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A B S T R A C T   

In this paper a steel hysteretic damper is proposed which can be installed at the beam-column 
joint of precast concrete structures and can greatly improve the seismic performance of these 
structures. The damper is made of a few steel plates with reduced sections placed in parallel, 
which yield under in-plane bending caused by joint rotation and dissipate energy induced by 
seismic activity. As less attention has been paid to seismic performance evaluation and design of 
precast portal frames, a procedure for design and performance estimation is established based on 
the available theoretical formulation and is verified by comparing their results with those ob-
tained by analysis. The efficiency of the proposed damper is investigated by retrofitting a portal 
frame and evaluating its seismic performance before and after retrofit. The results show that the 
developed damper can significantly reduce the maximum interstory drift ratio and prevent the 
global collapse of the structure, which is of particular interest in practice. The hysteretic behavior 
and the energy dissipation capability of the frame are compared before and after the retrofit. It is 
observed that most of the seismic energy is dissipated by the dampers installed in the retrofitted 
frame, which protects the frame against seismic damage.   

1. Introduction 

Precast concrete (PC) structures have numerous benefits such as fast construction, low-cost, and higher efficiency during pre-
fabrication. This type of structure is commonly used in industrial portal frames with wide span length and large story height. Generally, 
PC portal frames are characterized by a cantilever column pinned to a beam. The beam-column connection is dry-assembled to 
expedite the construction. As a result, the seismic drift demand is considerably higher for precast industrial frames due to their higher 
flexibility, compared to reinforced concrete framed structures. Such large drifts may generate displacement incompatibility issues 
among the structural and non-structural elements. Numerous seismic events in the past have indicated that the traditional precast 
industrial structures suffered considerable damages indicating their poor seismic performance [1–3]. Loss of support due to insufficient 
load transfer mechanism between the beam and the column has been the main cause of fall of both structural and non-structural 
elements [4,5]. 

In order to improve the seismic performance of PC structures, Martinelli and Mulas [6] proposed a low-cost passive friction damper 
at the beam-to-column joints of the precast industrial buildings to provide additional damping and to enhance the energy dissipation 
capacity of the frame. The modelling strategies and calibration of the device were studied by implementing the proposed damper in a 
prototype structure representing typical PC industrial frames. It was observed that shear force increased at the locations where the 
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damping device was inserted; however, the increase was not critical and was counteracted by the displacement reduction. On the other 
hand, it greatly reduced the lateral displacement and increased structural damping. Scotta et al. [5] developed a passive energy 
dissipation strategy in the design and retrofit of precast structures using the interaction between cladding panels and precast frames. 
Belleri et al. [7] further developed the passive friction device proposed by Martinelli and Mulas and used cup springs to add the 
self-centering effect to the rotational friction damper installed at the beam-column joint. They evaluated the performance of the 
proposed damper with and without a re-centering mechanism. It was observed that installing the proposed passive damper at the 
beam-to-column connection enhances the lateral stiffness of the column, thus reducing vulnerability during seismic events. 

Among different types of passive seismic energy dissipation devices, steel dampers have been proved to be versatile due to the ease 
of manufacture, stable hysteretic behavior, and high yield capacity [8,9]. Javidan et al. [10] proposed a steel damper that resembles a 
column with reduced sections at both ends which act like designated plastic hinges and dissipate seismic energy under lateral in-plane 
displacements. They tested the proposed damper installed in a reinforced concrete structure and the damper increased the capacity and 
ductility of the retrofitted structure. 

In this study a steel damper is proposed, which is suitable for installation at the beam-column joint of precast concrete structures. 
The damper consists of several steel plates with the reduced section to yield under flexural actions due to the rotation at the joint. It can 
be readily manufactured by cutting steel plates and pinning them to the beam and column. The damper does not need the required 
inspections for friction dampers to ensure the capacity [11]. The capacity can be easily adjusted by changing the number of steel plates. 
Furthermore, based on previous experiments on steel dampers with flexural fuses, it is expected that the proposed damper can show a 
stable hysteretic behavior and large energy dissipation capability. 

In this research, the details of the proposed steel damper are explained first, and then the theoretical formulation is derived. Based 
on the formulation, a ductility-based procedure for the design or retrofit of existing precast industrial frames is proposed. The validity 
and accuracy of the formulation and the design procedure are demonstrated by modeling a typical portal PC structure and evaluating 
its performance before and after retrofit using the proposed damper. 

2. Proposed damper 

2.1. Configuration and installation scheme 

As shown in Fig. 1, the proposed damper consists of a number of right-angled V-shaped steel plates with reduced sections deemed as 
fuses. The main steel plates with fuse sections are stacked together, while connection plates are placed alternately between them and 
are connected with the main plates using a bolt. The bolts holding the steel plates need to be loose enough to provide hinge con-
nections; i.e. the nuts should be loosely tightened to minimize the friction between the plates. The connection plates are attached to the 
beam and the column. Hinge connection is to control the yield mechanism at the designated location of the plates, and it is shown that 
this has theoretical and practical implications in the next section. As noted by Belleri et al. [7], in addition to the damper, the beam and 
the column can be retrofitted using U-shape sections, if required. 

2.2. Theoretical formulation 

There are two main parts for formulating the behavior of the proposed damper, namely the lateral stiffness of the frame K and its 
lateral yield strength Fy. The free body diagram of the frame and the installed dampers is shown in Fig. 2. The height of the frame is H 
and the length of the bay is B. As mentioned in the Introduction, the columns are fixed at the base and connected to the beam via hinge 
connection. By using the symmetric properties of the frame, only half of the structure is used to analyze and obtain the reactions. The 

Fig. 1. Details of the proposed damper and its installation scheme.  
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equivalent half model of the hinged portal frame without the damper is a determinate structure and will collapse if a plastic hinge is 
formed at the bottom of the column. By adding the damper, the frame becomes one degree indeterminate and two plastic hinges need 
to form to reach the collapse mechanism. These two plastic hinges form at the column base and at the reduced section of the damper. 
To find the reactions of the structure with the proposed damper within the elastic range, the resisting moment of the column is assumed 
equal to MA and the other reactions are calculated accordingly as shown in Fig. 2. Then by using the virtual work principle, the bending 
moment of the column at the base and the lateral stiffness of the frame can be obtained by [7]. 
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where EI1, EI2, and EI3 are the flexural stiffness of the column, beam, and the steel plates of the damper, respectively. The lateral 
stiffness of the portal frame without the damper is contributed from the two cantilever columns which is equal to K = 6EI1

H3 and can be 
also obtained from the aforementioned equation by assuming that EI3 is asymptotically equal to zero. 

The steel plates of the damper are non-prismatic and to simplify the derivation of the formula, which is still complicated, the 
average moment of inertia is used for the section of the damper: 

Fig. 2. Free body diagram of the proposed dampers installed in a hinge portal frame.  

Fig. 3. Definition of dimensional parameters required for design of the damper.  
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(3)  

where n is the number of the steel plates, t is the thickness of each plate, and w1 and w2 are the width of the tapered steel plates as 
depicted in Fig. 3. 

It has to be taken into consideration that the flexural stiffness of PC elements should be reduced to allow for cracked sections. It is 
seen in the next sections that the uncracked flexural stiffness leads to the initial lateral stiffness while the cracked section stiffness 
should be able to estimate the yield stiffness [12]. According to ASCE 41-13 [13], the flexural stiffness coefficient of non-prestressed 
beams are assumed to be 0.3 of the uncracked section, while it is between 0.7 and 0.3 in columns depending on the axial gravity loads. 
The coefficient is 0.5 for beams and is between 0.7 and 0.5 for columns in the Korean Building Code (KBC) [14], which are used in this 
study. 

In order to obtain the capacity of the frame, plastic analysis can be utilized in conjunction with the virtual work principle and by 
considering equal internal and external works. As mentioned earlier, the frame without the damper is statically determinate and 
formation of one plastic hinge at the column base can lead to the yield state of the frame. If the plastic moment of the column 
considering the axial load is MP1, the virtual work equation at the yield state for the lateral displacement of Δ is 

Fy

2
Δ=MP1θ (4)  

where Fy is the yield strength of the frame and θ is the rotation of the plastic hinge at the column base. Since Δ = θH for small dis-
placements, the yield strength of the frame is determined as 

Fy = 2MP1
/

H (5) 

The frame installed with the dampers is one degree indeterminate and two plastic hinges need to form for yield state, which are 
located at the column base and the fuse section of the damper. The rotations of the two plastic hinges are the same, and therefore the 
virtual work equation for the yield strength of the frame can be written as 

Fy

2
Δ=MP1θ + MP2θ (6)  

where MP2 is the plastic moment of the damper at the fuse section. The full plastic moment of a section is equal to the multiplication of 
the yield stress and plastic modulus of the section which is equal to 

MP2 = nσytw2
3

/
4 (7)  

where σy is the yield stress of the steel and w3 is the width of the steel plate at the fuse section as depicted in Fig. 3. The fuse section is n 
rectangular sections with the height of w3 and the width of t and therefore its plastic modulus is ntw2

3/4. By rewriting the afore-
mentioned equation, the yield strength of the frame with dampers installed is determined as 

Fy = 2(MP1 +MP2)
/

H (8) 

Having the lateral elastic stiffness of the portal frame and its yield strength, with or without the damper, the seismic performance of 
the structure can be efficiently evaluated using techniques like the N2 method [15,16]. Similarly, it is possible to retrofit the structure 
and find the required capacity and stiffness of the damper to meet a prescribed limit state. 

Fig. 4. Performance evaluation of hinged portal frame.  
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3. Performance-based seismic design and retrofit 

In most cases, the seismic performance of structures is quantified in terms of interstory drift ratio which can be considered as the 
lateral displacement of the beam divided by the height of the portal frame. In order to find the seismic performance under a specific 
seismic hazard level, nonlinear static and dynamic analyses are used in this research. Nonlinear dynamic analysis is the most accurate 
method which requires simulating the structure subjected a suite of earthquake ground motion records and finding the median or 
average displacement demand. This method is time consuming due to computationally expensive time history analyses under several 
earthquakes. On the other hand, nonlinear static analysis needs pushover analysis of the structure to obtain the capacity curve of the 
structure, which is significantly faster compared to nonlinear dynamic analysis. This capacity curve is evaluated against the demand 
spectrum drawn in the acceleration-displacement format as depicted in Fig. 4. Herein, the demand spectrum is established following 
the ASCE 41–13 [13] using the two parameters of SXS and SX1 which are the spectral acceleration at short periods and at 1 s. The 
constant acceleration segment of the response spectrum is between 0.2TS and TS, where TS is the characteristic period equal to SX1/ SXS. 

In this research, the capacity curve of the portal frame is theoretically estimated using the derived formulas which further facilitates 
the performance evaluation. The displacement demand is obtained using the N2 method [15,16] based on the constant-ductility in-
elastic spectrum. The main advantage of the N2 method over the reduced elastic spectrum is that it does not need any iteration. 
Furthermore, the capacity curve is considered to be elastic-perfectly plastic which is exactly compatible with the derived formulas. 
Since the dynamic behavior of the portal frame is similar to that of a single-degree-of-freedom (SDOF) system, the calculations can be 
done readily. 

The yield strength of the structure Fy is obtained from Eq. (8) and the elastic stiffness K is from Eq. (2), taking the cracked section 
coefficients into consideration. The yield displacement can be obtained as 

Dy =Fy
/

K (9) 

Assuming that the mass of the portal frame is m and is lumped at the beam level, the yield acceleration equals 

Fig. 5. Flowchart for performance-based design and retrofit of portal frame.  
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Say =Fy
/

m (10) 

The reduction factor is the ratio between the elastic spectral acceleration Sae and the yield acceleration Say : 

Rμ = Sae
/

Say (11) 

Using the reduction factor, the ductility can be determined as 
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where Te is the fundamental period of the structure at the onset of the yield state. This period is equal to Te = 2π
̅̅̅̅̅̅̅̅̅̅
m/K

√
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to the first branch of the capacity curve. This procedure is graphically depicted in Fig. 4 and more information can be found elsewhere 
[16]. After finding the displacement demand Sd = μDy, the interstory drift ratio can be calculated as θ = Sd/H and is compared to the 
given performance objective. 

If the portal frame is an existing structure and its performance needs to be improved, the details of the damper need to be 
determined in such a way to meet a given performance objective. For designing a to-be-built precast portal frame, it is easier to focus on 
the proper damper size because the elements of precast portal frames have predetermined dimensions available in the catalog of the 
factory. Hence, in either design or retrofit of the portal frame, it is much easier to focus on the performance-based design of the damper. 
This design procedure is summarized as a flowchart in Fig. 5. 

The seismic performance of the portal frame without the damper is obtained first and is compared with the objective performance 
or the prescribed limit state. If the considered beam and columns cannot satisfy the objective performance, dampers with a typical size 
are installed first. By theoretically calculating the yield strength and displacement of the frame after adding the damper, the seismic 
performance is evaluated again to check whether it meets the performance objective or not. This procedure is repeated with different 
stiffness and yield force of the damper by changing the dimensions and number of steel plates until the given performance objective is 
satisfied. The whole procedure of the design can be summarized as increasing the plastic moment of the damper Mp2 until the objective 
performance is reached. By increasing the capacity of the damper, the yield force and stiffness of the frame are increased. However Mp2 

should be kept less than the plastic moment of the column Mp1; otherwise plastic hinges can be formed in the column, which cannot be 
permitted. If a damper with a plastic moment capacity less than the plastic moment of the column cannot provide the objective 
performance, the dimensions of the PC frame need to be increased. The whole process can be easily carried out using a spreadsheet. 

4. Illustrative example 

4.1. Details of the structure and analysis modeling 

The portal frame studied in this research is a one bay single story structure and is taken from the central frame of a typical precast 
concrete industrial frame having two bays in the perpendicular direction with the tributary area of 10  m× 20  m = 200  m2. The 
cross-sectional dimension and the reinforcement details are shown in Fig. 6. The compressive strength of the concrete is 20 MPa and 
the yield strength of steel is 400 MPa with the elastic modulus of 2× 105 MPa. The length of the bay is 20.0 m and the height of the 
frame is 8.0 m. The frame has square reinforced concrete columns with the dimension of 500  mm × 500  mm and a rectangular RC 
beam with the dimension of 350  mm× 1000  mm. The dead load is 3.5 kN/m2 and the self-weight of the beam is 8.2 kN/ m which 
results in the total dead load of 43.2 kN/m and the seismic mass of 88.1 ton. The response spectrum parameters for the considered site 
corresponding to the Maximum Considered Earthquake (MCE) hazard level are SXS = 0.97 g and SX1 = 0.56 g. 

The frame is modeled in the OpenSees software [17] using the force-based nonlinear beam-column elements with the fiber section 
and eight integration points. The zero-tensile strength Concrete01 material is used for the concrete and the steel reinforcements are 
modeled using Steel02 which is based on the Giuffré-Menegotto-Pinto Model [18] with isotropic strain hardening. It was previously 
verified that this modeling approach can properly capture the nonlinear behavior of RC structures under large deformations [19]. 

Fig. 6. Structural details of the portal frame used to show the application of the proposed damper.  
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4.2. Seismic performance before retrofit 

The seismic performance of the frame is evaluated theoretically using the derived formulas and is compared to the results of the 
pushover analysis and the nonlinear dynamic analysis using the 22 earthquake records. As can be observed in Fig. 7(a), the yield 
strength of the frame is equal to 172.7 kN and the yield displacement is supposed to be 136 mm, considering an effective stiffness factor 
of 0.5 following the Korea Building Code (KBC) [14]. The theoretical period of the frame based on the cracked sections amounts to 
Te = 1.65 s. The theoretical period calculated considering the uncracked section properties is Te = 1.17 s. These periods are sum-
marized in Table 1 and are compared with the values determined from the pushover and Eigenvalue analyses. Based on the seismic 
response spectrum, the displacement demand is obtained as Sd = 231 mm using the N2 method, which corresponds to the drift ratio of 
θ = 0.029. 

The analysis model of the frame is evaluated using the Eigenvalue analysis at first and the period is obtained as 1.02  s which is 
close to the theoretical period using the uncracked section. The slight difference can be attributed to the fiber section and measurement 
of the period after applying the gravity loads. It is seen in the next section that this difference is negligible for the structure after retrofit. 

At the next step, the capacity curve of the frame is obtained using the pushover analysis and is idealized to the elastic-perfectly 
plastic curve following Eurocode 8 [15]. The yield capacity is assumed equal to the maximum sustained force, and the elastic stiff-
ness is obtained in such a way that the area under the pushover and idealized curves are equal. 

The yield strength and displacement and the period calculated using the analytical pushover curve can be compared to the 
theoretical values determined using the derived formulation and the assumed effective elastic stiffness. As can be seen in Fig. 7(b), the 
yield strength of Fy = 173 kN obtained from both theoretical and analytical methods perfectly matches. The theoretical yield 
displacement based on the effective stiffness from the code is greater, yet consistent, which is on the safe side and gives greater 
displacements for retrofit. 

In order to accurately evaluate the seismic performance of the frame, the structure is assessed using the nonlinear dynamic analysis 
with 22 earthquake records. These records are recommended by FEMA P-695 [20], obtained from the PEER NGA database [21], and 
are scaled to the response spectrum accordingly. To this end, the peak ground velocities of the records are normalized to the median 
value and then the median response spectrum of the ground motion suite is scaled to the MCE spectrum at the fundamental period of 
the frame. The MCE spectrum, individual spectra and their median, are depicted in Fig. 8. The period of the frame, Te = 1.48 s,
determined from the pushover curve is used for scaling the earthquake records as shown in Fig. 8. 

Maximum drift ratios and their median value of the model structure subjected to the earthquake ground motions are depicted in 
Fig. 9 and are compared to the theoretical value obtained using the derived formulation. It is observed that the analytical median value 
is θ = 0.026 which is properly and safely approximated by the theoretical value of θ = 0.029. In addition to the time for providing the 
nonlinear model and choosing/scaling earthquakes, the nonlinear dynamic analysis using the 22 ground motion records takes around 
30 min in a PC with the Intel® Core ™ i7-7700K processor. On the contrary, the theoretical calculations are done easily in a 
spreadsheet and can be further used for retrofit, if required, without any further modeling and analysis. 

4.3. Seismic performance after retrofit 

For seismic retrofit of the model structure, the target performance limit state is given in such a way that the median top story 
displacement of the frame should be less than 0.02 times the frame height under the MCE level seismic hazard. The limit state is 
determined considering the fact that greater drift ratios can lead to the damage in the PC column support. In order to achieve this 
objective performance, the frame is retrofitted using the proposed steel damper. A typical and practical size is assumed for the steel 
plates and then the number of steel plates required to meet the objective performance is obtained using the theoretical formulation. 
The thickness of the steel plates used in the damper is 20 mm, and the width of the tapered steel plate is assumed to be w1 = 600 mm 
and w2 = w3 = 200 mm with l = 800 mm. Ductile mild steel with the yield strength of 300 MPa and the elastic modulus of 2.1×
105MPa is considered for the damper. Based on these properties, the frame retrofitted using the proposed damper with 5 steel plates 
placed in parallel turns out to satisfy the stipulated drift ratio. The theoretical yield strength and displacement after retrofit are Fy =

Fig. 7. Seismic performance of the portal frame before retrofit: (a) Theoretical performance; (b) comparison between the theoretical and analytical pushover curves.  
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Table 1 
Comparison of the period Te (s) of the portal frame before retrofit obtained using different methods.  

Theoretical using uncracked sections Eigenvalue analysis Theoretical using cracked sections Pushover 

1.17 1.02 1.65 1.48  

Fig. 8. Acceleration response spectra of 22 earthquake records scaled to the MCE level spectrum.  

Fig. 9. Seismic performance of the portal frame before retrofit obtained using nonlinear dynamic analysis with 22 earthquake ground motions.  

Fig. 10. Seismic performance of the portal frame after retrofit: (a) Theoretical performance; (b) comparison between the theoretical and analytical pushover curves.  
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248 kN and Dy = 66 mm, which lead to the displacement demand of Sd = 135 mm, corresponding to the drift ratio of θ = 0.017. The 
calculation procedure using the N2 method is shown in Fig. 10 (a). 

The damper elements are modeled using two elastic beam-column elements in OpenSees pinned at the connections using the 
equalDOF constraint. The plastic hinge is modeled using a rotational spring and the Steel02 material calibrated with the yield moment 
of Mp2 = 300  kN.m based on Eq. (7). Since the elastic deformation is due to the damper elements and the nonlinearity is taken into 
consideration using the lumped plasticity model, an infinitesimal yield rotation is assumed for the plastic hinge. 

Similar to the seismic performance evaluation steps taken before retrofit, the period of the retrofitted frame is first obtained using 
the Eigenvalue analysis. The theoretical period using the uncracked and cracked section properties are respectively Te = 0.72 s and 
0.97 s and the period obtained from the Eigenvalue analysis is Te = 0.78 s which is in a close agreement with the theoretical value for 
the uncracked section. 

The capacity curve of the analysis model is obtained using pushover analysis and is idealized following Eurocode 8, as explained 
earlier. The yield strength and displacement of the frame after retrofit are Fy = 253 kN and Dy = 75 mm from the pushover analysis. 
The theoretical and analytical capacity curves are compared in Fig. 10(b), where it can be observed that the behavior of the retrofitted 
frame can be approximated properly regardless of the uncertainties in effective stiffness assumption. It is worthwhile mentioning that 
these uncertainties can be taken into consideration and quantified to provide enough reliability for retrofit and design [22,23]. As the 
theoretical and analytical pushover curves are quite close, it is expected that the theoretical yield period and the analytical one ob-
tained from the pushover analysis are in good agreement. The analytical elastic period is Te = 1.01 s, and as compared in Table 2, the 
analytical periods can be approximated with a high accuracy using the developed theoretical formulation. 

The earthquake suite is scaled again to the analytical period of Te = 1.01 s and the retrofitted frame is analyzed under the same 22 
earthquake records. The maximum drift ratios are depicted in Fig. 11 along with their median value and the theoretical value. It is 
observed that both theoretical and median drift ratios are equal to θ = 0.017. The retrofitted structure not only satisfies the objective 
performance but the theoretical formulation also gives the exact seismic performance after the retrofit. 

The efficiency of the proposed damper in reducing the overall maximum drift ratio can be observed in Fig. 11. The hysteretic 
behavior of the frame subjected to the RSN169-Imperial Valley and RSN900-Landers earthquakes are shown in Fig. 12. The hysteresis 
curves of the frame shows that the application of the damper limits the nonlinear deformations and thus reduces the damage. As 
expected, the elastic stiffness of the structure increases after installation of the dampers, which can be observed in the hysteresis curves. 
Due to the increase in both strength and stiffness, the displacement demand is drastically reduced in the retrofitted frame, thus 
reducing the damage to the frame. 

The displacement time histories of the frame subjected to these two earthquakes are shown in Fig. 13. It can be clearly noticed that 
the performance of the structure is enhanced after the retrofit. The maximum displacements and the residual displacement of the frame 
are significantly reduced after the retrofit. For instance, the residual displacement of the original frame subjected to the RSN169- 
Imperial Valley earthquake is 51 mm, whereas it decreases to 9 mm after the retrofit. 

The hysteretic behavior of the fuse section subjected to the two aforementioned earthquake records are depicted in Fig. 14. It can be 
noticed that the developed damper behaves stably as expected and the modeling approach is correct. The yield moment is Mp2 =

300  kN.m as prescribed and the rotation are consistent with the frame displacement and drift ratio. The hysteretic behavior of the 
proposed damper is identical to those of typical steel hysteretic dampers and the damper can properly dissipate the seismic energy 
generated by earthquakes. 

The cumulative dissipated seismic energy under the RSN169-Imperial Valley and RSN900-Landers earthquakes before and after the 
retrofit are compared in Fig. 15 and Fig. 16, respectively. The total dissipated energy is determined through the numerical integration 
of the hysteresis curves depicted in Fig. 12 which is the base shear versus displacement, and the seismic energy dissipated by the 
dampers is calculated using the hysteresis curves of the fuse sections shown Fig. 14. It can be observed in Fig. 15 that in the structure 
before the retrofit large amount of seismic energy is dissipated by the columns, which implies that significant damage occurs in the 
columns. However in the retrofitted structure most of the seismic energy is dissipated through the installed dampers and only slight 
damage occurs in the frame. The cumulative energy dissipated by the columns before retrofit are 308 kJ and 65 kJ for the RSN169- 
Imperial Valley and RSN900-Landers earthquakes, respectively, which decrease to 27 kJ and 13 kJ, respectively, after the retrofit. 
The energy dissipated by the dampers amounts to 86% and 76% of the total cumulative dissipated energy for these two earthquakes. 
The effectiveness of the dampers can be clearly noticed by these results. It should be noted that the displacement of the retrofitted 
structure is much smaller than that of the bare structure; however the dampers still dissipate large seismic energy which is comparable 
to that of the whole frame before retrofit. It is obvious that at the same displacement the retrofitted structure has much larger energy 
dissipation capability. 

5. Conclusions 

In this research, a steel hysteretic damper is proposed which can be installed at the beam-column joints of precast concrete 
structures or portal frames. Due to the dry-assembled beam-column joints in this type of structure, they are more flexible than typical 
rigid beam-column joints, thus more susceptible for large displacement when subjected to seismic loads. Past earthquakes have shown 
that precast portal frames usually underwent loss of beam support due to the lack of proper horizontal load transfer mechanism be-
tween the beam and the column. 

The proposed damper consists of several parallel V-shaped steel plates with the reduced section at the center, and the plates are 
hinged to the beam and the column. The reduced steel section acts as a designated flexural fuse and yields at in-plane bending moments 
due to the lateral displacement of the frame and rotation at the beam-column joint. The theoretical formulation of the proposed 
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damper and its design procedure are derived in this research. The accuracy of the formulation is validated by analyzing a typical 
precast portal frame and comparing the analytical and theoretical results. 

It is observed that the theoretical formulation derived in the present study can sufficiently capture the nonlinear behavior of the 
proposed damper and the retrofitted frame. The efficiency and applicability of the proposed damper are also proved by comparing the 
seismic performance of the frame before and after retrofit under 22 earthquake records. The results show that the developed steel 
damper can properly reduce the maximum drift ratios and dissipate the seismic energy. Finally it needs to be noted that this research 
intends to check the feasibility of the proposed damper and lay the theoretical foundation before taking further steps. Based on the 
analysis results a prototype steel damper will be manufactured, installed on a model PC frame, and be tested under cyclic loads in the 
near future. 

Table 2 
Comparison between the period Te (s) of the portal frame after retrofit obtained using different methods.  

Theoretical using uncracked sections Eigenvalue analysis Theoretical using cracked sections Pushover 

0.72 0.78 0.97 1.01  

Fig. 11. Seismic performance of the portal frame after retrofit obtained using nonlinear dynamic analysis with 22 earthquake ground motions.  

Fig. 12. Comparison of the seismic performance of the portal frame before and after retrofit: (a) under the RSN169-Imperial Valley earthquake; (b) under the RSN900- 
Landers earthquake. 

Fig. 13. Comparison of the seismic performance of the portal frame before and after retrofit: (a) RSN169-Imperial Valley earthquake; (b) RSN900-Landers earthquake.  
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