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26The purpose of this study is to develop a smart controller for energy dissipation and damage mitigation of
27collision-excited reinforced concrete structures. This study is the first attempt to apply fuzzy logic theory
28to smart reinforced concrete structures equipped with MR dampers under collision forces for structural
29impact hazard mitigation. The parameters of the fuzzy controller are optimized using a backpropagation
30neural network. To train the fuzzy controller, a number of experiments were conducted using a smart
31reinforced concrete beam under a variety of impact loads. The smart reinforced concrete beam is
32equipped with a magnetorheological (MR) damper, accelerometers, linear variable differential trans-
33former (LVDT), strain gages, and a voltage–current converter. It is implemented using National
34Instruments hardware with the LabView software. A proportional integral derivative controller (PID) is
35used as a baseline. It was shown from the comparisons of the fuzzy with the PID controllers that the
36smart fuzzy controller is an effective way to mitigate the complex impact response of reinforced concrete
37structures employing an MR damper.
38� 2015 Published by Elsevier Ltd.
39

40

41
42 1. Introduction

43 In recent years, there has been a growing interest in the impact
44 behavior of reinforced concrete structures (Ahmadian & Norris,
45 2008; Arsava, Kim, & El-Korchi, 2015; Consolazio, Davidson, &
46 Getter, 2010; Hongsheng & Suxiang, 2009; Ravindrarajah & Lyte,
47 2008; Wang & Li, 2006; Wiklo & Holnicki-Szulc, 2009a, 2009b).
48 The high impact loads such as vehicle collisions, barge-bridge pier
49 collisions, terrorist attacks, construction accidents, and gas explo-
50 sions may cause structural collapse due to the intense dynamic
51 stresses (Fig. 1). Thus, effective strategies for the response mitiga-
52 tion of structures under high impact loads should be developed to
53 reduce the huge losses of both life and property.

54 1.1. Modern control

55 Smart control systems may be the key in absorbing and dissi-
56 pating the external energy applied to structures (Arsava, Kim, &
57 El-Korchi, 2013). In particular, magnetorheological (MR) dampers,
58 which can be both operated as passive or active dampers, have
59 received great attention for use in large-scale civil infrastructural
60 systems (Mikułowski & Holnicki-Szulc, 2007; Spencer, Dyke, Sain,
61 & Carlson, 1997). Fast response, reliable operation and low

62manufacturing cost are the most distinguishing features of the
63MR dampers (Dyke & Spencer, 1996; Dyke, Spencer, Sain, &
64Carlson, 1998; Dyke, Yi, Caicedo, & Carlson, 2001; Kim, Langari, &
65Hurlebaus, 2009, 2010; Yi, Dyke, Caicedo, & Carlson, 1999; Yi,
66Dyke, Frech, & Carlson, 1998). The MR dampers consist of a hydrau-
67lic cylinder filled with magnetic coils and MR fluids. The efficiency
68of the MR damper to absorb and dissipate the external energy can
69be optimized by changing the magnetic field applied over the MR
70fluid. Therefore, developing an effective control algorithm plays a
71key role in implementing the smart control technology in large
72structures.
73Several control algorithms have been developed for use with
74the MR dampers in earthquake/wind engineering: Dyke, Spencer,
75Sain, and Carlson (1996a, 1996b) proposed clipped-optimal control
76to reduce dynamic response of structures under seismic loads. The
77control algorithm uses the acceleration feedback to adjust the volt-
78age applied to the MR dampers. The effectiveness of the proposed
79algorithm was demonstrated on a 3-story smart building equipped
80with an MR damper. Dyke and Spencer (1997) compared the
81performance of a decentralized bang–bang controller, a Lyapunov
82controller, a clipped-optimal controller and a modulated homoge-
83neous friction algorithm. It was shown from extensive simulations
84that the performance of the control system was highly dependent
85on the choice of algorithms employed. Ying, Ni, and Ko (2002) and
86Ni, Liu, and Ko (2002) applied the stochastic optimal control strat-
87egy to randomly excited nonlinear systems. Ni et al. (2002) studied
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88 on the installation position of MR dampers. A 12-story building
89 model and an 8-story building model subjected to seismic loads
90 were investigated. It was demonstrated that the semi-active con-
91 troller provides effective structural response reduction but the
92 control efficiency is influenced by the location of MR dampers.
93 Zhang and Roschke (1999) used a linear quadratic Gaussian with
94 loop transfer recovery control to mitigate the acceleration response
95 of tall structures under wind loads.
96 However, all the aforementioned controllers were designed
97 based on the predefined parameters and require a full understand-
98 ing of mechanics of structures (Zhao, Collins, & Dunlap, 2003).
99 These controllers require the properties of structures (e.g., mass,

100 damping and stiffness), and in some instances, even disturbances
101 (magnitudes and frequencies). However, due to considerable
102 uncertainty of the high impact loads and time-varying smart struc-
103 tures, it may be difficult to implement the aforementioned conven-
104 tional controllers into the smart structures under high impact
105 loads. On the other hand, to identify and control the given system
106 model, the fuzzy logic algorithms use the input–output map of the
107 structural system. Fuzzy logic algorithms use adaptive learning
108 tools to increase the accuracy of the results. The only limitation
109 of the fuzzy logic models is the requirement of extensive experi-
110 mental studies to obtain input–output data sets for training the
111 fuzzy model.

112 1.2. Intelligent control

113 Fuzzy logic-based controllers have attracted the attention of
114 many investigators (Kim & Clark, 1999; Zhou & Chang, 2000). Liu,
115 Gordaninejad, Evrensel, and Hitchcock (2001) proposed a
116 closed-loop control system based on fuzzy logic to suppress the
117 vibration of bridge decks under random excitations. It showed that
118 the fuzzy control system significantly reduced the deck displace-
119 ment, while the deck acceleration remained unchanged. Yeh,
120 Chen, and Chen (2008) implemented a Takagi–Sugeno fuzzy model
121 to parallel distribution compensation scheme to design a nonlinear
122 fuzzy controller for the stabilization of time-delayed fuzzy sys-
123 tems. Numerical simulations were performed on a one-story build-
124 ing equipped with the tuned mass damper (TMD) subjected to the
125 Taiwan Chi Chi earthquake. It was shown that the proposed con-
126 troller was effective to decrease the deflection response of the
127 structure excited by the earthquake. Chen (2009) developed a neu-
128 ral network (NN) approach, which combines the H1 and Takagi–
129 Sugeno fuzzy controllers, for use in structural systems equipped
130 with tuned mass dampers. The objective of the proposed NN
131 approach was to obtain a simple and practical control scheme for
132 nonlinear structural systems under external resonant disturbances.
133 A four-story frame structure was studied. A tuned mass damper
134 system was designed according to the first frequency mode for

135reducing the state responses under a seismic excitation equivalent
136to the Taiwan Chi Chi earthquake. Numerical simulations demon-
137strated that the proposed method was able to stabilize the nonlin-
138ear structural system. Wilson and Abdullah (2005a) developed a
139fuzzy controller to regulate the damping properties of the
140structure-MR damper system under earthquake loads. They
141demonstrated that both floor displacement and acceleration
142responses were successfully reduced. However, tuning the fuzzy
143controllers was a difficult and sophisticated procedure due to a
144large number of parameters that define the membership functions
145and inference mechanisms (Wilson & Abdullah, 2005b). In this
146context, different approaches were also proposed such as genetic
147algorithms (GA) (Arslan & Kaya, 2001), neural networks (Chen,
1482009; Lin & Lee, 1991), self-tuning (Maeda, Sato, & Murakami,
1491990), gain scheduling (Jang & Gulley, 1994) and manual-tuning
150(Driankov, Hellendoorn, & Reinfrank, 1993).
151One of the most recent researches has been performed by Kim
152(2014) on seismic response reduction of high-rise structures with
153fuzzy controlled MR-dampers. A 20-story building structure under
154artificial earthquake signals was investigated. Low damping elas-
155tomeric bearings and an MR damper were used to compose a smart
156top-story isolation system. A fuzzy logic controller was developed
157to control the MR damper and the parameters were optimized by
158multi-objective genetic algorithms. Based on numerical simula-
159tions, it was observed that the smart top-story isolation system
160can effectively reduce both the main structure and the isolated
161top story responses compared to the passive top-story isolation
162system. Another related work with our study was performed by
163Uz and Hadi (2014). An integrated fuzzy controller was proposed
164in order to provide the interactive relationships between damper
165forces and input voltages for MR dampers based on the modified
166Bouc–Wen model. The objective was to use MR dampers to prevent
167pounding damage and achieve a good seismic response mitigation
168of two adjacent structures. In the numerical study, adjacent
16920-story and 10-story buildings subjected to the El Centro (1940)
170and the Kobe earthquakes were investigated. A total of 50 MR dam-
171pers were placed in the 10-story building and different current sig-
172nals were studied. The proposed controller enhanced the seismic
173performance in terms of displacement responses and damper
174forces. Yang and Cai (2015) developed a fuzzy controller to reduce
175the excessive longitudinal vibration of a suspension bridge induced
176by vehicle braking forces and earthquake excitations. As a case
177study, Pingsheng Bridge in the Foshan city of Guangdong province
178in China was used. A three-dimensional finite element model of the
179bridge and eight MR dampers were constructed. Four dynamic
180loads including the vehicle braking forces, the Pingsheng Bridge
181earthquake wave, the El Centro wave, and the Takochi-oki wave
182and various control strategies (uncontrolled, passive and
183semi-active controllers with various voltages) were tested. It was

Fig. 1. High impact collision examples.
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