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A B S T R A C T   

This study proposes a seismic retrofit system for large power transformers with 3000 kVA capacity. The seismic 
protection system is developed by combining rotational friction dampers and the pre-stressed tendons with high 
damping rubber pads at the base. The proposed system enhances the seismic performance of the transformer by 
limiting the lateral and vertical deflection during earthquakes. The numerical model of the retrofit system is 
developed and compared with the sub-assemblage test of the damper. The seismic performance of the 3000 kVA 
transformer retrofitted with the proposed retrofit system is evaluated by performing full-scale shaking table test, 
and the results are compared with those obtained by the analytical model. The experimental and numerical 
results demonstrate that the seismic retrofit system is effective in reducing the deflection and acceleration of the 
transformer when subjected to severe ground motions.   

1. Introduction 

Transformers are one of the essential components of electrical sub-
stations that perform a key role in electrical power transmission and 
distribution for industries and urban cities. Therefore, the transformers 
should remain functional during and after a specified seismic event; 
however, currently, the transformers are installed in the main grid 
substations with minimal consideration of earthquakes. Post-earthquake 
surveys demonstrate that the damages to the power stations and sub-
station equipment cause massive power failures and huge economic 
losses [1]. The power failures due to earthquakes affect the emergency 
services and post-earthquake recovery. The mold or dry transformers are 
used to step-up or step-down the related voltage in the electric power 
transmission and distribution. The studies conducted by Yu [2] and Xie 
and Zhu [3] showed that the strong Wenchuan earthquake of magnitude 
8.0 caused immense damage to the power grid by destroying many high- 
voltage power transformers. Owing to the slenderness of the trans-
former, the large seismic-induced lateral drifts are the leading cause of 
breakage of insulations and overturning of the transformer. 

These days the rapid growth in the urban and industrial areas pro-
vides the impetus to examine the seismic resilience of the critical com-
ponents such as power transformers. The seismic vulnerability of the 
power transformer has been investigated by performing shaking table 

tests using artificial earthquake records [4]. Pires and Ang [5] proposed 
the seismic requirements on substation equipment using experimental 
and analytical studies. The IEEE in the United States developed and 
updated the IEEE 693 guidelines for Seismic Design of Substations [6]. 
The seismic isolation devices made of sliding bearing, high damping 
rubber, and friction pendulum were implemented at the foundations of 
the transformer to mitigate the seismic responses [7–10]. However, most 
of these studies are focused on protecting the connections of porcelain 
transformer bushing under seismic excitation, instead of mitigating the 
lateral deflection of the entire transformer. 

Many researchers have developed damping systems to enhance the 
seismic performance of a structure by effectively dissipating the induced 
vibration energy and restoring the original position of a structure. The 
seismic performance of a self-centering hybrid slit damper with shape 
memory alloy bars was investigated by Naeem et al. [11,12], which 
turned out to be effective in reducing both the earthquake-induced 
maximum and residual displacements of a structure. The effect of the 
rotational friction damper using different installation schemes such as 
toggle-brace system and scissor jack system were investigated [13–15]. 
Seismic retrofit systems using damping devices with a prestressed 
tendon to provide re-centering effects have been recently developed 
[16,17], in which the re-centering capability restores the structure to its 
original position and reduces or eliminates residual deformations after 
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seismic excitation. The seismic performance of the rotational friction 
damper with the restoring mechanism to mitigate the earthquake- 
induced forces have been developed [18], and the application of the 
prestressed tendons with the precast beams is proposed to double the 
recentering moment capacity [19]. In addition, viscoelastic dampers 
[20–22], magnetorheological dampers [23], rotational friction devices 
[24–26], sliding hinge joint friction damper [27], and a FREE from 
Damage friction connection [28] habeve been investigated for dissipa-
tion of earthquake-induced vibration energy. 

In this study, an efficient and economical seismic retrofit system is 
developed for mold transformers. The retrofit system is composed of 
rotational friction dampers attached with prestressed tendons installed 
on the sides of the transformer to limit the lateral displacement in its 
weak direction. Besides, high damping rubber pads and steel bars are 
located at the base of the transformer to reduce the rocking of the 
transformer during the vibration. The rotational friction damper-tendon 
(RFDT) system is expected to enhance the seismic performance of the 
transformer by reducing the lateral deflection and the seismic inertial 
force in the transformer during an earthquake. The proposed seismic 
retrofit system is expected to provide the vertical base isolation, sup-
plemental damping with re-centering capability, and add stiffness to the 
transformer. The effectiveness of the proposed seismic retrofit system is 
validated by shaking table test and nonlinear dynamic analysis. 

2. Rotational friction damper tendon (rfdt) system 

Previous studies revealed that understanding the interaction among 
the key components of the transformer is critical to the proper seismic 
performance assessment of the transformer. It is also observed that the 
translational modes have the highest participation in the response of the 
top displacement of the transformer. Failure caused by uplift and 
overturning due to the rocking of the transformer at their footing is also 
observed in the past earthquakes. 

2.1. Configuration 

The supplemental damping system for the large mold transformer is 
composed of the rotational friction damper linked with the prestressed 
tendons. The detailed configuration of the rotational friction damper 
and the retrofitted mold transformer are shown in Fig. 1. 

The RFDT system reduces the seismic demand on the transformer by 
limiting the lateral deflection in its weak direction and dissipating 
earthquake-induced kinetic energy by the rotational friction damper. 
The prestressed tendons provide the re-centering force for the rotational 
friction dampers, and the steel bars connecting the upper and lower 
clamping frames provide additional stiffness to the system. The rota-
tional friction dampers are installed at both ends of the upper- clamping 
frame of the transformer. One end of the tendons is attached to the outer 
plate of the friction damper, and the other end is anchored to the base 
plate using an eye-bolt which is welded to the lower-clamping frame of 
the transformer. The prestressing force in the tendons is provided by 
tightening the eye-bolt connections at the base. The preload in the 
tendon can be measured by a cable tension meter. In consideration of 
possible relaxation of the tendons, slightly higher preload than the 
design value is recommended. High damping rubber pads are provided 
between the foundation and the bed frame to mitigate the rocking vi-
bration during an earthquake. The stiffness provided by the steel bars 
mitigates the torsional effect in the transformer. 

2.2. Analysis model 

The pre-stressed steel tendon enables the wings of the friction 
damper to rotate and dissipate earthquake-induced energy and provides 
re-centering force during earthquake excitation. The application of high 
damping rubber between the bed frames and foundation frames damps 
the rocking or uplift effect of the transformer due to the severe ground 

motion. The rotational friction damper is activated when the 
earthquake-induced force on the damper reaches the slip force. Fig. 2 
shows the analysis model of the friction damper tendon system with the 
member forces at each component of the damping system. 

The rotation at the center point c due to the seismic force F can be 
calculated using the energy principle; the internal energy of the system 
is equal to the external work when the mechanism is formed. Consid-
ering the virtual displacement of Δ the virtual work equation can be 
written as Eq. (1). The equilibrium of force and bending moment can be 
expressed as Eq. (2) and Eq. (3), respectively. 

F.Δ = My.θ (1)  

F = Tcosθ2 (2)  

Fig. 1. Mold transformer retrofitted with RFDT system.  

Fig. 2. Schematic diagram of tendon friction damper model.  
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Tsin(π − θ1 − tan− 1 b + l.sinθ1

a − l.cosθ1
) × l = My (3)  

where My is the moment at the point c at the yield of the friction damper, 
θ1 is the angle between tendon and friction damper arm, θ2 is the angle 
of the tendon and the pulley, and Δ is the virtual displacement. By 
substituting Eq. (2) and Eq. (3) into Eq. (1), the rotation at the center of 
the rotational friction damper can be found as Eq. (4): 

θ =
cosθ2

l × sin
(

θ1 + tan− 1 b+l.sinθ1
a− l.cosθ1

).Δ (4) 

According to Eq (4), the rotation is maximized when the tendon is 
connected perpendicularly to the arm of the friction damper and the arm 
length is as small as possible. The yield force of the friction damper can 
be obtained from Eq. (5): 

Fyield,friction = μNQ
Rm

l
(5)  

where μ is the friction coefficient, N is the number of frictional faces, Q is 
the clamping force of the high-tension bolt, l is the arm length of the 
friction damper, and Rm is the effective area of the circular friction face. 
Moreover, the recentering rotational friction damper with prestressed 
tendons can be designed using the Eq. (3), (4), and (5) for calculating the 
prestressing force, the angle between friction damper and tendons, and 
yielding force of the rotational damper for large to small mold and dry; 
transformer and other mechanical components with such slender 
structure. 

2.3. Analytical model of the transformer in SAP2000 

A detailed analytical model of the transformer is developed in a 
commercial structural analysis software SAP2000, which is used to 
determine the natural frequency, maximum participating mode shapes, 
and seismic response of the transformer when it is subjected to dynamic 
loads. The major components which contribute to the majority of the 
transformer mass are considered in the modeling, such as massive cores, 
coils, steel frame, and insulations, which are modeled using the 8-node 
hexahedron solid elements. The core, the upper and bottom clamping 
steel sections, and the bed steel frame are modeled as precisely as 
possible using the design modeler. 

The analytical model of the friction damper with slip load is modeled 
using the nonlinear link of ‘wen-plastic link’ which is built-in the soft-
ware. The hook element is used for avoiding any spurious numerical 
response of the friction device within the analysis model and for stop-
ping the device when the maximum stroke is reached. 

The pre-stressed tendon is attached in series with the friction 
damper. The tendon is modeled using the elastic tendon elements with 
the pretension forces. The high damping rubbers at the base of the ret-
rofitted transformer are modeled using the ‘linear spring’ elements. The 
analytical model of the transformer with the seismic retrofit system in 
SAP2000 is shown in Fig. 3. 

3. Shaking table test of retrofitted transformer 

The full-scale shaking table test of the retrofitted transformer is 
performed to observe its seismic behavior and evaluate its performance 
under different seismic excitation. The results of the test are also used to 
validate the accuracy of the SAP2000 analytical model of the retrofitted 
transformer. Artificial earthquake records are used to simulate the 
earthquake on the transformer attached to the shake table. The test re-
sults are compared with those obtained from a detailed FE model of the 
SAP2000 software. 

3.1. Transformer test specimen and instrumentation 

The test specimen is a 3000 kVA mold transformer with a weight of 
80 kN, a height of 2,317 mm, and a length of 2,510 mm. The transformer 
includes steel cores which consist of thin rolled steel plates tightly 
packed together. The core is covered with copper windings and 
aluminum plates with large epoxy glass cylinders called insulators. The 
whole transformer assembly is strongly tightened using the steel sections 
at the top and the bottom using high strength steel bolts. The weight of 
all components of the transformer and the steel sections is supported by 
a special steel structure (bed frame) consisting of H-shaped and channel 
sections rigidly connected to the ground. 

The rotational friction dampers with prestressing tendons, rubber 
pads, and steel bars are implemented to restrain the lateral deflection, 
uplift, and inertial forces in the core of the transformer during the 
earthquake. The tendon is attached at the base of the transformer with 
pretension force to avoid any vertical sag during the experiment. The 
detailed drawings of the retrofitted transformer and rotational friction 
damper with the dimensions are presented in Fig. 4. 

3.2. Performance test of rotational friction damper and rubber pads 

The steel surface of the rotational friction damper is treated to in-
crease the frictional force. The damper test depicted in Fig. 5(a and b) 
demonstrates that the approximately 16 kN friction force can be ob-
tained for the rotational friction damper by fastening the high-tension 
bolt with a torque of 670 Nm. As the slip force of the friction damper 

Fig. 3. Analytical model of bare and retrofitted transformer in SAP2000.  

Fig. 4. Detailed drawings of the transformer and the seismic protection system.  
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is difficult to control in practice, proper calibration is required between 
the slip capacity of the damper and the factors such as bolt preloading, 
bolt size and assembly, etc. The results of the test are incorporated in the 
numerical model of the rotational friction damper. 

The stiffnesses of the upper and lower rubber pads which are 
installed at the base of the transformer are evaluated by performing 
monotonic loading test, which shows that the average stiffnesses of the 
upper and lower rubber pad are 35.64 kN/mm and 187 kN/mm, 
respectively. The lower rubber pad is designed to have larger stiffness to 
decrease elastic deflection due to the weight of the transformer. The 
upper rubber pad is designed with smaller stiffness to mitigate vertical 
acceleration due to the vertical component of earthquakes. The stiffness 
of the rubber pads obtained from the test is used to model the rubber 
pads in the analytical model. 

4. Shaking table test 

The seismic shaking table test enables real-time observation of 
seismic response by reproducing seismic waves on test specimen secured 
on the table. The test is performed to evaluate the dynamic character-
istics and behavior of the transformer when subjected to design level 
earthquakes. The rotational friction dampers with prestressed tendons 
are installed on both sides of the specimen. The specimen attached to the 
shake table is shown in Fig. 6. 

The seismic response of the test specimen is monitored through a 
network of instrumentation including 3 accelerometers and 3 displace-
ment transducers. The locations of the sensors on the specimen and the 
take axis directions are indicated in Fig. 6. The two accelerometers are 
attached to the top and bottom frame of the transformer, and an addi-
tional accelerometer is also used to measure the acceleration of the 
shake-table. Three displacement transducers are installed on the top of 

the specimen to collect the deflection in the x-direction, y-direction, and 
z-direction. After being subjected to seismic excitations the transformer 
specimen is thoroughly checked for whether it is functioning properly or 
for damages in the connections or parts. 

The shaking table used in the seismic performance test is a tri-axial 
(3-degree of freedom) shaking table manufactured by the MTS corpo-
ration. The specifications of the shaking table are shown in Table 1. 

5. Input ground motions 

The input ground motions used for the shaking table tests are a white 
noise motion and three artificial earthquake records. The artificial re-
cords are used instead of natural earthquakes because they can be 
generated to represent the target response spectrum specified in the 
IEEE 693 in wider range of frequencies. The two artificial records are 
scaled to the moderate response spectrum with the peak ground accel-
eration (PGA) of 0.25 g, and one earthquake is scaled to the high 
response spectrum with PGA of 0.5 g according to IEEE 693. The con-
struction of the target design spectrum specified in the recommended 
practice for seismic design of substations (IEEE 693 guidelines) is pre-
sented in Table 2. The moderate and high target response spectrum with 
2% damping is shown in Fig. 7, with the response spectra of the scaled 
artificial earthquakes. The acceleration time histories of the artificial 
records are shown in Fig. 8. 

According to IEEE 693, the transformer should continue to function 
when subjected to ground motion scaled to the required target response 
spectrum. The white noise signals are used to check any abnormality in 
instrumentation and to find the natural frequencies of the test specimen 
before and after the shaking table test by performing a resonance test in 
each direction. The test schedule of the retrofitted transformer is pro-
vided in Table 3. 

6. Shake table test results 

Before running the shake table test with artificial earthquakes, the 

Fig. 5. Performance test of rotational friction damper with different bolt- 
pretension: (a) Test setup; (b) Force-displacement relationship. 

Fig. 6. Transformer placed on the shaking table and location of sensors.  

Table 1 
Specifications of the shake table.  

Items Specifications 

Maximum payload 100 kN 
Table size 4.0 m × 4.0 m 
Control axes 3 DOF (traslational 2 axes, Rotational 1 axes) 
Maximum displacement/stroke ±400 mm 
Maximum velocity 1.80 m/s 
Maximum acceleration 2.0 g 
Frequency range 1–100 Hz 
Excitation mechanism Electro-hydraulic servo, 3 variable control 
Control software MTS 469 D 
Simultaneous data acquisition 264 channels (sample rating = 512 Hz)  
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resonance search test is performed using white noise ground motions. 
The natural frequencies of the test specimen are determined by calcu-
lating the transfer function of the response acceleration measured from 

the accelerometer (1) positioned at the top of the transformer to the 
input acceleration at the base of the shaking table. The transfer function 
is calculated using the cross power spectral density function of the input 
and output signals. The accuracy of the resonance analysis is improved 
by applying the symmetric hamming window to each input signal. The 
estimated transfer function is shown in Fig. 9, and the results of the 
resonance test for each case before and after the seismic excitation is 
shown in Table 4. The results of the resonance test show that the dif-
ference between the natural frequencies before and after the earthquake 
ground motions is almost negligible, which demonstrates that no 
structural damage has occurred in the retrofitted transformer even after 
the application of the high seismic level excitation. 

The displacement time histories of the top of the transformer in 

Table 2 
Target design spectrum.  

Frequency 
f (Hz) 

Spectral acceleration (Sa) 

High response spectrum Moderate response spectrum 

0.0 ≤ f ≤ 1.1 1.144βf 0.527βf 
1.1 ≤ f ≤ 8.0 1.25β 0.625β 
8.0 ≤ f ≤ 33 (13.2β − 5.28)/f − 0.4β + 0.66 (6.6β2.64)/f − 0.2β + 0.33 
f > 33 0.5 0.25 βf 
*β = (3.21–0.68ln(d)/2.1156), d = percentage damping  

Fig. 7. IEEE 693 target spectrum and response spectra of the artificial earthquakes used in the shaking table test.  

Fig. 8. Artificial earthquake records used in the shaking table tests.  
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lateral x-direction relative to the base of the shaking table are shown in 
Fig. 10 for the moderate and high seismic level excitation. After each set 
of seismic excitations, the transformer was checked for damages, and no 
visible damage was found in the components of the transformer. The 
displacement time histories show that the maximum deflections are 
21.30 mm and 17.10 mm in the case of moderate earthquakes, which is 
increased to 44.70 mm at the high-level earthquake. The maximum 
displacement of the transformer is within the limits recommended in the 
ASCE guidelines which is 1/50 of the height (46.34 mm in this case). The 
post-shaking table test examination showed that the tested transformer 
remained completely functional after it was subjected to the three 
artificial earthquakes. 

7. Numerical analysis results 

In this section, the responses of the retrofitted transformer obtained 
from the shaking table tests are compared with those obtained from the 
time history analyses carried out using the SAP 2000 software. The 
displacement time histories obtained from the experiments and nu-
merical analysis for the moderate and the high-level seismic records are 
juxtaposed in Fig. 11 to validate the accuracy of the analysis model. The 
rotational friction damper and the rubber pad are modeled using the 
Wen-plastic link and linear spring link as discussed in section 2.3. The 
inherent damping ratio of the model is assumed to be 2% of the critical 
damping, which is modeled as Rayleigh damping. It can be observed that 
the agreements between the analysis and experimental results are 
generally reasonable, especially in the region of strong-motion duration. 
It is observed that the maximum deflections of the transformer obtained 
from the test and the analysis only vary by approximately 1 mm in all 

cases. 
Next, the same earthquake records are used to obtain the top 

displacement of the transformer without the application of the retrofit 
system. Fig. 12 represents the time histories of the test specimen with 
and without the installation of the retrofit system subjected to the 
moderate and high-level records obtained from the numerical analysis. 
It is observed that the maximum lateral displacement of the bare 
transformer is 80% and 69.5% larger than that of the retrofitted one 
under the moderate and the high seismic level excitation, respectively. 
The maximum lateral displacement of the bare transformer subjected to 
the high-level earthquake is 76.49 mm which far exceeds the limitation 
specified in the guidelines. Such large deflections might cause a failure 
in the transformer’s function and connections. The seismic response of 
the bare transformer becomes especially higher in the lower frequency 
range due to resonance. 

The bar charts in Fig. 13 compares the maximum top acceleration of 
the retrofitted and bare transformer when subjected to artificial earth-
quakes. It is observed that the top acceleration of the transformer is 
reduced by 33.5% and 43.5% after the retrofit for the moderate earth-
quakes EQ1 and EQ2, respectively. For the high-level earthquake EQ3, 
the peak acceleration is decreased from 2.1 g to 1.3 g, which is a 
reduction of 42% after the retrofit of the transformer. The reduction of 
the acceleration is mainly due to the supplemental damping provided by 
the rotational friction dampers which dissipate kinetic energy induced 
by the earthquake ground motions. 

8. Conclusion 

This study aimed to develop an efficient and economical seismic 
retrofit system to enhance the seismic stability of the 3000 kVA mold 

Table 3 
Schedule of shaking table tests.  

Test 
No. 

Test classification PGA 
(g) 

Duration 
(sec.) 

1 Resonance search test 1: Random wave, amp (0.5 
Hz-–50 Hz) in x,y and z-direction  

0.11 60 

2 EQ1 (Moderate seismic level)  0.25 30 
3 EQ2 (Moderate seismic level)  0.25 30 
4 EQ3 (High seismic level)  0.5 30 
5 Resonance search test 2: Random wave, amp (0.5 

Hz–50 Hz) in x, y and z-direction  
0.11 60  

Fig. 9. The transfer function of the resonance test in x, y, and z-direction; before and after the artificial earthquake excitation.  

Table 4 
Resonance frequencies obtained from white noise tests (1 and 5) before and after 
the application of the earthquakes.  

Before test After test 

Test 
no. 

Direc- 
tion 

Freq. 
(Hz) 

Result Test 
no. 

Direc- 
tion 

Freq. 
(Hz) 

Result 

1 x  3.50 No 
Damage 

5 x  3.50 No 
Damage y  11.0 y  11.0 

z  29.0 z  29.0  
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Fig. 10. Top displacement time histories of the retrofitted transformer for the artificial earthquake records.  
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Fig. 11. Displacement time history of the retrofitted transformer subjected to the moderate and high-level earthquakes obtained from shaking table test and nu-
merical analysis. 
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Fig. 12. Displacement time history of the transformer before and after the retrofit obtained from numerical analysis.  
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transformer. The earthquake-resistant retrofit scheme was developed by 
combining rotational friction damper with pre-tensioned tendons. In 
addition, high damping rubber pads were attached to the base of the 
steel frame. A mathematical model of the damping system was devel-
oped, and an optimal geometry of the rotational friction damper was 
configured and the seismic performance of the transformer was inves-
tigated. A shaking table test was conducted to check the effectiveness of 
the proposed seismic retrofit system and to validate the numerical model 
developed for the transformer 

The shaking table test results showed that the maximum displace-
ment of the retrofitted transformer was within the limits recommended 
by the guidelines. The post-shaking table test examination showed that 
the tested transformer remained completely functional after it was 
subjected to the three artificial earthquakes. The numerical analysis 
showed that the proposed retrofit system of the transformer was effec-
tive in reducing the maximum deflection of the transformer up to 41% of 
that of the bare transformer. The peak acceleration of the retrofitted 
transformer was reduced by more than 33% after the retrofit. The 
retrofit system enhanced the seismic performance of the transformer by 
reducing the inertial forces and lateral displacement, preventing any 
connection or structural failure. Based on the test and numerical analysis 
results, it was concluded that the rotational friction damper tendon 
system with added stiffness, damping, and re-centering force has the 
potential to be an effective seismic retrofit technique for heavy-duty 
mold transformers. 
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