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A B S T R A C T

A simple formula is proposed that provides interstorey velocities of steel framed structures at specific interstorey
drift levels. The proposed equation is statistically derived from the variation of floor relative velocity results
along the height of the structure. These results are obtained by non-linear inelastic time history analyses of a
number of plane steel moment resisting frames. The proposed equation can then be used for seismic retrofit
purposes, i.e., in dimensioning the linear or non-linear viscous dampers to be inserted in a steel frame. A detailed
numerical example is provided and conclusions regarding the accuracy and the potential use of interstorey
velocity are drawn.

1. Introduction

The variation (distribution) of maximum interstorey velocities have
been recognized as key parameter for the evaluation of the along-the-
height effectiveness of and demand for viscous dampers [1]. This var-
iation (distribution) seems to depend mainly on the modes (number of
stories) of the structure under consideration.

In building codes, e.g., ASCE 7–10 [2], peak (design) interstorey
velocity (IV) is approximately calculated in the fundamental and higher
modes using the design (maximum) interstorey drift (IDR). This ap-
proximation permits the calculation of the maximum damping force in
terms of the design IDR. Moreover, building codes, e.g., ASCE 7–10 [2],
seem to accept that the most effective way of allocation of viscous
dampers is to place them where large IDRs are exhibited. Therefore, the
maximum IDR is used to estimate the maximum IV, without, however,
providing an insight about the real relationship of maximum IDR and IV
values. In literature so far, the relationship between IDR and IV is
formulated either by using simplified building models and the first
mode shape [3,4] or by employing single-degree-of-freedom systems
and their maximum displacement [5,6]. The importance of having re-
liable estimates of the true IV is initially stressed by Pekcan et al. [7] in
view of the operating velocities of non-linear viscous dampers and very
recently by Favvata [8] in the context of seismic pounding of adjacent
structures.

It is the purpose of this paper to establish a relationship between
IDR and IV values for steel moment resisting frames (MRFs). More

specifically, the seismic responses in terms of floor relative displace-
ments and relative velocities are obtained by non-linear inelastic
seismic analyses of 20 plane steel MRFs under 22 real and as recorded
seismic motions (accelerograms). Then, for each frame-accelerogram
pair, height-wise variations of IDR and IV are constructed. Considering
a specific value for IDR along-height, i.e., 1.5%, the corresponding IV
values are maintained. Statistical processing of these IV values permits
the derivation of an equation that provides IV along-the-height of a
structure for this specific IDR.

The proposed equation is then used in a seismic retrofit scheme,
where dimensioning of viscous dampers is based on IV and targets a
specific IDR range. An example that involves the retrofit of a 12-storey
with 4-bays, steel MRF is presented. This steel MRF is retrofitted either
with linear viscous dampers or with non-linear ones. For each kind of
dampers, two cases of target IDR are considered. The retrofitted MRFs
are then subjected to non-linear inelastic time history analyses and IDR,
IV and damper forces are computed.

On the basis of the numerical results of the present work, it can be
concluded that the proposed IV equation is quite effective in satisfying
target IDR. It is also demonstrated that for a specific level of seismic
demand (in terms of mean acceleration spectra) the proposed IV
equation offers controlled IV and IDR values as well as damper forces
under the condition that plastic hinge formations to columns due to
additional axial forces induced by the damper forces are within ac-
ceptable limits.
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2. Seismic analyses of moment resisting steel plane frames

2.1. MRFs considered

A set of 20 2-D steel MRFs is used for the parametric analyses
conducted in this work. Due to space limitations and avoiding repeti-
tion, only a subset of 6 MRFs is indicatively shown in Table 1, while the
remaining 14 ones of 10, 12, 13, 15, 18 and 20 storeys, can be found in

the related literature [9,10]. All considered MRFs are presented in de-
tail in Logotheti [11].

The MRFs are orthogonal with storey height equal to 3.0m and bay
width equal to 5.0m. The total dead and live load on beams is 27.5 kN/
m. Diaphragm action is assumed at every floor due to the presence of a
composite slab. The MRFs are designed according to Eurocode 3 [12]
and 8 (2009), employing standard HEB, and IPE sections for columns
and beams, respectively, and S275 steel grade. The design seismic load
is calculated using the design spectrum of Eurocode 8 [13] with a peak

Table 1
Subset of steel frames analyzed in this work.

Frame Number of storeys Number of bays Sections: columns (HEB) – beams (IPE)

1 2 3 220 – 300 (1–2)
2 3 3 240 / 280 / 280 / 240 – 270 (1–3)
3 5 3 280 / 360 / 360 / 280 – 360 (1–2) and 260 / 360 / 360 / 260 – 330 (3–4) and 260 / 340 / 340 / 260 – 300 (5)
4 6 3 280 / 360 / 360 / 280 – 360 (1–2) and 280 / 340 / 340 / 280 – 330 (3–4) and 280 / 340 / 340 / 280 – 300 (5–6)
5 7 3 340 / 360 / 360 / 340 – 360 (1–2) and 340 / 360 / 360 / 340 – 330 (3) and 340 – 330 (4–5) and 320 – 330 (5) and 320 – 300

(6–7)
6 10 3 400 / 450 / 450 / 400 – 400 (1–2) and 360 / 400 / 400 / 360 – 400 (3–5) and 360 / 400 / 400 / 360 – 360 (6–7) and 340 / 400

/ 400 / 360 – 360 (8–10)

Table 2
Seismic motions used in this work.

No. Earthquake, Location Date Recording Station Mw Soil Type PGA (m/s 2) PGV (m/s)

1. San Fernando, U.S.A. 09/02/1971 Pacoima Dam 6.6 HR 12.03 1.12
2. Tabas, Iran 16/09/1978 Tabas 7.1 SL 9.09 0.85
3. Imperial Valley, U.S.A. 15/10/1979 El Centro Array 5 6.5 SL 3.72 0.91
4. Imperial Valley, U.S.A. 15/10/1979 El Centro Array 7 6.5 SL 4.55 1.10
5. Valparaiso, Chile 03/03/1985 Llolleo 7.9 SR 6.63 0.39
6. Valparaiso, Chile 03/03/1985 Llayllay 7.9 SL 4.56 0.37
7. Superstition Hills, U.S.A. 24/11/1987 Parachute Test Site 6.5 SL 4.47 1.12
8. Loma Prieta, U.S.A. 17/10/1989 Los Gatos 7.0 HR 5.53 0.95
9. Manjil, Iran 20/06/1990 Abbar 7.4 SR 4.87 0.52
10. Erzincan, Turkey 13/03/1992 Erzincan 6.7 SL 5.05 0.84
11. Petrolia, U.S.A. 25/04/1992 Cape Mendocino 6.9 HR 14.69 2.50
12. Landers, U.S.A. 28/06/1992 Lucerne Valley 7.3 SL 7.17 1.86
13. Northridge, U.S.A. 17/01/1994 Rinaldi Receiving St. 6.7 SL 8.22 1.66
14. Northridge, U.S.A. 17/01/1994 Newhall 6.7 SL 5.72 0.75
15. Northridge, U.S.A. 17/01/1994 Sylmar Converter St. 6.7 SL 6.00 1.17
16. Kobe, Japan 17/01/1995 Takatori 6.9 SL 6.00 1.28
17. Izmit, Turkey 17/08/1999 Sakarya 7.4 SR 3.69 0.79
18. Chi-Chi, Taiwan 20/09/1999 TCU 052 7.6 SL 3.42 1.80
19. El Salvador, El Salvador 13/01/2001 Santa Tecla 7.6 SR 7.28 0.41
20. Tokachi Oki, Japan 25/09/2003 HKD 092 8.0 SL 5.70 0.53
21. Ica Pisca, Peru 15/08/2007 ICA2 8.0 SL 3.35 0.64
22. Christchurch, New Zealand 22/02/2011 Resthaven 6.3 SL 6.99 0.80

Fig. 1. IV values for 0.7% < IDR≤ 1.5%.
Fig. 2. IV values for 1.5% < IDR≤ 2.5%.
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ground acceleration (PGA) of 0.24 g, soil class B and behavior factor q
=3. Fixed-base conditions are assumed.

As shown in Table 1 section expressions of the form: i) 280 / 340 /
340 / 280 – 330 (3−4) indicate that for storeys 3 and 4 exterior and
interior columns are HEB 280 and 340, respectively, and all beams are
IPE 330 and ii) 340 – 330 (5) designate that for storey 5 all columns are
HEB 340 and all beams are IPE 330. Column sections are oriented with
their strong axis perpendicular to the plane of the MRF.

2.2. Seismic ground motions and modeling for non-linear inelastic analysis

The 22 seismic motions (accelerograms) of Table 2 are considered
for the purposes of this work. These seismic motions were recorded
either at the proximity of faults (near-field earthquakes) or at the
broader area of subduction zones. According to the opinion of the au-
thors, the seismic motions of Table 2 represent cases of very strong

Fig. 3. Max and min IV values for 0.7% < IDR≤ 1.5%.

Fig. 4. Max and min IV values for 1.5% < IDR≤ 2.5%.

Table 3
Proposed equations and their correlation coefficients for max. IV.

IDR levels Proposed equation for max IV Correlation
coefficient

IDR≤ 0.7% 0.26 –
0.7% < IDR≤ 1.5% 0.703–0.018·H+0.274 / H – 0.377

/ H2
0.74

1.5% < IDR≤ 2.5% 0.468–0.009·H+1.945 / H – 1.732
/ H2

0.77

IDR > 2.5% 0.116+0.009·H+2.819 / H –
2.109 / H2

0.85

Table 4
Proposed equations and their correlation coefficients for min. IV.

IDR levels Proposed equation for min IV Correlation
coefficient

IDR≤ 0.7% 0.152–0.006·H+7.23·10–11·eH - 0.100
/ H

0.73

0.7% < IDR≤ 1.5% 0.093–0.0007·H+1.81·10−10·eH -
0.027 / H

0.93

1.5% < IDR≤ 2.5% 0.066+ 0.007·H - 8.1·10–11·eH + 0.052
/ H

0.83

IDR > 2.5% 0.105+0.011·H - 2.7·10−10·eH

+ 0.068 / H
0.82

Table 5
Maximum and minimum IV values expected.

IDR levels Maximum IV – Minimum IV (m/s)

IDR≤ 0.7% 0.33 – 0.04
0.7% < IDR≤ 1.5% 0.76 – 0.06
1.5% < IDR≤ 2.5% 1.18 – 0.11
IDR > 2.5% 1.02 – 0.16

Fig. 5. 5%-damped elastic acceleration spectra.

Fig. 6. 5%-damped elastic acceleration spectra.
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earthquake ground motion and as such can force the steel MRFs in the
nonlinear inelastic regime. Several details about these seismic motions
concerning location, date, recording station, moment magnitude Mw,
soil type, PGA and peak ground velocity (PGV) can also be found in
Table 2. Regarding soil type, the abbreviations HR, SR and SL corre-
spond to hard rock, sedimentary and conglomerate rock and soil / al-
luvium, respectively.

For the execution of the non-linear inelastic analyses, beams and
columns are modelled using standard frame elements with concentrated
plasticity and 2% strain hardening. Axial-flexural interaction is con-
sidered for the plastic hinges of the columns. Direct modeling of panel
zone effect is not required as requirements of ASCE 41–13 [14] are
satisfied, whereas the steel strength cyclic degradation effect is ignored
in view of future investigation. The inherent viscous damping of each
steel MRF is considered to be 3% of critical for the first mode of vi-
bration and for that mode for which the participation of the effective
modal mass is 90%.

3. Derivation and use of the IV equation

For the aforementioned 20 steel frames subjected to the 22 accel-
erograms of Table 2, the relative to the ground motion velocity and
displacement of each floor are obtained by non-linear inelastic seismic
analyses using SAP2000 [15]. The height-wise variation in terms of IDR
and IV is then computed for each frame-accelerogram combination.
Considering specific IDR levels, i.e., IDR≤ 0.7%, 0.7% < IDR≤ 1.5%,
1.5% < IDR≤ 2.5% and IDR > 2.5%, plots involving IV and story
number are constructed. Due to space limitations, only the plots for
0.7% < IDR≤ 1.5% and 1.5% < IDR≤ 2.5% are shown in Figs. 1, 2

respectively. The rest two plots, for the other two aforementioned IDR
levels, can be found in Logotheti [11]. It should be also noted that the
0.7%, 1.5%, 2.5% are established IDR values regarding the seismic
performance of steel MRFs and can be found in the pertinent literature
(e.g. [16]).

Isolating the maximum and minimum values from the plots invol-
ving IV and storey number (i.e. Figs. 1, 2), one has plots in the form of
Figs. 3, 4. In these plots, the IV values do not correspond to the same
value of IDR but are essentially within the selected IDR level, i.e.
0.7% < IDR≤ 1.5% and 1.5% < IDR≤ 2.5%. Thus, the maximum
and minimum values shown in Figs. 3, 4 represent upper and lower
limits for IV, respectively. In an attempt to interpolate the upper and
lower bounds of IVs, the following equations are proposed

= + + +max. IV a b·H c/H d/H2 (1)

= + + +min. IV a b·H c·e d/HH (2)

where, a-d are constants and H is the storey number (1≤H≤ 20).
Values for these constants as well as the correlation coefficients for
these equations have been tabulated in Tables 3, 4. Standard errors as
well as 95% confidence limits for the constants a-d are reported in
Logotheti [11]. Plots of the proposed equations are also shown in
Figs. 3, 4.

It should be stressed that even though more complicated expres-
sions, involving a larger number of constants, can be constructed for a
closer applied and fit to the computed IV values, it is decided, for
simplicity, to keep the number of constants to a minimum, i.e., up to 4.
Moreover, the correlation coefficient of the proposed equations should
not be less than 0.70.

Fig. 7. IDR and IV values before retrofitting– set I-).

Fig. 8. IDR and IV values before retrofitting– set II-).
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For the case of IDR≤ 0.7%, no proper expression in the form of Eq.
(1) is found and, therefore, the mean constant IV value 0.26 is chosen.
The proposed Eqs. (1) and (2) can be used as estimates for maximum
and minimum expected IV values for specific IDR levels of MRFs, and,
thus, avoiding time and resource demanding non-linear inelastic
seismic analyses.

It is anticipated that values of IV for IDR≤ 0.7% correspond to
elastic behavior of the MRF, whereas values of IV for IDR> 0.7% es-
sentially to inelastic behavior. The maximum and minimum IV values
computed from the previous non-linear inelastic analyses, irrespectively
of the floor level in which they appear, are summarized in Table 5.
Overlaps of IV values are evident from Table 5. Similarly, overlaps are
also observed if maximum and minimum IV values are calculated from
the equations given in Tables 3, 4. Table 5 also reveals that the IV range
for 1.5% < IDR≤ 2.5% encloses the corresponding one for IDR >
2.5%. But most importantly, Table 5 reveals that due to the afore-
mentioned overlaps, the maximum IV values do not guarantee a single

IDR range.
Taking into account that damper forces are related to IV values,

dimensioning of a linear or non-linear viscous damper in terms of its
damping coefficient C, can be performed using the Eq. (3) which ori-
ginates from the typical diagonal brace configuration in a steel frame.

= θC k ·V /(IV · cos )α
storey

2 (3)

In Eq. (3), Vstorey is the storey shear force, k is a factor that expresses
the storey shear force that should be resisted by the viscous damper, α is
the velocity exponent (equals to 1 for a linear damper and less than 1
for a non-linear one) and θ is the angle of inclination of the damper.

On the basis of Eq. (3) and of the previous discussion regarding
Table 5, for the retrofit of a MRF with viscous dampers, the minimum
IV values of Table 4 should be used. This way increased values of the
damper coefficient C will be obtained, leading thus to increased
damping ratios of the MRF. At this point, one should also mention that
the minimum IV values of Table 4 are less than unity resulting in higher

Fig. 9. IDR, IV values and maximum damper forces for k= 0.8 (left) and k= 1.0 (right) – set I-) & α=1.0.
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denominator values with decreasing values of the exponent α for a
specific IV value. For fixed value of the nominator, the damper coeffi-
cient of a non-linear damper CNON can be related to the corresponding
one of a linear damper CLIN via Eq. (4) which reveals that for a specific
IV value CNON is always less than CLIN.

=
−C C ·IV αNON LIN 1 (4)

Employing Eq. (3) and setting the desired seismic performance, if
retrofit targets elastic behavior for the MRF, dimensioning of the linear
or non-linear dampers can be performed using the IV values for the case
of IDR≤ 0.7% of Table 4. Alternatively, retrofit should target at least to
the case 0.7% < IDR≤ 1.5% by using the IV values of Table 4 that
correspond to this IDR range. For this retrofit case, the MRF will most
likely exhibit minor inelastic behavior and the strength and stroke
limits of the dampers are not expected to be surpassed. Moderate to
large inelastic behavior is anticipated for the cases 1.5% < IDR≤

2.5% and IDR > 2.5%, and the strength and stroke limits of the
dampers may be surpassed.

4. USE of IV in seismic retrofit of a MRF with viscous dampers

The proposed IV expressions are employed herein for the retrofit of
a 12-storey (storey height is 3.0 m) and 4-bay (bay width is 4.0 m) steel
MRF with viscous dampers [17]. This steel MRF resembles the geo-
metrical, loading and design patterns of the frames presented in Section
2.1, but it is not identical to any of the 20 steel MRFs used for the
parametric analyses discussed earlier. Non-linear inelastic time history
analysis, considering an inherent 3% viscous damping, of the afore-
mentioned steel MRF is performed employing the 22 seismic motions of
Table 2. IDR, IV and maximum storey shear forces are obtained for each
seismic motion.

Fig. 10. IDR, IV values and maximum damper forces for k= 0.8 (left) and k= 1.0 (right) – set I-) & α=0.6.
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A comparative study is initially conducted for the steel MRF in
which all dampers are installed in a diagonal configuration either at the
interior or at the exterior bays. The outcome of this study indicates that
dampers are marginally more efficient if they are installed in the in-
terior bays. On the other hand, regarding the size (force capacity) of the
viscous dampers required, it is true that dampers of large size increase
the cost of retrofit. Therefore, it is decided to install dampers of smaller
size, at the outer bays and at all storeys, increasing thereby the already
high axial force demands of the outer columns of the steel MRF. Smaller
size dampers have also the advantages of simplified connections of the
dampers to the MRF and of avoiding axial load accumulation in its
columns [18]. It should be also noted that the dampers should essen-
tially have the same size in order to avoid the cost of testing different
dampers for a single retrofit project [19].

Considering then that: a) all viscous dampers can be either linear
(α=1.0 in Eq. (3)) or non-linear (α=0.2 or 0.6 inEq. (3)), b) the

viscous dampers should resist 80% or 100% of the total storey shear
force (k= 0.8 or 1.0 in Eq. (3)) and c) retrofit targets either IDR≤
0.7% or 0.7% < IDR≤ 1.5%, one can make use of the corresponding
min. IV equations of Table 4 and estimate the damping coefficients of
the linear dampers from Eq. (3) and of the non-linear dampers from
either Eq. (3) or Eq. (4). It should be also reminded that the in-
corporation of the viscous dampers corresponding to a reasonable
added damping ratio of 5–20% in the MRF, introduces usually negli-
gible influence on its fundamental period for excitation frequencies
ranging from 0 to 3 Hz [20].

Subsequently, the steel MRF retrofitted with viscous dampers is re-
subjected to the 22 seismic motions of Table 2 and seismic response
results in terms of IDR, IV and of the forces on viscous dampers are
computed. For the non-linear inelastic analyses of the retrofitted MRF,
linear or non-linear viscous dampers are modelled as discrete damping
elements using the ‘Link element’ of SAP2000 [15]. However, a detailed

Fig. 11. IDR, IV values and maximum damper forces for k= 0.8 (left) and k= 1.0 (right) – set I-) & α=0.2.
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Fig. 12. Plastic hinge formations before and after the addition of linear dampers for the seismic motions No.4 (left) and No.20 (right) of set I-).

α=0.6 & k=0.8                     α=0.2 & k=0.8 α=0.6 & k=0.8                     α=0.2 & k=0.8 

α=0.6 & k=1.0                     α=0.2 & k=1.0 α=0.6 & k=1.0                     α=0.2 & k=1.0 

Fig. 13. Plastic hinge formations after the addition of non-linear dampers for the seismic motions No.4 (left) and No.20 (right) of set I-).
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modeling and limit states for dampers [21,22] are not taken into ac-
count in view of the fact that the collapse performance of the MRF is out
of the scope of the present work. Nevertheless, as it is demonstrated in
the following, the increase of axial forces in columns due to damper
forces may significantly affect the collapse potential of the retrofitted
MRF.

Before the presentation of numerical results, a short discussion is
due regarding the set of the seismic motions (accelerograms) used in
terms of expected seismic demand, following Uriz and Whittaker [23]
and Wang and Mahin [18]. These seismic motions are separated into
two sets: I-) No. 3–6, 9, 14, 17, 19–21 (10 in total) and II-) the re-
maining ones according to Table 2 (12 in total). It is assumed that these
sets represent two levels of seismic demand in terms of their mean 5%-
damped elastic acceleration spectra. These mean spectra along with the
individual 5%-damped elastic response spectra of the accelerograms of
Table 2 and the 5%-damped elastic design spectrum of Eurocode 8 [13]

used for the design of the MRF under study, are shown in Figs. 5, 6.
Referring to Fig. 5, and focusing on the individual spectral ordinates

at the periods of interest (shown with vertical lines), i.e., the first two
modes of the steel MRF under study, one may find that the acceleration
corresponding to seismic motions of set I-) compared to the design
acceleration of EC8 satisfies a ratio between 1.0 and 2.0. Considering
the 5%-damped mean spectrum of the seismic motions of set I-), one
gets for the same periods of interest, that the ratio of the mean to design
acceleration is 1.47 for T= 0.5 s and 1.62 for T= 1.5 s. Thus, it is
expected that for the seismic motions of set I-), the retrofit using viscous
dampers (essentially offer at least 5% more viscous damping to the
inherent 3% of the MRF) will be successful leading to elastic or mildly
inelastic response of the MRF.

On the contrary, as it is shown in Fig. 6, the ordinates of the 5%-
damped mean spectrum of the seismic motions of set II-), substantially
exceed those of the design spectrum for periods greater than 0.3 s. More

Fig. 14. IDR, IV values and maximum damper forces for k=0.8 (left) and k=1.0 (right) – set II-) & α=1.0.
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specifically, the ratio of the mean to design acceleration is 1.93 for
T= 0.5 s and 3.54 for T=1.5 s, thus, even in the presence of increased
damping (at least 5% more viscous damping to the inherent 3% of the
MRF is provided by the viscous dampers), the MRF is expected to ex-
hibit medium to large inelastic response. Thus, it can be said that set II-)
represents a higher seismic demand level (in terms of a mean accel-
eration spectrum) than set I-).

5. Results for the retrofitted frame and discussion

Taking into account the aforementioned spectral considerations,
detailed results from non-linear inelastic time-history analyses are
presented in the following. The results involve IDR and IV values for the
retrofitted MRF as well as maximum forces of the viscous dampers. For
comparison purposes, mean IDR and IV values as well as target IDR and
the IV values from Table 4 are also shown.

Results will be presented separately for sets I-) and II-). For each set,

according to ASCE 7–10 [2] and its subsequent modifications, mean
values are permitted to be used since at least seven seismic motions are
used. To highlight the need of placing dampers, the IDR and IV re-
sponses of the MRF before retrofitting are provided in Figs. 7–8 for the
seismic motions of set I-) and II-), respectively. Mean IDR and IV values
are also shown in Figs. 7–8 and on the basis of the mean IDR values, it is
considered that retrofit targets IDR≤ 0.7% for set I-) and
0.7%< IDR≤ 1.5% for set II-). The damping coefficients C of the
viscous dampers are obtained using Eqs. (3) and (4) (for k=0.8 or 1.0),
where the IV expression of Table 4 for the case 0.7%< IDR≤ 1.5% is
employed due to its better correlation coefficient in comparison to the
equation used for IDR≤ 0.7%.

Response results are presented first for set I-). Figs. 9–11, display,
for α=1.0, 0.6 and 0.2, respectively, the height-wise variation of IDR,
IV and the maximum damper forces for the two values of k. Mean va-
lues for IDR, IV and damper forces as well as target IDR (0.7%) and IV
(from Table 4) values are also shown in Figs. 9–11. Worst plastic hinges

Fig. 15. IDR, IV values and maximum damper forces for k=0.8 (left) and k=1.0 (right) – set II-) & α=0.6.
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formations before and after the addition of linear and non-linear
dampers, are identified for the seismic motions 4 and 20 of set I-) and
are shown in Figs. 12–13 for the two values of k. For the case of linear
dampers (Fig. 12), these worst plastic hinge formations for the seismic
motions 4 and 20 are found to be the same, irrespectively of the value of
k. Nevertheless, it should be noted that for the seismic motion No.5
with k=1 and α=0.2, response cannot be computed due to excessive
number of plastic hinges.

From Figs. 9–13, one can conclude that: i) for the case of linear
dampers mean IDR and IV values satisfy their target values; ii) for the
case of non-linear dampers with α=0.6, mean IDR values satisfy the
target values, whereas mean IV values satisfy their target values for the
first 7 (for k=1.0) and 8 (for k=0.8) storeys; iii) for the case of non-
linear dampers with α=0.2, mean IDR values satisfy the target values,
whereas mean IV values satisfy their target values for the first 7 (for
k=1.0) and 4 (for k=0.8) storeys; iv) for all damper cases, as ex-
pected, the mean maximum damper forces for k=0.8 are lower than

those for k=1.0.
For all seismic motions of set I-), the addition of linear dampers to

the MRF is effective in reducing IDR, IV and number of plastic hinges in
comparison to the initial MRF without dampers. On the other hand, the
addition of non-linear dampers to the MRF is effective in reducing IDR
and IV in comparison to the initial MRF without dampers, however,
plastic hinge formations may take place in few or many elements but in
a different pattern than the expected one. More specifically, for two of
the seismic motions of set I-), significant increases in axial forces of
columns occurred due to the forces induced by the non-linear dampers,
leading to undesired plastic hinge formations at the top end of the
columns of the first lower storeys. The number of these undesired
plastic hinges to columns depends on the values of α and k and seems to
increase as the velocity exponent decreases.

End plastic rotations, according to ASCE 41–13 [14] lie within: i)
the range of immediate occupancy (IO) and life safety (LS) limit states
for the case of linear dampers and involve only the columns of the first

Fig. 16. IDR, IV values and maximum damper forces for k=0.8 (left) and k=1.0 (right) – set II-) & α=0.2.
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storey at their bottom end; ii) the range of immediate occupancy (IO)
and life safety (LS) limit states for the case of non-linear dampers with
α=0.6 and involve only columns of the first storey at both top and
bottom ends; iii) the range of immediate occupancy (IO) and collapse
(C) limit states for the case of non-linear dampers with α=0.2 and

involve columns of the first two to four storeys at both top and bottom
ends and many beams at several storeys.

Proceeding to set II-), Figs. 14–16, display, for α=1.0, 0.6 and 0.2,
respectively, the height-wise variation of IDR, IV and the maximum
damper forces for the two values of k. Mean values for IDR, IV and

Fig. 17. Plastic hinge formations before and after the addition of linear dampers for the seismic motions No.16 (left) and No.22 (right) of set II-).

Fig. 18. Plastic hinge formations after the addition of non-linear dampers for the seismic motions No.1 (left), No.13 (upper right) and No.16 (lower right) of set II-).
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damper forces as well as target IDR (0.7%< IDR ≤ 1.5%) and IV (from
Table 4) values are also shown in Figs. 14–16. Worst plastic hinges
formations before and after the addition of linear and non-linear
dampers, are identified for the seismic motions 1, 13, 16 and 22 of set
II-) and are shown in Figs. 17–18 for the two values of k. For the case of
linear dampers (Fig. 17), these worst plastic hinge formations for the
seismic motions 16 and 22 are found to be the same, irrespectively of
the value of k. For the seismic motion No.13 with k=1.0 and α=0.2,
response cannot be computed due to excessive number of plastic hinges.
From Figs. 14–18, one can conclude that: i) for the case of linear or non-
linear dampers mean IDR values satisfy their target values but mean IV
values do not; ii) for all damper cases, as expected, the mean maximum
damper forces for k=0.8 are lower than those for k=1.0.

For all seismic motions of set II-), the addition of dampers to the
MRF is effective in reducing IDR and IV but not in reducing the number

of plastic hinges in comparison to the initial MRF without dampers.
More specifically, substantial increases in axial forces of columns oc-
curred due to the forces induced by dampers, leading to undesired
plastic hinge formations at the top end of the columns of several
storeys. The number of these undesired plastic hinges to columns de-
pends on the values of α and k and seems to increase as the velocity
exponent decreases. End plastic rotations, according to ASCE 41–13
[14] lie within the range of immediate occupancy (IO) and collapse (C)
limit states and involve columns of the first five storeys at both top and
bottom ends and many beams at several storeys.

On the basis of the preceding response results for both sets and their
corresponding discussion, it can be said that for set I-) the proposed IV
equation, provides a good estimate towards the mean IVs of the MRF
retrofitted with linear dampers or non-linear dampers with α=0.6,
whereas fails to do so for the case of non-linear dampers with α=0.2.
Therefore, the proposed IV equation may give a good estimate towards
sizing (force capacity) of dampers with α=0.6 and 1.0. Set II-) re-
presents a higher seismic demand level than set I-), and the proposed IV
equation seems to provide acceptable estimates of IVs for the cases of
dampers with α=0.6 and 1.0, but only for the seismic motions No.7,
10, 12 and 18.

Contrary to what is established in literature regarding limitation of
maximum damper forces when non-linear dampers are used, e.g.,
Symans et al. [20], Martinez-Rodrigo and Romero [24], the use of IV in
sizing dampers reveals that damper forces are not always reduced if
non-linear dampers instead of linear ones are used. This finding may be
even more pronounced in the case of stiffer MRFs that essentially re-
spond to seismic excitation with small IDRs and IVs.

For both sets of seismic motions used herein, the addition of dam-
pers to the MRF cause increases in axial forces of columns. If these
increases are substantial, they inevitably lead to major plastic hinge
formations at the top and bottom ends of the columns of several storeys.
These increases have been noted in literature for steel MRFs equipped
with linear and non-linear viscous dampers [23–25] and seems to be
more pronounced in the case of non-linear dampers with low velocity
exponent where damper forces are in phase with the structural
(column) forces. Of course not only the velocity exponent but also the
level of inelastic response, non-proportional damping (due to non-uni-
form damper placement) and bracing / connection of dampers to the
structural framing can be also contributing factors towards the phase
relation between structural and damping forces [20].

Thus, these increases in axial forces of columns and the subsequent
plastic hinge formations should be viewed with caution in view of i)
possible soft storey formation; ii) strengthening of columns and foun-
dations; iii) collapse assessment [21,22,26] and iv) violation or mod-
ification of capacity design rules [19,26]. The proposed IV equation
cannot handle these increases in axial forces of columns due to dampers
and this is a matter that should be handled along the lines of the overall
frame retrofit. However, it seems that these increases and the sub-
sequent undesired plastic hinge formations to columns start to appear at
an IV range of 0.065–0.085m/sec and alter the inelastic response.

The use of a specific value for k may be important for the case of
non-linear dampers where the aforementioned phase between struc-
tural and damping forces takes place. The value selected for k has direct
impact on IVs and damper forces, depending on the value of α and on
the level of seismic demand (Figs. 9–11 and 14–16 for sets I- and II-,
respectively). In fact, its impact can be even more crucial as it can be
observed in Fig. 19. In this figure for set I-) and considering k=0.6 and
α=0.6, the IV equation of Table 4 provides better estimate towards
mean IVs and, thus, sizing (force capacity) of dampers in comparison
with the cases of k=0.8 or 1.0 and α=0.6 (Fig. 10). Worst plastic
hinge formations for k=0.6 and α=0.6 are identical with those of
Fig. 13 for k=0.8 and α=0.6. On the other hand, such an improve-
ment on IVs is obtained neither when using k=0.6 and α=0.6 for set
II-) nor when using k=0.6 and α=0.2 for both sets. Nevertheless, it is
deemed that for some cases of non-linear dampers, a lower or even

Fig. 19. IDR, IV values and maximum damper forces for k= 0.6 – set I-) &
α=0.6.
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higher values of k than the 0.8 and 1.0 considered herein may lead to
improved IVs, in accordance to the target IVs, but this is a matter of the
steel MRF under study in conjunction with the possible significant in-
creases in axial forces of columns due to dampers.

6. Synopsis and future needs

In this work expressions that provide an easy and quick estimation
of IV for specific IDR levels are proposed for plane steel MRFs. The
proposed expressions have a good correlation with the upper and lower
limits of these limit IDR levels.

The IV expressions, corresponding to these specific IDR levels, are
then employed in a seismic retrofit procedure for a plane steel MRF in
which viscous dampers are inserted. The retrofit is performed for two
levels of seismic demand (in terms of mean acceleration spectra) and
targets for each one a specific IDR range. The damping coefficients of
either the linear or the non-linear viscous dampers used for retrofit are
obtained using the IV expressions given for the target IDR. The retro-
fitted with dampers steel MRF is subjected to non-linear time history
analyses and response results in terms of IDRs, IVs and maximum
damper forces are computed, involving their mean values.

From the results found, it is concluded that for one of the two levels
of seismic demand, the proposed IV expression provides a good esti-
mate of the IVs and, thereby, of the size (force capacity) of linear
dampers (α=1.0) and non-linear dampers (α=0.2 and 0.6), under the
consideration that these dampers are designed to resist 80–100% of the
storey shear force. On the other hand, for the two levels of seismic
demand and all cases of dampers, mean IDRs are within the targeted
values.

The results presented herein are representative of the steel MRF
studied and cannot be directly adapted to other plane or space steel
MRFs. Therefore, more numerical analyses involving various combi-
nations of plane and space steel MRFs and linear or non-linear dampers
are needed for testing and calibration of the proposed IV expression. In
these analyses, the placement and configuration of the dampers as well
as the percentage of story shear force to be resisted by them should be
investigated. Verification of the efficiency of the dampers should also
include damper stroke in conjunction with IV and damper forces.
Finally, further bounds on the proposed IV expression for specific IDR
levels may be applied, tracing the range of IVs where damper forces
provoke major plastic hinge formations to the columns of the retrofitted
frame.
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