
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# Source in procedure to define circular fiber section 
source CFFTcircSection.tcl 
#                                 tag ri  ro   t rs  coreID coverID  steelID     num  area     
nfCoreR nfCoreT nfCoverR nfCoverT 
CFFTcircSection 1   0  $ro   $t  $rs    1     4       6     8      0.11     8  16    2  180 
# Footing 
CFFTcircSection 2   0  $ro   $t  $rs    2     4       6     8      0.11     8  16    2  180 
#Zero Length 
CFFTcircSection 3   0  $ro   $t  $rs    100    4    7     8      0.11     8  16   2  180 
 
#                 tag uniTag uniCode          secTag 
section Aggregator 4    10      T    -section    1 
section Aggregator 5    10      T    -section    2 
section Aggregator 6    10      T    -section    3 
 
set np 6;    # Number of integration points 
# Define element 
#                            tag ndI ndJ nsecs secID transfTag 
element nonlinearBeamColumn 1    1    2    $np 5 1 
element nonlinearBeamColumn 2    3    4    $np 4 1 
element nonlinearBeamColumn 3    4   5    $np 4 1 
element nonlinearBeamColumn 4    5    6    $np 4 1 
element nonlinearBeamColumn 5    7    8    $np 5 1 
 
element nonlinearBeamColumn 6    16    15    $np 5 1 
element nonlinearBeamColumn 7    14    13    $np 4 1 
element nonlinearBeamColumn 8    13    12    $np 4 1 
element nonlinearBeamColumn 9    12    11    $np 4 1 
element nonlinearBeamColumn 10    10    9    $np 5 1 
#                          tag ndI ndJ     A        E        G          J     Iy      Iz    transfTag 
element elasticBeamColumn   15  8   9    100   4560     $GJ      1666.7    833  833       2 
#element zeroLengthSection $eleTag $iNode $jNode $secTag <-orient $x1 $x2 $x3 $yp1 
$yp2 $yp3> 
element zeroLengthSection  11 2  3   6 
element zeroLengthSection  12 6  7   6  
element zeroLengthSection  13 15 14  6 
element zeroLengthSection  14 11 10  6 
  
set P 12.7;  #define gravity load 
# Constant gravity load 
pattern Plain 1 Constant { 
 #            FX  FY MZ  
 load    8 0.0 [expr -$P]  0.0 0 0 0 
      load    9 0.0 [expr -$P]  0.0 0 0 0 
} 
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system SparseGeneral -piv 
constraints Plain 
numberer Plain 
#                    tol  max dispCode 
test NormDispIncr 1.0e-4 2000      
algorithm KrylovNewton 
# Integrator with zero time step for initial gravity analysis 
integrator LoadControl 0 1 0 0  
analysis Static 
analyze 1 
loadConst -time 0.0 
 
# Record section forces and deformations 
recorder Element -file Hnode2force.out -ele 2 globalForce 
recorder Element -file Hnode7force.out -ele 7 globalForce 
recorder Element -file Fiber.out     -ele 2 section  4 fiber [expr -$ro]      0  4 stressStrain 
recorder Element -file Concrete.out   -ele 2 section  4 fiber [expr -$ro+$t]   0  1 
stressStrain 
recorder Element -file Steel.out      -ele 2 section  4 fiber [expr -$rs]      0  6 stressStrain 
recorder Node -file nodedisp.out -node 8 -dof 3 disp 
 
set H  1;       # Reference lateral load 
# Set lateral load pattern 
pattern Plain 2 Linear { 
   load 8 0.0 0.0 $H 0 0 0 
} 
 
 
 
set dU     0.01;      # Displacement increment 
set ndU  -0.01;      # negative Displacement increment 
set maxU 0.36;     # Max displacement 
set step     0.36;     # Set Step size 
 
#circle 1 
#     node dof init Jd min max 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
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set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
puts "Done, Cycle 1!"  
 
#circle 2 
set maxU [expr $maxU+$step] 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
puts "Done, Cycle 2!"  
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#circle 3 
set maxU [expr $maxU+$step] 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
puts "Done, Cycle 3!"  
 
#circle 4 
set maxU [expr $maxU+$step] 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
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set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
puts "Done, Cycle 4!"  
 
#circle 5 
set maxU [expr $maxU+$step] 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
puts "Done, Cycle 5!"  
 
#circle 6 
set maxU [expr $maxU+$step] 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
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analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
puts "Done, Cycle 6!"  
 
#circle 7 
set maxU [expr $maxU+$step] 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
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analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
puts "Done, Cycle 7!"  
 
#circle 8 
set maxU [expr $maxU+$step] 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static 
analyze $numSteps 
 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
puts "Done, Cycle 8!"  
 
#circle 9 
set maxU [expr $maxU+$step] 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
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analyze $numSteps 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static 
analyze $numSteps 
 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
puts "Done, Cycle 9!"  
 
#circle 10 
set maxU [expr $maxU+$step] 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static 
analyze $numSteps 
 
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
analyze $numSteps 
integrator DisplacementControl 8 3 $ndU 1 $ndU $ndU 
set numSteps [expr int(2*$maxU/$dU)] 
analysis Static  
analyze $numSteps  
integrator DisplacementControl 8 3 $dU 1 $dU $dU 
set numSteps [expr int($maxU/$dU)] 
analysis Static   
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analyze $numSteps 
puts "Done, Cycle 10!"  
puts "Done, Great Job!"  
 

 
Appendix F.  Input File RC Bridge Seismic Analysis  

 
File Name: RC Bridge under Tabas Earthqukae Accelaration 
# Units: kips, ft, sec 
# Start of model generation 
# Create ModelBuilder with 3 dimensions and 6 DOF/node 
wipe; 
model BasicBuilder -ndm 3 -ndf 6 
# Define geometry 
#Set parameters for model geometry 
set w   12.5;     # Half of the superstructure width 
set p1l 98; # Location of pier 1 
set p2l 214; # Location of pier 2 
set p3l 330; # Location of pier 3 
set p1h 22.5; # pier 1 column height 
set p2h 30.5; # pier 2 column height 
set p3h 26.5; # pier 3 column height 
set hb  2.5;  # half height of the pier cap beam 
set ro  2;          # Radius of Column 
set t   0.25;      # Cover 
set rs  1.75;     # Radius of Steel  
 
# Create nodes 
#    tag   X      Y           Z  
#Span 1 
node  60  0    33.8  0 
node  1   24.5    33.8  0 
node  2   49.0    33.8  0 
node  3   73.5    33.8  0 
#Span 2 
node  4   98    33.8  0 
node  5   127    33.8  0 
node  6   156    33.8  0 
node  7   185    33.8  0 
#Span 3 
node  8   214    33.8             0 
node  9   243    33.8  0 
node  10  272    33.8             0 
node  11  301    33.8  0 
#Span 4 
node  12  330    33.8  0 
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node  13  354.5  33.8             0 
node  14  379    33.8  0 
node  15  403.5  33.8  0 
node  62  428     33.8               0 
 
#Pier 0 
node  408   0     28.0  [expr  -$w] 
node  409   0     36.2  [expr  -$w]  
node  417   0     28.0  [expr   $w] 
node  418   0     33.8  [expr   $w] 
#pier 5 
node  508   428   28.0  [expr  -$w] 
node  509   428   36.2  [expr  -$w]  
node  517   428   28.0  [expr   $w] 
node  518   428   33.8  [expr   $w] 
#Pier 1 
node  101   [expr $p1l]  5.5                [expr  -$w]  
node  102   [expr $p1l]  8.0                [expr  -$w]  
node  103   [expr $p1l]  8.0                [expr  -$w]  
node  104   [expr $p1l]  13.0               [expr  -$w] 
node  105   [expr $p1l]  18.0  [expr  -$w]  
node  106   [expr $p1l]  23.0  [expr  -$w] 
node  107   [expr $p1l]  28.0  [expr  -$w] 
node  108   [expr $p1l]  28.0  [expr  -$w] 
node  109   [expr $p1l]  33.8  [expr  -$w] 
node  110   [expr $p1l]  5.5                [expr   $w]  
node  111   [expr $p1l]  8.0                [expr   $w]  
node  112   [expr $p1l]  8.0                [expr   $w]  
node  113   [expr $p1l]  13.0            [expr   $w] 
node  114   [expr $p1l]  18.0  [expr   $w]  
node  115   [expr $p1l]  23.0  [expr   $w] 
node  116   [expr $p1l]  28.0  [expr   $w] 
node  117   [expr $p1l]  28.0  [expr   $w] 
node  118   [expr $p1l]  33.8  [expr   $w] 
 
#Pier 2 
node  201   [expr $p2l]  -2.5                [expr  -$w]  
node  202   [expr $p2l]  0.0                [expr  -$w]  
node  203   [expr $p2l]  0.0                [expr  -$w]  
node  204   [expr $p2l]  7.0                [expr  -$w] 
node  205   [expr $p2l]  14.0  [expr  -$w]  
node  206   [expr $p2l]  21.0  [expr  -$w] 
node  207   [expr $p2l]  28.0  [expr  -$w] 
node  208   [expr $p2l]  28.0  [expr  -$w] 
node  209   [expr $p2l]  33.8  [expr  -$w] 
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node  210   [expr $p2l]  -2.5                [expr   $w]  
node  211   [expr $p2l]  0.0                [expr   $w]  
node  212   [expr $p2l]  0.0                [expr   $w]  
node  213   [expr $p2l]  7.0                [expr   $w] 
node  214   [expr $p2l]  14.0  [expr   $w]  
node  215   [expr $p2l]  21.0  [expr   $w] 
node  216   [expr $p2l]  28.0  [expr   $w] 
node  217   [expr $p2l]  28.0  [expr   $w] 
node  218   [expr $p2l]  33.8  [expr   $w] 
 
#Pier 3 
node  301   [expr $p3l]  1.5                [expr  -$w]  
node  302   [expr $p3l]  4.0                [expr  -$w]  
node  303   [expr $p3l]  4.0                [expr  -$w]  
node  304   [expr $p3l]  10.0                 [expr  -$w] 
node  305   [expr $p3l]  16.0  [expr  -$w]  
node  306   [expr $p3l]  22.0  [expr  -$w] 
node  307   [expr $p3l]  28.0  [expr  -$w] 
node  308   [expr $p3l]  28.0  [expr  -$w] 
node  309   [expr $p3l]  33.8  [expr  -$w] 
 
node  310   [expr $p3l]  1.5                [expr   $w]  
node  311   [expr $p3l]  4.0                [expr   $w]  
node  312   [expr $p3l]  4.0                [expr   $w]  
node  313   [expr $p3l]  10.0                [expr   $w] 
node  314   [expr $p3l]  16.0  [expr   $w]  
node  315   [expr $p3l]  22.0  [expr   $w] 
node  316   [expr $p3l]  28.0  [expr   $w] 
node  317   [expr $p3l]  28.0  [expr   $w] 
node  318   [expr $p3l]  33.8  [expr   $w]  
 
# Set base constraints 
#   tag DX DY DZ RX RY RZ 
fix  408  1  1  1  1  1  1 
fix  417  1  1  1  1  1  1 
fix  508  1  1  1  1  1  1 
fix  517  1  1  1  1  1  1 
fix  101  1  1  1  1  1  1 
fix  110  1  1  1  1  1  1 
fix  201  1  1  1  1  1  1 
fix  210  1  1  1  1  1  1 
fix  301  1  1  1  1  1  1 
fix  310  1  1  1  1  1  1 
 
#equalDOF $rNodeTag $cNodeTag $dof1 $dof2 ... 
equalDOF  102  103  1 2 3 4 5 
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equalDOF  108  107  1 2 3 4 5 
equalDOF  117  116  1 2 3 4 5 
equalDOF  111  112  1 2 3 4 5 
equalDOF  202  203  1 2 3 4 5 
equalDOF  208  207  1 2 3 4 5 
equalDOF  217  216  1 2 3 4 5 
equalDOF  211  212  1 2 3 4 5 
equalDOF  302  303  1 2 3 4 5 
equalDOF  308  307  1 2 3 4 5 
equalDOF  317  316  1 2 3 4 5 
equalDOF  311  312  1 2 3 4 5 
 
# Define materials for nonlinear columns 
# CONCRETE 
set fc -720;                                     # 5 ksi 
set Ec 580393;  # Elastic concrete modulus (<6 ksi)  
# CONCRETE  tag        f'c        ec0         f'cu            ecu 
uniaxialMaterial Concrete01  1      [expr 1.167*$fc]   -0.00467    [expr 0.876*$fc]    -
0.021 
uniaxialMaterial Concrete01  100     [expr 1.167*$fc]   -0.00467    [expr 0.876*$fc]    -
0.021 
#Footing Concrete        tag      E     
uniaxialMaterial Elastic     2   $Ec 
# Cover concrete (unconfined) 
uniaxialMaterial Concrete01  4      $fc         -0.003      [expr 0.3*$fc]    -0.006 
# Steel 
#                                             tag     fy       Ey            ey      
uniaxialMaterial  Steel01    6      8640   4320000  0.035 
#uniaxialMaterial Bond_SP01 $matTag  $Fy  $Sy    $Fu   $Su   $b   $R 
uniaxialMaterial Bond_SP01   7               65  0.033     90     0.99  0.3  1 
# Define torsional stiffness and attach it to RC section 
set GJ  1000; 
uniaxialMaterial Elastic 10 $GJ 
# Geometry of column elements 
#                tag  
geomTransf Linear 1  0 1 0 
geomTransf Linear 2  0 0 1  
geomTransf Linear 3  0 1 0  
geomTransf Linear 4  0 0 1 
 
# Source in procedure to define circular fiber section 
source RCcircSection.tcl 
#tag ri  ro cover coreID coverID1  steelID   num   area   nfCoreR   nfCoreT nfCover   
nfCoverT 
RCcircSection  1  0   $ro   $t  1  4  6  20  0.008819  24  32  2  32 
# Footing 
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RCcircSection  2  0   $ro   $t  2  2  6  20  0.008819  24  32  2  32 
#Zero Length 
RCcircSection  3  0   $ro   $t 100 4  7  20  0.008819  24  32  2  32 
   
#                 tag uniTag uniCode          secTag 
section Aggregator 4    10      T    -section    1 
section Aggregator 5    10      T    -section    2 
section Aggregator 6    10      T    -section    3 
 
set np 4;    # Number of integration points 
#Define Elastic Beam for  Girder: Start with 1XX 
#tag ndI ndJ  A   E    G   J  Iy  Iz   transfTag  #Span 1 
element elasticBeamColumn   101   60  1   72.18   $Ec  216300   1177   401  9697   1 
element elasticBeamColumn   102   1   2    72.18   $Ec  216300   1177   401  9697   1 
element elasticBeamColumn   103   2   3    72.18   $Ec  216300   1177   401  9697   1 
element elasticBeamColumn   104   3   4    72.18   $Ec  216300   1177   401  9697   1 
#Span 2 
element elasticBeamColumn   105   4   5    72.18   $Ec  216300   1177   401  9697   1 
element elasticBeamColumn   106   5   6    72.18   $Ec  216300   1177   401  9697   1 
element elasticBeamColumn   107   6   7    72.18   $Ec  216300   1177   401  9697   1 
element elasticBeamColumn   108   7   8    72.18   $Ec  216300   1177   401  9697   1 
#Span 3 
element elasticBeamColumn   109   8   9    72.18    $Ec   216300    1177    401  9697  1 
element elasticBeamColumn   110   9   10   72.18   $Ec   216300    1177    401  9697  1 
element elasticBeamColumn   111   10  11   72.18   $Ec  216300    1177    401  9697  1 
element elasticBeamColumn   112   11  12   72.18   $Ec   216300   1177    401  9697  1 
#Span 4 
element elasticBeamColumn   113   12  13   72.18    $Ec   216300    1177   401 9697  1 
element elasticBeamColumn   114   13  14   72.18    $Ec   216300    1177   401 9697  1 
element elasticBeamColumn   115   14  15   72.18    $Ec   216300    1177   401 9697  1 
element elasticBeamColumn   116   15  62   72.18    $Ec   216300    1177   401 9697  1 
 
#Define Elastic Pier Cap Beam: Start with 2xx 
# tag   ndI ndJ     A        E        G          J         Iy      Iz    transfTag 
element elasticBeamColumn   197  409   60     25      $Ec      216300    10000      10000   
10000       3 
element elasticBeamColumn   198  60   418     25      $Ec      216300    10000      10000   
10000       3 
element elasticBeamColumn   199  509   62     25      $Ec      216300    10000      10000   
10000       3 
element elasticBeamColumn   200  62   518     25      $Ec      216300    10000      10000   
10000       3 
element elasticBeamColumn   201  109   4     25       $Ec      216300    10000      10000   
10000       3 
element elasticBeamColumn   202  4   118     25       $Ec      216300    10000      10000   
10000                  3 
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element elasticBeamColumn   203  209   8     25       $Ec      216300    10000      10000   
10000       3 
element elasticBeamColumn   204  8   218     25       $Ec      216300    10000      10000   
10000        3 
element elasticBeamColumn   205  309  12     25       $Ec      216300    10000      10000   
10000        3 
element elasticBeamColumn   206  12  318     25       $Ec      216300    10000      10000   
10000        3 
 
element nonlinearBeamColumn 207   417   418   $np 5 2 
element nonlinearBeamColumn 208   408   409   $np 5 2 
element nonlinearBeamColumn 209   517   518   $np 5 2 
element nonlinearBeamColumn 210   508   509   $np 5 2 
 
#Define Column: Start with 3xx 
# Define zero length element 
#element zeroLengthSection $eleTag   $iNode  $jNode  $secTag <-orient $x1 $x2 $x3 
$yp1 $yp2 $yp3> 
element zeroLengthSection  301        102      103      6 
element zeroLengthSection  302        107      108      6 
element zeroLengthSection  303        116      117      6 
element zeroLengthSection  304        111      112      6 
element zeroLengthSection  305        202      203      6 
element zeroLengthSection  306        207      208      6 
element zeroLengthSection  307        216      217      6 
element zeroLengthSection  308        211      212      6 
element zeroLengthSection  309        302      303      6 
element zeroLengthSection  310        307      308      6 
element zeroLengthSection  311        316      317      6 
element zeroLengthSection  312        311      312      6 
 
#Define nonlinearBeamColumn element 
#Pier 1                       tag ndI ndJ nsecs secID transfTag 
element nonlinearBeamColumn 320   101   102            $np 5 2 
element nonlinearBeamColumn 321   103   104   $np 4 2 
element nonlinearBeamColumn 322   104   105   $np 4 2 
element nonlinearBeamColumn 323   105   106   $np 4 2 
element nonlinearBeamColumn 324   106   107   $np 4 2 
element nonlinearBeamColumn 325   108   109   $np 5 2 
 
element nonlinearBeamColumn 326   110   111            $np 5 2 
element nonlinearBeamColumn 327   112   113   $np 4 2 
element nonlinearBeamColumn 328   113   114   $np 4 2 
element nonlinearBeamColumn 329   114   115   $np 4 2 
element nonlinearBeamColumn 330   115   116   $np 4 2 
element nonlinearBeamColumn 331   117   118   $np 5 2 
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#Pier 2                       tag ndI ndJ nsecs secID transfTag 
element nonlinearBeamColumn 340   201   202            $np 5 2 
element nonlinearBeamColumn 341   203   204   $np 4 2 
element nonlinearBeamColumn 342   204   205   $np 4 2 
element nonlinearBeamColumn 343   205   206   $np 4 2 
element nonlinearBeamColumn 344   206   207   $np 4 2 
element nonlinearBeamColumn 345   208   209   $np 5 2 
 
element nonlinearBeamColumn 346   210   211            $np 5 2 
element nonlinearBeamColumn 347   212   213   $np 4 2 
element nonlinearBeamColumn 348   213   214   $np 4 2 
element nonlinearBeamColumn 349   214   215   $np 4 2 
element nonlinearBeamColumn 350   215   216   $np 4 2 
element nonlinearBeamColumn 351   217   218   $np 5 2 
 
#Pier 3                       tag ndI ndJ nsecs secID transfTag 
element nonlinearBeamColumn 370   301   302         $np 5 2 
element nonlinearBeamColumn 371   303   304   $np 4 2 
element nonlinearBeamColumn 372   304   305   $np 4 2 
element nonlinearBeamColumn 373   305   306   $np 4 2 
element nonlinearBeamColumn 374   306   307   $np 4 2 
element nonlinearBeamColumn 375   308   309   $np 5 2 
 
element nonlinearBeamColumn 376   310   31         1   $np 5 2 
element nonlinearBeamColumn 377   312   313   $np 4 2 
element nonlinearBeamColumn 378   313   314   $np 4 2 
element nonlinearBeamColumn 379   314   315   $np 4 2 
element nonlinearBeamColumn 380   315   316   $np 4 2 
element nonlinearBeamColumn 381   317   318   $np 5 2 
 
puts "model finished" 
# Record element forces 
recorder Node -file DispPier1.out -node 4  -dof 1 2 3 disp 
recorder Node -file DispPier2.out -node 8  -dof 1 2 3 disp 
recorder Node -file DispPier3.out -node 12 -dof 1 2 3 disp 
 
recorder Element  -file ForcePier1.out -ele 321 globalForce 
recorder Element  -file ForcePier2.out -ele 341 globalForce 
recorder Element  -file ForcePier3.out -ele 371 globalForce 
 
recorder Element  -file ForcePier1a.out -ele 327 globalForce 
recorder Element  -file ForcePier2a.out -ele 347 globalForce 
recorder Element  -file ForcePier3a.out -ele 377 globalForce 
 
# Record section forces and deformations 
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recorder Element  -file Constress102.out  -ele 102 section 4 fiber -1.75 0  stressStrain 
recorder Element  -file Constress111.out  -ele 111 section 4 fiber -1.75 0  stressStrain 
recorder Element  -file Constress202.out  -ele 202 section 4 fiber -1.75 0  stressStrain 
recorder Element  -file Constress211.out  -ele 211 section 4 fiber -1.75 0  stressStrain 
recorder Element  -file Constress302.out  -ele 302 section 4 fiber -1.75 0  stressStrain 
recorder Element  -file Constress311.out  -ele 311 section 4 fiber -1.75 0  stressStrain 
recorder Element  -file Constress102a.out  -ele 102 section 4 fiber 1.75 0  stressStrain 
recorder Element  -file Constress111a.out  -ele 111 section 4 fiber 1.75 0  stressStrain 
recorder Element  -file Constress202a.out  -ele 202 section 4 fiber 1.75 0  stressStrain 
recorder Element  -file Constress211a.out  -ele 211 section 4 fiber 1.75 0  stressStrain 
recorder Element  -file Constress302a.out  -ele 302 section 4 fiber 1.75 0  stressStrain 
recorder Element  -file Constress311a.out  -ele 311 section 4 fiber 1.75 0  stressStrain 
# End of recorder generation 
 
# Define gravity loads 
# Gravity load applied at concentrated node 
# Define intermediate diaphragm load 
set p1 -15.3; 
# Define end diaphragm load 
set p2 -117.6; 
# Define intermediate pier cross beam load 
set p3 -102; 
# Mass lumped at master nodes 
set g 32.2;    #gravity constant in ft/s^2 
#Define Bridge total Dead Load 
set q 13.2;   #total dead load 13.2 kips/ft 
set m1 [expr $q*24.5/$g]; #lumpsum the dead load for span 1,4 
set m2 [expr $q*29/$g]; #lumpsum the dead load for span 2,3 
#set m3 [expr $m1/2+$m2/2] 
#calculate dead load on each node 
set p5 [expr -$q*24.5]; 
set p6 [expr -$q*29]; 
# Set mass at the master nodes 
#    tag  MX           MY       MZ      RX RY RZ 
mass  60   $m1          0        $m1           0  0  0 
mass  1   $m1          0        $m1           0  0  0 
mass  2   $m1          0        $m1           0  0  0 
mass  3   $m1          0        $m1           0  0  0 
mass  4   $m2          0        $m2           0  0  0 
mass  5   $m2          0        $m2           0  0  0 
mass  6   $m2          0        $m2           0  0  0 
mass  7   $m2          0        $m2           0  0  0 
mass  8   $m2          0        $m2           0  0  0 
mass  9   $m2          0        $m2           0  0  0 
mass  10   $m2          0        $m2           0  0  0 
mass  11   $m2          0        $m2           0  0  0 
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mass  12   $m2          0        $m2           0  0  0 
mass  13   $m1          0        $m1           0  0  0 
mass  14   $m1          0        $m1           0  0  0 
mass  15   $m1          0        $m1           0  0  0 
mass  62   $m1          0        $m1           0  0  0 
 
# Define gravity loads 
pattern Plain 1 Constant { 
   foreach node {2 6 10 14} { 
      load $node 0.0 $p1 0 0.0 0.0 0.0 
   } 
   foreach node {60 62} { 
      load $node 0.0 $p2 0 0.0 0.0 0.0 
   } 
   foreach node {4 8 12} { 
      load $node 0.0 $p3 0 0.0 0.0 0.0 
   } 
   foreach node { 60 1 2 3 13 14 15 62} { 
      load $node 0.0 $p5 0 0.0 0.0 0.0 
   }    
   foreach node { 4 5 6 7 8 9 10 11 12} { 
      load $node 0.0 $p6 0 0.0 0.0 0.0 
   } 
} 
 
# Define earthquake excitation 
# Set up the acceleration records for Tabas fault normal and fault parallel 
set tabasFN "Path -filePath tabasFN.txt -dt 0.02 -factor [expr $g]"   
set tabasFP "Path -filePath  tabasFP.txt -dt 0.02 -factor [expr $g]" 
 
# Define the excitation using the Tabas ground motion records 
#                                         tag dir accel series   args 
pattern UniformExcitation  2   1  -accel        $tabasFN 
pattern UniformExcitation  3   3  -accel        $tabasFP 
 
set xDamp 0.05;             # damping ratio 
set MpropSwitch 1.0; 
set KcurrSwitch 0.0; 
set KcommSwitch 1.0; 
set KinitSwitch 0.0; 
set nEigenI 1;                                                   # mode 1 
set nEigenJ 3;                                               # mode 3 
set lambdaN [eigen [expr $nEigenJ]               # eigenvalue analysis for nEigenJ modes 
set lambdaI [lindex $lambdaN [expr $nEigenI-1]]; # eigenvalue mode i 
set lambdaJ [lindex $lambdaN [expr $nEigenJ-1]]; # eigenvalue mode j 
set omegaI [expr pow($lambdaI,0.5)]; 
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set omegaJ [expr pow($lambdaJ,0.5)]; 
set alphaM [expr $MpropSwitch*$xDamp*(2*$omegaI*$omegaJ)/($omegaI+$omegaJ)];  
# M-prop. damping; D = alphaM*M 
set betaKcurr [expr $KcurrSwitch*2.*$xDamp/($omegaI+$omegaJ)];          
# current-K;      +beatKcurr*KCurrent 
set betaKcomm [expr $KcommSwitch*2.*$xDamp/($omegaI+$omegaJ)];    
# last-committed K;   +betaKcomm*KlastCommitt 
set betaKinit [expr $KinitSwitch*2.*$xDamp/($omegaI+$omegaJ)];        
# initial-K;     +beatKinit*Kini 
rayleigh $alphaM $betaKcurr $betaKinit $betaKcomm;     
# RAYLEIGH damping 
 
# End of model generation 
# Start of analysis generation 
# Create the convergence test 
#                tol   maxIter  printFlag 
test EnergyIncr 1.0e-6   20         3 
# Create the solution algorithm 
algorithm Newton 
# Create the system of equation storage and solver 
system ProfileSPD 
#system SparseGeneral -piv 
# Create the constraint handler 
constraints Transformation 
# Create the time integration scheme 
#                   gamma beta 
integrator Newmark   0.5  0.25 
# Create the DOF numberer 
numberer RCM 
# Create the transient analysis 
analysis Transient 
 
# Perform the analysis 
# Analysis duration of 20 seconds 
#          numSteps  dt 
analyze   2000   0.02 
puts "Done, Great Job!" 

 
 

Appendix G.  Input File GFF Bridge Seismic Analysis  
 

File Name: GFF Bridge under Llolleo 
# Units: kips, ft, sec 
# Start of model generation 
# Create ModelBuilder with 3 dimensions and 6 DOF/node 
wipe; 
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model BasicBuilder -ndm 3 -ndf 6 
# Define geometry 
#Set parameters for model geometry 
set w   12.5;        # Half of the superstructure width 
set p1l 98;          # Location of pier 1 
set p2l 214;   # Location of pier 2 
set p3l 330;   # Location of pier 3 
set p1h 22.5;   # pier 1 column height 
set p2h 30.5;   # pier 2 column height 
set p3h 26.5;   # pier 3 column height 
set hb  2.5;    # half height of the pier cap beam 
set ro  2.0715;    # Radius of Column 
set t   0.0715;     # Cover 
set rs  1.75;        # Radius of Steel  
# Create nodes 
#    tag   X      Y           Z  
#Span 1 
node  60  0  33.8  0 
node  1   24.5  33.8  0 
node  2   49.0  33.8  0 
node  3   73.5  33.8  0 
#Span 2 
node  4   98  33.8  0 
node  5   127  33.8  0 
node  6   156  33.8  0 
node  7   185  33.8  0 
#Span 3 
node  8   214  33.8             0 
node  9   243  33.8  0 
node  10  272  33.8             0 
node  11  301  33.8  0 
#Span 4 
node  12  330  33.8  0 
node  13  354.5 33.8  0 
node  14  379  33.8  0 
node  15  403.5 33.8  0 
node  62  428    33.8                0 
 
#Pier 0 
node  408   0              28.0  [expr  -$w] 
node  409   0              36.2  [expr  -$w]  
node  417   0              28.0  [expr   $w] 
node  418   0              33.8  [expr   $w] 
#pier 5 
node  508   428  28.0  [expr  -$w] 
node  509   428  36.2  [expr  -$w]  
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node  517   428  28.0  [expr   $w] 
node  518   428           33.8  [expr   $w] 
 
#Pier 1 
node  101   [expr $p1l]  5.5    [expr  -$w]  
node  102   [expr $p1l]  8.0    [expr  -$w]  
node  103   [expr $p1l]  8.0    [expr  -$w]  
node  104   [expr $p1l]  13.0    [expr  -$w] 
node  105   [expr $p1l]  18.0 [expr  -$w]  
node  106   [expr $p1l]  23.0 [expr  -$w] 
node  107   [expr $p1l]  28.0 [expr  -$w] 
node  108   [expr $p1l]  28.0 [expr  -$w] 
node  109   [expr $p1l]  33.8 [expr  -$w] 
 
node  110   [expr $p1l]  5.5    [expr   $w]  
node  111   [expr $p1l]  8.0    [expr   $w]  
node  112   [expr $p1l]  8.0    [expr   $w]  
node  113   [expr $p1l]  13.0    [expr   $w] 
node  114   [expr $p1l]  18.0 [expr   $w]  
node  115   [expr $p1l]  23.0 [expr   $w] 
node  116   [expr $p1l]  28.0 [expr   $w] 
node  117   [expr $p1l]  28.0 [expr   $w] 
node  118   [expr $p1l]  33.8 [expr   $w] 
 
#Pier 2 
node  201   [expr $p2l]  -2.5    [expr  -$w]  
node  202   [expr $p2l]  0.0    [expr  -$w]  
node  203   [expr $p2l]  0.0    [expr  -$w]  
node  204   [expr $p2l]  7.0    [expr  -$w] 
node  205   [expr $p2l]  14.0 [expr  -$w]  
node  206   [expr $p2l]  21.0 [expr  -$w] 
node  207   [expr $p2l]  28.0 [expr  -$w] 
node  208   [expr $p2l]  28.0 [expr  -$w] 
node  209   [expr $p2l]  33.8 [expr  -$w] 
 
node  210   [expr $p2l]  -2.5    [expr   $w]  
node  211   [expr $p2l]  0.0    [expr   $w]  
node  212   [expr $p2l]  0.0    [expr   $w]  
node  213   [expr $p2l]  7.0    [expr   $w] 
node  214   [expr $p2l]  14.0 [expr   $w]  
node  215   [expr $p2l]  21.0 [expr   $w] 
node  216   [expr $p2l]  28.0 [expr   $w] 
node  217   [expr $p2l]  28.0 [expr   $w] 
node  218   [expr $p2l]  33.8 [expr   $w] 
 
#Pier 3 
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node  301   [expr $p3l]  1.5    [expr  -$w]  
node  302   [expr $p3l]  4.0    [expr  -$w]  
node  303   [expr $p3l]  4.0    [expr  -$w]  
node  304   [expr $p3l]  10.0    [expr  -$w] 
node  305   [expr $p3l]  16.0 [expr  -$w]  
node  306   [expr $p3l]  22.0 [expr  -$w] 
node  307   [expr $p3l]  28.0 [expr  -$w] 
node  308   [expr $p3l]  28.0 [expr  -$w] 
node  309   [expr $p3l]  33.8 [expr  -$w] 
 
node  310   [expr $p3l]  1.5    [expr   $w]  
node  311   [expr $p3l]  4.0    [expr   $w]  
node  312   [expr $p3l]  4.0    [expr   $w]  
node  313   [expr $p3l]  10.0    [expr   $w] 
node  314   [expr $p3l]  16.0 [expr   $w]  
node  315   [expr $p3l]  22.0 [expr   $w] 
node  316   [expr $p3l]  28.0 [expr   $w] 
node  317   [expr $p3l]  28.0 [expr   $w] 
node  318   [expr $p3l]  33.8 [expr   $w]  
 
# Set base constraints 
#   tag DX DY DZ RX RY RZ 
fix  408  1  1  1  1  1  1 
fix  417  1  1  1  1  1  1 
fix  508  1  1  1  1  1  1 
fix  517  1  1  1  1  1  1 
fix  101  1  1  1  1  1  1 
fix  110  1  1  1  1  1  1 
fix  201  1  1  1  1  1  1 
fix  210  1  1  1  1  1  1 
fix  301  1  1  1  1  1  1 
fix  310  1  1  1  1  1  1 
 
#equalDOF $rNodeTag $cNodeTag $dof1 $dof2 ... 
equalDOF  102  103  1 2 3 4 5 
equalDOF  108  107  1 2 3 4 5 
equalDOF  117  116  1 2 3 4 5 
equalDOF  111  112  1 2 3 4 5 
equalDOF  202  203  1 2 3 4 5 
equalDOF  208  207  1 2 3 4 5 
equalDOF  217  216  1 2 3 4 5 
equalDOF  211  212  1 2 3 4 5 
equalDOF  302  303  1 2 3 4 5 
equalDOF  308  307  1 2 3 4 5 
equalDOF  317  316  1 2 3 4 5 
equalDOF  311  312  1 2 3 4 5 



 

198 

 
# Define materials for nonlinear columns 
# CONCRETE 
set fc -720;                                     # 5 ksi 
set Ec 580393;  # Elastic concrete modulus (<6 ksi)  
# CONCRETE                  tag            f'c           ec0           f'cu            ecu 
uniaxialMaterial Concrete01  1       [expr 1*$fc]      [expr 2*$fc/$Ec]    [expr 1.7697*$fc]  
-0.0270 
uniaxialMaterial Concrete01  100     [expr 1*$fc]      [expr 2*$fc/$Ec]    [expr 1.7697*$fc]  
-0.0270 
#Footing Concrete        tag      E     
uniaxialMaterial Elastic     2   $Ec 
# FRP   
# Cover FRP Tube   tag  fp1      ep1 fp2 ep2 fp3 ep3 fn1 en1      
fn2 en2     fn3 en3 pinchx pinchy damage1 damage2 beta   
uniaxialMaterial Hysteretic 4 864 0.0054 2592 0.0324 3312 0.05 
 -864 -0.0054 -2592 -0.0324 -3312 -0.05 1 1 0
 0 0.3 
# Steel 
#                                        tag     fy              Ey      ey      
uniaxialMaterial  Steel01    6      8640   4320000  0.035 
#uniaxialMaterial Bond_SP01 $matTag  $Fy  $Sy        $Fu   $Su    $b   $R 
uniaxialMaterial Bond_SP01          7       65     0.033       90     0.99  0.3  1 
 
# Define torsional stiffness and attach it to RC section 
set GJ  1000; 
uniaxialMaterial Elastic 10 $GJ 
# Geometry of column elements 
#                tag  
geomTransf Linear 1  0 1 0 
geomTransf Linear 2  0 0 1  
geomTransf Linear 3  0 1 0  
geomTransf Linear 4  0 0 1 
 
# Source in procedure to define circular fiber section 
source CFFTcircSection.tcl 
# tag  ri  ro  t  rs  coreID coverID  steelID   num   area  nfCoreR  nfCoreT  nfCoverR  
nfCoverT 
CFFTcircSection   1   0  $ro   $t   $rs    1    4      6      20     0.008819      24     32     2     32 
# Footing 
CFFTcircSection  2   0  $ro    $t   $rs    2    4      6      20     0.008819      24     32     2     32 
#Zero Length 
CFFTcircSection  3   0  $ro    $t   $rs   100    4   7      20     0.008819      24     32     2     32 
 
#                 tag uniTag uniCode          secTag 
section Aggregator 4    10      T    -section    1 
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section Aggregator 5    10      T    -section    2 
section Aggregator 6    10      T    -section    3 
 
set np 4;    # Number of integration points 
#Define Elastic Beam for  Girder: Start with 1XX 
#                          tag ndI ndJ     A       E        G      J  Iy  Iz    transfTag 
#Span 1 
element elasticBeamColumn   101   60  1    72.18    $Ec   216300    1177    401  9697  1 
element elasticBeamColumn   102   1   2    72.18    $Ec   216300    1177    401   9697  1 
element elasticBeamColumn   103   2   3    72.18    $Ec   216300    1177    401   9697  1 
element elasticBeamColumn   104   3   4    72.18    $Ec   216300    1177    401   9697  1 
#Span 2 
element elasticBeamColumn   105   4   5    72.18    $Ec   216300    1177    401   9697  1 
element elasticBeamColumn   106   5   6    72.18    $Ec   216300    1177    401   9697  1 
element elasticBeamColumn   107   6   7    72.18    $Ec   216300    1177    401   9697  1 
element elasticBeamColumn   108   7   8    72.18    $Ec   216300    1177    401   9697  1 
#Span 3 
element elasticBeamColumn   109   8   9     72.18    $Ec   216300    1177     401  9697  1 
element elasticBeamColumn   110   9   10   72.18    $Ec   216300    1177     401  9697  1 
element elasticBeamColumn   111   10  11   72.18    $Ec   216300    1177    401  9697  1 
element elasticBeamColumn   112   11  12   72.18    $Ec   216300    1177    401  9697  1 
#Span 4 
element elasticBeamColumn   113   12  13   72.18    $Ec   216300    1177    401  9697  1 
element elasticBeamColumn   114   13  14   72.18    $Ec   216300    1177    401  9697  1 
element elasticBeamColumn   115   14  15   72.18    $Ec   216300    1177    401  9697  1 
element elasticBeamColumn   116   15  62   72.18    $Ec   216300    1177    401   9697 1 
 
#Define Elastic Pier Cap Beam: Start with 2xx 
#                          tag   ndI ndJ     A        E        G          J         Iy      Iz    transfTag 
element elasticBeamColumn   197  409   60     25      $Ec      216300    10000      10000   
10000       3 
element elasticBeamColumn   198  60   418     25      $Ec      216300    10000      10000   
10000       3 
element elasticBeamColumn   199  509   62     25      $Ec      216300    10000      10000   
10000       3 
element elasticBeamColumn   200  62   518     25      $Ec      216300    10000      10000   
10000       3 
element elasticBeamColumn   201  109   4     25       $Ec      216300    10000      10000   
10000       3 
element elasticBeamColumn   202  4   118     25       $Ec      216300    10000      10000   
10000                  3 
element elasticBeamColumn   203  209   8     25       $Ec      216300    10000      10000   
10000       3 
element elasticBeamColumn   204  8   218     25       $Ec      216300    10000      10000   
10000        3 
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element elasticBeamColumn   205  309  12     25       $Ec      216300    10000      10000   
10000        3 
element elasticBeamColumn   206  12  318     25       $Ec      216300    10000      10000   
10000        3 
 
element nonlinearBeamColumn 207   417   418   $np 5 2 
element nonlinearBeamColumn 208   408   409   $np 5 2 
element nonlinearBeamColumn 209   517   518   $np 5 2 
element nonlinearBeamColumn 210   508   509   $np 5 2 
 
#Define Column: Start with 3xx 
# Define zero length element 
#element zeroLengthSection $eleTag   $iNode  $jNode  $secTag <-orient $x1 $x2 $x3 
$yp1 $yp2 $yp3> 
element zeroLengthSection  301        102      103      6 
element zeroLengthSection  302        107      108      6 
element zeroLengthSection  303        116      117      6 
element zeroLengthSection  304        111      112      6 
element zeroLengthSection  305        202      203      6 
element zeroLengthSection  306        207      208      6 
element zeroLengthSection  307        216      217      6 
element zeroLengthSection  308        211      212      6 
element zeroLengthSection  309        302      303      6 
element zeroLengthSection  310        307      308      6 
element zeroLengthSection  311        316      317      6 
element zeroLengthSection  312        311      312      6 
 
#Define nonlinearBeamColumn element 
#Pier 1                       tag ndI ndJ nsecs secID transfTag 
element nonlinearBeamColumn 320   101   102            $np 5 2 
element nonlinearBeamColumn 321   103   104   $np 4 2 
element nonlinearBeamColumn 322   104   105   $np 4 2 
element nonlinearBeamColumn 323   105   106   $np 4 2 
element nonlinearBeamColumn 324   106   107   $np 4 2 
element nonlinearBeamColumn 325   108   109   $np 5 2 
 
element nonlinearBeamColumn 326   110   111            $np 5 2 
element nonlinearBeamColumn 327   112   113   $np 4 2 
element nonlinearBeamColumn 328   113   114   $np 4 2 
element nonlinearBeamColumn 329   114   115   $np 4 2 
element nonlinearBeamColumn 330   115   116   $np 4 2 
element nonlinearBeamColumn 331   117   118   $np 5 2 
 
#Pier 2                       tag ndI ndJ nsecs secID transfTag 
element nonlinearBeamColumn 340   201   202            $np 5 2 
element nonlinearBeamColumn 341   203   204   $np 4 2 
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element nonlinearBeamColumn 342   204   205   $np 4 2 
element nonlinearBeamColumn 343   205   206   $np 4 2 
element nonlinearBeamColumn 344   206   207   $np 4 2 
element nonlinearBeamColumn 345   208   209   $np 5 2 
 
element nonlinearBeamColumn 346   210   211            $np 5 2 
element nonlinearBeamColumn 347   212   213   $np 4 2 
element nonlinearBeamColumn 348   213   214   $np 4 2 
element nonlinearBeamColumn 349   214   215   $np 4 2 
element nonlinearBeamColumn 350   215   216   $np 4 2 
element nonlinearBeamColumn 351   217   218   $np 5 2 
 
#Pier 3                       tag ndI ndJ nsecs secID transfTag 
element nonlinearBeamColumn 370   301   302            $np 5 2 
element nonlinearBeamColumn 371   303   304   $np 4 2 
element nonlinearBeamColumn 372   304   305   $np 4 2 
element nonlinearBeamColumn 373   305   306   $np 4 2 
element nonlinearBeamColumn 374   306   307   $np 4 2 
element nonlinearBeamColumn 375   308   309   $np 5 2 
 
element nonlinearBeamColumn 376   310   311            $np 5 2 
element nonlinearBeamColumn 377   312   313   $np 4 2 
element nonlinearBeamColumn 378   313   314   $np 4 2 
element nonlinearBeamColumn 379   314   315   $np 4 2 
element nonlinearBeamColumn 380   315   316   $np 4 2 
element nonlinearBeamColumn 381   317   318   $np 5 2 
 
puts "model finished" 
# Record element forces 
recorder Node -file DispPier1.out -node 4  -dof 1 2 3 disp 
recorder Node -file DispPier2.out -node 8  -dof 1 2 3 disp 
recorder Node -file DispPier3.out -node 12 -dof 1 2 3 disp 
 
recorder Element  -file ForcePier1.out -ele 321 globalForce 
recorder Element  -file ForcePier2.out -ele 341 globalForce 
recorder Element  -file ForcePier3.out -ele 371 globalForce 
 
recorder Element  -file ForcePier1a.out -ele 327 globalForce 
recorder Element  -file ForcePier2a.out -ele 347 globalForce 
recorder Element  -file ForcePier3a.out -ele 377 globalForce 
 
# Record section forces and deformations 
recorder Element  -file Constress102.out  -ele 102 section 4 fiber -1.75 0  stressStrain 
recorder Element  -file Constress111.out  -ele 111 section 4 fiber -1.75 0  stressStrain 
recorder Element  -file Constress202.out  -ele 202 section 4 fiber -1.75 0  stressStrain 
recorder Element  -file Constress211.out  -ele 211 section 4 fiber -1.75 0  stressStrain 
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recorder Element  -file Constress302.out  -ele 302 section 4 fiber -1.75 0  stressStrain 
recorder Element  -file Constress311.out  -ele 311 section 4 fiber -1.75 0  stressStrain 
 
recorder Element  -file Constress102a.out  -ele 102 section 4 fiber 1.75 0  stressStrain 
recorder Element  -file Constress111a.out  -ele 111 section 4 fiber 1.75 0  stressStrain 
recorder Element  -file Constress202a.out  -ele 202 section 4 fiber 1.75 0  stressStrain 
recorder Element  -file Constress211a.out  -ele 211 section 4 fiber 1.75 0  stressStrain 
recorder Element  -file Constress302a.out  -ele 302 section 4 fiber 1.75 0  stressStrain 
recorder Element  -file Constress311a.out  -ele 311 section 4 fiber 1.75 0  stressStrain 
# -------------------------- 
# End of recorder generation 
# Define gravity loads 
#Gravity load applied at concentrated node 
# Define intermediate diaphragm load 
set p1 -15.3; 
# Define end diaphragm load 
set p2 -117.6; 
# Define intermediate pier cross beam load 
set p3 -102; 
# Mass lumped at master nodes 
set g 32.2;    #gravity constant in ft/s^2 
#Define Bridge total Dead Load 
set q 13.2;   #total dead load 13.2 kips/ft 
set m1 [expr $q*24.5/$g]; #lumpsum the dead load for span 1,4 
set m2 [expr $q*29/$g]; #lumpsum the dead load for span 2,3 
#set m3 [expr $m1/2+$m2/2] 
 #calculate dead load on each node 
set p5 [expr -$q*24.5]; 
set p6 [expr -$q*29]; 
# Set mass at the master nodes 
#    tag  MX           MY       MZ      RX RY RZ 
mass  60   $m1          0        $m1           0  0  0 
mass  1   $m1          0        $m1           0  0  0 
mass  2   $m1          0        $m1           0  0  0 
mass  3   $m1          0        $m1           0  0  0 
mass  4   $m2          0        $m2           0  0  0 
mass  5   $m2          0        $m2           0  0  0 
mass  6   $m2          0        $m2           0  0  0 
mass  7   $m2          0        $m2           0  0  0 
mass  8   $m2          0        $m2           0  0  0 
mass  9   $m2          0        $m2           0  0  0 
mass  10   $m2          0        $m2           0  0  0 
mass  11   $m2          0        $m2           0  0  0 
mass  12   $m2          0        $m2           0  0  0 
mass  13   $m1          0        $m1           0  0  0 
mass  14   $m1          0        $m1           0  0  0 
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mass  15   $m1          0        $m1           0  0  0 
mass  62   $m1          0        $m1           0  0  0 
 
# Define gravity loads 
pattern Plain 1 Constant { 
   foreach node {2 6 10 14} { 
      load $node 0.0 $p1 0 0.0 0.0 0.0 
   } 
   foreach node {60 62} { 
      load $node 0.0 $p2 0 0.0 0.0 0.0 
   } 
   foreach node {4 8 12} { 
      load $node 0.0 $p3 0 0.0 0.0 0.0 
   } 
   foreach node { 60 1 2 3 13 14 15 62} { 
      load $node 0.0 $p5 0 0.0 0.0 0.0 
   }    
   foreach node { 4 5 6 7 8 9 10 11 12} { 
      load $node 0.0 $p6 0 0.0 0.0 0.0 
   } 
} 
 
# Define earthquake excitation 
# Set some parameters 
set outFile llollelo.g3 
# Source in TCL proc to read PEER SMD record 
source ReadSMDFile.tcl 
# Permform the conversion from SMD record to OpenSees record 
#              inFile     outFile dt 
ReadSMDFile llollelo.txt $outFile dt 
# Set time series to be passed to uniform excitation 
set accelSeries "Path -filePath $outFile -dt $dt -factor $g" 
# Create UniformExcitation load pattern 
#                         tag dir  
pattern UniformExcitation  5   3  -accel $accelSeries 
 
set xDamp 0.03;     # damping ratio 
set MpropSwitch 1.0; 
set KcurrSwitch 0.0; 
set KcommSwitch 1.0; 
set KinitSwitch 0.0; 
set nEigenI 1;  # mode 1 
set nEigenJ 3;  # mode 3 
set lambdaN [eigen [expr $nEigenJ]];   # eigenvalue analysis for 
nEigenJ modes 
set lambdaI [lindex $lambdaN [expr $nEigenI-1]];   # eigenvalue mode i 
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set lambdaJ [lindex $lambdaN [expr $nEigenJ-1]];  # eigenvalue mode j 
set omegaI [expr pow($lambdaI,0.5)]; 
set omegaJ [expr pow($lambdaJ,0.5)]; 
set alphaM [expr $MpropSwitch*$xDamp*(2*$omegaI*$omegaJ)/($omegaI+$omegaJ)];
 # M-prop. damping; D = alphaM*M 
set betaKcurr [expr $KcurrSwitch*2.*$xDamp/($omegaI+$omegaJ)];          
 # current-K;      +beatKcurr*KCurrent 
set betaKcomm [expr $KcommSwitch*2.*$xDamp/($omegaI+$omegaJ)];    
 # last-committed K;   +betaKcomm*KlastCommitt 
set betaKinit [expr $KinitSwitch*2.*$xDamp/($omegaI+$omegaJ)];           
 # initial-K;     +beatKinit*Kini 
rayleigh $alphaM $betaKcurr $betaKinit $betaKcomm;     # 
RAYLEIGH damping 
 
# Start of analysis generation 
# Create the convergence test 
#                tol   maxIter  printFlag 
test EnergyIncr 1.0e-6   20         3 
# Create the solution algorithm 
algorithm Newton 
# Create the system of equation storage and solver 
system ProfileSPD 
#system SparseGeneral -piv 
# Create the constraint handler 
constraints Transformation 
# Create the time integration scheme 
#                   gamma beta 
integrator Newmark   0.5  0.25 
# Create the DOF numberer 
numberer RCM 
# Create the transient analysis 
analysis Transient 
 
# Perform the analysis 
# set some variables 
set tFinal [expr 12000 * 0.005] 
set tCurrent [getTime] 
set ok 0 
 
# Perform the transient analysis 
while {$ok == 0 && $tCurrent < $tFinal} { 
        set ok [analyze 1 0.005] 
        # if the analysis fails try initial tangent iteration 
        if {$ok != 0} { 
 puts "regular newton failed .. lets try an initail stiffness for this step" 
 test NormDispIncr 1.0e-12  100 0 
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 algorithm ModifiedNewton -initial 
 set ok [analyze 1 0.005] 
 if {$ok == 0} {puts "that worked .. back to regular newton"} 
 test NormDispIncr 1.0e-12  10  
 algorithm Newton 
    } 
     
    set tCurrent [getTime] 
} 
# Print a message to indicate if analysis succesfull or not 
if {$ok == 0} { 
   puts "Transient analysis completed SUCCESSFULLY"; 
} else { 
   puts "Transient analysis completed FAILED";     
} 
puts "Done, Great Job!" 
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