












�August 2013   |   Journal of SEWC

Creating Architecture with Tensile  
Membrane Structures  

Horst Berger 

Summary 

The paper first illustrates the design process of a tensile 
membrane structure on the recently extended covered pa-
vilion for the Mitchell Performing Arts Center. (Fig.2). Built in 
2009, it describes aspects of design and construction, and 
the effect on architectural space, lighting, comfort, sound 
and aesthetics. It then describes other major projects: the 
Jeddah Hajj Airport and its life span, the lightness of the 
King Fadh Stadium, the structural and architectural prop-
erties of the Jeppesen Terminal of the Denver airport. It 
touches on fabric materials and on the evolution of un-built 
designs. Fabric tensile structures have become a common 
form in today’s architecture worldwide. 

Keywords: tensile membrane, fabric, long span, light 
weight, translucency, reflectivity 

Introduction 

I was a student of civil engineering at Stuttgart University 
soon after WWII, when the city was still in ruins. Before that 
I had spent a year in the US, studying mainly architecture. 
I knew we had to build a better and more peaceful world. 
But I could not decide should I be an architect or an en-
gineer. A successful young architect friend told me: study 
engineering, that’s the best preparation for you to make 
a contribution in architecture. I studied engineering. And 
my engineering was always contributing to the creation of 
architecture. 

I was interested in the new composite materials. But when 
used in flexural members they were too soft. I started my 
carrier in the bridge design department of one of Germa-
ny’s leading concrete builders. And I got to design a beau-
tiful arch bridge: the 90 m span pedestrian bridge over 
the entrance to Mühlheimer Hafen in Cologne (1957). Its 
shape was funicular: the centerline of the bridge followed 
the thrust line of the structural forces under dead load. I 
learned everything about buckling.  

And I learned how to make a compression structure thin 
and elegant. (Fig.1). At Severud Assoc. in New York, just a 
few years later, I became familiar with the power of tensile 
structures: while under compression a thin structural mem-
ber will escape the direct force line by buckling sideways, 
under tension there is only one way, the straight way. You 
can use high strength materials and make members thin. 
Their stability is generated by having two intersecting force 
surfaces stressed against each other. (Fig.3). The struc-
ture can be amazingly light. That started my work in tensile 
membrane structures, The last one I designed in 2009. It 
was the extended roof cover of the Mitchell Pavilion (Fig.2). 
I was the architect and the engineer.

Without the computer the “funicular” shape of a three-di-
mensional tensile surface could not be defined. And the 
proper membrane material did not exist for permanent 
structures. So, in 1968, with the US Pavilion of the 1970 Fig.1 Bridge at Mühlheimer Hafen, 1957

Fig.2 The Mitchell Performing Arts Center 2009
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World Fair in Osaka as challenge, we started a new firm, 
Geiger Berger Assoc. in New York with the purpose of de-
veloping these novel type of fabric membrane structure. 

The US Pavilion was an air-supported structure of unbe-
lievable lightness. This was David Geiger’s field of interest. 
I found that I did not like structures that had to be held up 
by a machine. Being more “conservative” my interest was 
in pure tensile structures. I had to built or find the math, 
both for formfinding and non-linear analysis, develop the 
structural details and procedures. And we had to find the 
right materials. And we had to overcome the fear owners 
have when confronted with a new type of building struc-
ture. After the first fabric tensile structures for the 1976 Bi-
centennial in Philadelphia, the development was unbeliev-
able: one of the next structures was the Hajj Terminal of 
the Jeddah Airport (1980), by covering 400’000 sq.m the 
world’s largest roof structure, then and now.  

cause of special circumstances it had one of the fastest 
design and construction periods ever. The original Mitchell 
Pavilion was a major project for Horst Berger Partners, the 
firm I started in 1983 after separating from David Geiger. 
George Mitchell, liking my proposed designs, gave me 
the lead role in the design of this project, architecture and 
engineering. The project actually built in 1990, had 3000 
seats under the roof and 10,000 seats in the lawn beyond. 
The Music Pavilion was very successful, and an exten-
sion was planned in 2008. Before a team had been as-
sembled, Hurricane Ike ripped the fabric of the roof. The 
hurricane had wind velocities higher than the ones the roof 
was required to be designed for. The design team for the 
expanded building started working in November, construc-
tion started just a month later and was finished a few days 
before the opening un May 2009. 

The 1990 project consisted of 3 tent shapes hung from 
3 A-frames and stretched out to the periphery. (Fig.5). 
In the radial direction the tension forces of the stressed 
membrane were resisted by near horizontal struts (which 
also supported the space lighting, sprinklers etc.). In the 
ring direction the end forces are end anchored. I based 
the enlarged new design, covering more than 6000 seats 
on an extension of the same system by keeping the exist-
ing ring of A-frames and adding a second ring further out. 
These new A-frames became much larger and higher. The 
back edge is held out by the radial struts; it’s held up by 
diagonal cables from the new A-frame tops; and it’s held 
down by vertical tie-down cables. The area has no snow 
therefore wind is the governing force. Most of it is upload. 
The fabric, by its curvature, carries the load between ridge 
cables and valley cables. The ridge cables are supported 
by the A-frame tops, the valley cables directly by the sup-
port masts which also carry the A-frames and surround the 
roof drains, The two masts facing the stage also carry the 
follow spot light platforms.  

I designed this basic configuration by a building a stretch 
fabric model. (Fig.6). Once we had established in the field 
the exact location of the new masts I built digital formfind-
ing models of the typical fabric sections. These were intro-

Fig.3 Raleigh Arena cable diagram. Severud Assoc. Struct. Eng.

Fig.4 US Pavilion , 1970 World’s Fair Geiger Berger Assoc. Struct. 
Eng.

The extended roof for the Mitchell Performing Arts 
Center, at the Woodlands near Houston, Texas 

I select my latest project to illustrate the important aspects 
of a fabric tensile structure design. This structure opened 
to a sold out concert on May 1, 2009. (Fig.2, above). Be- Fig.5 Mitchell Performing Arts Center 1990	
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duced into the SketchUp image, shared by all the mem-
bers of the design team. It was even the starting point for 
the fabricator’s patterning design of the fabric panels. This 
sculptural fabric shape (Figs.2,7,8) was the architecture, 
only amplified by reflective lights during the shows. It also 
acted as sound control, since the tent peaks form “black 
holes” for upward sound and thereby largely dampens 
disturbing echoes. Therefore this space works for such ex-
tremes as symphony concerts and rock music. 

The fabric membrane shape is at the same time structural 
system, architectural space, sound system, lighting pro-
jection screen. Sitting in the space under the roof, in spite 
of the 6,000 seats, gives an amazing sense of intimacy. 
And for nearby downtown “Woodlands” it is a floating su-
per sculpture on the hill. 

And George Mitchell, the man who created “tThe Wood-
lands” (now a New Town of 90,000 people), and the force 
behind the Pavilion is happy with the result.

25 Year Award for the Jeddah Hajj Terminal: The For-
est in the Desert 

In 2010, the Jeddah Hajj Terminal received the AIA’s 25 
year award. This project was the hardest thing I ever did in 

my professional life. The largest and most complex fabric 
structures I had designed before were a number of pa-
vilions for the Bicentennial Celebration in Philadelphia in 
1976. An architect who worked on one of these went to 
SOM in New York and, when SOM began to look for a de-
sign for the Hajj Terminal, he suggested the use of a fabric 
structure design. I was invited to consult SOM New York 
on the schematic design which let to selection of a tensile 
fabric membrane structure solution. Later the project went 
to SOM Chicago where the present design evolved; a de-
sign/built concept to be completed and built by a contrac-
tor. Owens Corning Fiberglass with Birdair was the con-
tractor, and I was their design and engineering consultant. 
The design consisted of 10 modules, each consisting of 
21 tent units, whose form came directly from my square 
tent design for an animal park in New Jersey. Each of the 
210 tent units was 45.75 m x 45.75 m, about the size of 
the largest Philadelphia structures. The Hajj Terminal, with 
440,000 sq m was then, and is now, the largest roof cover 
in the world. We had the computer programs to handle 
formfinding and non-linear stress analysis of the fabric 
units. When we got parts or all of the overall system en-
gaged we had to use our mathematical imagination to help 
us shortcut the analysis, because even the Crey computer 
we used in time-sharing, could not deal with the size of the 
system then. (Today a Macintosh laptop can handle it).

Each unit of 2100 sq m fabric came in a box of 4x8x16 
ft (1.22x2.44x4.88m) and was folded so that it could be 
pulled out by its peak which was connected to the bottom 
part of a double steel ring. The upper part was hung in its 
final position, suspended from 8 cables that brought the 
load to the top of the pylons located in the four corners of 
each unit. The upper ring contained a winch and a jack. So 
all 21 tent units of each module could be brought up to-
gether close to the upper ring and than stressed together. 
Only the force balance kept the units in place. Therefore it 
was amazing that in all cases the rings lined up perfectly 
with the bolt holes in position so that the connection bars 
could be pushed through. All 10 modules were erected in 
2 years. 

Replacements were planned after 25 years. The structure 

Fig.6 Stretch Fabric Model for Extended Roof 2008

Fig. 7. Mitchell Pavilion Interior 2009

Fig. 8 Mitchell Pavilion Exterior 2009
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is now 30 years old, some parts 32. The Teflon coated fi-
berglass lasts longer in a dry climate, since the only cause 
of deterioration is the penetration of moisture to the ultra 
thin glass fibers, with the adhesion forces of the moisture 
reducing the strength of the glass fiber. 

Though SOM claims credit for this achievement, both for 
its architecture and engineering, I know that this is one 
project that would not exist in this form without my con-
tribution, in technology and in aesthetic detail. It was the 

hardest thing I ever did, as I said before, and I am proud 
of it. Because, in a sense, it changed the world of fabric 
membrane structures. 

A Huge, Partially Covered, Stadium: Light and Fast 
Construction 

The King Fadh Stadium in Riyadh, Saudi Arabia, was a di-
rect successor of the Hajj Terminal. By now the Saudis had 
come to love modern tent structures and had recognized it 
as belonging to their own tradition. Indeed, the black tents 
of the Bedouins are master pieces of technology and art. 
They are very beautiful predecessors of modern tensile 
membrane structures. Because of the success of the Jed-
dah airport roof we were critical for this project. The stadi-
um cover is roughly 95% of the size and span of the Beijing 
Olympic Stadium, but required only 3,000 tons of structural 
steel rather than 50,000. The entire fabric consists of two 
shapes and their mirror images. A large ring cable holds 
the entire structure together. It took little change to make 
the structure capable of totally enclosing this large space, 
which has a 290 m diameter. The huge shade area shelters 
the space against the desert sun. The structural engineer-
ing for the construction phase was given to Schlaich and 
Partner, who added valuable knowledge in cable protec-
tion and excellent design of cast-steel connection details.

Fig. 9: I stand on module A, 85% stressed.1980

Fig.10: Jeddah Construction: Module A to E up in place, Module F 
up, G being installed

Fig.11. Riyadh Stadium from the Air

Fig.12. Interior Detailed View

Fig.13. View of Structural Membrane
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The Denver International Airport: Fabric Structure for 
the Jeppesen Terminal, 

An iImportant 24/7 Building 

This is a very busy, important, regular building enclosed in 
translucent fabric and glass. It was built faster and works 
better than a conventional alternative. Inside the space has 
the sense of a large, very light, elegant, daylight filled ca-
thedral. There is a real sense of sun and clouds outside. 

Fig. 14. Anchorage and Edge Catenaries

With 10% of daylight penetrating the translucent fabric, 
little artificial light is needed. Also the fabric reflects 75 % 
of sunlight and heat from the sun. This reduces the heat 
gain of the building as does the fact that in the night the 
translucent skin radiates out heat, so that in the morning 
the inside is cooler than the outdoor environment. This 
drastically reduces the cost of air conditioning.

The structure for the Jeppesen Terminal Building enclo-
sure is very simple. (Fig.13). The structural fabric spans 
between ridge and valley cables. The ridge cables carry 
the load to the top of masts set 45.75m (150 ft). apart. 
The bays (mast spacing) are 18.3m (60 ft) wide. The valley 
cables hold the structure down and are anchored outside, 
beyond the great hall (Fig.14).  

Completed in 1994 this tensile structure roof has carried 
record snow loads. It has a very low operating cost. And 
it is a very attractive architectural space that people like to 
be in.  

The future of Fabric Membrane structures in Archi-
tecture 

There are two obstacles to the more general future use 
of tensile membrane structures in architecture. One is the 
special expertise required for the design. The other is the 
availability of fabric which is easy to handle and has a 
long life span. With computer assisted design the com-
mon basis for structural design, the first problem will eas-
ily be overcome. There are easier and better formfinding 
programs available. And nonlinear stress analysis is quite 
common. Tensile structures are more widely used all over 
the world, making owners, architects and engineers more 
familiar with the specifics of the technology. 

A fabric for permanent structures is already available. In 
the 1980s I worked with Dow Corning on the development 
and use of silicon coated fiberglass. Dow Corning set up 
a fabric structure company in Atlanta, Georgia, to which I 
was a consultant. We built a number of structures using 
the Dow Corning material. One of the structures from that 

Fig.15. Interior View, Great Hall, Denver

Fig.16. Exterior View of Jeppesen Terminal, Denver

Fig.17. Silicone Coated Fiberglass Fabric at Poughkeepsie Mall. 
Horst Berger Part. Eng.
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period is the roof covering the Poughkeepsie Mall in New 
York. Fig.17 shows a recent photograph of that roof. The 
fabric had two problems. The skin tended to collect dirt 
on the outside which could not be removed; and it was 
difficult to do seaming on the site. These problems have 
been overcome by the Atex (Fig.18) and other . This fab-
ric should last much longer than Teflon-coated fiberglass, 
since the silicone will prevent the penetration of moisture 
which causes the weakening of the super thin glass fibers. 
It also has very high translucencies.  

Fig. 18. Zenith Arena, Strassbourg, France Architect: Massimiliano 
Fuksas

Fig.19. Retractable Roof for Phoenix Stadium Horst Berger’s Design 
1983

There is no doubt in my mind that tensile membrane fabric 
structures will play a growing role in the architecture of the 
future. 

Impact of Unbuilt Designs

I am particularly pleased by the fact that some of my de-
signs which were never built have led to new designs used 
in major buildings. I will use just one example. My roof de-
sign for a stadium with a movable roof for Phoenix, Arizona 
(Fig.19) has led to a new solution by the structural engi-
neering firm of Walter P.Moore using a variation of the initial 
concept. A second step in this evolution, a movable roof 
for the Dulles Cowboys (Fig.20) has even more similarity to 
my original concept.

Epilogue 

I want to end this paper as an opportunity to express my 
joy and deep satisfaction for having been able to spend 
my professional life in the activity of building. Much of it 
was hard work, and some of it was quite difficult. But all 
of it was great, because it was engaged of making the 
built environment richer and more beautiful. And it was a 
pleasure to work with my colleagues, both engineers and 
architects. 

At the completion of my last project , the enlarged roof 
for the Mitchell Center of Performing, Mr. Mitchell asked 
on the last day of construction to have our picture taken. 
(Fig.21). He said: “I asked you to make it as beautiful as 
the first roof, but you made it better”.  It is a wonderful way 
of finishing a building project.

Author Affiliation

Horst Berger 

School of Architecture, CCNY, formerly Horst Berger Part-
ners and Geiger Berger Assoc. New York, USA

Fig.20. Retractable Roof for Dallas Cowboys Walter P. Moore’s 
Design, built 2011

Fig. 18. Zenith Arena, Strassbourg, France Architect: Massimiliano 
Fuksas
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Soap Film Models in the Form of Mobius 
Strip and Enneper

Hooi M. YEE1, Kok K. CHOONG2 and Jae-
Yeol KIM3

Summary 

This paper describes an effort to produce soap film models 
with boundaries corresponding to those defined by Möbi-
us strip and Enneper minimal surfaces. Soap film models 
with surfaces deviating from mathematically defined mini-
mal surfaces of Möbius strip and Enneper are shown. 

Keywords: Soap film model; Möbius strip; Enneper. 

1. Introduction 

A soap model is used to find the soap film that minimizes 
area subject to appreciate constraints. Ireland [1] has pre-
sented some puzzling measurements of the tension be-
tween soap film and a solid surface. Moulton and Peles-
ko[2] have investigated a soap film Catenoid subjected to 
an axially symmetric electric field. This experimental and 
theoretical analysis for this Field Driven Mean Curvature 
Surface (FDMC) surface provides a step in understanding 
how electric fields interact with surfaces driven by surface 
tension. Such interactions may be of great benefit in micro 
scale systems such as Micro electro mechanical systems 
(MEMS) and self-assembly. Brakke[3] has treated only 
the area minimization problem with boundary constraints. 
Koiso and Palmer[4] have studied a variational problem 
whose solutions are a geometric model for thin films with 
gravity which is partially supported by a given contour. The 
energy functional contains surface tension, a gravitational 
energy, a wetting energy and the Euler-Lagrange equa-
tion can be expressed in terms of the mean curvature of 
the surface, the curvatures of the free boundary and a few 
other geometric quantities. The stability or instability of ver-
tical planar surface bounded by two vertical lines is de-
termined. Boudaoud and Amar[5] have studied soap film 
Helicoid. The vibration equation shows that the Helicoid is 
the stable surface when its winding number is small. The 
Catenoid is locally isometric to the Helicoid so that their 
vibration spectra are strongly related. The normal forms 
of the bifurcations confirm the analysis. Huff[6] has con-
sidered soap films spanning rectangular prisms with regu-
lar n-gon bases. As the number of edges n varies, there 
are significant changes in the qualitative properties of the 
spanning soap films as well as a change in the number of 
spanning soap films. 

In this paper, form-finding of soap film is used to find sur-
face form of fabric structures of which their boundaries 
correspond to shape defined by mathematical equation 
for the classical known minimal surface. Since the initial 
form of a fabric structures is preferred to be in minimal 
surface form for a given boundary, soap film model can be 
used as verification of the accuracy of the mathematically 
defined surface.

2. Möbius Strip and Enneper 

2.1 Möbius strip 

A Möbius strip of half-width W with midcircle of radius R 
at height z = 0 as shown in Figure 1 can be represented 
parametrically by the following set of equations ([7]):

 	    (1)

 

Figure 1: Möbius strip surface

2.2 Enneper 

Enneper surface in Figure 2 can be obtained by using the 
following Equation (2) ([8]):  

 	    (2)

for u and v = variables.
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3. Preparation of Soap Film Model 

The actual size of the Möbius strip R/W=1 and R/W=2 
soap film model are height, H=15cm; width, B=22.5cm 
and H=6.5cm; B=16cm, respectively. The actual size 
of the Enneper u=v=0.86 and 1.25 soap film model are 
H=21cm; B=12cm and H=26cm; B=16cm, respectively. 
The boundary of models are built using aluminum wire. 
Other materials used are steel, plywood, rubber band and 
super glue as shown in Figure 3.

ment as shown in figure 10.  in Figure 7 is for checking 
soap film model is in correct plan position. This is to make 
sure that the soap film model is suspended in such a way 
that the orientation of image taken using camera can be 
compared with mathematically defined surface.

Figure 2: Enneper surface

Figure 3: Materials used to build the physical model

The making of boundary frame involves the use of a wood-
en base where x and y coordinates of the boundary are 
measured (Figure 4). As shown in Figure 4, standing steel 
rods are used to support the wire frame at the desired 
height corresponding to z coordinate of the wire frame. 
The wire is secured to the steel rod by rubber band. In this 
way, boundary frames in the forms defined by (1) to (2) are 
realized.  

Figure 5 shows the set-up used to produce soap film mod-
el. Soap film model is produced by dipping the wire-frame 
into a box containing soap solution with the help of a jack. 
The composition of the soap solution used is 25.7% of 
glycerin, 22.8% of concentrated car detergent and 51.5% 
of distilled water. The soap solution is allowed to set for one 
day to allow the alcohol which may exist in the detergent 
to evaporate. Theodolite is used to check the horizontal 
alignment as illustrated in Figure 6 and plan position align-

Figure 4:Making of boundary wire frame

Figure 5: Set-up for the soap film model experiment

The procedures of checking of alignment of soap film 
model using theodolite is listed below: 

(a) 	Plumb-bob is used to determine the projection of center 
point of model holding plate on the ground as shown in 
Figure 5. Point o’ is marked on the ground. 

Soap Film Models in the Form of Mobius Strip and Enneper
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(b) 	Plumb-bob is used to determine the projection of cen-
ter line of board with grid-lines on the ground as shown 
in Figure 5. Point o’’ is marked on the ground. These 
two points lie along a same straight line as shown in 
Figure 5.

(c) 	Theodolite is positioned at suitable distance from the 
frame with its view aligned along line o’-o’’. 

(d) 	Horizontal alignment of wire-frame model is checked 
using the theodolite. 

(e) 	Plan alignment of wire-frame model by turning the 
model holding plate is checked by using the theodo-
lite. The position of the camera is set on the place of 
theodolite. 

After checking of proper alignment of the soap film model, 
the theodolite is removed. A camera is then placed at the 
same location as that of the theodolite to capture image of 
the soap film model. 

4. Results of Soap Film Models 

The soap film experiment set up is shown in Figure 8. In the 
following sections, soap film models showing good agree-
ment with surfaces defined by (1) to (2) are first presented. 
This is then followed by those models where deviation has 
been observed.  

4.2 Enneper (u=v=0.86) 

Figure 11 shows the mathematically defined Enneper sur-
face with u=v=0.86. The corresponding result obtained 
through soap film experiment is shown in Figure 12. Com-
parison of the two surfaces shows that they are in good 
agreement.

4.3 Möbius strip (R/W=1) 

Figure 13a shows the mathematically defined surface of 
Möbius strip with R/W=1. The corresponding Möbius strip 
soap film model as shown in Figure 13b does not show the 
characteristics of Möbius strip with opening at the center.

Figure 6: Horizontal alignment of 
the soap film model

Figure 7: Plan position of the 
soap film model

Figure 8: Soap film experi-
mental set up

Figure 9: Mathematically defined  
Möbius strip (W/R=2)

4.1 Möbius strip (R/W=2) 

Figure 9 shows the plan view of mathematically defined 
Möbius strip with R/W=2. Figure 14 shows the corre-
sponding soap film model. Comparison of Figures 9 and 
10 shows that the result obtained from soap film model is 
the same with mathematically defined surface which has 
the characteristic opening at the center.

Figure 10: Möbius strip soap film model (W/R=2)

Figure 11: Mathematically defined Enneper surface (u=v=0.86)

Figure 12: Enneper soap film model ( u=v=0.86)

4.4 Enneper (u=v=1.25) 

Enneper surface with u=v=1.25 defined by (2) is shown in 
Figure 14a. The corresponding soap film model is shown 
in Figure 14b. Comparison of Figures 14a and 14b clearly 
shows that the deviation of the mathematically defined En-
neper minimal surface from that of soap film model.

Soap Film Models in the Form of Mobius Strip and Enneper
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5. Discussion 

Möbius strip surface with R/W=2, Enneper surface with 
parameters u=v=0.86 are found to be in good agreement 
with the mathematical defined surface. 

For Möbius strip with R/W=2, the form obtained after soap 
film experiment is similar to the Möbius strip surface with 
opening at the center of the surface. When R/W=1, the 
soap film model is found to be different from the form of 
Möbius strip surface defined by (1). The opening of the 
center is missing. Such incapability of surface topology to 
be kept in the form of a disc under continuous changes 
of the boundary circle has been mentioned by [9]. This 
results indicates that there is a specific value of R/W ratios 
above which the surface of Möbius strip surface maintains 
the topological characteristic of disc with a central opening. 

Mathematically defined Enneper surface with parameters 
u=v=0.86 is a stable minimal surface. The reason for the 
deviation of mathematically defined Enneper surface from 
the corresponding soap film model is probably due to the 
reason that for parameter u=v=1.25, Enneper surface 
defined by (2) no longer corresponds to stable minimal 
surface ([10]). Soap film model shows the correspond-
ing stable shape under the parameter values of (u,v) = 
(1.25,1.25) which is different from that defined by (2).  

6. Conclusion 

Soap film model with surface shape in close agreement 
with mathematically defined Möbius strip and Enneper 
surfaces have been produced. Deviations between the two 
sets of surfaces have been shown to occur when R/W=1 
in Möbius strip and parameters u=v=1.25 in the case of 
Enneper surfaces.
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film Enneper (u=v=1.25)

Soap Film Models in the Form of Mobius Strip and Enneper
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Structural Optimization of Cable Dome 
Structures by using Genetic Algorithms  

Byoungwook Yoon1, Hyungmin Kim1 and 
Jaehong Lee2

Abstract 

Micro genetic algorithm is the theory of grafting the prin-
ciple of survival of the fittest in genetics and it is used to 
solve the optimization problems. The purpose of this paper 
was to obtain the cross section and the optimum shape of 
cable dome structure by using micro genetic algorisms. 
The Cable dome structure was one of the tensegrity sys-
tems. The tensegrity structures are built using compres-
sive members and tensile member. The object functions 
are minimum weight in all design constraints. The design 
constraints include stress constraints for all elements of 
cable dome structures, buckling constraints for struts and 
shape constraints for all nodes. Also, the cable dome 
structures are to obtain optimum shape according to ini-
tial pre-tension. This paper is shown that example problem 
about simple cable dome structures. 

Keywords: cable domes; tensegrity structures; pre-ten-
sion; micro genetic algorithms; minimum weight design; 
section and shape optimization. 

1. Introduction 

A tensegrity structure is a pre-stress truss system involving 
string elements capable of transmitting loads in one direc-
tion only. Admissible connections between elements are 
ball joints, and external loads can be applied only at the 
joints. Therefore, all elements of the structure are axially 
loaded only, which greatly simplifies their static and dy-
namic modeling. This also enables the choice of materials 
and element geometry to be specialized for axial loads, 
and split further in materials optimized for compressive, 
and tensile stresses, and strains. However, study to optimi-
zation of tensegrity structures is incomplete. Optimization 
of tensegrity structures need for efficient design of tenseg-
rity structures of sizes and shapes. So this study, optimiza-
tion of four-strut tensegrity modules by using micro genetic 
algorithm. 

2. Micro Genetic Algorithms 

In the process of optimizing the structure by the genetic 
algorithm, if minimizing the structural weight is taken as 
the objective, by altering the cross section of members, 
the optimization may lead to optimum weight. To find an 

optimum design is developed to using the Micro genetic 
algorithms ( -GA), which is proposed by Krishnakumar[5], 
with respect to truss structures. In the sizing and shape 
optimization of tensegrity, cross sectional areas and shape 
of geometry are considered as design variables and the 
coordinates of the nodes and connectivity among various 
members are considered to be fixed. Figure 1 shows flow 
chart of the micro genetic algorithm.

3. Numerical Examples 

In the section, some example problems are studied for op-
timization by using the micro genetic algorithms. The cable 
domes are studied to consider as design variable of cross 
section and shape coordinate. Also cable domes are ap-

Figure 1: Micro genetic algorithm flow chart
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plied to different pre-tension value. In order to minimum 
weight of truss structure, objective and penalty function 
are calculated as: 

Minimize

F(X,M)=f(X)

F(X,M)=f(X)+penalty(X) 				       (1)

 				       (2)

Where F(X,M) of Eq. 1 is value of objective function, 
Penalty(X) is value of penalty function. Penalty constant is 
defined to r at penalty function. Value of penalty function 
of Eq. 2 is existed to exceed allowable stress of elements, 
and it is increased to F(X,M) . Therefore, minimum weight 
of structure is resulted to minimum value of f(X) and not to 
existent value of penalty function.

3.1 Seven-struts Cable Dome 

The Cable-dome structures in Fig. 2 illustrates the seven 
struts cable dome structures. This model have been pro-
posed by some previous researcher. The seven struts 
cable dome structures was chosen as a base module 
for the numerical example. It made up of one post(center 
strut) and six side struts. Also, each struts are connected 
by cables. 

All cables and struts have the material properties as Table 
1. The boundary conditions were prescribed : at the six 
edge node was fixed in the all direction and other node 
boundary conditions are free. Additional loads of 100kN 
acts on the center node and load of 50kN acts on the side 
stuts. The initial force(Pre-tension) are applied as 30%, 50% 

and 70% of yield stress magnitude of cable. Fig. 4 show 
a history of optimization with respect to the seven struts 
cable dome structures and reliability is improved through 
repeated several times. It can be seen that the structural 
weight decreases sharply at the beginning, and decreases 
tardily near the optimum weight. Fig. 3 shown the optimum 
shape, dot lines are original shape and continuous lines 
are optimum shape, and obtain optimum result of seven 
struts cable dome structures as Table. 2

3.2 Flower Dome 

The Cable-dome structures in Fig. 5 illustrates the flow-
er dome structures. This model have been proposed by 
some previous researcher. The flower dome structures 
was chosen as a base module for the numerical example. 
It made up of one post(center strut) six mid-struts and six 
side struts. Also, each struts are connected by cables. Table 1: Data for design of seven-struts cable dome

Figure 2: seven-struts cable dome

Figure 3: Shape optimal design of the seven-struts cable dome with 
pre-tension

Structural Optimization of Cable Dome Structures by using Genetic Algorithms  
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All cables and struts have the material properties as Table 
3. The boundary conditions were prescribed : at the six 
edge node was fixed in the all direction and other node 
boundary conditions are free. Additional loads of 100kN 
acts on the center node and load of 50kN acts on the side 
stuts. The initial force(Pre-tension) are applied as 30%, 

50% and 70% of yield stress magnitude of cable.

Fig. 7 show a history of optimization with respect to the 
seven struts cable dome structures and reliability is im-
proved through repeated several times. It can be seen that 
the structural weight decreases sharply at the beginning, 
and decreases tardily near the optimum weight. Fig. 6 

Shape Variable (Unit : m) 30% 50% 70%

x3 7.05 6.26 5.10

z2 -1.21 -1.15 -1.02

z3 1.00 1.00 1.00

z9 -2.95 -3.21 -3.16

Cross sec-
tion (Unit : 

mm2)

A1(Cable) 650 330 170

A2(Center) 53610 43370 35690

A3(Struts) 10890 10250 5770

Weight 
(Unit : kgf)

Cables 2335.4 1187.0 612.5

Struts 4805.4 4300.3 2893.1

Total Weight (Unit : kgf) 7140.8 5487.2 3505.6

Table 2: Optimal results of seven-struts cable dome

Figure 4: History of optimization with respect to the seven struts 
cable dome

Table 3: Data for design of flower dome

Figure 5: the flower dome

Figure 6: Shape optimal design of the flower e dome with  
pre-tension

Shape Variable (Unit : m) 30% 50% 70%

x3 6.51 5.51 6.06

Y17 19.01 19.00 19.03

Z2 5.93 4.98 5.03

Z3 5.00 5.00 5.00

Z9 2.05 2.04 1.98

Z15 3.26 3.17 3.07

Z21 -4.64 -3.12 -4.21

Cross sec-
tion (Unit : 

mm2)

A1(Cable) 660 1700 1700

A2(Cen-struts) 4970 24200 3300

A3(Mid-Struts) 3230 6500 7300

A4(Side-Struts) 23000 18000 24000

Weight 
(Unit : kgf)

Cables 6388.3 16424.3 16446.4

Struts 10098.4 7539.1 10470.4

Total Weight (Unit : kgf) 16486.7 23963.3 26916.8

Table 4: Optimal results of flower dome

Structural Optimization of Cable Dome Structures by using Genetic Algorithms  
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shown the optimum shape, dot lines are original shape and 
continuous lines are optimum shape, and obtain optimum 
result of seven struts cable dome structures as Table. 4

Figure 7: History of optimization with respect to the flower dome

4. Conclusions 

This study is developed optimum design of cable dome 
structures by using micro genetic algorithms(μ-GA) which 
is optimization technique. Micro genetic algorithm has a 
merit not to need mathematics knowledge for optimum 
design of structures, and it can be applied to analysis pro-
gram of structure. Features of the proposed method, cable 
dome structures are demonstrated by solving a problem. 
From the example of cable dome structures, micro genetic 
algorithm is found the optimum shape and cross section. 
The cable domes obtained different optimal design by pre-
tension. Therefore, the cable domes have optimal pre-ten-
sions for minimum weight. 
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Seismic Response of Single Layer  
Latticed Cylindrical Shell Structures with 
Seismic Isolation System

Yukihiro Matsumoto1, Seishi Yamada2, 
Kenji Sasahara3 and Takeshi Seino3

Summary 

In this paper, it has been analysed that fundamental seis-
mic response behaviour using the finite element analyses, 
and shown the effects of rigidity of the roof structure and 
sub-structure on the various response quantities. Then, the 
isolation system having angle has adopted in sub-struc-
ture to reduce the seismic response. Based on these, it is 
confirmed that the seismic isolation system in sub-struc-
ture effectively reduce the seismic vibration on horizontal 
earthquake input. It has been suggested that the present 
seismic isolation system would provide a safe, simple and 
realistic seismic design for single layer latticed cylindrical 
shell structures. 

Keywords: 

Single layer latticed cylindrical shell; seismic response; 
seismic isolation system. 

1. Introduction 

For the design of shell-like space frames located in seis-
mic area, it is very important to give considerable attention 
to the seismic response behaviour and to make clear how 
to reduce the seismic response. However, for single layer 
latticed cylindrical shell structures, it has not been enough 
to make clear their dynamic responses and to reduce the 
seismic responses during earthquake. The authors have 
previously carried out the seismic response analyses and 
discussed on the fundamental seismic response behav-
iour of this kind of structures using finite element method. 
Then, an alternative static load modelling procedure as-
sociated with the dynamic vibration analytical results has 
then been proposed. It is very considerable characteristic 
that the distribution functions of the previously proposed 
static seismic loading model associated with the dynamic 
vibration analytical results are corresponding to the dis-

placement functions for simple supported shallow shell. 
Based on these, the orthotropic continuum shell analogy 
has been applied to the latticed cylindrical shell roof to 
simplify the estimation of the seismic response. Then an 
alternative static load modelling procedure has been pro-
posed using the continuum shell analogy [1, 2]. 

Based on these backgrounds, in this paper, the effects 
of rigidity of the roof structure and sub-structure on the 
various response quantities have examined using the fi-
nite element method. And the applicability of the seismic 
isolation system for single layer latticed cylindrical shell 
structures has investigated. Then, the effects of seismic 
isolation system on the seismic responses quantity are 
discussed in detail.

2. Analytical Models 

2.1 Structural Models 

Figure 1 shows the analytical models and Table 1 the geo-
metric condition of the analytical models. The analytical 
models were adopted to be single layer latticed cylindrical 
shell structures, having open angle , radius of curvature 
R, length of longitudinal direction LX, length of span direc-
tion LY. All members are to be straight circular steel tubes 
with Young’s modulus E =205GPa and Poisson’s ratio 
=0.3.The joints are assumed to be rigid. The adopted ana-
lytical parameters are of the horizontal resistance of the 
substructure. The substructures are designed by using 

Figure 1: Analytical models

LY [m] LX [m] H [m] R [m]  [deg] HS [m] HZ [m]

G121245

23.40 24.40

2.33 30.57 45

0.5 6.0G121260 3.14 23.40 60

G121275 3.97 19.22 75

Table 1: Geometric condition of the analytical models
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of the base shear coefficient, 0.2, and the displacement 
of top of column, , are controlled to be HZ/200 (S02), 
HZ/400 (S04), HZ/500 (S05) and HZ/1000 (S10) millimeter. 
The adopted boundary condition is fixed support at the 
bottom of columns. The member section of shell roof of 
analytical models is shown in Table 2.  

(F15) and 1.0Hz (F10) as following equation.

 					        (1)

where, W is the total weight of roof structure, g gravity ac-
celeration. The analytical models having seismic isolation 
system are adopted to be “horizontal isolation model” and 
“normal isolation model” as shown in figure 1. 

2.3 Input Waves 

The input waves are the artificial earthquake waves hav-

M1 M2 M3 M4

Diameter [mm] 101.6 114.3 139.8 165.2

Thickness [mm] 3.2 4.5 4.5 4.5

Sectional area[mm2] 989.2 1552 1913 2272

Geometrical moment of inertia [cm4] 120 234 438 733

Table 2: Member condition of the analytical models

2.2 Structural Isolation System 

In this study, the seismic response behaviour of the single 
layer latticed cylindrical shell structures with seismic isola-
tion in the substructure is analysed. The rigidity of seismic 
isolation system is designed by using of the natural period 
and the natural period is controlled to be 2.0 (F20), 1.5  

Figure 2: Acceleration spectra of adopted input waves

Figure 3: Maximum of vertical responses

Seismic Response of Single Layer Latticed Cylindrical Shell Structures with Seismic Isolation System
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ing the various phase characteristics and target spectra. 
The input horizontal earthquake waves are based on the 
design acceleration response spectrum of the safety limit 
level given in the Notification 1457 of the design regulation 
from the Ministry of Land Infrastructure and Transport of 
Japan. The soil condition adopted to be the kind II also 
given in the Notification 1457 of the design regulation of 
Japan. The damping ratio, h, in the structure assumed to 
be 0.02. Figure 2 shows the acceleration spectra of artifi-
cial earthquake. The phases of input waves are based on 
El Centro-NS, EW (1940), Taft-NS, EW (1952), Hachinohe-
NS, EW (1968) and Kobe-NS, EW (1995).

3. Results of Dynamic Response Analysis 

Figure 3 shows the results of seismic response analysis. 
The vertical axis is the maximum of vertical response ac-
celeration and the horizontal axis the geometrical moment 
of inertia of roof members. In the case of S02, as stiffness 
of roof member become higher, the maximum value of 
vertical response acceleration decreases as shown in fig-
ure 3 (a). Because the roof structure vibrates as the rigid 
body and the substructure influences the roof structure 
like the seismic isolation structure. Also as stiffness of roof 
member become higher, the maximum value of vertical 
response displacement decreases in all analytical model 
as shown in figure 3 (b). In the case of S02, S05 and S10, 
the decrease ratio of the vertical response is smaller than 
the increase ratio of the axial and bending stiffness of roof 
members. In the case of maximum of vertical response 
acceleration, the isolation system effectively decreases 
the seismic response as shown in figure 3 (b), (c) and (d). 
However, in the case of maximum of vertical response dis-
placement, the amount of decrement of seismic response 
depend on the stiffness of roof members; as stiffness of 

Table 3: Decrease ratio of vertical response accelerations

roof member become higher, the maximum value of ver-
tical response displacement decreases because the vi-
brational mode change to the swaying mode as shown in 
figure 3 (f), (g) and (h). Table 3 shows the decrease ratio 
of vertical response accelerations. The advantageous ef-
fect of horizontal seismic isolation system is observed in 
almost all analytical models. However, in the case of the 
normal seismic isolation system, the effect of isolation sys-
tem is not observed in many analytical models. Also in the 
case of the horizontal seismic isolation system, the large 
horizontal deformation is predicted caused by thrust force 
under sustained loading. Therefore, the angle of seismic 
isolation system is investigated as shown in figure 4. The 
left vertical axis is the decrease ratio of vertical response 
acceleration, the right vertical axis the horizontal deforma-
tion caused under sustained loading, the horizontal axis 
the angle of isolation system, . In the case of =60de-
gree, the horizontal displacement of isolation system is 
decreased by about 50% compared with the horizontal 
isolation by the angle of isolation system, , is changed 
to 30degree. And the maximum of vertical response ac-
celeration is decreased by 24% (F15) or 35% (F10). Also 
in the case of =75degree and =35.6degree, the hori-
zontal displacement of isolation system is decreased to 
0 and the maximum of vertical response acceleration is 
decreased by 32% (F15) or 35% (F10). Figure 6 means 
that both horizontal displacement and maximum of vertical 
response can be decreased to adopt the suitable angle of 
the isolation system.

4. Conclusions 

In this paper, the seismic response behaviour of single 
layer latticed cylindrical shell structure with seismic isola-
tion system was shown. And the effects of angle of seismic 

Seismic Response of Single Layer Latticed Cylindrical Shell Structures with Seismic Isolation System
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isolation system on seismic response were investigated in 
detail. The remarkable effect of seismic isolation system 
was made clear in almost all analytical models. And it was 
proposed that both horizontal displacement and maxi-
mum of vertical response can be decreased to adopt the 
suitable angle of the isolation system. Furthermore, it was 

suggested that the suitable angle of the isola-
tion system,  , is to be between 0 and 90 - 
/2degree.
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Abtract

If the properties of the existing soil cannot fulfill the require-
ments set by the proposed loading conditions, bearing ca-
pacity, lateral stability and earthquake induced liquefaction 
potential, various techniques propose an economical solu-
tion for the ground improvement. Soil improvement meth-
ods should be determined only after development and 
analysis of the complete geotechnical record. This record 
includes groundwater depth, subsoil stratification, soil 
strength and type, consolidation and compaction charac-
teristics, permeability, liquefaction strength, and dynamic 
deformation characteristics. Additional testing for bearing 
capacity or slope stability may also be required for deter-
mination of appropriate remediation techniques. As there 
are many soil improvement techniques and minor varia-
tions often occur in the industry; therefore, it is important 
to work closely with the contractor to fully understand the 
effect or influence of each variation. In this paper, popular 
techniques, Deep Vibro Techniques especially Vibro Stone 
Columns will be explained. Finally the case study having 
done in the north of Iran is described.

Introduction

The ground improvement techniques being used today 
have significantly shortened the timeframe for preparing 
the new land for use and therefore secured the economic 
viability of many projects. The consolidation phase has 
become an essential part of soil improvement and sev-
eral techniques have been developed to stabilize the new 
ground

The main goal of most soil improvement techniques used 
for reducing liquefaction hazards is to avoid large increas-
es in pore water pressure during earthquake shaking. 
This can be achieved by densification of the soil and/or 
improvement of its drainage capacity. Soil improvement is 
also applied to improve the mechanical characteristics of 
impure soft soil.

When building on many sites with poor ground conditions 
the most economical approach to the foundations is to im-
prove the bearing pressure rather than attempt to bypass 
the weaker soils with piled foundations. Ground Improve-
ment systems can typically be 50% of the costs of a pil-

ing scheme but, more importantly, further cost benefits are 
provided by adopting simpler sub structures and in most 
cases the lack of spoil generation.

Vibro Flotation is a collective term for forms of ground im-
provement brought about by inserting a vibrating poker 
into the ground, and includes Vibro Compaction and Vi-
bro Replacement. The latter process is often referred to 
as Vibro Stone Columns. The Vibro Compaction Technique 
compacts granular soils with negligible fines content by 
rearrangement of the soil particles into a denser state.

The Vibro Replacement Technique builds load bearing col-
umns made from gravel or crushed stone in cohesive soils 
and granular soils with high fines content (Figure 1).

For all techniques the Vibro process starts with the pen-
etration of the oscillating vibrator into the ground to the 
required improvement depth. The soil treatment is carried 
out on extraction by either compacting the soil or by build-
ing a stone column or structural element from the bottom 
up.

The deep Vibro Techniques provide a highly versatile ground 
improvement method that can be adjusted to a wide vari-
ety of ground conditions and foundation requirements. Its 
execution is comparatively fast even if large volumes of soil 
are to be improved and subsequent structural works can 
follow quickly. The soil improvement enables the contrac-
tor to utilize standard shallow footings or ground bearing 
slabs which, in turn, leads to additional savings compared 
to suspended floor options. Another advantage is its en-

Fig. 1: Particle size distribution illustrating applicability of Vibro-
Compaction and Vibro-Replacement.
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vironmental friendliness of the deep Vibro Techniques, as 
natural and in situ materials are used and a comparatively 
small quantity of soil is removed in the process.

Vibro Replacement Columns

Cohesive, mixed, and layered soils generally do not densi-
fy easily when subjected to vibration alone. Vibro Replace-
ment extends the range of soil types that can be improved 
with a deep vibratory process. Vibro Replacement is simi-
lar to Vibro Compaction except that rather than sand; a 
gravel backfill is used, with the columns providing both 
a minimal degree of reinforcement to the soil and an ef-
fective means of additional drainage. Vibro Replacement 
is appropriate for soft, cohesive soils, and with saturated 
soils having fines greater than 12%.

The Vibro Replacement method is also used in granular 
soils with high fines contents and in cohesive soils. For 
the construction of Vibro Replacement columns the bot-
tom or top feed processes can be employed to optimize 
the performance of this process and to accommodate the 
specialized equipment, the Vibrocat base unit has been 
developed which guides the vibrator on its leader and al-
lows the exertion of an additional pull- down pressure dur-
ing penetration and compaction.

The Vibro Replacement process consists of alternating 
steps. During the retraction step, gravel runs from the vi-
brator tip into the annular space created and is then com-
pacted and pressed into the surrounding soil during the 
following re-penetration step. In this manner stone columns 
are created from the bottom up, which act as a composite 
with the surrounding soil under load (Figure 2).

The Vibro Replacement process, does not assume any 
compaction in the surrounding soil. The improvement re-
lies on the higher stiffness and higher shear strength of the 
stone column. While the compaction of the surrounding 
soil can be easily verified by surroundings, the improve-
ment effect of the Vibro Replacement can best be checked 
by in situ load tests.

The effectiveness of Vibro Replacement depends to a 
large extent on the soil type, column installation technique, 
relative spacing of columns and column diameter. During 
installation, the uncased Vibroflot penetrates to the desired 
depth, stone is added, and the vibroflot is plunged until 
the desired level of compaction is obtained. Typical col-
umns vary from 30 to 42 inches in diameter, with depths to 
100 feet. Stone columns greatly increase bearing capac-
ity, settlement properties, and shear strength of soft clay 
soils. The critical depth for effectiveness with respect to 
increased bearing capacity is typically four column diam-
eters.

For the foundation design, the improved ground is treated 
as normal subsoil. The allowable bearing pressure that is 
achieved after the improvement is typically in the range of 
150 to 400 kPa. Mixed grained and fine grained soils fre-

quently do not possess a sufficient bearing capacity. For 
fines content in excess of 10% to 15% the soils cannot 
be effectively compacted without the introduction of ad-
ditional material. For these cases the Vibro Replacement 
Technique is a viable option. This technique is also suitable 
for the treatment of coarse fills such as rubble, building 
debris and slag heaps.

Case Study

Case study is about three oil tanks of 150 thousand barrel, 
located in the town of Neka (northern of Iran); will be con-
structed to increase the storage capacity of imported oil.

Based on geotechnical investigation, having done by 
Irankhak consulting engineering company in 2008, be-
cause of high groundwater table and existing sandy soil 
with medium dense (resulting from SPT test), liquefaction 
risk of soil underneath the oil tanks to upper 15 meter depth 
is definite during earthquake. In the other hand, according 
to the mechanical parameters of soil around the case, ob-
tained from the result of in-site and laboratory test, bear-
ing capacity will not be satisfied. So it is needed to solve 
these two problems by improving the soil underneath the 
oil tank. Based on Geotechnical studies and compared the 
cost and the time of the soil improvement methods, the 
correct selected option was Vibro Replacement Columns. 
Because of different methods to execute Vibro Replace-
ment Columns the use of contractors experienced in the 
use of this method lies in the strict recommendations.

Understanding the underground layers, based on field 
studies of a borehole drilled (depth 30 m) from the geo-
technical studies have been done. The soil profile is di-
vided into three layers as follows:

-	 First layer: This layer of the surface to a depth of 4 clas-
sified to poorly sandy soil (SP) with layers of sand with 
silt (SM), from the results of the standard penetration 
test lies in the dense class.

-	 Second layer: This layer depth of 4 to 16.5 m from the 
classified to fine clay and silt (CL, CL-ML) with layers of 
sand with clay and silt (SM ,SC).

-	 The third layer: including the depth of 16.5 m to the 
end of the drilling depth consists of the alluvial sand 
with clay and sand with silt (SM, SC) lies in the medium 
density class.

Fig. 2: Process of Vibro Replacement.

Soil Improvement Using Vibro Replacement Technique

Soil Improvement Using Vibro Replacement Technique
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Groundwater level in the project is located at a depth of 2 
m from the surface. In Figure 3 the execution phases of the 
Drilling and arm vibration in the sand columns are shown. 
During constructing stone columns with Vibro Replace-
ment, 15 to 35 percent of poor soil volume is replaced 
with suitable dense materials. Diameter of stone columns 
is about 70 to 120 cm. The effective radius of this type of 
soil improvement, that is functions of grain size and the 
amount of incoming vibration energy and the fine grained 
percent, is normally about 0.60 to 1.5 meter (from the col-
umn center). Therefore it is necessary to act in a regular 
grid with distances of about 1.5 to 3.5 m in whole.

To select the grain size it is necessary to consider param-
eters such as shear strength, ability of vibration compress-
ibility and capability of proper drainage. Before executing 
Vibro Replacement Columns, to ensure the accuracy of 
the execution and designing method and to determine 
optimum distance between columns, three experimental 
patterns are run.What will change in these patterns is the 
distance of the grid points, which is equal to 1.6, 1.8 and 
2 m that is considered in the triangular form. However, the 
company proposed to eliminate the pattern of 1.6 m (due 
to difficulty of executing columns in the form of triangular at 
intervals of less than 1.8 m) and adding a test pattern 2.2 
meter. Finally it is observed that the distance of 1.6 meter is 
away from the optimal minimum distance and the distance 
of 2 m does not provide the desired density at all depth. 
Thus pattern of 1.8 meter provides better alignment with 
considering operational projects and technical issues.

vulnerable seismic areas. Each technique has its own ad-
vantages and disadvantages in relation to time, cost and 
performance. The best method is always to consider the 
specific needs of a project and contact specialist contrac-
tors to evaluate the needs of the project. 

The conclusions are as following

1. 	 The Deep Vibro Techniques provide a highly adaptable 
ground improvement method that can be adjusted to 
a wide variety of ground conditions and foundation re-
quirements. Its execution is comparatively fast even if 
large volumes of soil are to be improved and subse-
quent structural works can follow quickly.

2. 	 The Vibro Replacement method is used in granular 
soils with high fines contents and in cohesive soils.

3. 	 The Vibro Stone Column technique is one of the most 
widely-used ground improvement processes in the 
world. Historically the system has been used to den-
sify loose granular soils, but over the past 35 years, 
the system has been used increasingly to reinforce soft 
cohesive soils and mixed fills.

4. 	 Vibro Replacement is also appropriate for soft, cohe-
sive soils, and with saturated soils having fines greater 
than 12%.

5. 	 The stone column is possibly the most “natural” foun-
dation system in existence. Stone columns consist en-
tirely of gravel, a substance that is found naturally in the 
subsoil. No additives are mixed into the stone columns. 
They are therefore not only environmentally neutral but 
also more durable than any other foundation system 
that would involve the use of cement or steel.

6. 	 Based on Geotechnical studies in Neka (northern of 
Iran) and compared the cost and the time of the soil 
improvement methods, the correct selected option 
was Vibro Replacement Columns. Because of differ-
ent methods to execute Vibro Replacement Columns 
the use of contractors experienced in the use of this 
method lies in the strict recommendations.
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Technical Characteristics of Friction  
Pendulum Bearings

Victor Zayas

General Description 

Friction PendulumTM bearings are seismic isolators that 
are installed between a structure and its foundation to pro-
tect it from damage due to earthquake shaking. The bear-
ings reduce lateral loads and shaking movements trans-
mitted to the structure. They can protect structures and 
their contents during strong, magnitude 8 earthquakes, 
and can accommodate near fault pulses and deep soil 
sites. 

Friction PendulumTM bearings use the characteristics of 
a pendulum to lengthen the natural period of the isolated 
structure so as to avoid the strongest earthquake forces. 
The period of the bearing is selected simply by choosing 
the radius of curvature of the concave surface. It is inde-
pendent of the mass of the supported structure. Torsion 
motions of the structure are minimized because the center 
of stiffness of the bearings automatically coincides with the 
center of mass of the supported structure.

The bearings offer versatile properties which can satisfy 
the diverse requirements of buildings, bridges and indus-
trial facilities. The bearing’s period, vertical load capac-
ity, damping, displacement capacity, and tension capac-
ity, can all be selected independently. Dynamic periods 
from 1 to 5 seconds, and displacement capacities of up 
to 60 inches can be provided. Dynamic frictions from 3% 
to 20% are available. Effective damping ranges from 10 
to 40%. Individual bearings can support vertical loads up 
to 30 million pounds, and tension load capacities of up 
to 2 million pounds. The Friction PendulumTM bearing’s 
versatile properties permit the seismic isolation design to 
be optimized for best seismic performance and lowest 
construction cost. The reliability of the dynamic and slid-
ing properties of Friction PendulumTM bearings has been 

verified through hundreds of rigorous tests performed at 
internationally renowned earthquake engineering research 
centers [Refs. 1, 4, 6, 7, 9, 15, 16, 17, 18, 27, 28, 29, 30]. 
Test results demonstrate a consistent and reliable bi-lin-
ear response with no degradation under repeated cyclic 
loadings. The specified effective stiffness and damping 
values are accurately delivered for either unscragged or 
scragged bearings, new or aged bearings, and for tem-
peratures ranging from 30 °F to 100 °F. Tests of full-size 
bearings show that they retain their full strength and stabil-
ity throughout their displacement range, with high strength 
factors of safety.

Dynamic Properties 

Friction PendulumTM seismic isolation bearings are based 
on an innovative way of achieving a pendulum motion. 
Geometry and gravity achieve the desired seismic isola-
tion properties. The result is a simple and stable seismic 
response. The isolator period is controlled by the selection 
of the radius of curvature, R, of the concave surface. The 
natural period of vibration of a rigid structure supported 
on Friction PendulumTM bearings is determined from the 
pendulum equation,

where g is the acceleration of gravity. 

When the earthquake forces are below the friction force 
level, a Friction PendulumTM supported structure re-
sponds like a conventionally supported structure, at its 
non-isolated period of vibration. Once the friction force 
level is exceeded, the structure responds at its isolated pe-
riod, with the dynamic response and damping controlled 
by the bearing properties. 

The operation of the bearing is the same whether the con-
cave surface is facing up or down. 

The Friction PendulumTM bearing has the flexibility to 
achieve a wide range of properties. Changing the slid-
ing period from 2 to 3 sec. reduces the base shear and 
increases the displacement. Changing the friction coeffi-
cient from 0.10 to 0.05 further reduces the base shear and 
increases the displacement.Bearing Section

TM
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The semi-spherical design of the articulated slider achieves 
relatively uniform pressures under the articulated slider. 
The relatively uniform pressure distribution reduces slip-
stick motion and prevents high local bearing pressure from 
occurring. The lateral restoring stiffness of the Friction Pen-
dulumTM bearing is, k = W/R

where W is the supported weight and R is the length of 
the radius of curvature of the concave surface. This is the 
stiffness of a simple pendulum. The fact that the period 
of the Friction PendulumTM bearing is independent of the 
mass of the supported structure is an important property 

which has advantages in controlling the response of a 
structure. The desired period can be selected simply by 
choosing the radius of curvature of the concave surface. 
The period does not change for light or heavy structures, 
or if the weight of the structure changes or is different 
than assumed. The damping is controlled by the hyster-
etic dynamic friction which also automatically adjusts for 
uncertainties or changes in structure mass. This ability of 
the bearing to automatically adjust for uncertain or added 
structure mass improves safety. Larger than expected 
bearing displacements, that would otherwise occur with 
larger than expected structure masses, are avoided.

Tension Capacity 

EPS offers a cylindrical version of our Friction Pendulum-
TM bearing, that can carry tension loads. This bearing typi-
cally has two orthogonal cylindrical rails interconnected 
by a housing-slider assembly. The housing slider assem-
bly contains two cylindrical sliders, and the housing unit 
which structurally interconnects the two orthogonal rails. 
When loaded in compression this cylindrical bearing has 
the same pendulum based seismic isolation properties, 
including period stiffness, and friction damping, as the 
spherical bearing. However the cylindrical tension bear-
ing also maintains the pendulum based seismic isolation 
properties while carrying tension loads. The cylindrical ten-
sion bearing allows free multi-directional shear movements 
as with the non-tension spherical bearing. Bearing tension 
capacity provides overall structural connectivity and integ-
rity. The cylindrical bearing is also available with a single 
rail, permitting sliding movements in one direction, while 
restraining against movement in the perpendi direction.

Performance and Quality Assurance Testing 

The performance and properties of Friction PendulumTM 
isolators have been supported by extensive testing at in-
ternationally renowned earthquake engineering research 
centers, including: the National Center for Earthquake En-
gineering Research (NCEER), State University of New York 
at Buffalo (now known as MCEER); and the Earthquake 

Principles of Friction Pendulum Bearing Operation

Tension Bearing

Technical Characteristics of Friction Pendulum Bearings
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Engineering Research Center (EERC), University of Cali-
fornia, Berkeley. The experimental hysteretic loops demon-
strate an ideal bi-linear response of the Friction Pendulum-
TM with no observable degradation under repeated cyclic 
loadings. The test results of full-size bearings for the U.S. 
Court of Appeals building show that Friction PendulumTM 
isolators retain their full strength and stability throughout 
their displacement range [9,17]. Friction damping reduces 
the seismic displacements. The dynamic friction is mea-
sured from tests of full-size isolators. The dynamic friction 
coefficient is calculated by dividing the area of the hyster-
etic loop by the total displacement travel. The break-away 
friction is measured during the first movement of the tests. 
The dynamic friction values from tests of full-size isolators 
were within 20% of the specified value. Break-away fric-
tion is typically equal to, or less than, the dynamic friction 
value. Under no circumstances did the break-away friction 
exceed the specified dynamic friction value by more than 
20%. The behavior and response of Friction PendulumTM 
isolators to a wide range of earthquake loadings and su-
perstructure types have been investigated both experi-
mentally and analytically. Physical properties of the bear-
ings are well established and exhibited a high degree of 
consistency throughout the entire series of test programs.

The performance and design of the Friction PendulumTM 
isolation system for the U.S. Court of Appeals was verified 
with shake table tests of unreinforced masonry structural 
models at the Earthquake Engineering Research Center, in 
August 1992. The isolated models were subjected to over 

200 earthquake tests, including large, magnitude 8 earth-
quakes, without sustaining any damage to the masonry 
panels. The isolation bearings were then locked in place, 
and the non-isolated structural model was tested. After 3 
small magnitude earthquakes, all of the masonry panels 
in the non-isolated structure were severely damaged, and 
testing was stopped. 

Shake table tests carried out at the National Center for 
Earthquake Engineering Research in 1991 investigated the 
response of a 7 story steel framed structure having vari-
ous lateral load resisting systems. Friction PendulumTM 
seismic isolators reduced the structure base shears, story 
shears, and story drifts in this test structure by factors of 
4 to 6. These tests showed that the Friction PendulumTM 
isolators were effective in reducing the earthquake loads 
on multi-story structures having a large overturning aspect 
ratio and with different structural configurations. 

The dynamic analysis models used to predict the behavior 
of the isolated structures have been verified with the re-
sults of shake table tests performed at EERC and NCEER. 
Comparisons of analysis models with test results show 
that the analysis results reliably and accurately predict the 
response of Friction PendulumTM isolated structures.

Torsion Properties 

Their pendulum properties make Friction PendulumTM 

Tension Bearing in Test Machine

Test Results for 3 and 10 Cycles, respectively, at 1.2x Design Dis-
placement

EPS Test Machine

Technical Characteristics of Friction Pendulum Bearings
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bearings particularly effective at minimizing adverse tor-
sion motions which result from accidental mass eccen-
tricities. The bearing’s dynamic stiffness is directly propor-
tional to the supported weight, so that the center of lateral 
stiffness of the bearings always coincides with the center 
of mass. Since the friction force is also proportional to the 
supported weight, the center of the friction forces of the 
bearing group also coincides with the center of mass of 
the structure. Hence, the stiffness and friction forces auto-
matically adjust for accidental mass eccentricities. Shake 
table tests have shown that these torsion properties sig-
nificantly reduce torsion motions and stresses in the struc-
ture, improving structure safety, and reducing bearing dis-
placements at the isolator level [ 7, 15, 16, 17]. Smaller 
isolator displacements reduce seismic gap requirements 
and expenses. 

Bearing Compression Strength 

Friction PendulumTM bearings offer strength and stability 
that exceed those of any other seismic isolation bearing. 
An isolator from the U.S. Court of Appeals project in San 
Francisco, was compression load tested to nine times its 
design vertical load at the design lateral displacement and 
at the centered position. The bearing was then cyclically 
tested under compression and shear, and the results show 
the bearing retained its operational ability for lateral stiff-
ness, damping, and vertical load capacity.

Individual bearings can support service level loads of 30 
million pounds. Moreover, the bearings retain high strength 
factors of safety above the service load capacities. Verti-
cal earthquake motions and seismic overturning moments 
make the bearing’s vertical load factors of safety a criti-
cal life safety consideration. Bearings which resist seismic 
overturning moments experience the maximum vertical 
loads when they are at the maximum lateral displacement. 
While laterally displaced, the bearings must also sustain 
additional vertical loads due to vertical earthquake mo-
tions. Furthermore, the reduced vertical stiffness of the 
bearing, occurring at the design lateral displacement, 
increases the dynamic amplification of vertical motions, 
further increasing bearing loads. The vertical earthquake 
motions can increase bearing vertical loads by factors of 
2 or more and should be accounted for in the design. Dur-
ing the Northridge Earthquake, dynamic amplifications ex-

Bearing in Test Machine

1992 URM Tests: Isolated structure remains undamaged after 58 
earthquakes including magnitude 8 earthquake loadings.

1992 URM Tests: Non-Isolated structure fails after 3 earthquakes of 
magnitudes 5, 6 and 7, respectively.
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ceeding 2 were observed for the vertical seismic motions 
within buildings supported with elastomeric bearings. Ver-
tical bearing loads due to vertical earthquake motions are 
usually not explicitly accounted for in the UBC and ASHTO 
seismic isolation guidelines. To adequately resist vertical 
earthquake motions and other load uncertainties, EPS rec-
ommends the isolation bearings should provide strength 
factors of safety for compression loads of at least 2.0 
at the maximum lateral displacement. UBC and ASHTO 
seismic isolation guidelines and typical seismic isolation 
designs with elastomeric bearings have required a verti-

cal load factor of safety of only 1.0 at the maximum lateral 
displacement. Under combined vertical and lateral earth-
quake motions, a low strength factor of safety can result in 
overturning and collapse of the structure during the design 
seismic event. The most important life safety consideration 
in the design of seismic isolation bearings is vertical load 
stability in the laterally displaced position; at this position, 
isolation bearings perform their intended function and sup-
port their maximum loads.

Compression Stiffness 

The compression stiffness of the Friction PendulumTM 
bearings is typically about 7 to 10 times greater than elas-
tomeric isolation bearings. Most importantly, Friction Pen-
dulumTM bearings retain these vertical stiffness values at 
their design lateral displacement. Typical elastomeric isola-
tion bearings have approximately one half the vertical stiff-
ness at the design displacement as compared to the unde-
formed position. Thus, the vertical stiffness that resists the 
overturning moment loads is about 14 to 20 times greater 
for Friction PendulumTM bearings than that of elastomeric 
bearings. This higher vertical stiffness minimizes loss of 
the structure’s shear wall stiffness due to rocking about the 
base, reduces uplift displacement demand on the bear-
ings, and reduces the need for spreader trusses or walls 
across the base of the building to spread out the overturn-
ing moments. These factors can significantly reduce the 
isolator installation costs. The higher vertical stiffness of 
the Friction PendulumTM also results in a lower vertical pe-
riod, which is less susceptible to dynamic amplification of 
the vertical motion. The vertical period of a typical Friction 
PendulumTM bearing is approximately 0.03 sec. From the 
UBC spectra, the dynamic amplification factor is 1.3. The 
vertical period of the typical elastomeric bearing, at the de-
sign lateral displacement, is approximately 0.1 sec. with 
a dynamic amplification factor of 2.0. The lower dynamic 
amplification factor for the Friction PendulumTM bearing 
reduces vertical bearing loads due to vertical earthquake 
motions, improving vertical load stability and safety as 
compared to the specified elastomeric design.

Unscragged and Scragged Properties 

Scragging is the repeated lateral loading of an isolation 
bearing, to achieve a softening of the bearing stiffness. 
Elastomeric isolation bearings typically recover 70 to 90% 
of the unscragged properties within 3 months to 2 years 
after scragging. EPS recommends that structure shear 
force designs be based on unscragged bearing proper-
ties, which are measured from three or fewer cycles of lat-
eral loading to the design lateral displacement applied to 
a previously untested bearing. Multiple cycles of loading 
at lesser displacements have a progressive scragging ef-
fect and should be avoided when measuring design stiff-
ness and shear values. Basing the structure shear force 
design on stiffness properties measured after significant 
prior loading results in unconservative designs. Averaging 
four or more cycles of loading has a similar unconservative 

1991 Shake Table Tests of 7 Story Frame

1992 Shake Table Tests of Bridge on Flexible Piers
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effect. The first cycle of loading on each new virgin bearing 
tested for the U.S Court and the Revithoussa LNG Tanks, 
was recorded and reported, as were the subsequent load-
ing cycles. The Friction PendulumTM bearings demon-
strated relatively consistent stiffness and damping proper-
ties for either unscragged (virgin) or scragged (previously 
loaded) bearings. The first cycle of lateral loading on the 
virgin bearing resulted in friction coefficients approximately 
1/2 % higher than those obtained from subsequent cycles. 
The first cycle virgin properties did not effect the tangent 
stiffness values. The bearings satisfied the design stiffness 
and damping requirements for the first and subsequent 
loading cycles. Since first cycle unscragged properties 

are stiffer than subsequent cycle properties, they result 
in higher seismic shear forces in the structure above. For 
the U.S. Court of Appeals and Revithoussa LNG Tanks, 
the first cycle properties were used for the structure shear 
force designs. Since the subsequent cycle properties are 
less stiff, the subsequent cycle properties were used to 
check maximum bearing displacement requirements. This 
approach results in a conservative design for both struc-
ture seismic shear forces and bearing displace-ments.

Temperature Effects 

Low temperatures increase the stiffness of isolation bear-

Year Location Description Principal Investi-
gator

Ref. No.

1986 EERC Compression-shear tests of model bearings. Prof. Mahin 16

1986 EERC
Shake table tests of 2-story steel frame structure. Test Structures modeled full-size build-
ings with periods ranging from 0.3 to 3.0 sec. and torsional eccentricities of 0% to 45%

Prof. Mahin
16

1989 EERC
Compression-Shear testing of model low friction bearings at velocities up to 20 inches per 
second.

Prof. Mahin
15

1989 NCEER
Shake table tests of a 6-story steel moment frame (quarter scale model) using bearings 
below a rigid base.

Prof. Constantinou
7,8

1989 NCEER Compression-shear tests of model bearings. Prof. Constantinou 7

1990 EERC
Compression-Shear tests of full-size 2.0 sec. bearings used in the seismic retrofit of a 
4-story apartment building.

Dr. Zayas
13

1990 NCEER Shake table tests of a rigid slab bridge on bearings. Prof. Constantinou

1991 NCEER
Shake table tests on 7-story steel moment and braced frame buildings (quarter scale) 
with bearings below individual columns.

Prof. Constantinou
1,17

1992 EERC
Shake table tests of unreinforced brick/granite masonry panels using full-size 2.5 sec. 
period bearings.

Prof. Mahin
9,17

1992 NCEER
Shake table tests of a highway bridge on flexible piers with the bearings isolating the 
bridge deck from the piers.

Prof. Constantinou
6

1993 EERC
Compression-Shear testing of full-size 2.75 sec. period bearings. Vertical loading 44 to 
1275 kips; sliding velocities from 0.1 to 20 inches per sec.; temperatures from –20°F to 
90°F; simulated aging to 100 years.

Dr. Zayas
3,17

1994 NCEER Shake table tests of computer equipment supported on bearings. Prof. Constantinou 27

1995 NCEER Tests of temperature, longevity and reliability using model bearings. Prof. Constantinou 29

1997 ETEC
HITEC Compression-Shear tests and 10,000 cycle wear tests of full-size bearings for 
Caltrans and the Federal Highway Administration (FHWA).

Armand Onesto
30

1999 EERC Caltrans shake table tests with bi-directional interaction for bridge applications. Prof. Mahin 31

1999
NCREE 
Taiwan

Shake table tests of model bearings for use in power transmission towers. Prof. Shinozuka

2000-
2001

UCSD
Caltrans High Speed Compression-Shear tests of large (13 feet diameter) bearings for 
retrofit of the Benicia-Martinez Bridge.

Prof. Seible

2001
WA State 

Univ.
Shake table tests of a three story structural model with FP bearing and dampers (NSR 
Grant project).

Prof. Symans

2001 UCSD
Caltrans, High Speed Compression-Shear tests of large Cylindrical Uni-directional FP 
bearing for retrofit of West Span of Oakland Bay Bridge.

Prof. Seible
32

2001 UCSD
Government of Turkey, Bolu Viaduct Project, High Speed Compression-Shear Prototype 
tests on large FP bearings.

Prof. Seible
33

2001 UCSD
Tennessee DOT, I-40 Project High Speed Compression-Shear tests of large FP bearings 
with vertical loads of up to 10,000 Kips

Prof. Seible
34

2002 MCEER Shake table tests of cylindrical tension bearings Prof. Constantinou 35

The following table lists chronologically the research test programs on the Friction PendulumTM seismic isolation bearings performed at Univer-
sity and Government sponsored laboratories.

Technical Characteristics of Friction Pendulum Bearings
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ings, and high temperatures reduce the stiffness. This ap-
plies to both elastomeric and sliding bearings. EPS rec-
ommends that the structure shear force design be based 
on the cold temperature bearing properties, as applicable 
to the structure site. Since tests of material samples can 
produce significantly different results for temperature ef-
fects as compared to tests of full size bearings, EPS rec-
ommends that bearing temperature effects be based on 
tests of full size bearings. In order to quantify the effects 
of temperature on the properties of Friction PendulumTM 
isolators, full-size isolators were cooled or heated to the 
target temperatures at the bearing core, then subjected to 
combined compression and shear testing. A full-size bear-
ing was cooled to -70 °F, then tested as the temperature 
gradually rose. Another bearing was heated to 90 °F, then 
tested as the temperature gradually lowered. The aero-
space bearing liner is rated for operation from tempera-
tures ranging from -320°F to +400 °F. The temperature 
tests showed that friction decreases as the temperature 
rises, and increases as the temperature decreases. There 
is no effect of temperature on the bearing dynamic stiff-
ness or period. There is a small effect of temperature on 
the effective stiffness and period due to the friction coef-
ficient change.

Material Longevity and Aging 

The sliding interface components of the Friction Pendu-
lumTM bearing are constructed of materials with demon-
strated longevity and resistance to environmental deterio-
ration and aging [20, 21, 22, 23]. The bearing liner is a high 
strength, self-lubricating composite material that was de-

veloped for use in critical aerospace applications. It meets 
stringent specifications for use in military applications [21]. 
The concave sliding surface is a high grade stainless steel 
with exceptional corrosion and environmental resistance. 
The durability and long-term material reliability of Friction 
PendulumTM bearings result in an expected bearing life 
exceeding 100 years. 

The principal properties that affect the performance of 
seismic isolation bearings are the stiffness, period, and 
damping. For Friction PendulumTM bearings, the stiffness 
and period are controlled by the radius of curvature of the 
concave surface. The radius of curvature does not change 
with time. Aging effects on the dynamic stiffness and pe-
riod of the Friction PendulumTM bearings are, therefore, 
not significant. 

The bearing liner is a high load/low friction composite, 
which provides non-degrading and low friction sliding, 
without the use of liquid lubricants. This composite mate-
rial has been used in the U.S. aerospace industry for over 
35 years for high load/high torque bearing applications. 
The rated static load capacity is 60,000 psi. The rated op-
erating temperature range is -320°F to +400 °F. It provides 
much higher strength and wear durability than the PTFE 
materials used in typical bridge or structural bearings. 

U.S. aerospace applications of this bearing material have 
very demanding performance and quality control require-
ments. They include: wing pivot bearings, landing gear 
bearings, helicopter blade bearings, aircraft engine bear-
ings; and bearings in actuator systems for hydraulics sys-
tems; among others. The load requirements in the U.S. 
military aerospace applications are similar to, or exceed, 
those of the Friction PendulumTM bearings. Furthermore, 
the wear requirements exceed those of the Friction Pendu-
lumTM bearings. 

Comparison of Experimental Results and Analytical Prediction

Compression Load Test at Lateral Displacement of 11 inches

U.S. Military Specifications set no age limit or shelf life limit 
for the use of this bearing material. The bearing material 
components have been identified as chemically stable 
and inert, with no noticeable effect of aging. A ten year old 
sample of the bearing material has been tested and found 
to show no noticeable deterioration due to age. It’s resis-
tance to industrial chemicals is rated as excellent. 

Technical Characteristics of Friction Pendulum Bearings
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The other component of the sliding interface is the main 
stainless steel concave surface. ASTM A240 stainless 
steel, austenetic grade 300 series with a polished finish, is 
used for the concave surface. 

The “Corrosion of Stainless Steels” section of the Metals 
Handbook Ninth Edition, Vol. 13 Corrosion, ASM Interna-
tional, reports results of observed corrosion of AISI 300 se-
ries stainless steels in a marine atmosphere [24]. Stainless 
steel samples were left exposed for 15 years, 250 meters 
from the sea. After 15 years, the Type 316 stainless steel 
exhibited extremely slight rust stains on 15% of the sur-
face. The rust stains were easily cleaned to reveal a bright 
surface, and would have only a minor effect on the surface 
roughness and friction coefficient. For a sealed Friction 
PendulumTM bearing, installed in a building, similar rust 
stains would take more than 50 years to develop. Changes 
in the surface roughness of the concave surface have a 
modest effect on the dynamic friction value, primarily in the 
first cycle of loading. 

To simulate long term aging effects, Friction PendulumTM 
bearings were tested with different surface roughnesses, 
including high mirror polish, low polish, and no polish. The 
tests were correlated to aging based on the ASM exposure 
tests, and stainless steel exposure tests by Taylor Devices 
[20] of stainless steel samples with outdoor and indoor ex-
posure times ranging from 10 to 39 years. The no polish 
specimen included surface contamination from the steel 
mill, and was considered a conservative simulation of the 
worst case 100 year aging effect. 

The effects of the simulated 100 year aging are shown in 
the figure on the following page. The figure shows the fric-
tion coefficients measured in the first cycle of loading. The 
100 year simulated aged bearing demonstrated a 1% in-
crease in the friction coefficient, as compared to the high 
mirror polish bearing. The friction increase was observed 
only for the first cycle of loading. Friction results for subse-
quent cycles were equivalent to the polished bearings. 

The dynamic friction values of full-size bearings have re-
mained within specification when subjected to repeated 
loadings during a single test, or over a series of earth-
quake tests, reaching the design life of the bearings. The 

wear life of Friction PendulumTM bearings exceeds thirty 
design basis earthquake loadings. The friction coefficients 
of bearings subjected to more than fifty cycles of loading 
in a single test, and more than fifty sequential earthquake 
loadings have remained stable and within the design 
specification.

The test results for the Friction PendulumTM compos-
ite bearing liner differ from those for soft PTFE materials 
used in typical structural and bridge bearings. The softer 
materials creep and impregnate themselves into the mate 
plates, causing break-away friction values that exceed the 
dynamic friction values [26]. In contrast, hundreds of tests 
on Friction PendulumTM bearings demonstrate the static 
break away friction coefficient is consistently less than, or 
equal to, the dynamic friction coefficient [1, 7, 15, 16, 18]. 

Moreover, Friction PendulumTM bearings were selected 
for the Revithoussa LNG Tanks over elastomeric bearing 
types, because they demonstrated the ability to satisfy the 
stringent performance requirements set for the effects of 
aging, temperature, and virgin (unscragged) properties. All 
bearings were required to satisfy the seismic performance 
requirements under the combined effects of 35 years 
aging, low temperatures of 10°F, and virgin unscragged 
properties, as well as the combined effects of new bearing 
properties, high temperatures of 86°F, and scragged run-
in properties. Satisfaction of these performance require-
ments were required to be demonstrated by performing 
full-size bearing tests under the specified range of condi-
tions. Elastomeric bearings were tested, but were not able 
to satisfy the performance requirements. Friction Pendu-
lumTM bearings satisfied all performance requirements. 

Fire Resistance 

The Friction PendulumTM bearing offers the innate fire re-
sistance of heavy steel joints. Bearings for bridges typically 
weigh from 2000 to 10,000 lbs, making a concentrated 
mass which heats slowly, and maintains stability at tem-
peratures exceeding 1500°F. The aerospace bearing liner 
can withstand temperatures of 600 °F without damage, 
and maintains operational ability up to 400°F. All materials 
are non-combustible, except for the ethyleyne propylene 
seal which can withstand temperatures up to 350°F. The 
seal is replaceable after a fire if needed.

Effect of Temperature on Dynamic Friction

Effect of Aging

Technical Characteristics of Friction Pendulum Bearings
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The bearings can be fire protected using standard fire pro-
tection methods for structural steel members. The exterior 
may be field sprayed with standard fire proof aggregate. 
Prior to spraying, the bearing’s seismic movement joints 
should be fitted with expansion joint material to allow bear-
ing movements. 

The bearing can also be supplied with pre-encased fire 
board, which can meet the fire rating requirements of an 
individual project. The fire board is fitted to allow bearing 
seismic movements, and is removable and replaceable.

Installation Details and Requirements 

The Friction PendulumTM bearings offer many installation 
benefits compared to elastomeric bearings: 

-	 The bearing does not require upper or lower base 
plates. This saves base plate material costs, handling 
costs, and installation time. 

-	 The FP bearing is vertically stiff, minimizing the verti-
cal deflections of columns that occur during bearing 
installation in retrofit applications. This avoids damage 
to architectural finishes in the upper floors, and reduc-
ing bearing installation time and cost.

-	 In retrofit applications, the FP bearing does not require 
flat jacks. This results in savings in flat jack costs and 
installation time. 

-	 The low profile bearing can be installed in constrained 
locations, saving foundation and structure disruption 
costs and time. 

-	 The FP bearing connection can be welded, offering 
flexibility and cost savings in connection details. 

-	 The tension and side plates of the FP bearing provide 
the necessary temporary lateral force resistance need-
ed during construction, avoiding the cost, time and 
space constraints of installing temporary bracing. 

-	 The bearings can be installed with the concave surface 
facing either up or down. P-Delta moments are avoided 
for the structural members below the isolator, when the 
concave surface is facing down. This reduces the seis-
mic forces transmitted to the foundation. P-Delta mo-
ments are avoided for the structural members above 
the isolator when the concave surface is facing up. This 
reduces the seismic forces transmitted to the upper 
structure. 

The installation benefits of the Friction PendulumTM bear-
ings have saved millions of dollars in project construction 
costs and time.

The compact Friction PendulumTM bearing can accom-
modate constrained and difficult installation conditions. 
This often results in substantial savings in the costs of 
construction installation details. 

The relatively small height of the Friction PendulumTM 
isolator makes it preferable for installation in constrained 
crawl spaces, or at elevator and stair locations. The isola-
tors are vertically rigid, retaining their full height after instal-
lation and loading. This avoids long-term creep concerns. 

The isolators can be installed either with the concave sur-
face facing up or down. The articulated joint allows rela-
tive rotations between the structure above and below the 
isolators, and reduces the isolator moment loads on the 
structure. P-Delta moments are avoided for the structural 
members below the isolator, when the concave surface is 
facing down. P-Delta moments are avoided for the struc-
tural members above the isolator when the concave sur-
face is facing up. The cylindrical retainer ring of the Friction 
PendulumTM provides a redundant support system capa-
ble of supporting the full design vertical and lateral loads. 

Friction PendulumTM isolators need less clear space 
around them to allow for isolator distortions. Only the 
sliding plane of movement needs to be accommodated. 
These installation details offer important advantages at lo-
cations such as exterior or interior walls, elevators, stairs, 
or entry ways. Seismic gap details are simplified because 
the slight rise of the isolators as they laterally deflect lifts 
overlapping plates in seismic gap joints away from expan-
sion gap materials.
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Advanced Models for Condition Survey 
and Inspection Planning of RC  
Structures in Marine Environment

K. Balaji Rao1 and M. B. Anoop2

Abtract

Chloride induced corrosion of reinforcement in reinforced- 
and prestressed- concrete structures is a problem of na-
tional importance since enormous costs involved in the 
inspection and maintenance of these structures. There 
is an urgent need to develop scientific and more rational 
methodologies, leading to optimal inspection scheduling 
and efficient maintenance regimes, and, implement the 
same in management systems. This paper presents some 
of the efforts made at CSIR-SERC.  For the first time, it is 
shown how the Polya Urn model can be used for rational 
decision making regarding the corrosion state estimation 
of RC girders in a bridge stock. It is also shown how this 
model will help in condition assessment (with respect to 
prestress loss) of prestressed concrete girders in a bridge 
stock, using data from monitoring of strains on limited 
number of girders. 

Keywords 

Chloride induced corrosion, Condition assessment, In-
spection scheduling, Polya Urn

Introduction

The performance of constructed facilities created using 
reinforced concrete (RC), has clearly indicated that these 
structures have finite life and the life of similar structures 
exposed to nominally similar environment vary. Due to 
variations in loads incidenting on the structure, resistance 
of structural components and the usage of the structure 
during its service life, the life of a reinforced concrete struc-
ture should at least be considered as a random variable.  
Hence, the best an engineer can view, at the design stage, 
is expected life and the design life of the structure.  While 
the expected life of the structure is the mean life, design life 
can be construed as the desired value (i.e. characteristic 
value) of the life.  

The performance requirements for a service life design has 
been stated in the CEB-FIP Model Code 1990 as: “Con-
crete shall be designed, constructed and operated in such 
a way that, under the expected environmental influences, 
they maintain their safety, serviceability and acceptable 
appearance during an explicit or implicit period of time 

without requiring unforeseen high costs for maintenance 
and repair” (fib, 1999). CEB has decided in 1996 to accept 
a performance-based approach with explicit attention for 
the design life, limit states and reliability. 

In 1996, the three year DuraCrete project, partly funded 
by European Union, has started with partners from own-
ers of structures, design engineers, contractors and binder 
manufactures. The main objectives and targets of the Du-
raCrete projects are

•	 Define a probabilistic framework for developing a de-
sign basis for durability

•	 Establish/propose deterioration models taking into ac-
count the uncertainty of environmental and material pa-
rameters 

•	 Quantify effects of different compliance tests on pre-
dictions of lifetime performance

•	 Suggest a safety format for design for durability which 
complies with safety requirements

In the DuraCrete project, existing degradation models are 
used to formulate a new performance based durability de-
sign code. Using this design code, it will be possible to 
model the future time dependent performance (durability) 
of a concrete structure. The knowledge from this project 
has been used in the service life design of Western Scheldt 
tunnel (Netherlands). This is the first concrete structure that 
has been designed completely on the basis of service life, 
performance and reliability. Other practical applications of 
service life design include the Great Belt Link (Denmark) 
and the Oresund Link Bridge (between Denmark and 
Sweden). Corrosion of reinforcement is identified as the 
main deterioration process for concrete structures in the 
DuraCrete project and the new design methodology aims 
primarily to handle corrosion and the mechanisms leading 
to corrosion.

It is clear from the above that a realistic service life predic-
tion of RC structures with respect to corrosion of reinforce-
ment in concrete should take into account the possible 
damage scenarios and also the random variations in se-
verity of exposure conditions (around the specified envi-
ronmental conditions). When time to corrosion initiation is 
considered as the useful life of the structure, the damage 
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state corresponding to initiation would result in costly re-
medial measures. However, if corrosion propagation is ac-
cepted, depending upon the loss of area of reinforcement, 
the damage state of the structure varies. For example, the 
consequences of loss of area due to corrosion as given by 
CEB are presented in Table 1. Thus, it is now possible to 
integrate the existing limit state design clauses with service 
life design criteria. Also, depending upon the accepted 
level of damage, the allocation of resources (also can be 
viewed as loss) varies.

of inspection/maintenance activities and in realizing sus-
tainable structures. Studies in this direction are being car-
ried out at CSIR-SERC. 

From the above discussion it is clear that maintenance 
must be considered at the design stage for the new struc-
tures, while for existing structures, more rational models 
for condition assessment and inspection planning need 
to be developed. This aspect becomes more important in 
the context of development of sustainable infrastructure 
(Trinius and Sjöström, 2007). This paper aims at present-
ing some of the probabilistic/stochastic prediction models 
developed to estimate the condition of the RC structure 
and thus helping in rational planning of inspections. The 
application of Polya urn model for corrosion state assess-
ment of RC bridge girders is proposed for the first time 
in this paper. The usefulness of this model for condition 
assessment (with respect to prestress loss) of prestressed 
concrete girders in a bridge stock is also illustrated.

Figure 1 presents schematic of the research carried out at 
CSIR-SERC in this area.

Visual  
Indications

Area Ratio

 0.95  0.90  0.75

Colour changes Rust stains Rust stains Rust stains

Cracking
Several longitu-

dinal
Some on stirrups

Extensive Extensive

Spalling Some Extensive
In some cases, steel is 
no more in contact with 

concrete

Table 1. Damage levels of reinforced concrete structural elements 
subjected to corrosion of reinforcement given by CEB  

(Andrade et al., 1990)

While the DuraCrete project aims at establishing a rational 
durability based design procedure, there is also a need for 
evolving rational procedures for condition assessment of 
existing structures using NDT/NDE data and assessment 
of remaining life of the RC structures. It is to be noted that 
the field investigations carried out on the constructed facili-
ties have clearly brought out the need for understanding 
the various degradation mechanisms when the structures 
are exposed to different environments.  Both field investi-
gations (mostly NDT) and laboratory tests have been con-
ducted to understand the degradation processes/mech-
anisms and attempts are also being made to develop 
suitable models which can be used to quantify the same.  

Another important aspect to be considered while assess-
ing safety of existing prestressed concrete bridges is the 
time-dependent prestress losses due to creep-, shrinkage- 
of concrete and relaxation in prestressing steel during the 
service life. The inadequate performances of a number of 
prestressed concrete bridges (Bazant et al., 2008, 2012) 
have brought to the focus the need for reliable estimation 
of prestress losses, which is required to ensure the safety 
and serviceability of these structures during their service 
life. While number of models have been proposed by vari-
ous codal committees/researchers for creep- and shrink-
age- of concrete, most of these models do not takes into 
consideration the random variations in environmental and 
system parameters affecting the creep- and shrinkage- of 
concrete. Due to these variations, the remaining prestress 
in prestressed concrete structural components at any time 
also show variations. Development of methodologies for 
condition assessment of prestressed concrete bridges, 
taking into account these variations implicitly or explicitly, 
is an area of active research world wide. Development of 
such methodologies will help in more rational scheduling 

Fig. 1 Studies at CSIR-SERC on condition assessment

Markov Chain Modelling for Condition Assessment 
of Rc Bridge Girders

A methodology based on Markov Chain (MC) for condition 
assessment of RC bridge girders based on limited data 
obtained during principal inspection has been proposed 
(Balaji Rao and Appa Rao, 1999). The MC model is ap-
plied to determine the corrosion and/or cracking state of 
the bridge girders based on limited set of observations. In 
order to elucidate the formulations related to MC model, 
the example of corrosion state of reinforcement in a bridge 
girder is considered here. However, by properly defining 
state space, the model can be generalised for assess-
ment of condition of girders with reference to other pos-
sible damages also.

The corrosion state of a reinforcing bar (at a given depth 
from top) in a specified bridge girder, exposed to a given 
nominal environmental conditions, is a random variable. 
The corrosion state of the reinforcing bar (at the same 
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specified depth from top) also varies along the length of 
the bridge (i.e. from one girder to the other).  Thus, the 
corrosion state of the reinforcing bar in a bridge has to be 
modelled as a random process. In this study, a MC model 
is developed with the state space as the corrosion state of 
the reinforcing bar in the girder and the index space as the 
girder number along the length of the bridge. In develop-
ing the model, the following assumptions are made: 

The bridge girders are exposed to homogeneous environ-
ment (i.e. the severity of the environment is same for all 
girders, at specified location in the bridge), and the corro-
sion state of bar in any given girder depends only on the 
corrosion state of the bar in girder adjacent to it.  

For the problem considered, the state space contains only 
two values namely, 0 (non-corroded state) and 1 (corroded 
state).  The index space is characterised by the number 
of girders along the length of the bridge {1,2,…,n}. Thus, 
the state of (reinforcement of) adjacent girder depends on 
the state of present girder only and not on states of other 
previous girders. The stochastic evolution of the states of 
system is completely described by Transition Probability 
Matrix (TPM), which is a 2x2 matrix for the present prob-
lem.  

Application

A typical field visual observation of a sequence of 10 
adjacent girders of a bridge is given in Table 2. A MC is 
constructed for modelling the occurrence of girders with 
corroded reinforcement. The transition probability matrix 
(TPM) governing the stochastic evolution of the process 
is constructed based on the sampling observations given 
Table 2.  Using the MC model, the following cases are 
studied:

Case 1. The percentage of girders in the whole bridge 
that would have corroded reinforcement: Using the TPM 
constructed, the percentage of girders with corroded rein-
forcement = 22 percent. In arriving at this probability, the 
one step dependence of the state of the reinforcement has 
been considered. However, if this dependence is not con-
sidered, the probability of finding a girder with a corroded 
reinforcement = 2/10 = 0.20. Hence, above type of formu-
lation is more rational.

Case 2. The average number of girders to be inspected 
before a distressed girder (i.e., a girder with corroded rein-
forcement and/or having a visible crack) is observed, if the 
first girder inspected is free of corrosion and visible cracks: 
The average number of girders to be inspected before a 
distressed girder is observed is determined as 2.5. The 
result indicates that, on the average about 3 adjacent gird-
ers have to be inspected from the present girder, which is 
not distressed, to come across a distressed girder. This 
type of inference will be useful in conducting detailed in-
spection of bridge girders based on limited observations 
obtained during principal inspection.

Case 3. The average number of girders to be inspected 
before a girder with a corroded reinforcement and with no 
visible cracking is encountered, if the first girder inspected 
is free of corrosion and visible crack: It is found that start-
ing from the first girder, on the average 7 more adjacent 
girders have to be inspected to encounter a girder with 
corroded reinforcement and not containing any visible 
cracks. This type of analysis helps in planning of inspec-
tions during principal inspection. Also, the results give an 
idea about relative damage/distress distribution among 
girders of bridge.

Girder number Corrosion state Presence of visible cracks

1 No No

2 No No

3 Yes No

4 Yes Yes

5 No Yes

6 No No

7 No No

8 No No

9 No Yes

10 No Yes

Table 2 Typical field visual observations of a RC bridge girder  
(Balaji Rao and Appa Rao, 1999)

Polya URN Model for Corrosion Assessment of RC 
Bridge Girders

One of the important factors that need to be considered 
while evolving models for carrying out condition assess-
ment of overall structural component/structure, using lim-
ited data from of field investigations, is the large deviations 
that can be expected in the predictions made. The model 
to be used should identify explicitly the value of quantity 
of information of a given type. Keeping these in view, the 
Polya urn model is selected. 

Polya urn model is a type of birth process. In a Polya urn 
model, there are two types of balls: black and white ones. 
In a basic step, one ball is selected randomly from the urn, 
which is then returned to the urn together with an additional 
ball of the same color. As noted by Antal et al. (2010), since 
the balls can represent anything from atoms to biological 
organisms to humans, urn models are widely used in the 
physical, life, and social sciences.  

A methodology for corrosion state assessment of RC 
bridge girders based on limited data obtained from princi-
pal inspection is presented here. 

Let n be the number of girders examined during the princi-
pal inspection. Let B represent the number of girders with 
no corrosion and W represent the number of girders with 
corrosion. Then n = B + W, and the initial configuration on 
the Polya urn is (B, W). Suppose N is the number of gird-
ers in the entire bridge stock (N ≥ n). It is assumed that 
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the girders in the bridge stock considered are exposed to 
nominally similar environment (can be characterised us-
ing the Environmental Aggressiveness Factor (Anoop et al. 
(2002)). The objective is to make predictions regarding the 
corrosion state of the girders in the bridge stock using the 
limited inspection data. This can be achieved using the 
Polya urn model. For instance, suppose one is interested 
in determining the probability that exactly 50% of the gird-
ers in the entire bridge stock have corroded reinforcement. 
This can be determined using the first passage probability 
relation proposed by Antal et al. (2010) as:

	                  (1)
Where

                             	    (2)

Figures 2 and 3 show the typical sample paths correspond-
ing to two different quantities of initial field information; the 
first configuration is (9,1) and the second is (90,10). It may 
be noted that in both the cases, the relative frequency of 
the number of corroded girders are equal (i.e., 10%), while 
the number of girders inspected are different (10 and 100, 
respectively). Suppose there are 1000 bridge girders in the 
bridge stock (i.e., N = 1000). The probabilities that exactly 
50% of the girders in the entire bridge stock are corroded 
for the both cases are obtained, using Eq. 1, as 2.81x10-7 
and 3.93x10-20, respectively. Such inferences will be use-
ful in making decisions regarding the detailed inspection 
and allocation of funds for inspection/repair.

A Polya urn model is proposed for condition assessment 
(with respect to prestress loss) of prestressed concrete 
bridge girders in a bridge stock, using data from monitor-
ing of strains in limited number of girders. Let ‘n’ be the 
number of girders examined/monitored for strains, ‘B’ be 
the number of girders with prestress losses less than the 
admissible prestress loss at time ‘t’, and, ‘W’ be the num-
ber of girders with prestress losses more than the admis-
sible prestress loss at time ‘t’. Then n = B+W, and the 
initial configuration of the Polya urn is (B, W).

It is assumed that the girders in the bridge stock consid-
ered are exposed to nominally similar environment, and 
the number of girders in the entire bridge stock, ‘N’ is much 
greater than the number of girders examined (n). The ob-
jective is to make predictions regarding the condition of 
the girders in the bridge stock using the limited data. This 
can be achieved using the Polya urn model.

In this study, three initial configurations have been consid-
ered: namely (4,1), (11,4) and (14,6), to illustrate the ef-
fect of amount of information available on the condition 
assessment. Figure 4 shows the typical sample paths for 
three different initial configurations, each corresponding to 
different numbers of bridge girders examined/monitored 
for strains. Assume that there are 1000 nominally similar 
prestressed concrete girders in the bridge stock (N = 
1000), and ‘n’ number of them are continuously monitored 
for strains. The expected prestress losses at any time ‘t’ 
is determined using ACI procedure along with B3 model 
for creep and shrinkage and ACI model for relaxation. The 
expected prestress losses estimated at the design stage 
are considered as the allowable losses, since these losses 
are considered in deciding the initial prestress. The prob-
ability that exactly 50% of the girders in the entire bridge 
stock would have prestress losses more than the expected 
prestress losses at any time ‘t’  is determined using the first 
passage probability relation (Eq. 1). These probabilities for 
the three initial configurations considered are shown in Fig. 
5. Estimation of these probabilities will be useful for inspec-
tion scheduling by comparing with the value of acceptable 

Fig. 2 Typical sample paths for the configuration (9,1)

While the MC model addresses the problem of condition 
assessment when inspection data from adjacent girders 
are available, the Polya urn model addresses the same 
when the inspection data is from randomly selected gird-
ers exposed to nominally similar environment. 

Example: Polya Urn Model for Condition Assessment of 
Prestressed Concrete Bridge Girders

Fig. 3 Typical sample paths for the configuration (90,10)
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probability (which needs to be decided by the codal com-
mittees/decision making authorities). The proposed model 
takes into consideration the value of information available, 
and hence helps in informed inspection scheduling.

Corrosion Initiation In Reinforced Concrete Bridge 
Girders Using Bayesian Technique

Development of reliability-based service life models require 
that the models can incorporate the information generated 
during in-service inspection; that is, the models/model pa-
rameters can be updated based on in-service inspection 
data. Use of Bayesian methods for incorporation of infor-
mation obtained during in-service inspection in condition 
assessment and thus in realistic service life estimation of 
existing structures is well established (viz., Mori and Elling-
wood 1994a, b). However, in most of the above investiga-
tions, conjugate distributions are used in decision making. 
While the use conjugate distribution helps in making the 
problem more mathematically tractable, it may not be pos-
sible to include the greater degree of engineering judg-
ment in decision making regarding expected service life. 

A methodology for the assessment of time of corrosion ini-
tiation in reinforced concrete bridge girders using Bayesian 
techniques is proposed (Balaji Rao et al., 2003). The meth-
odology will be useful for realistic service life assessment 

based on data from field inspection. Attempt has been 
made to show how engineering judgment can be used in 
formulating the likelihood function used in Bayesian deci-
sion making. The form of likelihood function is generally 
not known. Determination of the form requires engineering 
and statistical judgment or background. The form of likeli-
hood function should be so chosen that it will in-crease the 
likelihood of observations made based on data obtained 
from field investigations. Likelihood functions were formu-
lated for two different cases, which will arise in practice: i) 
in more number of cases the chloride concentration ob-
tained from field investigation is less than the mean chlo-
ride concentration estimated earlier by the designer, and, 
ii) in more number of cases the chloride concentration 
obtained from field investigation is more than the mean 
chloride concentration estimated earlier by the designer. 
Effectiveness of the proposed methodology was demon-
strated by applying it to the chloride concentration data 
obtained from field investigations on Gimsøystraumen 
Bridge, Norway (Fluge, 2001). From the measured chloride 
profiles at the end of 11 years, surface chloride concentra-
tion and diffusion coefficient values for 236 locations were 
determined and were reported in Fluge (2001). It is noted 
that out of the 236 observations, in 163 cases, the chlo-
ride concentration at the level of reinforcement determined 
based on field investigations exceeds the mean predicted 
by the designer, i.e., in more number of cases, the chloride 
concentration from field investigations is more than the 
mean chloride concentration estimated by the designer 
(case ii). From the three values of probability of corrosion 
initiation obtained, namely, 0.805 (based on the prediction 
at the design stage), 0.912 (based on the point estimate 
–computed using relative frequency approach- from infor-
mation obtained from field investigations), 0.960 (based 
on updated chloride concentration using the proposed 
methodology), it is noted that the value obtained using the 
proposed methodology corroborates with the engineer-
ing decision taken to repair the bridge girder at the end of 
11 years (Fluge, 2001). This also suggests that the forms 
of the prior distribution and the likelihood function used 
in this investigation are appropriate. Thus, the prediction 
made using the Bayes techniques is more realistic, and 

Fig. 4 Typical sample paths for three different initial configurations for the prestressed concrete bridge stock

Fig. 5 Probability of exactly 50% of the girders in the bridge stock having prestress losses more 
than expected prestresses losses (estimated at the design stage using B3 model)
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the use of proposed methodology helps in making better 
decisions (Fig. 6).

virtual resistance ratio is bounded between zero and one, 
a truncated distribution is used for representing the varia-
tions in this quantity. The reliabilities of a 6m span simply 
supported beam subjected to chloride-induced corrosion 
of reinforcement was determined using the proposed 
methodology. The beam has been designed according to 
IS 456-2000 for moderate exposure conditions. However, 
in practice the beam was found to be exposed to severe 
exposure conditions. The reliabilities of the beam against 
different damage levels (see Balaji Rao et al. (2002) for 
definitions of damage levels) at different time intervals are 
computed. The reliabilities of the beam against damage 
state 3 (corresponding to 25% loss in area) are shown in 
Fig. 8. The methodology is general and can be used to 
estimate the reliability against any specified damage level. 
Knowing the required reliability levels against specified 
damage, it is possible to select the optimal time and de-
gree of repair.

Modeling The Resistance Degradation of Reinforced 
Concrete Structures Due to Corrosion - A Fuzzy 
Methodology

CSIR-SERC, Madras, proposed a methodology for assess-
ing the service life of reinforced concrete flexural members 
subjected to the chloride induced corrosion of reinforce-
ment (Anoop et al., 2003). In practice, linguistic terms are 
used for characterising the exposure condition and quality 
of construction, and hence uncertainties arise. In the pro-
posed methodology, these uncertainties are taken into ac-
count by considering the time to corrosion initiation, corro-
sion current and factor for including the effect of localized 
chloride-induced corrosion as fuzzy variables. 

The efficacy of the proposed methodology is demonstrated 
through a practical case study by comparing the predicted 
times for different levels of damage due to corrosion of re-
inforcement (Table 1) to those reported for a severely dis-
tressed beam of the Rocky Point Viaduct. The time taken 
for the different levels of reduction in area ratio and the 
possible damages at these ages for the case study con-

Fig. 6 Probability of corrosion initiation at the end of 11 years for the Gimsøys-
traumen bridge girder

Maintenance Scheduling for Corrosion-Affected Re-
inforced Concrete Structural Elements

The design of structure should take into account the pos-
sible degradation that may occur during its service life, 
thus facilitating the scheduling of maintenance activities 
(which can be optimised) and avoiding costly repairs/re-
placements. A methodology for maintenance scheduling, 
based on estimation of the reliability of corrosion affected 
reinforced concrete structural members taking into consid-
eration the time and degree of repairs, is proposed (Balaji 
Rao et al., 2002). The methodology uses the concepts of 
virtual aging, failure rate and time-variant reliability analy-
sis. Due to the repair, a part of the degraded resistance 
of the member is restored. The amount of restoration of 
resistance depends upon the degree of repair, z, defined 
as the ratio of restored resistance to the degraded resis-
tance. The concept of virtual resistance ratio is used to 
take into account the effect of repair on the resistance of 
the member (see Fig. 7). The virtual resistance ratio at any 
time is considered as a random variable to take into ac-
count the stochasticity in the material properties, cross 
sectional dimensions and level of degradation. Since the 

Fig. 7 Renewal process with perfect/imperfect repair Fig. 8 Reliabilities for the beam against damage state 3 
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Area Ratio Possible/expected damage (based on 
CEB proposal) [Andrade et al (1990)]

Observed time for the dam-
age/ distress (years)*

Predicted time using the proposed methodology

Range (years) Minimum time (years)

0.95
Rust stains; Several longitudinal cracking, 

some cracking on stirrups; Spalling - some
 13 10.3 – 25.0 10.3

0.90 Rust stains; Extensive cracking and spalling  14 11.7 – 28.1 11.7

Note: * - obtained from inspection and maintenance records (Covino et al., 1999, Cramer et al., 2000)
Table 3. Time for different levels of damage for the beam considered in case study

sidered is given in Table 3. It is noted from Table 3 that the 
predicted times are in agreement with the observed time 
(obtained from inspection and maintenance records) for 
different damage levels. This shows the efficacy of the pro-
posed methodology. The assessment of service life will be 
useful for decision making while designing the member.

Summary

Some of the probabilistic/stochastic prediction models 
developed at CSIR-SERC for condition estimation/assess-
ment of the RC structures located in marine environment 
are presented in this paper. Application of these models 
will help in more rational planning of inspections/inspec-
tion scheduling for new- as well as existing- structures and 
hence improving sustainability.  It is also shown for the first 
time how the Polya Urn model can be used for condition 
assessment, with respect to prestress loss, and inspec-
tion scheduling of prestressed concrete girders in a bridge 
stock. The proposed models can be used in expert sys-
tems for more rational management of structures.
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