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Friction Dampers: Suitable for Wide Range of
Seismic Retrofit of Existing Structures

Ebrahimian, H., and Tabeshpour, M. R.
Sharif University of Technology, Tehran, Iran

Abstract
In recent year numerous different dissipative systems have been proposed and some

structures have been built or retrofitted with such devices. Most devices dissipate energy
through hysteresis, friction or viscous damping. In all cases their behavior is highly non-
linear. This paper deals with the use of friction damper as a passive dissipative device in
order to seismic retrofit of existing structures design criteria and seismic analysis of a
building. As an example a 3-story building is designed and retrofitted using friction
damper. The structure is modeled using the finite element program Sap2000 and is
analyzed using both non-linear static pushover analysis and non-linear time history
analysis.

Key Words: Friction Damper, Retrofit, Existing Structure.

Introduction
Passive control systems have been successfully used for reducing the dynamic

response of structures subjected to earthquakes or strong wind gusts. Friction dampers
have often been employed as a component of these systems because they present high
energy-dissipation potential at relatively low cost and are easy to install and maintain. In
this research, a novel friction damper device (FDD), Mualla and Belev [1], which is
economical, can be easily manufactured and quickly installed, is presented. It makes use
of material that provides very stable performance over many cycles, resists adhesive wear
well and does not damage the steel plate surfaces, thus allowing multiple use. This
passive control device is designed to dissipate seismic input energy and protect buildings
from structural and non-structural damage during moderate and severe earthquakes. The
effectiveness of the damping system employing such FDDs in 3-story frame is evaluated
numerically. Also, a new method for quick design of friction/yielding damping devices is
proposed. Then a simplified method for construction of trilinear and bilinrear pushover
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capacity curves is introduced, in which only the pushover curve of the frame exclusive of
damping device is must be determined. So, it make easy for practicing engineers to
construct the capacity curve of the building inclusive of damping device and evaluate the
performance point of the building by using nonlinear static analysis methods in FEMA
356 [2], or FEMA 440 [3], and also the works of Chopra et. al [4,5 and 6].

The damper main parts are the central (vertical) plate, two side (horizontal) plates and
two circular friction pad discs placed in between the steel plates as shown in Fig. 1. The
central plate has length h, and is attached to the girder mid-span in a frame structure by a
hinge. The hinge connection is meant to increase the amount of relative rotation between
the central and side plates, which in turn enhances the energy dissipation in the system.
The ends of the two side plates are connected to the members of inverted V-brace at a
distance r from the FDD centre. The bracing makes use of pretensioned bars in order to
avoid compression stresses and subsequent buckling. The bracing bars are pin-connected
at both ends to the damper and to the column bases. The combination of two side plates
and one central plate increases the frictional surface area and provides symmetry needed
for obtaining plane action of the device.

Engineering Characteristics of the New Type of Friction Device
From among the various supplemental damping devices that are presently available,

yielding and friction devices are unique characteristics as follow:

. They are generally force limited
. They are highly nonlinear
. Their Response behaviour is not velocity dependent

The damping system is investigated in a one-storey frame as shown in Fig. 2.

Hinge Steel Plate

Steel Plate T’ g Bolt

e \
Hard Steel ——» -
Washer e )
> . -

Nut -

&
// Friction Pad

8 . Material
Disk Springs ' A f
Fig. 1: Components of Friction Damping Device Fig. 2: Frame Upgraded with Friction Damping System

Important information about the behavior of the upgraded frame is obtained by loading
the frame with a slowly increasing horizontal load F, in point A. Using a geometric
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linear structural theory, the antimetrical load F, gives an antimetrical displacement u, of
point A, i.e. a horizontal displacement. The frictional moment M limits the moment M in
the frictional hinge C. Giving a necessary cross-sectional area with factor of safety about
2 of the bar as:
M
—- f
Aps——— (D)

o,h, cosv

, 1s the yield stress of the bar material. The hinges should not be the weak

where o
point in the damping system and especially not the frictional hinge.

The two phases of damper deformation are described below.

1. Sticking Phase:
The sliding (yield) displacement of the damping device will be obtained from the

following formula:
- Fyl _ M, ()
yd — 2 2
2FEA,cos”v  2h,EA, cos” v

2. Sliding Phase:
It can be shown that:

oF 1—[1—;’ ]isinzv
. b 3
sinv nF, ( )
2+

I EA,

K, =

sinv

Comparing this expression for the stiffness K,q with the sticking phase expression
shows that the stiffness in sliding phase typically is much smaller than in the sticking
phase.

This type of friction damper which has a hysteretic behavior like yielding dampers is
defined by a slip load, F,, and an elastic stiffness, Kyq, and a ductility ratio p, =D, /D, .

Neglecting the small horizontal stiffness of the damping system in the sliding phase, the
energy dissipation per cycle in the frictional hinge can be written as:
E,=K,,D;=025K,,D;, 4)
Because K4 is independent of My, the above equations allow introduction of an energy
dissipation optimized equation of the following form:

M.l
Dvd:lDu:—fz (%)
2 2h,EA4, cos” v
Therefore, we have:
M.l
4, ’ (0)

- h,ED, cos® v
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The energy dissipation optimized area design defined by the above equation may
correspond to bars of insufficient strength. If this is the case, the bar cross sectional area
Ay has to be increased to a sufficient value as indicated before. This increase in brace
area has nearly no influence on Fy, but decreasesp ,, 1.e. Ep is increased but of course not

as much as for an energy dissipation optimized design.

Relationship Between Friction Device Design Parameters and Damping Level
The equivalent viscous damping derived here is for a single SDOF oscillator that

includes both the basic structural framing system and the supplemental damping system.
The two systems act in parallel and can be described as a dual system. The basis
structural frame has stiffness Ks and remains elastic. The force versus displacement
characteristics of the various supplemental damping devices that are presently available
differ but an approximation of all of them, particularly for yielding and friction devices,
is to model them as elastic perfectly plastic system. Note that for mathematical
convenience, the initial elastic stiffness of the energy dissipater is described as srRxk, and
that the slip load of the energy dissipater described as a fraction of the force in the frame,
FRx P, at a given response displacement. The damper properties in terms of the structure
properties are defined as follows:

SR = Ilibd = the ratio of damper stiffness to total structure stiffness (7)

s

FR = ?’ = the ratio of damper yield force to total structure force (8)

s

These definitions can be used to calculate equivalent viscous damping using the
formula

ED
By = InE, 9)

Where,

Ber = Hysteretic Damping Represent as Equivalent Viscous Damping

Ep = Energy Dissipated by Damper

Eg = Maximum Strain Energy

It can be followed that the energy dissipated per cycle is:

E,=4xFRxF,(D,-D,,) (10)

E, =4xFRxF—S(1—ﬂj (11)
K SR

s
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It follows that the maximum strain energy in the dual system is:

1 F}? FR?
Eg =Eg +E,, =E<FhDyd +F,D,)= - (1+ - J (12)

The equivalent viscous damping is obtained by:
E, 2 FRx(SR-FR)

B = 4 = — 2
nE; 1 (SR+FR?)

FR

—<1 13
R (13)

This formulation facilitates estimating the equivalent viscous damping in a structure
based on the various structure and damper parameters that have been described. It is well
suited for making a first order estimate of the required damper properties for design.

Because of the nonlinearity inherent in friction devices, it is necessary to perform a
nonlinear analysis to verify that the desired response performance of both the structure
and device are realized. The relation for B can be used to generate a family of curves as a
function of FR and SR as shown in Figure3. This figure shows some general trends: The
higher the stiffness of the damper relative to the structure, SR, the higher the damping.
Practically, it is difficult to achieve values of SR much greater than 1 and so damping of
the order of 10% to 15% is a realistic target. For a realistic value of the stiffness ratio,
SR, there is an optimum value of the brace strength to the elastic structure force. This
increases causes increasing in stiffness. For systems with high value of SR ratio, like
friction damper systems, the equivalent viscous damping is obtained by:

E 2FRX(1_§11§j > FR
p == == FR, §<1 (14-1)

:4TCES o FR? T
1+
SR

FR = 1;” = the ratio of damper yield force to structure yield force (14-2)

y
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Fig. 3: Equivalent Viscous Damping for Dual System

It can be followed that the energy dissipated per cycle is:

F? F?
ED=4><FR><Ky (p,f—%j+4><Ky (p,f—l) (15)

s s

The equivalent viscous damping is obtained by:
_E, 2 FR{, xSR—FR)+SRx(u, -1) FR .
4nE; = (SR + FR*) ’ SR

B (16)

Required Steps for Initial Design of Friction Devices
The steps for quick estimation of damper properties (slip load and brace section) are

described below:

Step 1) Choose desired equivalent additional damping level to be supplied by
dissipators, Besr say 15-20%.

Step 2)  Calculate the corresponding Spectral Reduction due to damping using the
following methods. Equivalent linearization procedures applied in practice normally
require the use of spectral reduction factors to adjust an initial response spectrum to the
appropriate level of effective damping, Bes. These factors are a function of the effective
damping and are termed damping coefficients, B(B.sr). They are used to adjust spectral
acceleration ordinates as follows:

S AT,5%
Sa(TaBeli'): a(—TBS ) (17)
Asy,

Berr
ATC 40 proposed the value of Newmark and' Hall for constant acceleration and
velocity regions of median design spectrum as:

A

| =3.21-0.681np,; (in%) = By = == (19)

aBeg
a.Pyy
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= 231-041Inp,, (in%) = B, =~ (20)

V:Bef

A

VBef

Note that if the ATC-40 equations are used, then the limits on the reduction should not
be applied.

NEHRP 2000 proposed the value of Newmark and Hall for constant velocity regions
of median design spectrum as:

, 1.65
Ayg, =231-041InB,, (in%) = B, = (21)

v,

vBey

FEMA 356 proposed Table 1-6. FEMA utilizes two factors, one for the constant
acceleration region of the response spectrum (Bs) and the other for the constant velocity
region of the spectrum (B,). The value for constant average acceleration region of the
spectrum (low periods) are higher than those valid in the constant velocity region. This
contradicts the fact that there is little or no reduction of displacement with increasing
damping in very stiff structures. It also leads to the erroneous impression that damping
systems are most effective when used on stiff structures.

When the damping ratio exceeds 50% of critical, the effect of damping in reducing
displacements is ignored leading to very conservative estimates in highly damped
buildings.

FEMA 440 proposed the following value with no limits:

4

52550 —InB,, (in%) (22)

This simple expression is very close to equations specified in both the NEHRP
Recommended Provisions for Seismic Regulations for New Buildings and Other
Structures and the ATC-40 document.

Step 3) The effect of period shifting must be considered. Equivalent linearization
procedures applied in practice normally require the use of period shift effect with spectral
reduction factors to adjust the equivalent linear system as shown schematically in Fig 4.
Therefore we have:

Sulluta) _STr8) S.(T45) 23)

Sa(Te’éo) Sa(Ted’éo) Su(Teﬂio)
Where, T, = Elastic period of the system without damping devices

Teq = Equivalent Elastic period of the damped system
& = 5% damping ratio = f3,
E_;eq = Beff

In step 2, the ratio s,(7.¢,,)/s,(7.€,) has been determined for all range of periods, so the

first term on the right hand side of the above equation is determined. The second term can
be interpreted by using the basic idea of Newmark-Hall pseudo acceleration design
spectrum as:
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M[T_J (24)

Where p is equal to,,

<1 Transition from Solid to Flexible System
=0 Constant Acceleration Region

< =-1 Constant Velocity Region

=-2 Constant Displacement Region
\ <2 Transition to Extremely Soft System
S.4

5% Damped Response Spectrum

Damped Spectrum

fed ‘Te

b
T

Fig 4: Period Shifting Effect in Spectral Reduction

From the above equation, it can be obtained that the value of index p is larger when the
system period is larger and vice versa. Since the equivalent period T4 is always longer
than the initial period T, the shorter the period, the more significant the increase in
spectral acceleration.

A structure without damping would be designed for a code prescribed lateral load

equal to:
v, W (25)

n

For the same structure with equivalent viscous damping system, the actual yield

strength will be:
VW 26)

From step 2 and step 3, it can be concluded that:

Sa(Ted’éeq)_ V_vd _ 1 Ted !
Sa(Te’E.AO) - Vy _EX(T (27)

e
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The damped system elastic period Ted is related to the undamped system (5%
damping) on the basis of the following equation:

% % n !
)
T, 1, h, Z4 Vyd

Where 7, and 1, are respectively the moment of inertia of the beam and columns of

the undamped and damped structures and h and z are section height and section plastic
modulus of both structures. » can be taken about 0.45 to 0.65 for wide flange sections
and 0.75 for rectangular and 0.66 for square sections. A value of about 0.5 seems to be
appropriate.

So, we have:

Y 1 [ )

v, B [Vde (29)
For constant acceleration region with p=0, we have:

Sa(Ted’E.!eq) Vyd _ 1 (30)

s, (1,.,&,) VvV, B

And for constant velocity region with p=-1, we have:
Sa(Ted7é;eq) &_ 1 (31)

Su(Te’(t?O) Vy _F

So, we can conclude that:

1
S.Tu8) Vu |5 ToTu<h (32)

Sa(Te’E-’O) - V,V - L T..T. >T
B’ ’

e>ted

It must be noted that for an equivalent damping level of about 15% to 20%, the
spectral reduction will be about 66% to 72%.in constant acceleration region and about
42% to 52%.1n constant velocity region Therefore, as an approximation, the base shear
will be reduced from 0.72Vb to 0.65VDb in constant acceleration region and from 0.52Vb
to 0.42Vb in constant velocity region by using appropriate damper devices. It must be
noted that according to NEHRP 2000, the minimum allowable base shear for design of
seismic force resisting system is:

min

%
Vi = 2 0.7V (33)

The limit 0.75V typically dictates the minimum strength of a building with about 15%
damping. From the previous study, it can be obtained that this level of base shear
reduction is very conservative. When the design of the seismic force resisting system is
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based on plastic analysis behavior, the required base shear strength is needed. So, we

have:

C

V) =Veia0 (34)

min

The ratio C,/R is used because of inconsistency in the values of ¢, and R. It is

important to note that for special moment resisting frame buildings with ¢,=5.5 and R=8,

we have: 0.75 x %5 =0.52.

Step4) Calculate corresponding spectral reduction factors using Step 2 and 3.
Hence determine equivalent static loads to be applied to structure. Apply these loads to
the dual system consisting of frame and braces of damping device. (The stiffness of the
damping system is considered here.)

The example special moment resisting frame in section 6, which meets the design
criteria of NEHRP 2000, is designed for 0.75 design base shear. The frame exclusive of
damping system does not meet the drift criteria and damping system must be added to
meet the drift criteria. The pushover curve of the frame without damping device designed
for 0.75V is shown in the next section. As indicated, the base shear strength ratio of the
frame without damping device designed for 0.75V to the base frame is about 0.5. From
the story shear strength of the frame and using Fig.3, the preliminary design of the
friction devices consisting of slip load in each story and brace stiffness can be obtained. It
must be noted that the brace stiffness can be determined after selecting an appropriate
damping device.

A fast and reliable design methodology is presented in the above steps. After the
preliminary design of frame with damping devices, the simplified pushover analysis is
needed for verification of the design results. A summary of these steps are:

= Choose B about 15-20%

= Calculate spectral reduction due to damping

» The effect of period shifting must be considered.

* Design the frame exclusive of damping devices

=  Evaluate friction damper slip load for each story

= Choose an appropriate damping device (Friction Damper)

= Evaluate damper stiffness for each story considering that Braces must remain
elastic with no Buckling and Dissipated energy in devices to be maximum
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Initial Design of Friction Devices for example Frame
Frames with damping systems may be designed in accordance with NEHRP 2000 for a

seismic base shear strength not less than 0.75Vy i, where Vy i, 1s the seismic base shear
strength of the frame without a damping system according to the NEHRP 2000 code. The
3 story SMREF has the period of 1.6151 sec and a seismic base shear of 76.94 kips. The
frame exclusive of damping system does not meet the drift criteria. So, damping system
must be added to meet the drift criteria.

Fig. 5 shows the pushover curve of the frame (base shear vs. top displacement) and
also the pushover curve of each story (story shear vs. story drifts) of the frame with their
idealized bilinear pushover curves from which the base shear strength and story shear
strength can be obtained. The pushover curves of the frame are constructed using IDARC
Ver. 5.5 software considering P-A effects.

The yield point of structure and each story are listed in table 1. By using the chart and
the formulas in section 4, for A,, and assuming the bar material E=29000ksi and
F,=50Ksi, we have design procedure indicated as follows. SR is in most of real cases

equal or greater than 1.0. According to Fig.3, a value of FR equal to 0.30 seems to be

sufficient to have an equivalent viscous damping of about 15% to 20%.
350

300 -

250 -

200

150

Story Shear ,Kips

100

Total Structure Pushover Curve
—— — 1st Story Pushover Curve
= = = .2nd Story Pushover Curve
— - - —-3rd Story Pushover Curve

50 -

0 2 4 6 8 10 12 14
Displacement or Drift ,in

Fig.5: Pushover of each Story and Total Pushover Curve for 1st Mode Lateral Force Pattern with P-A Effect

Table 1: Story Shear Strength and Story Yield Drift
1™ 2" 3 Total
Story Story Story Structure

s, (in) 1.6928 |2.1655 | 1.892 |5.925
v, (Kips) | 270.0774 | 173.194 | 80.4405 | 234.439

Parameter
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Table 2: Story Shear Strength and Damper Slip Loads

Parameter Ist 2nd 3rd Total
Story Story Story Structure

v, (Kips) 270.08 | 173.19 |80.44 |234.44

0307, (Kips) 81.02 |51.96 24.13 | 70.33

The slip load of dampers in each story will be as follow:
V, =F, =70Kips
V,, =F,, =50Kips
V, =F,; =25Kips

The SR ratio can be obtained by using the following Table 3:

Table 3: Story Shear Strength and Story Yield Drift

Parameter 1st 2nd 3rd Total
Story Story Story Structure
Ks 159.545 79.979 42.516 39.568
Kpa 232.22 17132 | 85.07
K
SR==2L | 1 46 2.14 2.00
KS

Simplified Method for Construction of Pushover Curve for Building with
Friction Devices

The following methodology is used to construct the pushover curve of buildings with
friction devices. The slip load and brace area are determined previously and the total
system will be modeled in SAP2000. Fig. 6 shows a schematic view of the 3 story frame
building.

Consider the frame with damping devices in chevron type configuration subjected to a
prescribed pattern of lateral load. As the lateral load increase, yielding of the damping
devices occurs at a specified story. In this case, yielding of damping device occurs at 2nd
story. As the lateral load increase further, all damping devices yield while the frame is
still elastic. The various stages of the pushover idealized curve are presented by the
points A, B and C as:

OA = The behaviour of the combined system prior to yielding of damping devices

K, =K, + K, =Global Stiffness of the Frame + Global Stiffness of the Devices

AB = The behaviour of the system after yielding of damping devices
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K, =K, =Global Stiffness of the Frame + Global Stiffness of the Devices.

Calculations for construction of idealized trilinear curve for the pushover analysis of
the building follow:

Slip Displacement of Damping Devices:
The sliding (yield) displacement of the damping device will be obtained from the
following formula:

_F
" 2EA, cos® v
Dydl _ 70x222.711 : —02824in
2x29000x 2.05x cos” 47.05
D, = 50> 21921 . =0.2729in
2x29000x1.45x cos” 46.29
25%x219.21 —0.2748in

yd3

- 2% 29000 x 0.72 x cos> 46.29

Displacement of Roof due to Slip Displacement
Consider that the frame with slipping/yielding devices is pushed by loads that are

proportional to the first mode resulting in the displacementp; . The displacement of the j-

th floor can be related to the roof displacement by:

D, =¢,xD, (35)
A; :(4’/5 _(I’/—l,i)XDr =9 xD, (36)
When yielding of the damping device occurs at the j-th story:

A, =0 xD, (37)

Therefore, the displacement of the roof when yielding of the damping devices occur at

level j can be expressed by:
A,

D, =—L 38
T %)

The displacement of the roof when all damping devices yield (point A), b, can be
defined as the maximum value of the displacement obtained by:

D, :max[iy} (39)

Ji

Therefore, in this case, since the yield displacement in this case is constant, it is
obvious that the maximum ratio occurs at the story for which ¢}, is minimum, that is:

0.323 0.2824
¢/, =10390t =D, =———=0.984in

0.287
0.287
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Base Shear due to Slip Displacement
Using the modal properties of the combined system, it can be shown that base shear of

the building when all damping devices yields, v, + K ,D,,, is given by:

i

VKD, =0l 2y 40
d = yd i r

where, o; ,r; and m; are the modal properties of the i-th mode for the building with

damping devices. Therefore, for the first mode, we have:

2
2 j 0.984136222=113. 40kips

V,+K,D_ , =
¢TI (0.9318 1392 3861

Base Shear Strength of the Frame inclusive of Damping System
The base shear strength of the system, V, is equal to the sum of yield strength of the

frame and the strength of the device when yielding of both occurs, that is:
V=V,+V, (41)
It must be noted that ¥, as mentioned before, is contributed by the yielding damping
device at the first story whereas the contribution of other damping devices to pushover
curve is reflected in the initial branch of the trilinear pushover curve, branch OA.
Accordingly: 7 =286.12+70 =356.12kips , and:

DOZ%E{ObV—VdJ 42)

@i M,

For the first mode, we have:

2
D, = LOIL) g 3gg,f Q-0x35612770) 30 3 g66in
o 132544

The effective equivalent initial frequency of the structure will be:

0.6V
M;

= 4
(’011 D() ( 3)
ri
0.6 x 356.12><386.%362 ’
o, = 3.86y == =4.67 rad/sec
1.392
T,, =1.346sec
So, the yield displacement of equivalent bilinear system will be:
1V
D, =—T,— 44
Y (»0121- ! M* ( )

i

2
D, =[] x1.302x 22012 | 356 1 -6 44in
» 467 1362.22
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The bilinear pushover capacity curve can be constructed according to the above
calculations. Fig. 7 shows the pushover curve of the frame with and without damping
devices together with the approximate pushover trilinear and bilinear curve according to
the previous calculations. It must be noted the capacity diagram of the building are
constructed neglecting the P-A effect.

W 14x26 w,= 352.4 Kips 400
z 350 - -
g_t P
3 W 16x40 w,= 652.2 Kips w 3001
pR € 250
g |
N 5
N @ 200
W 16x45 w,= 652.2 Kips 5 _ Z
) E 150 - P
All Columns ,‘\r Q 100 7 Frame Inclusive of Damping System
W 14x109 — — — Trilinear Representation
50 A Bilinear using Simplified Method
Y4 Y/ I/ Bilinear using FEMA 356
0 T T T T
3@ 324" =972" 0 2 4 6 8 10
Top Displacement ,in
Fig. 6: 3-Story Frame with Damping Device Fig. 7: Bilinear and Trilinear Representation of 3 Story

Pushover Curve of the Building with Friction Damping System

Design of Building with Friction Devices
When equivalent linearization is used as a part of a nonlinear static procedure that

models the nonlinear response of a building with a SDOF oscillator, the objective is to
estimate the maximum displacement response of the nonlinear system with an
“equivalent” linear system using an effective period, Tes, and effective damping, B
According to ATC-40, for a bilinear system, and presume that the yielding damping
system has perfect bilinear hysteretic behavior, we have:

. A
2 qHX[Ay_lj—‘ril;(l_lj
1 2 Uy ]
By =Bo| — | += v (45)
1+ (1+dJ
A

The effective period will be:

1

Y, (46)
o — Ty

& A+ A,
Now we use the above procedure to find the performance point:

70 286.12 306.77
= xg=0053g , 4, =———xg=0216g, A=——"—xg=023
‘132544 ¢ &0 5 T 30544 ¢ - 132544 ¢ g

With reference to Fig. 7, we have:
Effective Ductility of the structure with damping system: p= % =1.42

Spectral Roof Displacement: 4 = % =6.58in
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Effective Period: T

1
= 27{&)2 =1.58sec

0.269 x 386.1
Ductility Ratio of Frame: 1, =4 =210 _; 1
d, 176
Ductility Ratio of Damper: p, =-% =213 _g 305
d, 0984
T, :
qu =0.67—S=0.67ﬂ=0.3<o.5:>q,, =050 , B, =175% , B= 46
T, 1.346 ~ 5.60 - Inp,, (in %)
Now, the response spectrum will reduce by the coefficient 1.461:
2 2
p=[18) 13006 — %0 L 3861-883in D, = L3461 130220y 386.1=11in
2 1.58x1.461 m 1.346
So, the roof displacement equal to 9in seems to be the performance point of the
system.
Conclusion

In this paper a conceptual view on retrofit design on existing buildings using an
innovative friction damper (proposed by Mualla IH) is presented. A simple design
procedure can be used in seismic design of friction dampers based on the structural
desired performance. As an example a 3-story steel structure that its strength and stiffness
1s not sufficient for desired performance is considered. The simple performance based
method presented in FEMA i1s used to determine the slip load and bracing stiffness.
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SUMMARY
Seismic isolation and energy dissipation devices have been used in Italy since the

seventies for the seismic protection of different structures, and in particular bridges and
viaducts. The first application of seismic isolation in Italy was in the Somplago Viaduct
of the Udine-Tarvisio Highway, who was subjected to the 1976 Friuli earthquake while
under construction. Its very good behavior, despite the vicinity to the epicenter, induced a
quick development of technologies for passive control and of related applications in
bridges and viaducts. Applications in buildings started only a few years later, but did not
have the same development than those in bridges; they still are not so numerous as in
other countries, but the trend is now changing due to the new Italian seismic code. Since
the end of the eighties the Italian seismic devices are applied in other countries too, from
all European seismic-prone countries to Bangladesh, from USA to Turkey, from South-
America to Azerbaijan, from South Korea to Taiwan. In the last five years seismic
devices started to be used for the seismic protection of cultural heritage buildings. Some
of the seismic devices developed in Italy are described in this paper, with pertinent
examples of structures where they have been applied, in Italy and all over the world.
Particular attention is focused in the energy dissipation devices, such as steel hysteretic
dampers and fluid viscous dampers that are very often a fundamental component of the
seismic isolation systems. Some of the outstanding projects in which Italian seismic
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devices have been used are the Rion-Antirion Bridge in Greece, the Basilica of San
Francesco in Assisi, Italy, the Taipei 101 skyscraper in Taipei, Taiwan, the Bangabandhu
Bridge over the Jamuna river in Bangladesh, the Chirag I Offshore Platform in
Azerbaijan, the Marquam Bridge in Oregon, USA, the new shelter of Akrotiri antiquities
in Greece, the Caracas-Tuy Medio Railway in Venezuela, the Seohae Bridge in South-
Korea, etc.

INTRODUCTION

The passive control of structures to reduce the effects of earthquakes on structures
through seismic isolation and/or energy dissipation has come of age in the last 30 years
[Buckle, 2000; Skinner et al., 1993; Song and Dargush, 1997], as an alternative to
conventional seismic design methods (capacity design) based on the ductile response of
structural elements — which accept even serious damage to the structure provided it does
not collapse. The aforesaid passive control technique makes possible the avoidance of
any damage to the structure.

Seismic isolation, often combined with energy dissipation, is mainly applied to
bridges, buildings, certain industrial plants such as nuclear power plants and, more
recently, to liquefied natural gas tanks. The applications were started in the 1970s in New
Zealand (both bridges and buildings), South Africa (nuclear power plant with French
design) and Italy (mainly bridges) followed some years later by the United States and
Japan (mainly buildings). Nowadays, they can be found in almost all of the seismically
active countries in the world. Field observations/measurements in recent earthquakes
(California, Japan and Turkey) have confirmed the advantages of this technique, which
had been previously shown by a large number of numerical and experimental studies.
The first application of seismic isolation in Italy was in the 1970s in the Somplago
Viaduct on the Udine-Tarvisio motorway; this was also the first use of seismic isolation
in a bridge structure in Europe. The isolation system was very simple, consisting in a
combination of elastomeric buffers on an abutment and sliders on top of all the piers
(Figure 1), but effective. In effects, the viaduct while still under construction was
subjected to the 1976 Friuli earthquake, whose epicenter was only few kilometers away,
without suffering any damage, while other viaducts/bridges in the same area, designed
with a conventional approach, were damaged. This convinced the managers of the Italian
motorways that seismic isolation was worthy of further study and use; consequently, in
the following 10 years new seismic devices were developed and applied in hundreds of
bridges, so that Italy soon became the country with the largest number of seismically
isolated bridges. The isolation systems developed in Italy for use in bridges were those
offering large amounts of energy dissipation through strong non-linear behavior. In
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effect, in the overall evaluation of a bridge seismic protection, the main goal is to reduce
seismic forces as well as deck movements, providing a solution to the need for
minimizing expansion joints and bearings' stroke as well as costs thereof. Therefore, in
order to reduce both stroke and force, a solution has been found in high damping devices
(more than 30% of equivalent viscous damping) and in particular, strongly non-linear
devices such as those based on the yielding of metals, exhibiting an elastic-plastic
behavior that can limit the forces transmitted to piers, or non-linear viscous dampers.
Buffer

T 7 - 7 3 .
slider slider slider

Fit T

Figure 1 —The isolation system of the Somplago Viaduct, the first isolated bridge in Europe.

The applications to buildings in Italy started only a few years after those in bridges, at
the beginning of the 1980s, but they increased very slowly, mainly due to lack of a
specific code and very long design approval procedures, so that now the completed
isolated buildings are about 30. Seismic isolation and energy dissipation devices are now
becoming more commonly used even in buildings, after the new Italian seismic code,
including specific chapters about seismic isolation of buildings and bridges, was
published in 2003 [Dolce and Santarsiero, 2004].

In the following, the most widely used Italian isolation/dissipation devices are
described, with some examples of their use all over the world.

ELASTOMERIC isolators |

Elastomeric isolators, often made with high damping compound (high damping rubber
bearings) or with a central lead core (lead rubber bearings) in order to increase their
energy dissipation capacity, are designed, manufactured and applied in Italy as well as in
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other seismic countries. The elastomeric isolators, owing to their limited vertical load and
damping capacity, are more suitable for building applications or small to medium span
bridges, or bridges whose decks are made up of many pre-cast girders. In particular in
bridge applications, viscous dampers can be installed in parallel to elastomeric isolators
to increase the energy dissipation capacity of the isolation system and thus reduce
displacements [Infanti et al. 2003]. Recent applications of Italian high damping rubber
bearings are for example the Hospital of Udine (Figure 2), the first seismically isolated
hospital in Italy, the “Espirito Santo” Hospital in Lisbon, Portugal (Figure 2), whose
1solators are also aimed at reducing vertical vibrations due to subway, and the retrofit of
two small apartment buildings in Solarino, in which elastomeric isolators are combined
with free sliding pot bearings, a combination that is becoming frequent in base isolation
projects in Italy, in particular retrofit projects. One of the buildings in Solarino was
subjected to snap-back tests; preliminary results are reported in [Oliveto et al., 2004]. A
recent application of Italian lead rubber bearings outside Italy is the new shelter of
Akrotiri antiquities, in the island of Santorini in Greece.

Figure 2 — Elastomeric isolators installed in the Hospitals of Udine (left) and Lisbon (right).

steel hysteretic dampers

These devices are constructed using various shapes of metallic elements made of high
ductility steel. For the most part, they are based on flexural yielding, even though
torsional devices were the first steel hysteretic dampers actually applied in the world
(South Rangitikei viaduct, New Zealand [Skinner et al, 1993]) and recently reproposed in
Italy [Castellano et al., 2000; Dusi et al., 2000]. Amongst the many different shapes of
steel hysteretic dissipating elements developed in [taly, the most widely used are: 1) C-
shaped or crescent moon elements; 2) tapered pin or double-tapered pin elements; 3) X-
shaped or butterfly elements (Figure 3), similar to the ADAS elements, i.e. Added
Damping and Stiffness, applied in USA mainly within braces in framed buildings, while
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in Italy they are usually applied at abutments in bridges; 4) U-shaped strips; 5) E-shaped
elements. Once the type of element and its correct size are selected according to design
displacement, the steel dissipating elements are so arranged as to achieve the required
function (uni-directional or multi-directional) depending on where they are to be
installed. The required maximum force, elastic and post-elastic stiffness of a steel
hysteretic damper are obtained by setting the proper number of dissipating elements in
parallel. This gives the advantage of redundancy: i.e., any defect in one or more elements
does not put a seismic device out of service. Steel hysteretic dampers are often combined
with sliding bearings to create a seismic isolation system, particularly in bridges. This
technique has become known as “the Italian approach to seismic isolation” because it was
developed by all Italian manufacturers of seismic devices, and was applied in hundreds of
bridges, first in Italy, then all over the world, since the 1980s.

Crescent moon steel hysteretic dampers

Intrinsically, crescent moon steel hysteretic elements have uni-directional behavior
(Figure 4 right), but can be arranged in different ways to create dampers with
multidirectional behavior (e.g. Figure 4 left). An outstanding application of this type of
dampers has been the retrofit of the approaches of the Granville Bridge in Vancouver,
Canada, where 157 dampers were installed both in longitudinal and transverse directions,
with horizontal forces ranging from 130 to 220 kN and design displacements of + 152
mm (Figure 5, left).

Figure 3 - X-shaped steel hysteretic dampers for a bridge in Albania undergoing assembly (left)
and testing of their components (right).
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Figure 4 - A multi-directional steel hysteretic damper with crescent moon elements during assembly (left) and
two crescent moon elements under testing (right).

0
Displacement [mm]

Figure S —Steel hysteretic dampers with crescent moon elements as installed in the Granville Bridge (left) and
a typical force vs. displacement experimental curve of this type of damper (right).

Tapered pin steel hysteretic dampers

Tapered pin steel hysteretic dissipating elements can be of two types: single, i.e. a
cantilever type element (Figure 6) or double, equivalent to two single pins in series
(Figure 7). Their main advantage resides in their intrinsic multi-directional behavior (in
the horizontal direction, of course). Figures 6 and 7 show examples of hysteretic loops of
tapered pin dissipating elements. Shaking table tests have been carried out on a full-scale
tapered pin element to fully validate its seismic behavior [Castellano et al., 2001]. The
largest tapered pin steel hysteretic dampers ever  built (maximum force 4100 kN,
maximum displacement £ 110 mm) will be installed in 2005 in some viaducts of the
Caracas-Tuy Medio Railway [Pérez et al., 2001a].. A main example of application of
double tapered pin steel hysteretic dampers can be found on the Bangabandhu (Jamuna)
Bridge in Bangladesh where the units shown in Figure 8 were extensively used



A THE ITALIAN EXPERIENCE IN SEISMIC ISOLATION AND ENERGY DISSIPATION

[Castellano and Cestarollo, 1999]. Tapered pin steel hysteretic dampers were also
installed in two high-rise buildings in Naples, Italy, between suspended floors and lateral
concrete towers [Ciampi, 1991].

F (kN)
°

s (mm)

TELLTTTITR
i | U

Damper at fixed piers
Damper at expansion piers

Figure 8 — Bangbandhu Bridge and its steel dampers equipped with double tapered pins.
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sliders with steel hysteretic dissipating elements

The above said combination of steel hysteretic dampers and sliding bearings is often
given in a single device or isolator, comprising: 1) a free-sliding (or uni-directional, if
required by the bearing system) PTFE bearing (pot, spherical or elastomeric) that serves
to transmit vertical loads and allow rotations and horizontal movements; 2) a series of
steel dissipating elements to control horizontal actions and dissipate energy (these
elements are arranged around the bearing to ease inspection). Figure 9 shows two
possible configurations of said isolators, with steel hysteretic elements of the crescent
moon type and tapered pin type respectively. When necessary, shock transmission units
(STUs) are also combined with steel hysteretic dampers to handle important thermal
movements. STUs are inserted between the moving portion of the structure and the steel
dissipating elements, in series with the latter. The resulting devices allow slow
movements under service conditions without activation of the dissipating elements, while
under earthquake excitations the STUs lock, transmitting the force to the steel dissipating
elements. Sometimes sacrificial restrainers are also used. These are designed to resist
service loads and fail during a design earthquake, thus allowing the steel hysteretic
dampers to work properly [Castellano et al., 2001].

A large amount of experimental data on the behavior of isolators of this type can be
found in [HITEC Ed., 1998]. In effect, five isolators of 3 different sizes, each comprising
a pot bearing and crescent moon steel hysteretic dissipating elements, have been
subjected to a wide range of experimental tests according to the USA’s HITEC (Highway
Innovative Technology Evaluation Center) Program.

Isolators of this type have found a number of applications in Italy and in many other
countries. For example, isolators equipped with double tapered pin type elements were
used in the retrofit of the Marquam Bridge, Oregon — USA. More than 1100 isolators
with tapered pin elements have been recently installed in the viaducts of the Caracas-Tuy
Medio Railway [Pérez et al., 2001b]. In the late 1990s, this seismic isolation system
(sliders with crescent moon dissipating elements) was also used in the seismic retrofit of
an offshore platform (Figure 10), that is the first offshore platform seismically isolated in
the world [Infanti, 1999].
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Figure 9 —Examples of sliders with steel hysteretic dissipating elements of the crescent
moon type (left) or of the tapered pin type (right).

Figure 10 - Sliders (left) for the Chirag I Offshore Platform (right).

THE BUCKLING-RESTRAINED AXIAL DAMPERS

Buckling-restrained braces (BRB) represent a special implementation of steel
hysteretic dissipative devices, especially designed for use as dissipative braces in framed
buildings. They ensure reliable absorption of earthquake energy through tension-
compression yielding. Axial loading is the ideal way to accomplish hysteretic energy
dissipation because all the resisting sections work at a uniform level. However, it is not
generally used because of Euler buckling. BRBs overcome the Euler buckling issue and
allow the dissipation of energy through stable tension-compression cycles within the
plastic range. As the Euler equation (P, =n’EJ/ly”) shows, a mean to increase the critical
load P, beyond increasing inertia J - that is to say reinforcing the brace - is to diminish
the effective length 1o, i.e. “restraining” the buckling. Several variations of BRBs, based
on different principles to restrain buckling and using different materials and geometries,
have been proposed and studied extensively since 1988. The BRB type considered
achieves a reduction of the effective leﬁgth ly by encasing the brace (named the core
member) into a buckling-restraining system compriwsing an outer steel tube filled with
concrete or mortar (Fig. 11). A slip interface between the core member and the
surrounding material ensures that only the steel core carries compressive and tensile
loads. In this manner, the filling material prevents core buckling (because 1)—0, Po, —
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) and provides a hooping effect: virtually, strut buckling resistance finds its limit only in
the outer tube resistance to internal pressure exerted by the filling material. The material
and thickness of the slip interface must be carefully selected. An advantage accrued by
BRBs is that it enables producers to independently control strength, stiffness as well as
yield displacement and ductility by varying the cross-sectional area of the steel core, the
yield strength of the steel, and the length of the steel core that is allowed to yield. This
provides design engineers an opportunity to accurately tailor the force-displacement
relationship of their lateral force-resisting elements to suit the needs of the application in
question.

In Japan and the USA, BRBs are usually as long as the brace to be inserted in the
framed building, even though the length of the steel core that is allowed to yield is shorter
than its total length. Conversely, the Italian approach has been that of making the
dissipating part of the brace (called the Buckling Restrained Axial Damper or BRAD)
independent from the non-dissipative part of the brace (Figg. 13 and 14). This approach
is an especially convenient one when the design displacement is small and/or the design
stiffness is high —which is often the case when BRBs are used in RC framed building,
particularly for retrofits of existing RC buildings.

BRAD development has included a lot of tests on devices made with different
materials and geometries, to check design criteria and optimize hysteretic behavior. Fig.
12 shows typical hysteretic loops resulting from low-cycle fatigue tests on a buckling
restrained axial damper, at 33%, 67% and 100% of the design displacement (15 mm). It
can be observed that the hysteretic behavior is very stable and fatigue life is high. Of
course, as it might be expected, there is a difference between the plastic stiffness under
compression and that under tension, but the same is very small.

STEEL CORE

o —
InterFace

Outer
Tuh
Ta]’ 3 - Di;placement [mm]
Fig.11. Scheme of a buckling Fig.12. Experimental hysteretic loops at increasing
restrained axial damper on the left and displacements of a buckling restrained axial damper.

its steel core member on the right.
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velocities. Said effect maximizes the reduction of displacements, thanks to the high
efficiency of the hysteretic loop (Figure 17, right). In other words, a device characterized
by a larger o exponent at an equal level of maximum load transmitted to the structure
permits greater displacement.
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Figure 17 - Force vs. Velocity experimental relationship (left) and typical hysteretic loop of a FIP’s fluid
viscous damper under sinusoidal excitation (right).

Fluid viscous dampers are used both as elements of a seismic isolation system -
together with a suitable bearing system composed by sliders (e.g. pot sliding bearings or
others) or elastomeric bearings - and as supplemental dampers (i.e. in braces in framed
buildings). They can also be used in tuned mass dampers, as in the recent application on
top of the Taipei 101 skyscraper in Taipei, Taiwan [Reina, 2003]. Another major
application of Italian viscous damper technology can be found on the Rion-Antirion Main
Bridge and its approaches, located in Greece in a region prone to high intensity
earthquakes (PGA=0.48g; see Figure 18, left) [Infanti et al., 2003; Infanti et al., 2004].
Recently Italian viscous dampers have also been installed in some bridges in Korea, e.g.
the Seohae Bridge [Infanti, Kang, et al., 2004; Infanti, 2001].

Figure 18 —Installation examples of Italian fluid viscous dampers: in the Rion-Antirion
main bridge, Greece (left) and in the Seohae Bridge, Korea (right).
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spring FLUID VISCOUS dampers

The spring fluid viscous dampers represent a family of seismic devices that adds to the
peculiar damping characteristics of fluid viscous dampers an elastic behavior. Thus, their
constitutive law is characterized by their elastic behavior in parallel to their damping
behavior. This may be important in order to provide re-centering capability but, of
course, reduces the energy dissipation efficiency of this system when compared to fluid
viscous dampers. Another interesting characteristic is that these devices can be designed
to be preloaded in order to withstand the service loads without allowing any movements.
Said devices basically comprise a cylinder filled with fluid and a plunger. They are
characterized by a constitutive law of the type F=F+k x+ C-v , where: F, is the pre-load
force; k x is the device elastic reaction to the displacement x; C v is the viscous reaction
due to fluid lamination through an appropriate hydraulic circuit, where C is the damping
constant and v the velocity. The theoretical behavior of one of said dampers with [] =
0.15 and the typical experimental behavior of a production damper (with I = 0.15 too)
under dynamic cyclic test are shown in Figure 19. Notice that, for quasi-static loads,
these devices oppose only the elastic reaction and, if it is the case, the pre-load force (first
two terms of the equation above). A recent application of Italian spring fluid viscous
dampers outside Italy is in the Rio Higuamo Bridge in the Dominican Republic.
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Figure 19 - Typical theoretical and test hysteretic loop of a spring fluid viscous damper.

elastomeric VISCOQelastic dampers

The use of elastomeric viscoelastic dampers is not yet so wide in Italy as in other
countries, such as Japan. However, an important application of these dampers was made
in 2000, in the seismic retrofit of a R.C. framed school damaged by the 1997 Umbria-
Marche earthquake. This was one of the first applications of dissipative braces in Italy. A
total of 33 viscoelastic dampers were used, obtaining an energy dissipation in the
dampers of about 50 % of the input energy, and thus avoiding the collapse of the
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structure, that was designed in the 1950s when the area was not yet classified as seismic-
prone [Antonucci et al, 2001].

Conclusions

Seismic isolation and passive energy dissipation techniques have been widely used
since the 1970s in Italy to protect bridges and viaducts. Applications in buildings are less
numerous, but are expected to increase due to the new Italian seismic code, published in
2003, that contains a specific chapter on seismic isolation and remove the need for
approval of design of structures with seismic isolation and/or energy dissipation. In the
last fifteen years the Italian isolation and energy dissipation devices have found many
applications outside Italy as well.
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1.Abstract

Steel pipelines must endure various of stresses during their service life, as they are
subject to harsh elements, such as salt water, or corrosive chemicals that may cause
external or internal defects in pipe wall. These defects, could in turn affect the pipes
performance, in which case, the pipe must be either strengthened or repaired. A relatively
new method of pipeline repair in use today is the application of fiber-reinforcement
plastic composites (FRP) as external reinforcement. Typically, this includes the use of a
unidirectional, continuous strand glass fiber fabric in a resin, wrapped around the region
of the defect, in order to improve the local strength properties of pipe. As the region of
defect becomes large or continues over a long length of pipe, multiple stripes of fabric
must be used to cover the area. Due to the limitations of the practical dimensions of these
fabrics, the ultimate capacity of the repaired system is affected by the resulting fabric
overlap configuration.

This study was done as a preliminary examination of the effects of the overlap
configuration resulting from wrapping of such composite around steel pipes on the pipe’s
ultimate capacity. Several wrapping configuration were investigated in this phase of our
study. Reinforced (wrapped) pipe specimens were fabricated and tested to attain the
ultimate capacity of the repairs under quasi-stasis internal pressure. The experimental
results showed that from a comparative viewpoint, most of the configurations
investigated did not significantly affect the capacity of the pipe when FRP was wrapped
circumferentially. However, the biased wrap configuration proved to be the most efficient
wrapping configuration.
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1 Introduction

1.1 Background
Although glass fiber reinforced materials have been used in structural applications for

about 70 years (Moy, 2001), its application to pipeline repair is relatively new. Today, a
variety of commercial kits exist that use woven composite materials to restore or
generally improve the strength of line pipe. The advantage of these products over the
traditional repair method is the ability to maintain operation of the pipeline during repair,
as well as their adaptability and speed of application.

Several codes, such as the Canadian pipeline code, Z662, requires that cracks, qouges,
grooves and arc burns in pipe be repaired by grinding, provided the pipe metal loss is
within a certain limit. Those pipes which meet the requirements of grind repairs are
permitted for continued service; otherwise, pipe must be repaired using other accepted
repair method.

While permanent repair can include pipe replacement, a more efficient and economical
traditional solution to exterior defects has been the use of repair sleeves. Various codes
(i.e. CSA Z662) specify the requirements for repair sleeves as permanent repairs.
Recently, Canadian standards have also implemented guidelines for the use of fiberglass
reinforcement repair sleeves.

1.2 Motivations and Objectives

Above said, there are still some issue and questions that need clarification when
considering the application of FRP for repair of defects in pipes. The objective of this
brief study is to investigate the influence of joint configuration on the ultimate capacity
of circumferentially applied FRP (E-glass fiber in epoxy resin) used to repair localized
gouge defects in the exterior wall of steel pipelines. More specifically, the integrity of
several wrapping configurations are evaluated using several FRP repaired pipe specimens
tested under ambient temperature conditions, subject to quasi-statically internally
pressurized loading condition.

2 Experimental Investigation

2.1 Specimen Design
A total of 12 pipe specimens were used in this study. The pipe was 5” (nominal)

diameter schedule 40 welded seam steel pipe, cut to 610mm length. This pipe size was
selected based on supplier availability, as well as physical limitations regarding testing
apparatus. The length was chosen to ensure that end boundary condition effects would
not influence the region of the defect (i.e. the reinforced region). The ends of each pipe
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section were bevelled at 45° through half the wall thickness by grinding to improve weld
penetration. This pipe selection, while not within typical dimension range of oil and gas
industry pipeline (D/t=22), is considered to be suitable given the purpose and scope of
this investigation. The specifics of the pipes, as well as the other test parameters are
tabulated in tablel.

Steel end-plates (152 x 152 x 9.52 mm) were welded to the ends of the pipe, with
fittings to accept the hydraulics used for load application. Each plate was drilled and
tapped (tapered) to accept a threaded plug at one end, and the hydraulic fitting at the
other. Plates were then filet welded to the pipe specimens, and check for major leaks by
applying internal air pressure while submerged in water.

Table 1- Pipe Geometry and Reinforcement Type

Specimen | Outside Thickness Length Defect Depth | Wrap joint

Diameter (mm) (mm) Thickness configuration
(mm)

1 141 6.4 610 50 No Lap

2 141 6.4 610 50 Bias

3 141 6.4 610 75 None

4 141 6.4 610 75 No Lap

5 141 6.4 610 75 No Lap

6 141 6.4 610 75 Staggered 2 ply

7 141 6.4 610 75 Bias

8 141 6.4 610 75 Bias

9 141 6.4 610 75 Staggered 2 ply

10 141 6.4 610 75 Staggered 4 ply

2.2 Defects

The defect was then milled into each specimen and ground smooth using a hand
grinder. The defects were designed to meet the requirements of grind defect, according to
CSA Z662. The defect was selected to represent local external corrosion which has been
ground smooth. A 12.7 mm wide, 50 mm long rectangular notch was milled into each
specimen in the longitudinal direction at depth of 4.7 and 3.2 mm, which correspond to
75% and 50% of the pipe wall thickness, respectively. This groove was then ground
smooth (bevelled at 45° on all sides) using a hand grinder. Each specimen was then
sandblasted to bare metal around the region to be reinforced to provide a rough surface,
free from corrosion and oil/coatings, to ensure proper adhesion of the laminate material.
Figure 1(a) shows a typical defect after grinding and sandblasting.
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(a) (b)
Figure 1: (a) Defect after sandblasting, (b) defect with filler applied and finished

Each specimen was then sand blasted in the defect area. A high strength filter material
was used to fill the defect cavity. And reinforcement was applied in various
configurations, and described in section 2.3.

A rigid filler material was used to fill the defect region to ensure compatibility
between the laminate material and the remaining steel around the defect. For this
purposes, Bondo Body Filler was used to fill the defects before laminate application. The
putty material was prepared according to the recommended directions and applied to the
area. After the filler material had hardened, the surface was filed and sanded to the
original pipe profile (see figure 1(b)).

2.3 FRP Reinforcement Design

2,3,1 General
Several reinforcement designs, based on the variety of methods used in the industry by

various product manufacturers were contemplated for this study. Reinforcement
requirements were based on a simplified mechanics analysis, using the yield strength of
the steel pipe as the minimum requirements of Grade A welded pipe, per ASTM standard
AS53. Once the number of layers and dimensions of the laminate were determined, the
detailed design was established. In order to compare the integrity of the selected joint
configurations, each joint was placed over the defect area. This situation often occurs in
practice in cases where the length of the defects is longer than the width of fiberglass
sheets. The following joint configurations were considered in this investigation.

2,3,2 No Lap Joint
This design used two 75 mm wide stripes of FRP laminate to form 4 layers (or plies)

on each side of the defect. The two strips were applied consecutively, and the space
between each strip was limited to less than 2-3 mm.
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Figure 2: No Lap Joint

2,3,3 Consecutive Lap Joint
Two- 100 mm wide strips were lapped by 25 mm over the defect. Strips ere applied

consecutively.

Figure 3: Consecutive Lap Joint

2,3,4 Staggered Joint

This design was selected to determine if an additional layer (two plies) of laminate
over the ‘no lap’ design would improve the capacity of the joint. Each strip was 75 mm
wide. As the additional middle layer would add to the thickness of the overall design, the
base layer were reduced to two plies, for an overall thickness of four plies over the defect.
One sample was applied with four plies in the base layer as well, for comparison.

Figure 4: Staggered Joint
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2,3,5 Biased Joint

FRP strips were wrapped in biased at an angle of +8.3 (with respect to the
circumferential direction), orientation alternating for 4 plies. Each strip was 65 mm wide,
providing no overlap within each ply.

Each strip was centered in the middle of the defect in both directions.

Figure 5: Biased Joint

Some of the actual over-wrapped pipes are shown in figure 6.

(a) (b) (c)

Figure 6: Samples of the actual joint configurations; (a) No lap joint, (b) Lap joint and (¢) Biased joint

It should be noted that since the reinforcement used was unidirectional continuous
strand fiber type, the consecutive lap joint proved to be an inadequate configuration (see
figure 7). This was due to the ‘slack’ produced resin and void-rich areas, and caused
fabric wrinkling as shown in figure 7. This lack of interlaminar continuity would
dramatically affect the capacity and reliability of the laminate. The load transfer would
rely on interlaminar and interfacial shear, which would be significantly dependent on the
matrix’s properties, rather than the fibers’. As opposed to the direct load transfer through
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the fibers (see figure 8), Therefore, the configuration was deemed unacceptable, and the
appropriate lap joint was alternatively obtained through the staggered joint design.

0 poor bonding
region

Figure 7: Repaired Pipe - Consecutive Lap Joint

Tension | Laminate /r_ﬁ NO LD?(%
Void ! I'ransfer

‘—-' — i i
Induced Shear

Figure 8:— Load Transfer due to Voids

Another note worth mentioning is that initially the defects were designed to go through
the depth direction to a depth equal to '2 and % of the wall thickness. Preliminary tests
however showed that the '% thickness defect caused the pipe specimens yield significantly
before any failure in the region of the defect could occur. Therefore, the defects depth on
all remaining specimens was modified to % of the wall thickness.

2,4 Loading
Assuming the yield strength of steel as f =400 MPa, the estimated failure (yielding)

pressure of the pipes was determined to be 36.4 MPa. A GDS pressure controller was
used to exert this high magnitude of pressure in a controlled and gradual manner. The
tests consumed an average of 30 minutes.
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It was initially intended to test the pipes with free end boundary conditions. The
rationale for this was the desire to induce stresses on the joint in the longitudinal
direction, which could result in-service due to temperature variation and/or due to the
Poisson’s ratio effect (Mohareb et al 1994). However, due to observation of unforeseen
deformations of the end plates during loading, it was necessary to modify the boundary
conditions, and the ends of specimens had to be fully restrained by holding them in
between two loading platforms of a Tinius-Olsen load frame. The load frame served only
to restrain the end plates and strain in the longitudinal direction. The axial load was
recorded throughout the course of the testing; it was determined that the load did not
influence the materials in the specimen in the region of the defect. Therefore, the
longitudinal stresses in the specimens due to this restraint are assumed to be negligible.
The overall test set up in shown figure 9: Overall test set up.

2,5 Ancillary Tests
Tests were performed to access the mechanical properties of the specimens and the

materials. Coupons cut from the hand-laid laminate were tested to establish the ultimate
strengths of the reinforcement. Tests were based on ASTM standard D 3039. The
estimated tensile strength of the laminate were determined to be 640 Mpa in the fiber
direction and 20 Mpa in the transverse direction. These values were used in the
mechanical analysis of the reinforced section.

Two sets (each set having 2 specimens) of un-reinforced steel pipe having a defect
with depth of ' and % of the wall thickness, respectively, were tested. The pipe with
larger defect fractured along the longitudinal direction at 20.3 Mpa pressure. The second
pipe yielded at an internal pressure value of 38.4 Mpa (see figure 10). The yield strength
of the pipe’s material was determined based on this internal pressure, as was determined
to be 420 Mpa. This is significantly larger than the assumed value in the original design.
However, since the reinforcement was already applied to the pipes, they could not be
altered accordingly.



VY Influence of Fabric Overlap on the Ultimate Capacity of Pipes Rehabilitated with Fiber-Reinforced Composite

3. Experimental Results

40
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Figure 10: Yielding of Pipe Specimens

The pipe’s internal pressure was controlled continuously by the pressure controller
unit and displayed on the instrument display console. This data was recorded manually at
regular intervals of 15 seconds up to 2 minutes, depending on the rate of change of data.
The final pressure and time of failure was also recorded at the end of each test. Axial
force was also recorded from the internal dial gauge display on the load frame at each
time interval.

The test results are summarized in figure 11. In summary, all specimens with a defect
depth of 75% of the wall thickness failed due to a fracture of the pipe in the defect region.
It was observed that failure of the reinforcement did not occur until the defect area was
locally failed, at which point delamination of the composite, or fracture of the composite
in the direction of the fibers, imitated. A possible explanation for this phenomenon is that
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the filler used was perhaps not stiff enough to transfer the load adequately from the defect
in steel to the FRP wrap. As a result, the composite reinforcement did not have the
capacity in itself to contain the pressure after the failure of the defect region.

Not catastrophic or sudden failure was observed with this mode of failure. The very
quasi-static flow of water provided little fluid to escape once failure occurred. Fai
however, was accompanied by a very rapid drop in pressure as the fluid escaped. In
general, the crack caused by the fracture closed when the pressure dropped to a fraction
of the ultimate.

Also to be noted is the fact that the staggered 4 ply specimen failed at a pressure lower
that the ‘no lap’ specimens. This is counter-intuitive, as the reinforcement of specimen 10
was grater that used to form the biased configuration and the no-lap case.

Table 2- Summary of test Results

Specimen Reinforcement Type Capacity (Mpa)
3 None 20.24
4 No Lap 30.60
5 No Lap 31.20
7 Bias 32.84
8 Bias 33.82
6 Staggered (2 ply) 26.31
9 Staggered (2 ply) 27.83
10 Staggered (4 ply) 28.93

4. Conclusions

In general, the results are very consistent, and all designs fell within reasonable limits.
From a comparative viewpoint, the biased lay up proved to be the most efficient one.
This is contrary to the industry suggestion and the FRP wrapping kits sold by most
reputable composite strengthening vendors. In essence, this configuration follows the
recommended winding angle for composite pressure vessels. Further analysis with pipes
reinforced with different bias angels will be required to further validate the finding.
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The results obtained from the pipes reinforced with composite wrapped in the form of
the staggered and no-lap configurations indicate that pipe’s capacity would not be
changed with such configuration. This is due to the fact that in such cases, the lateral
stress in the unidirectional composite (in the pipe’s axial direction) is endured by the
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resin; therefore, the limiting factor would be the resin, which is consistent in all these
wrapping scenarios. Finally, comparing the 2 ply versus 4 ply configurations, there seems
to be no great increase in capacity when reinforcement is applied in the hoop direction
only. This may be due to issues concerning the interlaminar transfer of loads to the outer
layer of the composite. This would also require further investigation.
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1.Ultrasonic

2.Ultrasonic through transmission
3. Ultrasonic pulse velocity
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Projectl
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S CECTIONS
= LOAD CASES
+- Caze- 1
+ Caze- 2
=] Case- 3
= Mame
SP=
=l Type
QAUAKE
4 Caze- 4
+- LOAD COMBIMATIOMS
MATERIAL
+-Fy_ LB
= Fye
26400
= FACTORS
e |
+ 02
+ 03
=
2
-l STORIES
+- STORY-1
= STORY- 2
= Mame
STORY1
= Height
22
+- MEMBERS
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STRUCTURE 1

Description
Project Name : |F|ega\at
Qviner |Nosazi Madares
Constiltant |ABAD Consulting Engineers
Engineerfs] : |4, Roozbehari
Frame Type Seizmic
Direct 5 Direct EQ. Hazard Level: [q
f* Brace Frame (+ Brace Frame
" Moment Frame " Moment Frame Performance Level [ 5 -
-

Usze Advanced Features

[v Use[ETABS]*$ET File:

‘C SDocuments and 5ettingsyA oozbehanitD esklop\Rehab\Reszalat-Part2-Tarh1-T4-det $ET Browse ...

Jw Use [ETAES] Force Data = tt File

‘C “Documents and Settings'A oozbehanihD esklop\Rehab A esalat-Part2-Tarh1-T4. tat Browse ...

¥ Use [SECTION MAKER] * orp File

C:A\Documents and Satlings\‘ﬂ oozbahani\[%‘s‘klo‘p@-gh;ﬁ])ra E Browse ...
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Load Combinations

Choose Structure:

Andisheh -
DEAD LIVE 5P S ~

Comnb3 1.1 11 1

Comb4 11 1.1 -1

Comb5 11 11 -1

CombE 04 1

Comb? 04 1

Comnbg 04 k.

Comnb3 04 -1

Cornb10 1.1 11

Comb11 11 11 0.5

Combl2 1.1 11 05

Combl3 1.1 141 05

Cornbl4 1.1 141 05

Contt® |03 CE — ’

Azzigning Selected Combos -

Colurnis Beams Braces
Assign Assign Assign Assign
Farce Deflection Cambl Combl
Combid ~ Camb1 ~ Comb2 Camb2
Comb11 Comb2 = Comb3 Comb3
Comb12 Up | |Comb3 Comb4 Combd
Comb13 Camb4 Comb5 Cornb5
Canmb14 5 Carb5 CombE EambE
Comb15 oM | | Comb6 Comb? Cormb?
Comb16 Comb? Combd Comb@
Comb17 e Comb8 o Camb3 Comb3
Cancel 0k J

Chooze Structure:

| indisheh

Fw LE: |24000
26400

Fue:

E:

21000000

Cancel

Ok
=N

il o odali LB Lo yd cpl 5l diged 90 ¥ JS )0 L dged bl lo¥ o 0ds oy

Add Default Combos
Add Mew Cambo

Modify Combo
Delete Combo

Load Carnbination List:

I
Comb2

Comnb3

Combd

Comb5

ComnbE

Comb7

Comnb8

Cornb3

Comb10

Comnb11

Comb12

Comb13

Comnbl4

Comb15 o
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Making Groups

Choose Structure: Choose Member Type: DCR T B T FUF/PCL T Damaged
Andisheh - BRACE -
| Make Group! i [Mumber: 58

[Choose Categary By [Percent 828

Mame Stomy | DCR_T

Iv DCR Ranges i Di | STORY 7.33
D2 | STORTI 73
locRT | o To |1 D15 | STORT1 73

D6 [ STORYH 735
o]} STORY2 732

I Section Name ; D2 | sToRvz2 7.3
D3 | STORYZ 54
|1Laco -l D4 | STORYZ | 588

D5 STORY2 5.43
D& STORY2 5.45

v PUF/FCL Ranges : D7 STORY?2 )
D8 STORYZ2 5.67

-B0 To |05 Bk} STORY'Z2 5.36

D10 STORYZ2 537

W Hinge Name - D15 STORYZ2 733
| D16 STORY'Z2 738
] _Y_J D17 STORYZ2 5.88

D18 | STORYZ2 59
0 STORY3 9.4
D2 STORY3 939

v Damaged Members

[+ Frint to file;

] Erowse ...
Print 3 J Done
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Project Mame:Resalsl Page: 1
Company-ABAD Consulting Engineers
Engineer:4. Roozbehan

Member Properties

MName: C44 Story: STORYZ Type: COLUMN
K33: 1 K22: 1
L33 3.2m L22:3.2m

Section Properties (cm)

Mame: 2UNP10C112F20C Shape:

A &7 1{33): 1625 5(33): 270.80 HwiTw(33): 16.67
T:MNIC I[22): 3603 5(2Z): 33083 HwiTw(22): 5.23
Av(2)- 12 n33): 483 2(33): 325.07 BfiTf33): 5.38
Av(3): 47 r22): 7.33 Z(22): 407.82 BfTf{22): 16.67

Material Properties (kg-cm)
Fy_LB: 2400 Fye: 2840 E: 2100000

Member Capacitieg (Ton-mj}

P CL: 131.49 M_CE_33: 7.15 M_CL_33: 6.5

Pe_13: 228.07 M_CE_22: B.27 M_CL_22- £.18
Pe 22: 720,32 M_PCE_33: 553 M_PCL_33: 7.2
T CE: 17688 M_PCE_22: 10.77 M_PCL_23: 0.79

Summary Of Member Results

Log. | Criteria| Resalt
O

nE ™

1 ]
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Project Name:Resalat Page: 9
Company:ABAD Consulting Engineers
Engineer:A. Roozbehani

Member Properties

Name: C44 Story:STORY2 Type: COLUMN
K33: 1 K22: 1
L33:3.2m L22:3.2m

Member Capacities (Ton-m)

P_CL: 131.49 M_CE_33: 7.15 M_CL_33: 6.5
Pe_33: 32897 M_CE_22: 857 M_CL_22: 8.16
Pe_22: 729.32 M_PCE_33: 8.58 M_PCL_33: 7.8
T_CE: 176.88 M_PCE_22: 10.77 M_PCL_22: 979
Load Combinations
Name Type Case
Comb9 Deflection 0.9DEAD  -1SPY
Comb18 Force 0.9DEAD . -0.558PY
Calculation Summary
Loc.| PF PD | MF(33) |MF(22) |[MD(33) |[MD(22) [m(33)|m(22) Ratio Resul{
0 [ 63.32] 63.32] 0.08 0.04 ] 006 [ -0.03 1.2 | 1.2 [ R1=0.48;R3=045; R4=001, R5=0

05| 6329] 63.29] 01 005 | 008 | -0.04 1.2 | 1.2 | R1=048;R3=045; R4=0.01;R5=0 |
1 | 63.27| 63.27] 0.11 0.06 | 0.09 | -0.05 1.2 | 1.2 | R1=043;R3=05;R4=0.01;R5=0 10

Ovw S 89y 2 by W 3 (Detailed) s> 5,154 U
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ool gl 4 1y ail ol ol 31 BUSS a2l blio glail ) iy cond Ko 45 5l o Ol REHAB
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Sloads (o LS 5, Slas o (6l 39390 Caundg

File  Design
Chooze Structurs: Chooze Story: Member Typs:
|Rezalal ~| [sT1oR™ | COLUMN |

Filtziing
I Filt=r By Ex Section k' Fiter By Ex. Perfoimance Level
ALUMPECID - L= |
Mame Story Ex Section | ExPL | Des Seciion
[ ORYT 3INFZ2C200F 240 DM § SiNP22Ca00r 2w 168, |
[ ORY AINPEECEA0F24C [=1Y] FMPREC200F 240w EC

cin OR'v1 SIMP22C200F2AC oM FMPZRCINAF 20N 24T
e R SIMPZOCT B0F2AC (=1} IMF2OCT20F 240w T ER
20 DAY 3INF20CT BOF 240 LM JNF20C180F 240w TEB
== ORY 3INF20CTB0F24C [RIY] FANFR0CEOF 240w 208
caz QR 2IMP2OCT ROFZAC oM 2MPZOC2F 24CA 2EE
4 ORY" SIMPZ2C200F24C (=1} SIMPZ2C200F 400w 400
[ R 2UMPI0C11 2200 {n(] 2UMP0CT 1 2P0 8L
& ORY SUNPIOCTI2F, (Y] SUNPICC]T 2F200WT 8L

ORY PUNFACT 2F, CH 1

ORY" (o]
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ORv (1]

ORY CH

ORY" SIMFZACT Ch

ORYT ZUMNF2ACD L
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Standard Shapes 1 Cioss Flale Gidh Shapes
Sechon Mame: [INFTEC1 20150
[ANFTECTF15A

[T I T (TS

i+ INP Shapa

[InFian =]

e
Flat= Sz

W Bff=ml:  fi5
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I Towlem: | =
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:: Stone-columns and foundation properties ::

Foundation pressure 230,00 kPa
Eff. overburden pressure : 0,00 kPa
Hurmber of columns : 1481

¥ distance between columns : 240m

¥ distance between columns 2.40m

Colurnn effective friction angle @ 40.00°

Ground water table at :
Column weight above GW.T
Column weight below GWwW.T
Foundation geometry :
Foundation type :

Stresses below foundation

Mot present

19,00 kN/m*

Mo GWLT.

Ciraular

Rigid

According to Boussinesq

:: Soil and stone columns input data ::

Mo Bottom Calurmn Afhe Ds Dc/Ds  Unitweight Poisson  Friction angle Cohesion
level (rry  diarmeter {m) (MPa) ratio (degrees) (kPa)
1 16.00 1.00 7.44 8.00 12.50 20.00 0.30 28.00 0.00
:: Calculated soil improvement ::
Mo 48] Delta ny my phi e i n mz phiz [
(A/B0) (degress) (kPa) (Cegess) (kPa)
1 176 0.41 171 0.42 3341 0.00 L&D 285 0.6l 35.69 0.00

: Basic improvement factor

My
Delba{Aafac) @ Yalue added to arearatio {due to column compressibility )

n : Soil improvement factor {due ko column compressibility )
fy : Depth factor {due to overburden constraint)
4 means Fdoes not meet compatibility controls)
n, 1 Improvement Factor (with overburden constraint)
m ! Proportional loads on columns (For ny and n, respectively)
phi, . ¢ Improved eff ective soil Friction angle (For n, and n, respectively)

(1% : Improved ef fective soil cohesion (for n, and

- respectively)

V-F Uy
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| :: Settlements (according to Priebe) ::

Depth  Initial sress  Foundation

Settlemant without

Settlement with

stress impravernent (cm) improvernent (cm)
(m) L) e Center Carmer Center Carner
0.00 0.00 0.00 0.0 0.0 0.0 0.0
16.00 320.00 224,30 449 0.0 13.0 0.0
Total : 44.86 0.00 12.98 0.00

:: Total settlements according to Steinbrenner (Simons & Menzies) ::

(Please notice that the influence Factor I due to Footing embendment depth is considered equal to 1)

Depth {m)

Depth Settlernent without Settlement with
improvernent (Cm) improverment (cm)
(m) Center Comer Center Comer
0.00 0.0 0.0 0.0 0.0
16.00 28.9 11.4 16.0 6.7
Total : 28.93 11.36 16 6.66

Stresses diagram
0,00+

2,00+

4.00-

6,00

.00

10,00

1Z.00-

14.00-

16,00

B : ] ’ : 1
0.00 100,00 200.00
Stress (kPa)

- Center — Corner

Slanke 1 g JaB (35 515 )3 Comndl 23l V-5 Jgo

Elastic Settlements

0.00-

2.00-

4.00-

6,00

.00

Depth {m)

10.00-

12,00+

14,00

16,00

0.0

100 20,00 /30,0
Settement {cm’)

40.0

— Wntreated soil — Treated soil

Depth {m)

Steinbrenner Settlements
0.00-

Z.00-

400

600

.00

10,00-

12,00+

14,00+

02 A S S S S —
0.0 50 100150 200 250
Settlem ent {cm)

— Untreated sail — Treated soil |
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: Bearing capacity calculations of treated soil (according to the approximation described by Priebe for DIN 4017) :: ‘

Soil layer 1

Friction angle : Friction angle of treated soil ;

Cahesian : 0.00 kPa Cohesion of freated sail : 0.00 kPa
Average cohesion 0.00 kPa

Sail weight abave foundation level : Below foundation [evel :

Fictious width : 118,50 m Depth of ground failure . 175.62 m
Bearing capacity factors Mo =258 My =147, Ny =7.29

Shape factors ve =15, vy =147, % =07

Ultimate stress 13658.682 kPa Foundation sfress 230,00 kPa
Factor of safety : ny =59.39

Overall safety factor : n = 59.39

DINA017 aobiom b illae ¢ (61,4 Cud b -5 Jgus

:: Bearing capacity calculations of treated soil {using partial factors from Eurocode 7) ::

The calculation procedure uses the analytical formulas taken from DIN 4017 while applying the partial factors from Eurocode 7, The partial
factors are taken from :

1. Set A2 in Table 4.3 for design value of the actions,

2, Set M2 in Table 4.4 for design value of the vertical bearing resistances.

3. SetR1 in Table A.5 for partial resistance factor,

The above approach (Design Approach 1 Combination 2) is the only one taken into consideration as it akways governs the sizing of the
foundation for vertical (and slightly inclined loads), The calculation does not take into consideration the weight of the footing and uplift force
due to the presence of water,

Partial factors

Gammas s+ 1,00

Gammagn: 123

Gammac 1.25

Gammas,, ! 1.00

Soil layer 1

Friction angle s : Friction angle of reated soil 4

Cohesion g : 0.00 kPa Cohesion of reated soil . 0.00 kPa
Average cohesion q 0.00 kPa

Soil weight above foundation level Below foundation level :

Fictious width 116,48 m Depth of ground failure @ 147.81 m
Bearing capacity factors . Meg =181, Moo =87, Now =3.28

Shape factors @ weu =144, vy =139 v,y =07

Ultimate stress.q 5924.51 kPa Foundation stress J @ 230,00 kPa
Factor of safety : ny =23.76

Overall safety factor : n = 25.76

EUROCOD 7 ol o1 U 5las ¢ 5,1 cosd b5 F—5 Jgin
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1. Liquefaction Mitigation in Silty Soils Using Composite Stone Columns and Dynamic Compaction, by
Thevachandran Shenthan, Rafeek G. Nashed, Sabanayagam Thevanayagam and Geoffrey R. Martin

2. INVESTIGATION OF PERFORMANCE AND EFFECTIVENESS OF GROUND IMPROVEMENT
USING VIBRO-DENSIFICATION, by Balasingam Muhunthan and Rafik Itani

Department of Civil and Environmental Engineering Washington State University Pullman, WA 99164-
4870

3. Subsurface Exploration Using the Standard Penetration Test and the Cone Penetrometer Test, J.
DAVID ROGERS Department of Geological Sciences & Engineering, 125 McNutt Hall, University of
Missouri—Rolla, Rolla, MO 65409-0230

4. Vibro Replacement Soil Improvement Works for two LNG-Tanks at the Hazira Terminal, India, keller
company

5. FIELD-BASED LIQUEFACTION EVALUATION PROCEDURES |, I. M. Idriss , University of
California at Davis
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— original structure(15)
push 15y w 1.1 retrofitted structure(14)
— retrofitted structure(13)
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Base Reaction(kg)
1
S

N

QO

=]
P

0.00E+00 6.00E-02 1.20E-01 1.80E-01 2.40E-01 3.00E-01 3.60E-01 4.20E-01 4.80E-01 5.40E-01

Roof Displace ment(m)
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— original structure(15)

push15y w 1.1 —— original structure(15)
original structure(15)

— retrofitted structure(14)

—retrofitted structure(14)
— retrofitted structure(14)
retrofitted structure(13)
retrofitted structure(13)

Spectral Acceleration,Sa(g)

retrofitted structure(13)

0 0.04 0.07 0.11 0.14 0.18 0.21 0.25 0.28 0.32 0.35 0.39 0.42

Spectral Displacement,Sd(m)
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push 12 x m .9

—— original structure(12)
retrofitted structure(11)
— retrofitted structure(10)

600000 -
550000 -
500000 -
450000 -
400000 -
350000 -
300000 -
250000
200000 -
150000 -
100000 -

50000 -

Base Reaction(kg)

e

[}

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85
Roof Displacement(m)

(X ) Cughi jlaas g Jud alb VY losid by Cudyb Soxio =YY ylaged

push12xm .9

— original structure(12)
—— original structure(12)
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Spectral Acceleration,Sa(g)
[=l-F-J-I-I-I-N -l -N-1-1-]

original structure(12)
— retrofitted structure(11)
— retrofitted structure(11)
— retrofitted structure(11)
retrofitted structure(10)
retrofitted structure(10)
retrofitted structure(10)

Spectral Displacement,Sd(m)

0 0.050.09 0.14 0.18 0.23 0.27 0.32 0.36 0.41 0.45 0.5 0.54 0.59 0.63 0.68
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— original structure(12)
push 12 ym 9 retrofitted structure(11)
—retrofitted structure(10)

700000
650000 -

600000 -
550000 -
500000 -
250000 ] A . ’)/______,-——;—.———-—7

400000 -
350000 -
300000 -
250000 -
200000 -
150000 -
100000 -
50000 -
0

0.00E+00 5.00E-02 1.00E-01 1.50E-01 2.00E-01 2.50E-01 3.00E-01 3.50E-01 4.00E-01 4.50E-01

Base Reaction(kg)

Roof Displacement(m)
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—— original structure(12)
0.55
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% oi:_f ] T retrofitted structure(10)
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0 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27 0.3 0.33 0.36

Spectral Displacement,Sd(m)
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Walls Using Advanced Composites” 13 WCEE: 13th World Conference on Earthquake Engineering
Conference Proceedings. 2004

- Moghaddam, H.A.” Lateral load behavior of masonry-infilled steel frames with repair and retrofit”

Journal of Structural Engineering (New York, N.Y.). Vol. 130, no. 1, pp. 56-63. Jan. 2004.
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Hysteresis Loop
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Hysteresis Loop

Load (ton)

Displacement (mm)
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Stiffness Deterioration
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Figure 13 - Isolator with double tapered pin steel hysteretie dissipating ele
used for the seismie retrofit of the Marquam Bridge, Oregon, USA.
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M=130000 KN Displacement (mm) Elastomer Reaction (kN) Lateral Wall Reaction (kN) Base Shear Reaction (kN)
EPS EPS Period l;:;:tlz‘t:i?)ln
Thickness| Stiffness (sec) Elcentro | Sylmar | Parkfield | Elcentro | Sylmar | Parkfield | Elcentro | Sylmar | Parkfield | Elcentro | Sylmar | Parkfield
(mm) (Kn/mm)
0 0 0.065 5.2 4.9 4.8 2028 1714 1596 0 0 0 2028 1714 1596 #

500 17 0.437 50.9 109.6 106.7 508 1094 1065 187 224 223 695 1318 1288 0.22
400 21.3 0.405 56.4 107.5 101.7 563 1073 1015 98 242 238 661 1315 1253 0.27
300 28.3 0.366 43.8 104.3 94.9 437 1041 947 -373 263 255 64 1304 1202 0.35
200 42.5 0.313 40.1 98 84.1 400 978 839 219 316 296 619 1294 1135 0.49
100 85 0.233 33.1 82.9 63.2 330 827 631 262 425 360 592 1252 991 0.83
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_ . Base Shear Reaction
M=130000 KN Displacement (mm) (kN)Lateral Wall Reaction o
EPS Critical
Thickness Period Elcentro | Sylmar | Parkfield | Elcentro | Sylmar | Parkfield Reaction
. (sec)
(mm) Stiffness
0 0 0.056 0.33 0.32 0.32 532 561 524 #
500 26.6 0.439 41.6 195.5 100 286 452 349 0.39
400 33.3 0.393 43.4 157 91.5 298 448 361 0.39
300 44.3 0.34 41.1 130 79.4 314 472 382 0.43
200 66.6 0.278 36.1 121.4 67.2 337 561 420 0.61
100 133 0.197 25.4 86.7 51.2 383 729 532 0.87
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