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ARTICLE INFO ABSTRACT

Friction-based structural control is an available strategy for reducing the seismic response of buildings. The
friction dampers in such systems can be operated using passive and semiactive control. Passive dampers with
constant, pre-defined capacity are effective and simple, but their adaptability to a broad range of frequency
excitations is limited and their optimal configuration is complex. Semiactive control provides a means to vary
the dampers’ capacity to their optimum levels in real-time, but time delays in the control action may affect their
performance. In this investigation, a passive system is initially introduced in a multi-storey steel frame to identify
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2010 MSC: a threshold of optimum control force demand related to the limits of the building’s elastic response. A new
ggg(l) semiactive algorithm is then introduced to adjust the dampers’ capacity based on the current deformation state

across the building. From simulations of the non-linear response of the frame, the semiactive system reduced the
structural response to levels similar to the optimum passive control, with more uniform distributions of storey
drift. The control system had optimum performance when a range of time delays was included to simulate
different regulator mechanisms.

1. Introduction

A mechanism for dissipation of the seismic energy exerted in
buildings during strong earthquakes is through damage at specific lo-
cations in the structure. The damage, in the case of moment resistant
frames, develops in the form of plastic hinges at the ends of beam
elements. This may induce degradation of the structural resistance,
with associated costs of repair and aesthetic degradation. As an alter-
native mechanism, passive and semiactive control systems are of par-
ticular interest due to their high energy dissipation capability. By using
such systems, the dissipative capacity of the structure is increased,
without modifying its original design strength.

An extensive description of control systems can be found in Housner
etal. [1]. Symans et al. [2] give a good treatment of passive control and
its applications, and Parulekar and Reddy [3] present the state-of-the-
art of passive systems. Description of semiactive systems and examples
of applications are described by Morales-Beltran et al. [4], Casciati et al.
[5], Spencer and Nagarajaiah [6], Symans and Constantinou [7], and
Spencer and Sain [8]. Amezquita-Fuentes et al. [9] present a review of
control laws implemented in semiactive systems.

Passive control systems are activated by the action imposed by the
main structural system. After the control device is installed, it has no
ability to regulate itself under different ground motions. Control sys-
tems with frictional mechanisms (e.g., [10-14]) are simple and cost-
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effective. However, the optimum performance of friction-based passive
control is given by a unique configuration of slip-load capacity and
placement of the dampers [15]. Filiatrault and Cherry [16] noted dif-
ferent performance between systems with slip-loads that were either
proportional to the inter-storey shear force or uniformly distributed,
and proposed a design slip-load spectrum to determine the optimum
slip-load directly. Dowdell and Cherry [17] proposed a proportional
distribution of the dampers’ slip-load based on the structural de-
formation of the fundamental mode and the mass of the building.
Apostolakis and Dargush [18] used genetic algorithms to identify the
optimum capacity and placement of friction dampers in low-rise mo-
ment resistant steel frames. Min et al. [19] proposed the design of a
single storey structure with friction damper based on a target equiva-
lent damping ratio derived from the frictional hysteretic mechanism
into a viscous damping mechanism at the steady-state response condi-
tion in the structure, which was subjected to harmonic ground motion.
Lee et al. [20] studied the optimisation of damper capacity and allo-
cation based on the normalisation of the ratio of slip-load to shear force
in the building, either by considering the damper-braced frame or the
bare frame, and proposed an empirical equation to determine the op-
timum quantity of dampers. Miguel et al. [21] studied the simultaneous
optimisation of damper slip-load and placement by means of the
backtracking search optimisation algorithm [22] with an objective
function (e.g., maximum reduction of inter-storey drift for a shear
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Fig. 1. Hysteretic behaviour of friction damper using different control schemes.
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building, or top displacement for a transmission line tower) and by
feeding the optimisation algorithm only with the maximum capacity
and placement of dampers available. For robust optimisation, Miguel
et al. [23] introduced random variables to represent uncertainty in the
material properties, ground motion and damper forces in each run of
the backtracking search algorithm. From those studies, it can be con-
cluded that the optimum passive slip-load is related to the character-
istics of the earthquakes and thus, varies for different ground motions.
Since it is tuned to a certain earthquake, the performance of passive
systems may be affected for a broader range of excitation frequencies.
Thus, rendering the design to sub-optimal performance as there is no
way to predict ground motions. Furthermore, the optimisation process
generally assumes an elastic structural response, which is non-realistic
for design and maximum considered earthquakes.

Semiactive control is a possible solution to overcome the sub-op-
timal performance of passive dampers under different earthquakes. A
semiactive control scheme is a means to manipulate the friction dam-
pers in real-time during the earthquake to adjust the slip-loads to the
most efficient level. The level of complexity and efficiency of the
semiactive system depends on the control law implemented. Algorithms
that require a full model of the structure may yield the best perfor-
mance, but with an associated cost of implementation. Furthermore, the
optimisation may be limited to elastic models of the structure.
Algorithms that utilise a control architecture where minimal or no in-
formation is exchanged between each local controller are a compromise
between good performance and fast computational response, but they
may adapt more efficiently to non-linear response. Using the latter
strategy, Akbay and Aktan [24] and Kannan et al. [25] proposed an
algorithm based on bang-bang control to modify the slip-load of the so-
called “active slip-bracing device” at fixed time and force increments.
Dowdell and Cherry [17] developed an “off-on” control to modify the
slip-load from a near-zero value (i.e., “off” phase) to a pre-set value
(i.e., “on” phase). Inaudi [26] developed the modulated homogeneous
control to modify the slip-load only at peaks of inter-storey deforma-
tion, and He et al. [27] enhanced this controller by introducing either

linear or hyperbolic tangent functions as boundary layer factors to
allow smoother changes of the slip-load in the vicinity of motion re-
versal. Chen and Chen [28] developed an algorithm to include both
viscous and Reid damping by defining different gain factors for the
deformation phase and its rate. Ng and Xu [29] developed the non-
sticking friction control to modify the slip-load up to a pre-defined
maximum level proportionally to the hyperbolic tangent function of the
velocity. Ozbulut et al. [30] developed adaptive control algorithms
using fuzzy logic to control friction dampers installed as supplemental
devices for base isolated systems.

A possible drawback of the semiactive system is the unavoidable
time lag that occurs during the feedback data acquisition, processing
and transferring, and during the control force build-up in the control
devices [31,32], which does not occur in passive systems.

In the investigation presented in this paper, a new semiactive con-
trol algorithm is introduced to modify the slip-loads based on the
combination of local and global response parameters, which ensures
adjustment of control forces based on knowledge of the whole build-
ing’s response without requiring a model of the full structure. The new
algorithm increases the system’s adaptability to a variety of seismic
excitations and eliminates the problem of optimum placement config-
uration by utilising a narrow range of control forces related to optimum
passive slip-loads. The investigation of the effects of the time delays in
the performance of the semiactive system is also presented.

2. Description of semiactive control algorithm

Modelling of the dynamic response of multi-degree-of-freedom
(MDOF) structures with friction-based dissipation devices is given by
Eq. (1) [33]:

Mi(t) + Cx(t) + K(u)x(t) + F,(t) = —MLX,, (@D

where M, C and K (u) are the mass, damping and non-linear stiffness
matrices, respectively; x (¢) is the vector of displacement relative to the
ground and ' indicates derivative with respect to time; the input to the
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Fig. 4. Envelopes of absolute values of the bare frame’s response.

system is the ground acceleration Xy, which is allocated to corre-
sponding masses by the influence vector L. Fj(t) is the vector of forces
Jn,; acting in each damper i. The force f, ; is given by the product of the
damper’s stiffness kq; and the deformation &,; in the damper before
activation, and by the slip-load capacity at time of activation, i.e. when
there is relative slippage at the frictional interface.

The slip-load capacity of friction dampers depends on the force
clamping the moving parts together, and the friction coefficient in their
interface. For passive dampers (Fig. 1a), the slip-load can be expressed
as:

fpi = 1Nisgn (64:(0)), @)

where f,; is the passive slip-load, N; is the constant, pre-loaded
clamping force, u is the friction coefficient and sgn (Sd,i (t)) indicates the
direction of motion.

By introducing a controllable force application unit, it is possible to
modify the damper’s clamping force and slip-load in real-time using
semiactive control. In this case, the semiactive slip-load f ; (¢) (Fig. 1b)
is calculated as:

£i(®) = uNi(D)sgn (84, (1)), 3)

where the force N;(t) is variable in time according to the semiactive
control algorithm implemented.

In this investigation, the Average Deformation with Variable Gain
Factors (ASVG) algorithm is introduced to control the force N;(t) based
on the actual state of the lateral deformation of the building. A variable
gain factor g;(¢) is introduced in the algorithm to calculate the required
control force by combining local feedback (i.e. storey drift) and global
information (i.e. the average value of all storeys’ drift). In the algo-
rithm, the clamping force N;(t) is adjusted only at pre-defined time
intervals At (Fig. 2). Relatively long durations of At, based on the
fundamental period of the structure, may preclude unnecessarily rapid
operation of the adjusting mechanism and rattling in the dampers.
Furthermore, the control operation would be closer to the frame’s lower
frequencies, where the largest response generally occurs.

At the end of each interval At, the gain factor g;(¢) is calculated as a
product of two components:

&) =g, (6)&, ). @)
The first component is given by:
18:(0)!
g.(1) = %,
— 2 601 5)

where I&(t)l is the absolute value of the largest drift of the ith inter-
storey recorded within the interval At, and n is the number of storeys in
the building. The role of this component is to produce a uniform dis-
tribution of inter-storey drifts along the height of the building by in-
creasing or decreasing the slip-load proportionally to the ratio of the
local storey drift to the mean value of drift in the building.

The second component was adapted from the smooth boundary
layer algorithm [27] to gradually reduce the control force at the time of
zero velocity (i.e. motion reversal and towards the end of excitation):
&,:(t) = tanh(I84; (1)), 6)

where §;(t) is the local velocity across the damper at the end of the
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interval At.

The range of available clamping forces is capped to pre-defined
minimum and maximum levels N;; and N,;, respectively, which are
related to the optimum range of passive slip-loads. Within these limits,
the clamping force is adjusted by using the following equation:

Nis if t < At

{min (& (OIN(t=AD N, 1}
ax
N

Ni(t) =
® }ifmAt<t<(m+1)At

)

where m =1, 2, 3, ...,n (i.e. mAt is the time at the end of every interval
of decision) and N;(t—At) is the clamping force determined in the pre-
vious interval of decision.

3. Reference frames
3.1. Bare model

The investigation was conducted by simulating the response of a
low-rise steel frame in a purpose built software [34]. The six-storey,
moment resistant frame (Fig. 3a) was first studied by Inaudi [26]. To
create low damping conditions which were similar to the original
frame, the proportional damping matrix C was constructed by using
Rayleigh coefficients of 3.31 x 1072 and 4.4 X 10~ for the mass and
initial stiffness matrices, respectively. The proportion of critical
damping in the first, second and third mode resulted in 0.50%, 0.40%
and 0.52%, respectively. The frame’s first mode frequency was 0.67 Hz,
second mode frequency was 1.88 Hz and third mode frequency was
3.16 Hz.

In order to determine appropriate levels of the control force related
to the structural resistance, an initial pushover analysis of the bare
frame was performed in Drain-2DX [35] by applying incremental lat-
eral loads at each ith storey and monitoring the lateral deflection. The
stiffness k; and yield load f,; are shown in Fig. 3b.

The response of the bare frame was simulated for six earthquake
records: El Centro 1940 (cn40) recorded at IVI District Array #09,
Northrige 1994 (nr94) recorded at LA-Fletcher Dr, Kobe 1995 (ko95)
recorded at KJMA, Loma Prieta 1989 (1089) recorded at San Francisco
Bay Bridge, Imperial Valley 1979 (iv79) recorded at Calipatria Fire
Station, and Taft 1952 (tf52) recorded at LA-Hollywood. The Pacific
Earthquake Engineering Research [36] database records for each re-
spective earthquake are 6, 993, 1106, 757, 163 and 12. All the records
were scaled to peak ground acceleration PGA = 0.55g.

The Newmark’s implicit average acceleration method was the al-
gorithm used to integrate Eq. (1). Since the structure was modelled as
an MDOF system with distributed mass and no DOF reduction, the time
step for analysis was set as 5ms. The hysteretic behaviour of the
structure was simulated by means of plastic hinges representing the
material non-linearity at both ends of the beam elements. The bilinear
behaviour with post-yield softening was introduced by defining a post-
yield to initial stiffness ratio of 5%. The moment resistance of the beams
was determined as the product of the section’s plastic modulus and the
yield strength of steel grade S275. In order to generalise and satisfy the
strong column-weak beam design typically required by seismic codes,
which stipulate different ratios, (e.g., 1.3 for Eurocode 8 [37] and 1.0
for ASCE 7-10 [38]), the columns were modelled with elastic beha-
viour, regardless of their axial force-moment demand.

The envelope of the absolute values of displacement, acceleration,
inter-storey drift ratio and shear force are shown in Fig. 4. For all the
earthquakes, the frame had large incursions in the inelastic range
(Fig. 4c), and the energy dissipated through the mechanism of plastic
hinges in the beams accounted for more than half of the total energy
exerted by the excitation (Fig. 5a).
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Table 1
Indices J; to Js for assessment of control performance.
Parameter Equation Variables
Drift ratio b max(l &,i | /i) 8¢/ hi, 8p/h; = Drift ratio at level i, for
T~ 1 max( 8p,i | /hi) controlled and bare frame,
respectively.
Acceleration ; max | %l X., Xp = Acceleration relative to the
27 | max 15,1 ground.
Base shear J max | Fycl Fi.c, Fsp = Shear force at the base of
* 7 \maxiFpl the frame.
Average drift L= {max(éc,,-)} 8¢,i» Ob,; = Average of simultaneous
max(db, i) drift in the building at time of
maximum drift of level i.
Drift distribution P max(a,i) c,i» 0p,i = Standard deviation of drift
>~ | max(op,) across the building at time of maximum

drift of level i.

3.2. Passive control system

The bare frame was initially retrofitted by introducing a concentric
bracing-damper system in bays B-C and E-F at each storey (Fig. 3c). The
braces consisted of steel, circular hollow sections designed to remain
elastic and sufficiently stiff to allow relative slippage in the friction
connections and avoid significant axial deformations. The dampers
were modelled assuming frictional, slotted-bolted connections with
rectangular hysteretic behaviour [11]. The combined passive slip-load
Jp,; for each pair of dampers at storey i was calculated as a function of
the shear force resistance in the building, to reasonably correlate the
control force with the actual resistance of the structure. The slip-loads
were thus defined as a ratio of the bare frame yield load, ie., f,,/f,;,
varying from O to 2.5.

The ratios between controlled and bare frame’s maximum inter-

Engineering Structures 172 (2018) 154-162

storey drift (d./dp), with respect to the slip-load ratio f,;/f, ; are shown
in Fig. 6. The optimum performance of the system varied for each
earthquake, showing the limited adaptability of passive control. The
range of slip-load ratios between 0.25 and 0.65 generally resulted in
maximum reductions of the deformation, maximum levels of energy
dissipated through the mechanism of frictional work in the connections
and minimum levels of energy dissipated through damage in the beams
(Fig. 7). Due to the inclusion of the control system, the damper’s fric-
tional work acted as the main mechanism for energy dissipation
(Fig. 5b). This additional dissipative capacity prevented any significant
damage in the beams for the optimum range of f,; between 0.25f, ; and
0.65f, .

4. Performance of semiactive system
4.1. Control system with instantaneous action

In order to investigate the performance of the semiactive system, it
is assumed that a mechanical regulator with instantaneous control ac-
tion was available in each friction connection. The minimum and
maximum levels of control force N;; and N,; were defined as 1.25 fy,i
and 3.25f,;, respectively. By using a friction coefficient u = 0.2, the
resulting slip-loads are within the optimum range 0.25f,; to 0.65f,;
identified for the passive control system. Three values for the interval of
decision were defined as At = Ty/4, Ty/2 and Ty, where T is the fun-
damental period of the bare frame.

The performance of the control systems was measured in five dif-
ferent response parameters, as summarised in Table 1. The indices J; to
Js reflect the performance of the passive and semiactive systems rela-
tively to the response of the bare frame [39].

The time history of the slip-load (Fig. 8a) demonstrates the lower
force levels required by the semiactive control for extended periods of
time, which is advantageous to extend the durability of the dampers. As
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Fig. 8. Damper slip-load and frame response with optimum passive and semiactive control, under the El Centro 1940 earthquake.
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Table 2
Average performance of the passive and semiactive control systems.

Response parameter ASVG control, At= Passive control, f,/f, =

Ty/4 Ts/2 Ty 0.25 0.35 0.65 Avg
Drift ratio 7 0732 0.683 0.742 0.721 0.711 0.744 0.721
Acceleration 7, 0795 0.796 0.840 0.808 0.804 0.967 0.875
Base shear 3 0872 0.881 0.855 0.794 0.871 1.104 0.948
Average drift I 0599 0616 0.636 0.645 0.581 0.558 0.595
Drift distribution ~J  0.397 0.382 0.445 0.439 0.404 0.448 0.430
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Fig. 10. Comparison of the average drift and their distribution for passive and
semiactive control systems.

shown in Fig. 8b, the frame with ASVG control had the same storey drift
than the optimum passive control. However, the lower slip-loads in the
semiactive system resulted in more frequent activation of the dampers.
As the slip-load capacity increased, there were larger cycles of energy
dissipation than the passive control (Fig. 8c and d).

4.1.1. Comparison of building response

The results from the simulations show that the semiactive control is
efficient in reducing the structural response of the building for all the
earthquakes. The system with shorter intervals (especially At = T;/2)
generally resulted in large reductions of storey drift, top floor accel-
eration and base shear, in comparison to the average optimum passive
control for every earthquake (Fig. 9). The comparison of the average
response for all earthquakes, with three cases of optimum passive slip-
loads (f,; = 0.25f,;, 0.35f,;, 0.65f, ), the average response within the
range 0.25f, ; to 0.65f,; and the ASVG control is shown in Table 2. As
shown in the Table, the semiactive system improved the frame’s re-
sponse for drift, acceleration and shear force with lower indices J;, J,
and J; calculated from the average response from all earthquakes.

4.1.2. Comparison of storey drift distribution

The semiactive system resulted in slightly lower drift reductions, but
lower indices of standard deviation than the passive system. As shown
in Fig. 10, the average simultaneous deformation levels indicated by the
index J; are slightly lower for the average optimum passive system,
approximately 6%, 5% and 10% for the Kobe, Loma Prieta and Imperial
Valley earthquakes. For the El Centro, Northridge and Taft excitations,
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Fig. 11. Block diagram of analysis software with incremental substep in the control force.
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however, the differences vary only between 1% and 3%.

In the case of the standard deviation of storey drift, the semiactive
system resulted in values of J that are 8%, 24%, 16% and 10% lower
for Northridge, Kobe, Loma Prieta and Taft earthquakes. For the El
Centro and Imperial Valley motions, the index levels are approximately
1% lower. For the combined response of all earthquakes (Table 2), the
semiactive system with At = T;/2 is 6% and 12% lower than the op-
timum passive case with fp,i = 0.35f,,; and the average optimum passive
range, respectively.

4.2. Control system with time delays

The time delays introduced in the simulations comprised two parts
[31]: (i) fixed time delay $, due to acquisition, filtering, processing and

a) Top floor displacement (cn40)

40 T T T T T T T
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transmission of data in the cycle sensors-computers-actuators, and (ii)
time delay (3, that the actuators take to build up control forces, which in
the case of friction dampers is associated with the mechanism used to
adjust the clamping force N;(t), e.g. piezoelectric actuators [40-42],
hydraulic actuators [25], electromagnetic fields [43,27], and brakes
[44,45].

In this study, two series of simulations were performed using two
values of the fixed time delay 8, = 30 ms and 60 ms to cover the range
of delays identified for magnetorheological damper tests [46]. In order
to simulate the variety of possible clamping mechanisms in the friction
dampers, the delay 8, varied from 15 to 375 ms at intervals of 15 ms.

Due to the introduction of the delay ,, the semiactive control forces
were determined at times mAt + 8, with the feedback information ac-
quired at mAt (with m =1, 2, 3, ...,n). Thus, the factors 8 and &
(Egs. (5) and (6), respectively) were calculated as:

185:(t=p,)!
a=g——=
1, % Y 16 (=B (€))
and
(1) = tanh(1§;(t—p))1). ©

To introduce the time delay 3, between the command signals gen-
erated by the controller and the actual control action in the friction
connections, the solution sequence in the analysis software was mod-
ified as shown in Fig. 11. An incremental approach based on the control
action loading rate was defined as:

c) Top floor displacement (ko95)

Displacement [cm]

40 T T T T T T T

_40 1 1 1 1 1 1 1 _40 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
b) Shear force at the base (cn40) d) Shear force at the base (ko95)
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Fig. 13. Comparison of time histories for top floor displacement and shear force at the base.
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Fig. 14. Average performance of the semiactive system with instantaneous and delayed control action.
SN = AN, p on minimal feedback of the actual deformation state across the
L= 'S . . . .
B, (10) building. The comparison of the structural response with both control

where 8N; indicates the controllable force increment, AN; is the avail-
able range of clamping force given by N, ;,—N; ;. During the simulations,
the clamping force was modified with the increment calculated with Eq.
(10) using t; = 3dt, due to the small integration time step dt = 1/200s.
Then, the modified slip-load capacity was calculated with Eq. (3) by
adding or subtracting the increment SN; to the current clamping force
N;, according to the sign of f ;(mAD)—f ; (¢).

The effect of the time delay on the clamping force N;(t) in com-
parison to the system with no delays can be observed in Fig. 12. The
system with delayed action generally resulted in a different control
force demand than that of the system with instant response. For the
time history shown, corresponding to the El Centro earthquake, the
system with instant action required a lower peak control, which oc-
curred at an earlier stage of the earthquake. The change in demand,
however, does not necessarily mean activation in the damper, which
rather depends on the deformation across its interface.

The introduction of the delays 8, and 8, did not affect significantly
the performance of the control system in any of the simulation series. In
comparison, the system with instantaneous action and the delayed
system with longest delay 8, = 375 ms under the El Centro and Imperial
Valley earthquakes had maximum variations of 3.7%, 3.7% and 5.2%
for the indices J;, J, and J;, respectively. In the case of Northridge, Loma
Prieta and Taft earthquakes, the variations of the indices J; and J; were
8.8%, and 12%, respectively. The index J, was reduced by approxi-
mately 16.9% for Northridge, but slightly increased by 8.6% for the
Loma Prieta excitation. In the case of Kobe earthquake, there was a
gradual variation along the increase of the time delay, leading to re-
ductions of approximately 20% for J; and 13% for J;, and an increase of
6% for J,. Time histories of the top floor displacement and base shear
for the El Centro and Kobe earthquakes are shown in Fig. 13, for the
cases of no control, optimum passive control, ASVG with instantaneous
control action and ASVG with maximum delay.

The average indices J;, J, and J; for the combined response of the six
earthquakes are shown in Fig. 14. It is evident that there is not a sig-
nificant influence of the time delay in the response. This is due to the
fact that the friction damper is inherently a dissipative mechanism.
Apparently, there is a balancing condition for the hysteretic dissipative
areas depending on whether the command force is higher or lower than
the current control force.

5. Conclusions

Passive friction dampers were used as initial retrofit solution for a
low-rise moment resistant steel frame. The optimum performance
varied for different capacity of the dampers and different ground mo-
tions. A threshold of control forces was identified for a set of six
earthquake records scaled to the same PGA to provide similar levels of
intensity, but different frequency content.

The ASVG semiactive control was presented as a possible solution to
the difficulty of finding the optimum configuration of passive dampers.
The semiactive control allowed real-time variation of slip-loads based

schemes demonstrated advantages of the semiactive system, including:
(i) self-regulation that results in optimum performance when compared
to passive control, (ii) increased adaptability to different ground ex-
citations; (iii) narrow range of control force demand that is correlated
with the actual resistance of the building, hence limiting excessive
additional loads in structural elements; and (iv) more uniform dis-
tributions of inter-storey drift.

The numerical results, including time delays to simulate different
regulator mechanisms showed a comparable performance for the
system with and without delays.
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