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Abstract

ISAAC antisismica is an Italian start-up based in Milan born in 2018 within the Mechanical
Engineering Department of Politecnico di Milano. The company designs and produces active
control systems for the seismic protection of existing and new buildings. The installation of
these active systems involves a non-invasive process that does not impact architectural features
and does not affect building functionality. In 2021 ISAAC developed and tested the first proto-
type of an Active Mass Damper (AMD), called I-Pro 1. The experimental program involved
shake-table testing of two identical full-scale reinforced concrete frame buildings, but one
equipped with the AMD. This paper presents the results of said experimental program and
discusses the results of the numerical simulations performed as back analysis of the tests, by
means a commercial FEM software. The research demonstrated that the proposed AMD is ex-
tremely effective at enhancing building seismic performance. Specifically, the AMD provided
displacement reductions in the order of 70% and was shown capable of absorbing more than
60% of the total input energy. Thus, the un-retrofitted structure suffered nontrivial structural
and non-structural damage, while the AMD-retrofitted building remained virtually undamaged
at all shaking intensities considered. The numerical analyses demonstrate that accurate esti-
mates of the response of AMD-equipped buildings can be achieved through relatively simple
modeling, for example by simulating the active control system through a native dashpot link in
any FEM commercial software.
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1 INTRODUCTION

Active seismic response control systems can improve the dynamic performance of buildings
and, at the same time, provide non-stop structural monitoring. The use of these systems is al-
ready addressed by international regulations (e.g., ISO 3010:2017), and identified as viable
solutions that can be adopted to enhance the seismic response of new or existing buildings.

A novel servo-controlled Active Mass Damper (AMD) for the protection of structures
against the effects of earthquakes was recently proposed in [1]. A prototype is shown in Figure
1. It consists of an innovative inertial system used as Active Vibration Control device that,
differently from other AMDs, uses an electro-hydraulic actuator to move the inertial mass. The
design, fabrication and preliminary testing of the AMD prototype has been carried out at the
Politecnico di Milano, Italy. A brief description of the system is provided herein, taken from
the companion paper [2]. For a more comprehensive discussion on active mass dampers, inter-
ested readers can refer to [3] - [12].

Figure 1: The AMD proposed: 1) hydraulic cylinder; 2) oil restoration control unit; 3) control panel and fault
management; 4) control panel and fault management of hydraulic control unit.

The AMD prototype is made up of a fixed part which transmits the force to the floor of the
building it is connected to, and a moving part which is responsible for generating the control
force. The purpose of the AMD is to generate inertial forces that "counteract" the movement of
the building by reducing the amplitude of oscillation and, consequently, the earthquake-induced
forces experienced by the structural elements. The magnitude of the inertial forces to be gener-
ated is calculated in real time by the control algorithm, based on the accelerometric readings of
sensors installed at certain locations across the structure.

The AMD comprises four main subsystems: sensors, controller, actuators and power system.
The sensors are elements which provide the feedback needed for the control. They are installed
on the structure to measure system response variables, such as displacements, velocities and
accelerations. The sensors can also be used to perform tasks such as structural health monitoring,
by allowing the dynamic identification of the structure during its life cycle.

The controller is the core of the AMD because it implements the vibrating control algorithm.
It produces actuation signals by a feedback function of sensor measurements and defines the
inertial mass displacement in time. The “Sky-Hook”, a direct velocity feedback control which
does not need the creation of a building model, was chosen for its performance and robustness.
The algorithm defines a control force (Fcontrol) proportional to the relative velocity (Vielative) of
the building through the constant G (gain) and this force is produced by the double acting hy-
draulic actuator used to move the inertial mass:

Feontrot = - G Vrelative (1)

The actuator can generate a linear force up to 220 kN, with maximum velocity and displace-
ment amplitude of 5 m/s and £0.5m, respectively.
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This paper summarizes the key takeaways from the experimental program, pertaining to the
performance of the proposed AMD, and presents the results of numerical simulations performed
as back analysis, intended to identify an accurate yet simple way to model the AMD in a com-
mercial FEM software.

2 BRIEF DESCRIPTION OF THE EXPERIMENTAL TESTS

2.1 Description of the setup

The assessment of the seismic performance of the proposed AMD was performed via shake-
table testing of two nominally identical full-scale reinforced concrete frame structures with ma-
sonry infills, one of which equipped with the AMD, installed on the roof (see [1]).

The elevation views of the nominally identical full-scale specimens are shown in Figure 2a).
The two specimens were 3-story one-bay (in both directions) frame buildings, made of RC
columns with 20 x 20 cm cross section, connected to 40 cm thick RC slabs. The columns were
reinforced with 4 longitudinal 16 mm diameter steel bars in the corners, and 8 mm diameter
closed stirrups spaced at 100 mm (Figure 2b).

The floor plan dimensions were 5.0 x 2.1 m, and the clear inter-story height was 2.5 m. Infill
masonry walls made of 8 x 25 x 25 cm clay blocks were installed in the N-S direction (i.e., the
excitation direction) at each floor.

The two specimens were connected to the same foundation slab, which was bolted down to
the shake table using post-tensioned steel bars.
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Figure 2: a) Elevation view of the buildings; b) Reinforcement details of the columns; (c) The buildings tested in
the Eucentre laboratory: 1) AMD; 2) masonry infills; 3) columns; 4) foundation slab connected to the shake ta-
ble; 5) floor slabs.

A view of the buildings and AMD control system in their pre-test configuration is shown in
Figure 2c¢).

The response of both the shake table and the specimens was monitored in real time through
an array of instruments including 20 accelerometers, 19 displacement transducers and an optical
acquisition.

2.2 Tests protocol

The full-scale specimens were tested on the unidirectional shake table in the Shake-LLAB at
the Eucentre facility, Italy.

The specimens were tested by applying the E-W component of the Irpinia earthquake, which
hit central Campania and central-northern Basilicata on the 23rd of November 1980. (PGA
0.32g).
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The shake table experiments were conducted in 5 phases, over the course of three days. Each
testing phase involved the application of the reference earthquake, considering scale factors
ranging from 0.10 to 1.37, for a total of 19 tests, labelled CMP1 to CMP19. More details can
be found in Rebecchi et al. (2022).
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Figure 3 — Overall time history of the earthquake generated with the shaking table.

Furthermore, random wave tests were performed at the beginning of each testing phase in
order to determine the progressive variation of the dynamic characteristics of the two buildings.

This technique was also used to identify the modal parameters of interest in order to appro-
priately calibrate the elastic stiffness of the reinforced concrete and masonry elements, for the
numerical models.

The results are summarized in Table 1, which lists the natural frequencies identified for both
buildings.

Specimen Building A (no control) Building B (with control)

Mode Frequency (Hz) Direction Frequency (Hz) Direction
1 8.39 X 8.38 X

2 2991 Ul 31.91 Ul

Table 1 — Results of experimental modal analysis.

2.3 Experimental results

For shaking intensities of up to 60% of the maximum input considered, both buildings dis-
played essentially elastic behavior, with Building A (un-retrofitted) experiencing some extent
of cracking in the infill walls.

As the shaking intensity was increased, Building A exhibited notable diagonal cracking in
the nodal panels of the first-floor slab, and in the upper part of the columns of the ground floor.
In contrast, Building B (retrofitted) continued to show essentially elastic behavior, with only
minor cracking of the infill walls (Figure 4) and no damage to the structural reinforced concrete
elements.

The experimental program was terminated when the vertical elements of the first story of
the Building A exhibited a high degree of damage, which appeared to reduce the vertical bearing
capacity of the structure and its ability to absorb additional horizontal displacements.
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Figure 4: Detailed view of a selected region of the Buildings: a) cracking of the column-slab joint region of the
first floor in Building A, b) column-joint region of Building B with no signs of distress.

Figure 5 shows the peak first floor inter-story drifts for the two specimens during all testing
phases. At shaking intensities ranging from 10% to 70% of the reference earthquake (CMP 1
to CMP 11), the maximum first story drift recorded for Building B was consistently 50% to 65%
lower than that recorded for Building A.

The benefits of the AMD with respect to limiting the inter-story drift of the critical floor
become even more prominent (and somewhat more relevant) in the case of high-intensity input
ground motions.
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Figure 5: Graphical and numerical representation of the maximum interstory drift recorded at the first floor of
both buildings during each test.

Figure 6 illustrates the story relative (with respect to the base) displacement histories for
both buildings, for two important shake intensities (CMP 8 and 19). The figure highlights the
drastic reduction in displacement demand in the retrofitted specimen, Building B (-70% in CMP
19), induced by the I-Pro 1 system.
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Figure 6 - Displacement histories of the floors of the Building A (N-C) and Buildings B (C).

These results demonstrate that the performance of the case study building was significantly
enhanced by the presence of the AMD, in terms of inter-story drifts and overall damage to
structural and non-structural elements. The two main aspects that contribute to enhancing the
building seismic performance are the inertial force generated and the amount of input energy
absorbed by the AMD.

3 NUMERICAL SIMULATIONS

The numerical analysis of the retrofitted (i.e. Building B) case-study structure described in
the previous sections was performed using Midas Gen.

3.1 General description of the model

Several linear and non-linear FEM models of the structures were developed in order to cal-
ibrate the most important parameters governing the dynamic response of the system. All models
use “beam elements” for the columns and “plate elements” with four nodes, for the floor slabs.

To simulate the non-linear behavior of the columns, a fibre-model approach based on the
formulation by Spacone et al. (1996) was adopted. In particular, 10 intermediate points of inte-
gration were assigned at each “beam element” of the frame.

The concrete stress-strain response was modeled using Mander’s constitutive model (1988),
considering both confined and unconfined concrete (see Table 2). The steel reinforcement was
modeled using the Menegotto-Pinto approach (Mengotto & Pinto 1973), with tensile strength
fy of 450 MPa, elastic modulus Es of 200 GPa, and hardening coefficient of 0.001.

Symbol Quantity Values

feo Unconfined concrete strength 35.6 MPa
€co Unconfined concrete strain 0.002

fec Strength of confined concrete 42.7 MPa
Ecc Strain for confined concrete 0.004

Esec Secant elastic modulus of concrete 10680 MPa
fet Tensile strength of concrete 3.25 MPa

Table 2: Mander’s constitutive parameters.
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The infill masonry walls were modeled as equivalent diagonal struts, in accordance with the
model by Bertoldi [14]. Furthermore, to take into account the openings in the walls at ground
and first floors, the formulation by Decanini [15] was used. The initial axial stiffness of the
struts was calibrated to match the experimental modal response in the elastic range. Using
model updating technique, the following elastic stiffness values were identified and assigned to
the diagonal struts: Keipr = 90 KN/mm, Keipr = 115 kN/mm, Keipo = 145 kN/mm (Figure 7).
The struts’ non-linear mechanical properties were then obtained using the model by Bertoldi,
which estimates the stiffness Ewo and strength Fy of the equivalent strut as a function of the

level of deformation reached (see Table 3).
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Figure 7 - First two natural modes of the building in X direction.

Symbol Quantity First floor  Second floor Third floor
Fue Elastic strength 57 kN 72 kN 91 kN

Fw Peak strength 67 kN 85 kN 107 kN

Fwo Post-elastic stiffness 12.2 kN/mm 15.3 kN/mm 19.4 kN/mm

Table 3: Mechanical parameters of masonry strut-link.

A residual stiffness equal to 0.1% of the elastic stiffness was considered to describe the ul-
timate conditions of the wall panels. This behavior was simulated by using a slip trilinear/com-

pression-general link as shown in Figure 8.
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Figure 8: Plastic hinge associated with the representative link of the equivalent strut for the first floor.

The AMD is an active control system and its behavior is determined by specific algorithms
and control logic. However, if some hypotheses about the mechanics of its behavior are re-
spected in the simulation (e.g., the maximum stroke available and the maximum velocity that
the mobile mass can achieve are not exceeded), the device can be approximated with a simple
non-linear dashpot. This is because the control force delivered by the AMD can be computed
as the product of the relative velocity of the roof of the structure (measured at the installation
point) and a damping constant (see [1]). Adopting this approximation, the behavior of the AMD
was simulated with four non-linear dashpots working in parallel and connected to the top level
of the structure, as shown in Figure 9a. This modeling approach follows the same logic of the
control algorithm of the system, hence can be identified as a “skyhook approach” modeling.

The dashpot properties are summarized in Figure 9b: each element was assigned a damping
coefficient C. = 37.5 kNs/m, providing a total coefficient of 150 kNs/m, and a relief damping
force of 39.5 kN (which corresponds to 158 kN, considering the four dashpots). Beyond this
limit, the force of the device becomes saturated, thus a damping coefficient near 0 was assigned
to the link elements to simulate this second stage of the response.

3.2 The non-linear dynamic analysis

The case-study structure was analysed via non-linear time history, implementing the shaking
sequence displayed in Fig. 3. The ground acceleration was applied in the X direction.

Damper Type Dashpot Type
(®) single Dashpot Model (O Linear Elastic Type

I
O Kelvin{voigt) Model (®) Elastic Binear Type f 2 f
4—.*—.—'] *—
(O Mancwell Model (O Exponential Function Type N N
1 2

d,

= e Input Type
B (®) Damping Reduction Ratio(a1) (O Damping(C 1)

tp

%, e s T b
i B i . S -1 w J ] Dashpot Propertes. P1
[ s ’I = ‘ { _7]_7 P ’| = Initil Damping Coe figent {Ce) 7.5 K¥secjn

R Relief Damping Force (1) [EX | v

s
al-Ce=C1

Relief velodity (V1 =P1/Ce) | ‘ mjsec N .
— 7 kn < Ini. Damping
Second Damping Coeffident (C1) | 0.0375 K=sec/m

Damping Reduction Factor (a1) |0.001 | \n

Figure 9: a) Skyhook modelling and links used to simulate the AMD; b) Setting parameters of the damper.

The Newmark’s method (y = 0.5, B = 0.25), with 256 Hz frequency integration time step,
was used to solve the equation of motion. Rayleigh’s formulation was chosen to define the
damping of the system [16].
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Figure 10 shows that the results of the numerical simulation pertaining to floor horizontal
displacement, are in excellent agreement with the experimental results collected for Building
B.

As depicted in Figure 11, there is also excellent agreement between the experimental AMD
force and the total force in the viscous link elements used to simulate the AMD response in the
numerical analysis. It worth noting that the maximum delivered force by the AMD was 50 kN,
much lower than the 220 kN actuator capacity. Evidently, the actuator did not reach force-
saturation during the shake-table test, and the mobile-mass kinematics respected velocity and
strike length limits. Thus, the behaviour of the AMD was well represented by the dashpot model.
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Figure 10: Experimental and numerical displacement of Building B for the last shake.
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Figure 11: Comparison of the control force delivered by the AMD and the resultant force of the links in the nu-
merical model.

4 DEVELOPMENT OF DESIGN TOOL: ISAAC-AMDesign

Although the behavior of the AMD can be modelled as a non-linear dashpot, with velocity-
feedback as control algorithm, it is necessary to approach the more complex design problem
using more complete calculation tools that consider the strike and velocity limits of the AMD
actuator.

For this purpose, ISAAC developed “AMDesign”, a free software that implements the me-
chanics and control logic of the system and describes the exact movement of the mobile mass
and the force delivered on the structure.
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AMDesign is a plug-in app of the FEM software SAP2000 (CSi) which makes use of API
(application program interface) to calculate a real-time interface between the software. The cal-
culation loop leads to a precise simulation of the physical behavior of the building equipped
with AMD system (Figure 12).

Figure 13 shows a comparison between the experimental drift of the first floor of the building
measured during the last shake-table test, and the numerical drift obtained from AMDesing. It
can be seen that there is excellent agreement between experimental and numerical results.
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Figure 13 Comparison of the first floor drift measured during the experiment with the displacement obtained us-
ing ISAAC-AMDesign.

5 CONCLUSIONS

This paper summarized the results of an experimental program involving shake-table testing
of two full-scale reinforced concrete buildings, one of which was equipped with the I-Pro 1
system. The [-Pro 1 system acts as an active mass damper, counteracting the oscillations of the
substructure by exerting a control force calculated based on real-time accelerometer measure-
ments. The results of the shake-table tests showed that, while the unretrofitted structure expe-
rienced significant damage to structural and non-structural elements, the building equipped with
the novel AMD did not suffer any notable damage.

The paper also described the development of a numerical model for the retrofitted building
using the FEM software Midas Gen, in which the AMD system was modeled using dashpot
elements.

Finally, a design tool was introduced (AMDesign), which ISAAC developed specifically to
run simulations that fully describe the operational mechanism of buildings equipped with the
I-Pro 1 system. AMDesign rests on the SAP2000 software calculation core and can be used as
a practical and simple tool to design the newly proposed AMD.
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