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Abstract
In recent years, the growing need for reducing non-structural damage after earthquakes has 
stimulated a dedicated effort to develop innovative types of fasteners for anchoring non-
structural components (NSCs) to reinforced concrete (RC) host-structures. To contribute 
to such need, and building on previous research, this paper presents the results of a series 
of uni-directional shake-table tests of simulated NSCs anchored to concrete via: (1) expan-
sion, and (2) chemical anchors; post-installed into: (a) uncracked, and (b) cracked concrete. 
Considering different construction details, the experimental investigation focused on tra-
ditional anchorage systems, alternative solutions comprising mortar filling into the gap 
clearance, and a low-damage system relying on supplemental damping devices, capable of 
reducing the acceleration of the NSCs as well as the force of the anchorage during seismic 
shakings. The experimental tests provided significant evidence on the beneficial effects of 
a dissipative anchorage protecting both the non-structural component and the anchorage 
itself, even during strong earthquakes. Moreover, when construction details allow to close 
the fixture clearance with a mortar filling, this stiffer solution provide an additional reduc-
tion of NSCs seismic accelerations and forces. Therefore, suggestions for further improve-
ments of the adopted low-damage solution are also proposed.
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1 Introduction

Non-structural components (NSCs) and building contents are often attached to rein-
forced concrete (RC) buildings using post-installed anchors (fasteners). This type of 
anchor can be, in a number of cases, preferable over cast-in-place embedded anchors 
by design engineers, due to their simpler installation process and inherent capability 
of accommodating construction tolerances. As highlighted by recent earthquake events, 
there has been a substantial increase in the community expectations towards the reduc-
tion of post-earthquake non-structural damage (Achour et al. 2011; Fierro et al. 2011; 
Filiatrault et al. 2018; Perrone et al. 2019). To address this issue, the study and improve-
ment of the seismic behaviour of post-installed anchors for NSCs is a fundamental 
step as part of a damage-control or low-damage performance-based design philosophy 
whereby the building system is considered as a whole, including the structural skeleton, 
non-structural facades, partitions, and contents (Pampanin 2012; Johnston et al. 2014; 
Pampanin et al. 2019).

Over the past few decades, a significant amount of research work investigating the 
behaviour of post-installed anchors of different anchor types has been carried out (Elige-
hausen 1991; Vintzéleou and Eligehausen 1991; Eligehausen and Balogh 1995; Kim 
et al. 2004; Hoehler 2006; Silva 2007; Mahrenholtz and Eligehausen 2010; Mahrenholtz 
2012; Guillet 2011; Hoehler et al. 2011; Çalışkan et al. 2013; Mahrenholdz et al. 2016; 
Stehle and Sharma 2019; Lee and Jung 2021). These experimental campaigns have 
implemented different anchor configurations and alternative testing protocols, namely: 
(a) individually or within a group of anchors, (b) under quasi-static loading with mono-
tonic or cyclic protocol, either force or displacement-controlled, and (c) inserted into 
uncracked or cracked concrete (Hoehler and Eligehausen 2008).

In more recent years, the full dynamic behaviour of post-installed fasteners has been 
investigated using uniaxial or triaxial shake table testing under earthquake recorded 
motions and sinusoidal excitations (Rieder 2009; Mahrenholtz et al. 2014; Abate et al. 
2014). In particular, following a performance-based seismic design approach and with 
the aim to improve fastening techniques, a comprehensive experimental and numerical 
campaign was carried out at the University of Canterbury in 2008–2009 to develop a 
new generation of post-installed anchors, referred to as EQ-Rod (Earthquake Resistant 
fastener), able to resist the demands produced by severe seismic events, and capable of 
reducing the damage to the NSCs they fix (Pampanin et al. 2008; Quintana Gallo et al. 
2018). This type of fastener relies upon the use of supplemental damping, either viscous 
and/or hysteretic, added in series and/or in parallel to a traditional fastener, and repre-
sents a first generation of low-damage system for this type of anchorage (Fig. 1).

The research campaign demonstrated that the proposed low-damage anchorage sys-
tem provides an “isolation and dissipation” mechanism, due to the flexibility and hys-
teresis of the connection, which, on one hand, increases the actual period of the NSCs, 
on the other, provides supplemental hysteretic damping, leading to lower accelerations 
and forces (Quintana Gallo et al. 2018, 2019). The research results highlighted that the 
improved anchorage systems (fastener plus damper) were able to reduce the acceleration 
demand on the simulated NSC (driving mass) when compared with a traditional fas-
tener. Nevertheless, these experimental results showed a significant dispersion mainly 
due to the record-to-record variability. Therefore, it was concluded that further inves-
tigations were needed to fully exploit the dissipative capability of the supplemental 
damping solutions as well as to target a more robust behaviour in terms of acceleration 
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and force reduction of the NSC and the anchor, respectively. Furthermore, the experi-
mental tests of this first campaign were limited to expansion anchors and uncracked 
concrete configurations.

In such a context, and as part of an academic-industry research partnership between 
Sapienza University of Rome, the University of Natural Resources and Life Sciences 
(Vienna, Austria), and Fischer (Fischerwerke Artur Fischer GmbH and Co. KG), an inno-
vative low-damage prototype (new version of EQ-Rod) was developed and investigated 
through both experimental and numerical investigations (Pürgstaller 2017; Ciurlanti et al. 
2019; Pürgstaller et al. 2020). The experimental campaign was carried out at the Structural 
Laboratory of Sapienza University of Rome in 2017 and complemented/extended the pre-
vious tests performed at the University of Canterbury introducing alternative testing con-
figurations and anchorage detailing. The novelty of the experimental campaign reported in 
this paper was to propose an improved new supplemental device (different from the one 
tested priorly in New Zealand- 2008–2009) and to test it considering both cracked and un-
cracked concrete (the former work comprised un-cracked concrete only). Furthermore, dif-
ferent fastener typologies were tested, such as: mechanical, chemical and mortar filling (the 
last two not being investigated in the previous work). The most relevant features, results, 
and highlights of the whole experimental campaign are presented in the following sections.

2  Original development and refinement of the EQ‑Rod concept

During an earthquake, an anchor may be subjected to tension and shear forces, or a combi-
nation of both and to bending actions; these loads develop as the result of the motion of the 
NSC, excited, in turn, by the acceleration of the reference system (ground or floor). Typi-
cally, the seismic design philosophy for anchors/fasteners has focused on the capability of 
steel plates/brackets, representing a secondary component of the connection system, to pro-
vide ductility and dissipation capabilities (through material damage). The primary compo-
nent of the connection, i.e. the anchor/fastener, is thus protected as much as possible from 
undesired inelastic behaviour and rather the non-linear behaviour of the surrounding con-
crete is relying upon as part of the accepted failure mechanism. Nevertheless, the implicit 
assumption of this approach is that the anchorage system is fully rigid, and any flexibil-
ity is supposed to be the result of other sources, such as the flexibility of the connecting 
assembly between the actual NSC and the anchor. As an alternative option, the primary 

Fig. 1  Fastener configurations tested during the experimental campaign at the University of Canterbury 
(Pampanin et al. 2008; Quintana Gallo et al. 2018)
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component of the connector, the fastener, could be enhanced with supplemental damping 
in order to directly reduce the demands, and thus damage, to the non-structural component, 
but also, in turns, to itself (being the two elements in series). Thus, to achieve a reduc-
tion in the seismic demand, the idea of adding supplemental damping devices to traditional 
anchorage solutions was developed and evaluated in the past (Pampanin et al. 2008; Quin-
tana Gallo et al. 2018, 2019). The investigation, comprising extensive experimental work, 
resulted in the first prototype of a new generation of innovative damage-resistant fasteners, 
referred to as EQ-Rod. This initial solution adopted an external supplemental damper with 
the shape of a ring inserted between a traditional anchor rod and the fixture (base plate). 
Although the results showed that, in general and on average, the EQ-Rod prototypes were 
able to reduce the acceleration of a driving mass simulating a NSC, the reduction was not 
consistent in all test cases but fluctuated (dispersion) between significant and moderate val-
ues (Quintana Gallo et al. 2018).

Code provisions (e.g. EN 1992-4:2018) and recent research work compute the antici-
pated seismic demand of acceleration-sensitive NSCs using Floor Acceleration Response 
Spectra (FARS) (Oropeza et al. 2010; Petrone et al. 2015; Vukobratovi and Fajfar 2016; 
Perrone et  al. 2016; Petrone et  al. 2016; Anajafi et al. 2020; Merino et  al. 2020), which 
provide the maximum acceleration of the NSCs as a function of their fundamental period 
of vibration (TNSC) divided by the fundamental period of the host structure (TStr), except for 
the New Zealand code NZS1170.5:2004 (Standards New Zealand 2004) which uses TNSC 
alone. The amplitude of FARS, as of any response spectra, depends on the viscous damp-
ing used for its derivation (Chopra and Mckenna 2016). This damping might be assumed 
as the equivalent damping (Shibata and Sozen 1976) of a single-degree of freedom (SDOF) 
substitute structure with linear-elastic properties Priestley et al. (1999). Thus, the equiva-
lent viscous damping of such substitute SDOF system would correspond to any hysteresis, 
friction, velocity-dependent, etc. damping sources provided to the NSCs, which might well 
be of the order of 5%. Following this approach, when a fully rigid anchorage and NSC is 
considered (TNSC = 0), the acceleration demand on the NSCs is usually underestimated as 
shown in Pürgstaller (2017), and Pürgstaller et al. (2020). Thus, when the non-linear hys-
teresis behaviour of the anchorage is explicitly accounted, the acceleration levels predicted 
for the NSC are much larger than those obtained with the simplified (typically code-based) 
elastic methodology which can thus be unconservative. Therefore, the importance to miti-
gate the acceleration demand (and related forces) and hence the damage to the anchor-
age system, became crucial to protect the attached NSCs. On one hand, more appropriate 
hysteresis loops are able to describe the non-linear behavior of the connection need to be 
implemented, while, on the other hand, innovative protecting devices, adding supplemental 
damping to the system, contribute to reduce the acceleration of the NSCs (Fig. 2).

The research reported herein presents an evolution of the device tested at University 
of Canterbury, which is characterized by an additional gap clearance aiming to facili-
tate the installation of the EQ-Rod in multiple anchor connections designed to resist 
shear loading. As noted by Spyridis and Bergmeister (2014), the strength of a multi-
ple-anchor connection depends on the relative initial position of the individual fasten-
ers relative to the concrete hole and to the fixture, which has a clearance specified to 
allow for construction tolerances. For instance, a 1 mm annular gap between the steel 
base plate and the anchor rod is required by code provisions such as ANSI/AISC 360 
(2016) and EN 1992-4:2018 (2018). The first generation of EQ-Rod used the damper 
ring itself to fill this annular gap, while the newly proposed device is conceived to 
maintain, as per common practice, the installation tolerance clearance to accommo-
date the EQ-Rod damper (Fig. 3b). The damper consisted of an inner elastomeric ring, 
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surrounded by an outer nylon part and on top a steel shim. More information about 
material characteristics can be found in Pürgstaller (2017). A schematic drawing of the 
deformed shape considering different configurations of a single expansion anchor sub-
jected to pure shear load via a steel baseplate is presented in Fig. 3. In the same figure, 
the behaviour of the traditional anchor (Fig. 3a) is compared to that of the other two 
configurations included in this investigation: the new EQ-Rod system (Fig.  3b), and 
the traditional anchor with mortar filling of the annular gap (Fig. 3c).

The experimental campaign described in this paper involves M12 expansion (FAZ 
II—ETA-05/0069 2015) and chemical (Superbond—ETA-12/0258) anchors installed 
in both uncracked and cracked concrete. The cracks are used for simulating the con-
crete conditions for anchors inserted into the beams or other members of a RC host-
structure which suffer cracking due to earthquake motions and affect performance of 
the anchorage system (Hoehler and Eligehausen 2008). In current design codes used in 
Europe (EOTA Technical Report 049 2016) and in the United States (ACI 355.2 2019) 
the anchor performance is evaluated in cracked concrete with 0.5 mm crack widths (C1 
category), even for the serviceability limit state. In this investigation, anchors were 
inserted in concrete blocks with cracks parallel to the shaking direction.

Usually, an anchorage system is designed to guarantee a reliable performance 
against the main shock event and (implicitly) the expected subsequent aftershocks. The 
compliance/approval testing protocol typically comprise of several quasi-static cycles 
to cover for an extensive dynamic cyclic demand. To more realistically study the 
dynamic response of the system subjected to an earthquake and to evaluate any pos-
sible further damage to the anchor systems caused by a moderate to severe aftershock, 
the main shock motion was repeated after each test, but with 50% of its amplitude.

Fig. 2  Effect of supplemental damping on fasteners in reducing the seismic demands of the attached non-
structural component (modified after Quintana-Gallo et al. 2018)
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(a)

(b)

(c)

Fig. 3  Behaviour of different typologies of expansion anchor under shear load: a traditional anchor, b EQ-
Rod anchor, c anchor with Mortar Filling
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3  Experimental set‑up and testing protocol

A series of uni-axial shake table tests were carried out at the Structural Engineering Labo-
ratory of Sapienza University of Rome to investigate the potentiality of the newly proposed 
EQ-Rod solution when compared to other anchorage (traditional and alternative) systems. 
The specific testing setup could simulate the seismic response of a NSC anchored to con-
crete by using an individual fastener (Mechanical anchor bolt with 12 mm nominal diam-
eter—M12). The experimental campaign comprised of three different phases: (1) prepara-
tion of the ad-hoc test setup and monitoring system; (2) preliminary tests on different types 
of anchors to confirm the correct functioning of the whole testing apparatus (including fas-
tener installation, loading protocol, control and acquisition system, post-processing of the 
results); and (3) experimental testing campaign performed according to a comprehensive 
test matrix on cracked and uncracked blocks.

3.1  Test setup

The experimental setup, showed in Fig.  4, consisted of three main parts: (1) a concrete 
block representing the floor slab of a host-structure, anchored to the shake table surface; (2) 
a steel driving mass supported on low-friction bearing sliders, placed outside the shaking 
apparatus, representing an attached NSC such as mechanical equipment; (3) the anchorage 
system. The anchor rod was connected to the driving mass by means of a steel base plate 
and rigid lever arm fixed to the driving mass via a pinned connection (Fig. 4).

(a)

(b) (c) (d)

Fig. 4  Details of the experimental test setup at Sapienza University of Rome; a complete experimental 
setup; b driving mass detailing; c anchor-driving mass connection; d end steel-plate details
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The shake-table is a uni-axial earthquake ground motion simulator (MOOG n. L081-
324-011) with maximum payload of 2 ton, usable surface of 1500  mm by1500 mm, 
and ± 200 mm strike.

The concrete block was 80 × 80 × 30 cm and was fabricated with a concrete mix with 
nominal characteristic compression strength  fck = 20 MPa. Cylinder tests of this concrete 
mix, carried out during the experimental campaign, showed an average concrete compres-
sive strength of  fcm = 28.7 MPa. The block was rigidly attached to the shake table surface 
and prevented from sliding via steel angles oriented in both surface in-plane directions. 
The driving mass was formed by stacked steel plates, summing up a total mass of 1046 kg. 
It was placed on top of two low-friction linear rail guides (LLT of SKF group) oriented 
in the shaking direction, supported by a steel frame bolted to the laboratory strong floor. 
These guides had precision-ground raceways, a carriage with four rows of spherical balls in 
an X-arrangement, dynamic friction coefficient of approximately µd = 0.5%.

A steel lever-arm connected the external driving mass to the anchor. The rigid lever 
arm transfers the inertial force from the driving mass to the fastener, allowing the iner-
tia force to act through the center of the non-structural element. Consequently, the verti-
cal displacement of the anchor was not affected by secondary push-and-pull forces due to 
eccentricities.

Finally, a steel plate comprising two different holes was located on the concrete block 
to install the fasteners. The greater hole, with a diameter of 24 mm, hosted the EQ-Rods 
damper, whereas the smaller one, with a diameter of 14 mm, hosted the traditional anchor 
with and without mortar filling.

3.2  Instrumentation

The instrumentation comprised of: (a) a load cell with 200 kN maximum capacity (tension 
and compression), installed between the driving mass and the steel lever-arm to measure 
the load transferred between the mass and the anchorage; (b) three accelerometers oriented 
in the shaking direction, attached to the concrete block, shake table surface, and the driving 
mass, respectively; (c) three LVDT (Linear Variable Differential Transformer) potentiom-
eters, with maximum stroke ± 20 mm, used for measuring the relative horizontal displace-
ment between the concrete block and both, the anchor rod and the steel base plate; and the 
vertical displacement of the anchor rod relative to the concrete block surface. The accelera-
tion of the shake table was used for comparing the input record given to the controlling 
system with the actual motion imposed by the table (logged data). The accelerations of 
the concrete block were recorded to check that the stiffness of the connection between the 
concrete block and the table was appropriate in terms of stiffness. The difference between 
these horizontal displacements, in turn, provided a measure of the internal gap between the 
two components.

3.3  Input motions and experimental matrix

Different types of input signals were considered for the experimental campaign: (a) 
sinusoidal acceleration histories with constant frequency and varying different ampli-
tudes (0.05–0.5  g); and (b) sweep signals with amplitude of 0.15  g and 0.3  g, and 
frequency ranging from 1 to5 Hz and a time-period of 10 s; and (c) earthquake ground 
motions, including records obtained during three Far-Field and two Near-Fault events. 
The records were scaled to satisfy the spectrum-compatibility condition between the 
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average spectrum and the target design spectrum following the Eurocode 8 (EN 1998-1 
2010) provisions and considering a high-seismicity zone of Italy with Peak Ground 
Acceleration (PGA) of 0.35 g, and Soil type B site conditions. The scaled acceleration 
spectra of the selected earthquake records are shown in Fig. 5. The main characteris-
tics of the input motions are summarized in Table 1.

The shaking table tests were performed following a comprehensive experimental 
matrix including three different configurations of M12 expansion (FAZ II—ETA-
05/0069) and M12 chemical (FAZ II—ETA-12/0258) anchors, considering uncracked 
and cracked concrete conditions. Each anchor was tested in the following configura-
tions: (1) traditional anchor with a 1 mm gap clearance between the rod and the fixture 
plate; (2) traditional anchor with supplemental damping device, (i.e., an EQ-Rod), also 
with a 1 mm annular gap; and (3) traditional anchor installed with mortar filling of the 
annular gap between the base plate and the anchor rod (Fig. 6).

For each anchor, the testing protocol included a main shock  (EQi) followed by an 
aftershock  (EQi-50), corresponding to the main shock with 50% of its amplitude. This 
protocol was selected with the objective of investigating the residual capacity of the 
anchor systems. The full experimental matrix is shown in Table  2. For each anchor 
type and input sequence  (EQ1 +  EQ1-50), three identical tests were performed, with 
the aim of having a more significative set of data. In total, the experimental campaign 
comprised of 360 shake table tests (main shock + aftershock), half of them including 
uncracked concrete, and half including cracked concrete.

Fig. 5  Acceleration response spectra of the Far Field (left) and Near Fault (right) earthquake records

Table 1  Earthquake records 
selected for the tests

Earthquake Year Station Mw Record ID

Cape Mendocino 1992 Eureka—Myrtle and West 7 EQ1

Landers 1992 Morongo Valley 7.3 EQ2

Friuli 1976 ST33 6 EQ3

Kobe 1995 CUE 6.8 EQ4

Christchurch 2011 CCCC 6.3 EQ5
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3.4  Installation of the anchors into the concrete

The installation of the anchors inside the concrete is a crucial part of the experimental 
procedure. As the test results can be directly affected by the installation procedure (i.e. 
positioning, hammering, and tightening), for each type of M12 anchor, the installation was 
rigorously carried out in accordance with the technical specifications of the manufacturer 
(Fischer Handbook 2010). Summarizing, for expansion anchors, after drilling and cleaning 
the holes into the concrete blocks, the fasteners were installed by hitting with a hammer, 
then the steel plate (connected to the NSC) was placed on and, finally, a tightening torque 
was applied (Fig. 7a). In case of chemical anchors, the anchor rod was installed, after fill-
ing the hole with epoxy the steel plate was positioned, and the torque applied (Fig. 7b). The 
embedded length  (Heff) of the mechanical and chemical anchors was 70 mm and 110 mm, 
respectively. When the mortar filling solution was considered, a specific washer was intro-
duced to allow the injection of the mortar into the existing gap clearance (Fig. 7c). In all 
configurations, the torque was reduced by 50% to simulate the long-term losses of tighten-
ing torque after 10 min.

Fig. 6  Different typologies and configurations of anchors: expansion—FAZ II and chemical—Superbond

Table 2  Experimental matrix 
considered for the fasteners FAZ 
II and Superbond installed in 
un-cracked and cracked concrete

Test ID Input motion Type of fastener

1 EQ1 + EQ1-50 Traditional
2 EQ1 + EQ1-50 Traditional with Mortar Filling
3 EQ1 + EQ1-50 EQ-Rod
4 EQ2 + EQ2-50 Traditional
5 EQ2 + EQ2-50 Traditional with Mortar Filling
6 EQ2 + EQ2-50 EQ-Rod
7 EQ3 + EQ3-50 Traditional
8 EQ3 + EQ3-50 Traditional with Mortar Filling
9 EQ3 + EQ3-50 EQ-Rod
10 EQ4 + EQ4-50 Traditional
11 EQ4 + EQ4-50 Traditional with Mortar Filling
12 EQ4 + EQ4-50 EQ-Rod
13 EQ5 + EQ5-50 Traditional
14 EQ5 + EQ5-50 Traditional with Mortar Filling
15 EQ5 + EQ5-50 EQ-Rod
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When applicable, cracking was included by means of pre-cracks (i.e., existing before 
the anchor was installed) oriented in the shaking direction, machined with an ad-hoc appa-
ratus. This artifact comprised of a steel bar with a sharp edge, positioned on the surface of 
the concrete block, and forced against it via an oil jack placed between two cotters. The 
crack was opened by hammering both cotters on the left and right-hand ends of the bar, 
until it reached 0.5 mm width, according to the measurements of a variable displacement 
transducer (LVDT).

4  Experimental results

The three key variables of the system response monitored during the experiments were: (1) 
the acceleration of the driving mass (DMA) representing the NSCs; (2) the anchorage force 
 Ffast and (3) the hysteretic behavior (force–displacement relationship) of the fastener, rela-
tive to the concrete block. The efficacy of the EQ-Rod prototypes in improving the seismic 
response of the system was determined by their capability of reducing the acceleration and 
force demands on the driving mass (NSC) and the anchorage, respectively, when compared 
to the same demand recorded using the traditional anchorage and the alternative solution 
(with mortar filling). The main findings of the experimental program are presented in this 
paper, whereas a more comprehensive report of all the test results can be found in Pampa-
nin et al. (2017). In terms of data processing, to reduce external noise, the data obtained 
from the high-speed data logger was filtered using a low pass, 6th order, Butterworth filter, 
with a cut-off frequency of 20 Hz. After the initial sinusoidal input tests on uncracked con-
crete blocks—to calibrate the test setup and obtain preliminary results in terms of anchor 
behavior—the shake table tests were performed following the aforementioned test matrix. 
To provide statistically significant results, covering epistemic uncertainty inherent to this 
type of experiments (e.g., uncertainty in the positioning of the anchor), each test defined in 
Table 2 was performed three times.

4.1  Expansion anchors (FAZII)

Table 3 and Fig. 8 present a summary of the averaged results (mean value of the maxi-
mum DMA or   Ffast values obtained with the three tests) of these tests for the expansion 
anchor in terms of the driving mass acceleration (DMA) and the anchorage force,  Ffast. The 

(a) (b) (c)

Fig. 7  Installation of post-installed anchors: tools needed for a expansion FAZ II and b chemical Super-
bond; c detail of the mortar filling solution
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Table 3  Summary of experimental results in uncracked and cracked concrete, expansion anchor (FAZ II)

Input Uncracked concrete, expansion anchor

Ground motion Aftershock

Average DMA (g) Average  Ffast (kN) Average DMA (g) Average  Ffast (kN)

TR EQR MF TR EQR MF TR EQR MF TR EQR MF

EQ1 1.02 0.92 0.55 10.14 9.44 5.05 0.78 0.74 0.37 7.54 7.78 3.54
EQ2 1.06 0.89 0.54 10.28 8.98 5.31 0.76 0.63 0.31 7.75 6.59 3.04
EQ3 1.30 1.24 1.06 13.54 13.56 10.39 0.83 0.73 0.79 9.31 7.95 7.48
EQ4 1.63 1.26 0.77 15.85 13.29 8.03 1.13 0.75 0.53 11.54 7.93 5.39
EQ5 0.83 0.89 0.46 8.56 9.70 4.89 0.67 0.46 0.26 7.00 4.85 2.60
Ave 1.17 1.04 0.68 11.67 11.00 6.73 0.83 0.66 0.45 8.63 7.02 4.41
SD 0.28 0.17 0.22 2.64 2.00 2.16 0.15 0.11 0.19 1.65 1.20 1.81
CoV 0.24 0.17 0.32 0.23 0.18 0.32 0.19 0.17 0.42 0.19 0.17 0.41

Input Cracked concrete, expansion anchor

Average DMA (g) Average  Ffast (kN) Average DMA (g) Average  Ffast (kN)

TR EQR MF TR EQR MF TR EQR MF TR EQR MF

EQ1 1.28 0.58 0.58 12.00 5.97 5.08 0.80 0.35 0.35 7.71 3.41 3.16
EQ2 1.01 0.75 0.41 10.00 8.12 4.02 0.56 0.40 0.28 5.91 4.45 2.67
EQ3 1.67 1.28 0.79 16.22 13.96 7.90 1.04 0.71 0.47 10.43 7.71 4.56
EQ4 1.69 1.26 0.64 16.64 13.13 6.08 1.01 0.74 0.44 10.50 7.89 4.18
EQ5 0.94 0.87 0.45 9.47 9.56 4.80 0.69 0.48 0.30 7.27 5.02 2.98
Ave 1.32 0.95 0.57 12.87 10.15 5.57 0.82 0.54 0.37 8.36 5.70 3.51
SD 0.32 0.28 0.14 3.03 3.01 1.34 0.18 0.16 0.07 1.82 1.79 0.73
CoV 0.24 0.30 0.24 0.24 0.30 0.24 0.22 0.30 0.20 0.22 0.32 0.21

Fig. 8  Maximum value of Driving Mass Acceleration (DMA), Driving Mass Displacement (DMD) and 
Anchorage Force  (Ffast), expansion anchor, for all input motions
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results include the uncracked and cracked concrete conditions, as well as the main shock 
and aftershock input motions.

Figure 8 shows that larger values of DMA and  Ffast were obtained with the Traditional 
anchorage compared to the EQ-Rod and MF solutions, for all the input motions. Consider-
ing the tests including uncracked concrete, the reduction in terms of DMA achieved by the 
EQ-Rod solution when compared to the traditional counterpart was found to be approxi-
mately 10–15% in the case of the main shock, and 15–30% for the aftershocks. On the 
other hand, the anchorage with the mortar filling solution was found to provide a reduction 
of the DMA levels obtained with the Traditional arrangement (with fixture clearance) in 
the range of 40–50% for the main shock, and of approximately 50–60% for the aftershocks. 
The larger reduction of DMA obtained when adding the mortar filling is mostly associated 
to the mitigation of the dynamic impact (pounding) between the anchor rod and the steel 
fixture (base plate), due to the gap clearance required for construction/installation purposes 
by current codes. The mortar filling provides a fixture-anchor rigid connection, whereas 
the EQ-Rod introduces isolation features and energy dissipation capability to the system, 
even when including the fixture clearance. For this reason, as shown in Fig. 8, the maxi-
mum Driving Mass Displacements (DMD) obtained with the mortar filling solution were 
negligible, whereas much larger values were measured for the EQ-Rod solution, for both 
uncracked and cracked concrete. Further observations are drawn by comparing the Coeffi-
cient of Variation (CoV) of the three tests performed for each experiment, representing the 
record-to-record variability. In uncracked concrete, EQ-rod provided more reliable results 
(CoV < 0.2) compared to the traditional and mortar filling solutions, with the latter present-
ing the highest dispersion (CoV > 0.3). In cracked concrete the dispersion value of the EQ-
rod increased, and the three different systems showed a CoV greater than 0.2.

The results also show a remarkable decrease in DMA and the anchorage force in the 
case of the EQ-Rod solution compared to the Traditional counterpart, during the aftershock 
inputs in comparison to the main shock. This is mostly attributed to: (1) the degradation of 
the EQ-Rod damper ring due to the pounding effect, and (2) the crushing of the concrete 
close to the anchor rod (contact area). Despite this phenomenon apparently leads to a better 
performance of the non-structural system (reduced DMA and  Ffast), improving the protec-
tion of the anchor, it is still related to the dynamic impact due to the presence of gaps. 
Regarding the test results of the configurations including cracked concrete, the EQ-Rod 
solution provided a reduction of the anchorage force in the range of 20–30% compared to 
the Traditional configuration. In terms of DMA, in turn, this range was 25–40%. During 
the tests with aftershocks, the reduction for both variables (DMA,  Ffast) was approximately 
30–40%. For the uncracked concrete configuration, on the other hand, a significant reduc-
tion of both DMA and  Ffast in the range of 50–60% was obtained with the mortar filling 
solution when compared to the Traditional anchorage, for all the input cases, including 
main shocks and aftershocks. Figures 9 and 10 present the hysteresis loops and fastener 
DMA time-history plots, respectively, obtained with a selected input motion  (EQ2), for all 
the expansion anchor (traditional vs. EQ-Rod) configurations. These graphs are representa-
tive of the results found for most of the input motions. Due to the high stiffness of the alter-
native mortar filling solution, negligible hysteresis loops associated with displacements 
less than 0.01 mm were found out for such system, therefore these are not shown in the 
following figures.

Overall, the performance and benefits of EQ-Rod appear to be superior when the fas-
tener is anchored into cracked concrete rather than into uncracked concrete, with the for-
mer typically being identified as the most adverse scenario according to the literature. It 
should be noted that, in addition to the inherent isolation-dissipative mechanism, the 
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EQ-Rod anchor generally presents larger displacement demands in cracked concrete than 
in uncracked concrete. In this case, the SFN (concrete block-fastener-driving mass) system 
has in fact a smaller natural frequency (larger period), resulting in smaller maximum accel-
eration and force demands onto the system, as its spectral response is shifted beyond the 
de-amplification part of the spectra.

4.2  Chemical (superbond) anchors

In the second phase of the experimental campaign, the shaking table tests were performed 
using all the proposed configurations, but this time using chemical anchors (Traditional, 
EQ-Rod and Mortar Filling), including both uncracked and cracked conditions in the con-
crete. As for the expansion anchors, each test was performed three times, to account for 
epistemic variabilities of the results. Table 4 and Fig. 11 present a summary of the aver-
aged results of these tests for the chemical (Superbond) anchor in terms of DMA and  Ffast. 
The results include the uncracked and cracked concrete conditions, as well as the main 
shock and aftershock input motions. Figure 12 shows the test results in terms of the force/
displacement curves of the anchorage obtained for all the configurations under the input 
motion  EQ2 whereas the corresponding DMA time-history responses are presented in 
Fig. 13.

Fig. 9  Force–displacement hysteresis loops for FAZ II traditional and EQ-Rod in cracked and uncracked 
concrete,  EQ2 input motion (main shock and aftershock)

Fig. 10  Acceleration-time curves for the FAZ II Traditional and EQ-Rod in cracked and uncracked concrete 
for the case of  EQ2 input motion (main shock and aftershock)
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Table 4  Summary of experimental results in uncracked and cracked concrete, chemical anchor (Superbond)

Input Uncracked concrete, chemical anchor

Ground motion Aftershock

Average DMA (g) Average  Ffast (kN) Average DMA (g) Average  Ffast (kN)

TR EQR MF TR EQR MF TR EQR MF TR EQR MF

EQ1 1.16 0.75 0.49 10.49 7.20 4.16 0.61 0.36 0.33 5.53 3.49 2.89
EQ2 1.00 0.69 0.45 9.41 7.13 4.45 0.65 0.37 0.33 6.30 3.89 3.16
EQ3 1.42 1.20 0.58 13.42 12.37 5.60 0.95 0.68 0.42 9.57 7.17 4.02
EQ4 1.53 1.34 0.83 15.11 13.73 8.17 0.96 0.74 0.58 10.00 7.81 5.74
EQ5 0.94 0.79 0.46 9.06 8.27 4.84 0.62 0.51 0.34 6.46 5.42 3.35
Ave 1.21 0.95 0.56 11.50 9.74 5.44 0.76 0.53 0.40 7.57 5.56 3.83
SD 0.23 0.26 0.14 2.37 2.77 1.45 0.16 0.16 0.10 1.84 1.72 1.02
CoV 0.19 0.28 0.25 0.21 0.28 0.27 0.21 0.30 0.24 0.24 0.31 0.27

Input Cracked concrete, chemical anchor

Average DMA (g) Average  Ffast (kN) Average DMA (g) Average  Ffast (kN)

TR EQR MF TR EQR MF TR EQR MF TR EQR MF

EQ1 1.21 0.78 0.51 11.23 7.82 4.54 0.64 0.38 0.36 6.17 3.86 3.36
EQ2 1.02 0.69 0.45 9.61 7.40 4.49 0.64 0.48 0.30 6.33 4.99 3.09
EQ3 1.30 1.11 0.58 12.58 11.58 5.48 0.85 0.64 0.37 8.79 6.88 3.54
EQ4 1.37 1.05 0.66 13.83 10.59 6.48 0.91 0.55 0.41 9.30 5.66 4.02
EQ5 0.86 0.66 0.47 8.34 6.72 4.82 0.55 0.29 0.32 5.48 2.88 3.11
Ave 1.15 0.86 0.53 11.12 8.82 5.16 0.72 0.47 0.35 7.21 4.85 3.42
SD 0.19 0.19 0.08 1.98 1.91 0.75 0.14 0.13 0.04 1.53 1.39 0.34
CoV 0.16 0.22 0.15 0.18 0.22 0.14 0.19 0.27 0.10 0.21 0.29 0.10

Fig. 11  Maximum value of Driving Mass Acceleration (DMA) and Anchorage Force  (Ffast) Superbond 
anchor, for all input motions
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In principle, considering that the test setup was developed for anchorages resisting 
shear forces only, and do not include tension (extraction) effects, the shear behaviour 
of the system was not expected to be highly influenced by the cracking of the concrete 
block, because the drilled hole, where the anchor was installed, was filled by grout. 
Consistently, no significant differences were noted between the results obtained with 
cracked and uncracked concrete.

Overall, the EQ-Rod solution provides a reduction in terms of DMA and  Ffast in the 
range of 20–30% for main shocks, and of 30–40% for the aftershocks, compared to the 
Traditional anchorage configuration. The Mortar Filling solution provides a reduction 
of DMA and  Ffast in the range of 40–50% for all the signals, when compared to the 
Traditional counterpart. In addition, the solution with mortar filling shows negligible 
values in terms of maximum displacement (DMD), while the other solutions present 
similar results mainly due to the stiffer connection with the concrete provided by the 
grout. The EQ-Rod presents higher dispersion values, in both cracked and uncracked 
concrete, compared to the other anchorage solutions. In all cases, same considerations 
as per the interpretation of the results obtained in Phase 1 hold.

Fig. 12  Force–displacement relationships for the chemical (Superbond) Traditional and EQ-Rod in cracked 
and uncracked concrete for the case of  EQ2 input motion (main shock and aftershock)

Fig. 13  Acceleration-time curves for the chemical (Superbond) Traditional and EQ-Rod in cracked and 
uncracked concrete for the case of  EQ2 input motion (main shock and aftershock)
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5  Summary of DMA and  Ffast reduction for all anchor cases

This section presents an overview and a synoptic summary of the experimental results 
obtained for all cases investigated. The experimental data was arranged to compare the 
reduction of DMA and  Ffast of the EQ-Rod and mortar filling (MF) solutions, compared 
to the traditional solution with annular gap (Table  5 and Fig.  14). The reduction ratios 
obtained with the EQ-Rod solution are shown to be significant and were consistently 
obtained for most of the input motion cases (Table 5). Similarly, an increase in the dis-
placement demand (albeit not associated to apparent damage) is observed for the EQ-Rod 
solution, due to the presence of the deformable material of the damper ring.

6  Influence of the anchorage detailing

This section presents a critical review of the alternative structural details adopted in experi-
mental and numerical campaigns, to provide further insights about their influence on the 
structural response and performance. More specifically, by comparing the results of the 
two different experimental research campaigns on this new generation of earthquake-resist-
ant fasteners, the first carried out in New Zealand in 2007–2009, and the second in Italy in 
2016–2017.

• The features of the expansion anchor (FAZII—M12) used for the first experimental 
campaign were different from the anchor used in the investigation presented in this 
paper. Firstly, in the New Zealand version the unthreaded part was longer than the 
threaded part, whereas the rod of the new anchor was fully threaded (Fig. 15a). Due to 
this difference, the gap between the fastener and the surrounding concrete was practi-
cally non-existent in the new version (tight-fit installation). Hence, there was only a 
(tolerance) gap between the steel base plate and the anchor. As a result, the original 
gap/tolerance of 2 mm in this new version was reduced to 1 mm.

• Regarding the EQ-Rod configuration, the first generation of this solution included a 
damper-ring with an internal diameter equal to the diameter of the rod, such that there 
was no clearance between the anchor-rod and the damper. The new EQ-Rod version, 
in turn, incorporated a gap clearance between the anchor rod and the damper ring 
(Fig. 15a), with the objective of facilitating its installation in practice, assumed to be 
more practical for applications to existing systems. However, as shown in the herein 
reported experiments, this gap introduced significant dynamic impact effects, partially 
impairing the full potentiality of the EQ-Rod isolation and dissipative capabilities. This 
dynamic impact or pounding led, in some of the cases, to detrimental rather than bene-
ficial effects. For this reason, as part of further improvements of the EQ-Rod prototype, 
it would be recommended not to include a gap clearance (gap-free) or to fill the gap 
after the installation. The absence of gap was the main reason why the alternative solu-
tion comprising mortar filling showed better performance in terms of both forces and 
accelerations reduction. Considering a tight fit damper or, alternatively, a softer filling 
material, the EQ-rod solution could avoid the pounding effect and in parallel reduce the 
demand on the NSC.

• Due to the larger geometric tolerances between the EQ-rod and the anchor rod (1 mm), 
as well as due to the different constitutive material of the new EQ-Rod damper ring 
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when compared to the original prototype, during the latest 2017 tests the bearing strains 
applied to the rubber material sometimes led to the yielding of the rubber damper with 
permanent deformations, amplifications of dynamic effects (Fig. 15b). This behaviour 
produced a larger dynamic impact mechanism and larger displacements, leading, in 
some cases, to the early fracture of the fastener confined by the EQ-Rod, as observed 

Table 5  EQ-Rod and MF solutions reduction from traditional case (maximum DMA and  Ffast), uncracked 
and cracked concrete, expansion and chemical anchors, all input motions

FAZ II Uncracked concrete

Main shock Aftershock

Ratio DMA (%) Ratio  Ffast (%) Ratio DMA (%) Ratio  Ffast (%)

TR/EQR TR/MF TR/EQR TR/MF TR/EQR TR/MF TR/EQR TR/MF

EQ1 11.2 86.1 7.4 101.0 4.9 108.9 − 3.0 113.2
EQ2 18.7 95.7 14.5 93.7 21.3 145.2 17.7 155.2
EQ3 4.8 22.6 − 0.2 30.2 13.6 5.9 17.0 24.4
EQ4 29.3 112.1 19.2 97.4 50.9 111.3 45.6 114.2
EQ5 − 6.7 82.5 − 11.8 75.1 47.4 162.3 44.4 169.2

SB Ratio DMA (%) Ratio  Ffast (%) Ratio DMA (%) Ratio  Ffast (%)

TR/EQR TR/MF TR/EQR TR/MF TR/EQR TR/MF TR/EQR TR/MF

EQ1 55.1 137.4 45.7 152.0 71.0 84.8 58.5 91.6
EQ2 45.4 121.3 32.0 111.5 76.4 98.0 62.2 99.7
EQ3 18.6 145.4 8.5 139.7 39.0 124.4 33.4 138.0
EQ4 13.6 83.9 10.1 84.9 30.2 67.1 28.0 74.3
EQ5 19.0 104.3 9.6 87.3 23.0 81.6 19.3 93.0

FAZ II Cracked concrete

Main shock Aftershock

Ratio DMA (%) Ratio  Ffast (%) Ratio DMA (%) Ratio  Ffast (%)

TR/EQR TR/MF TR/EQR TR/MF TR/EQR TR/MF TR/EQR TR/MF

EQ1 121.4 121.4 101.1 136.2 130.8 126.4 126.1 143.7
EQ2 34.7 146.3 23.1 149.0 38.8 97.6 32.7 121.1
EQ3 30.1 112.3 16.2 105.4 45.8 121.3 35.3 129.0
EQ4 34.5 164.1 26.7 173.8 36.5 129.5 33.1 151.1
EQ5 8.1 108.1 − 0.9 97.4 45.5 128.6 44.9 143.8

SB Ratio DMA (%) Ratio  Ffast (%) Ratio DMA (%) Ratio  Ffast (%)

TR/EQR TR/MF TR/EQR TR/MF TR/EQR TR/MF TR/EQR TR/MF

EQ1 55.4 135.1 43.6 147.1 69.9 79.4 60.1 83.7
EQ2 47.3 127.6 29.8 114.0 35.0 112.1 26.9 104.7
EQ3 17.8 126.0 8.6 129.4 33.3 132.7 27.7 148.4
EQ4 31.2 107.0 30.6 113.5 63.9 121.1 64.2 131.5
EQ5 31.5 83.7 24.2 73.0 90.7 69.1 90.4 76.3
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during initial sinusoidal tests. Nevertheless, the lack of a gap clearance between the 
anchor rod and the surrounding concrete in the more recent version of expansion anchor 
might have also played an important role in decreasing the adverse impact effects in 
the anchorage. However, alternative solutions could be suggested (see Pampanin et al. 
2017) to mitigate these issues and further improve the behaviour of the EQ-Rod solu-
tion for the next generation of fasteners.

7  Conclusions

This paper describes the results of a comprehensive uni-directional shake table testing 
campaign on alternative typologies of post-installed anchors suitable for fixing Non-Struc-
tural Components (NSCs) to concrete host structures. A high-performance anchor (EQ-
Rod), including a supplemental damping component, is proposed and studied with the 
aim of improving the seismic response of the non-structural component and the anchorage 

Fig. 14  EQ-Rod and MF solutions reduction from traditional case (maximum DMA and  Ffast), all cases

(b)(a)

Fig. 15  a Difference between the EQ-Rod prototypes and b permanent deformation and enlargement of the 
inner diameter of the EQ-Rod (left)
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itself. The EQ-Rod anchor prototype proposed in this work is an improved version of the 
first prototype developed earlier at the University of Canterbury. In this study, the improved 
EQ-Rod device was not only tested with expansion anchors as in the former study, but also 
using chemical anchors. The present study included cracked concrete conditions, not con-
sidered in the prior experiments. In addition, an alternative solution based on the introduc-
tion of mortar into the gap clearance of traditional anchorage systems was also investigated.

All the different construction detailing (traditional vs. mortar filling vs. EQ-Rod) 
were studied and compared by means of the response of a simulated NSC (driving mass) 
attached to a concrete block (rigidly connected to the table) via a single anchor resisting 
shear loading, when subjected to a suit of earthquake motions comprising a main shock 
and an aftershock. The response of the NSC and anchor were quantified in terms of the 
level of reduction of the driving mass (NSCs) acceleration, and the anchorage force, with 
respect to a traditional anchorage with fixture clearance.

The mean value of the data obtained with 360 (mono-directional) shake-table experi-
ments showed that: (1) for the M12 FAZ II anchors, the EQ-Rod solution is able to reduce 
Driving Mass Acceleration (DMA) and the anchorage force  (Ffast) by 20–30% and 20–40% 
under uncracked and cracked concrete conditions, respectively, under the main shock and 
aftershock motions; (2) for the M12 Superbond anchors, the EQ-Rod solution was able 
to reduce the maximum value of DMA and  Ffast obtained with the reference anchor by 
15–40% and 20–40%, for uncracked and cracked concrete conditions, respectively (main 
shock and aftershock). The experimental results confirmed that the conceptual idea of add-
ing damping to an anchorage could be adopted in practice to improve the seismic perfor-
mance of anchor-NSCs systems.

On the other hand, the test results also showed that the anchorage arrangement incorpo-
rating the mortar filling presented an improved reduction of the reference case maximum 
values of DMA and  Ffast, in comparison to EQ-Rod, which kept the fixture clearance, but 
mitigated the impact between the anchor rod and the base plate with its supplemental mate-
rial. In the case of the mortar filling solution, the reduction in the maximum values of 
DMA and  Ffast obtained with the reference Traditional anchorage, were as large as 50–60%. 
This greater level of reduction suggests the combination of the two concepts, i.e.: (1) filling 
the fixture annular gap with structural mortar, and (2) considering a tight-fit damper for the 
EQ-Rod. It is concluded that, notwithstanding the potential and suggested further improve-
ments of the proposed EQ-Rod prototype, the proposed prototype is capable of reducing 
the anticipated acceleration suffered by NSC as well as the force experienced by the anchor 
itself, for the same input motion. In addition, it is proposed that if the annular gap can be 
filled with structural mortar, it is safer to do so; if not, the EQRod provides a safer alterna-
tive to traditional anchors.
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