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1. INTRODUCTION 
The main scope of this deliverable is to discuss the experimental tests scheduled at the 
University of Naples Federico II (UNINA). The tests are intended to demonstrate the 
efficiency and effectiveness of the timber-based low-damage (implementing the 
Prestressed-Laminated, Pres-Lam, technology) exoskeleton solution proposed for the 
seismic retrofitting of existing Reinforced Concrete (RC) buildings.  
 
One full-scale prototype has been developed to prove the high performance of the 
proposed solution through Pseudo-Dynamic (PsD) tests to reproduce seismic actions 
imposing equivalent displacement loading protocols. The prototype is characterised by a 
single-bay two-floor full-scale exoskeleton connected to a full-scale multi-story infilled RC 
frame, representative of typical existing RC buildings erected before the enforcement of 
modern seismic codes. The infilled RC frame system has thus been selected for being 
representative of typical existing buildings, including the Italian demo (Fig. 1) (i.e. the Acerra 
building demonstrator) where such a technology will be implemented for promoting the 
holistic (seismic-energetic-aesthetic) rehabilitation of the building.  
   

 
Figure 1. The Acerra demonstrator from outside. 

 

2. LOW-DAMAGE EXOSKELETON 
TECHNOLOGY 

One of the most important goals of the MULTICARE project is the development of 
integrated solutions for enhancing the resilience of the built environment against multiple 
hazards (i.e., earthquakes, heat waves, floods, etc.). In this perspective, within Work-Stream 
5 (WS5), an exoskeleton-based solution, facilitating holistic rehabilitation (seismic, 
energetic, architectural), was developed. More specifically, the exoskeleton is a newly 
designed structural system (both in the form of frame and wall systems) externally 
attached to the existing one. Such an additional structural system promotes seismic 
retrofit, thus increasing the strength and stiffness of the retrofitted building when 
compared to the as-built configuration. Moreover, such a newly designed structural system 
can support new multi- and high-performance “double-skin” facade systems, ultimately 
promoting energy refurbishment and architectural renovation, as schematically shown in 
Fig. 2a.  
 
Additionally, another important point to stress is that such a renovation strategy exploits 
low-damage systems both for structural (exoskeleton) as well as for non-structural 
components (facade system). This aspect represents an important advancement 
concerning the current state-of-the-art. To better understand this aspect, it is worth 
mentioning the well-known performance matrix defined in the field of earthquake 



D14.5 Report on seismic testing - Acerra  

8 
 

 

This project has received funding from the European Union under the Horizon Europe Research & Innovation Programme  
(Grant Agreement no. 101123467 MultiCare). Views and opinions expressed are however those of author(s) only and do not necessarily  
reflect those of the European Union. Neither the European Union nor the granting authority can be held responsible for them. 

 

engineering (Structural Engineers Association of California, SEAOC Vision 2000, [1]). Such a 
matrix defines different performances of the considered building, varying the earthquake 
intensity, as illustrated in Fig. 2. Consequently, the performance of existing buildings can 
be expected in the upper-right part of the matrix itself (shaded red area in Fig. 2b). Even 
though nowadays several strategies/techniques are available to enhance the seismic 
performance, thus achieving the “basic objective” (i.e., the diagonal of the matrix), it is easy 
to understand that in case of a “rare” or “very-rare” event (i.e., a strong earthquake), the 
extent of the damage could be too high, with associated unsustainable socio-economic 
losses. This consideration justifies the crucial need to move towards a damage-control 
approach in defining retrofit interventions and underlines how the MULTICARE project 
promotes an advancement with respect to the current state-of-the-art. Indeed, the 
MULTICARE project promotes the implementation of low-damage technologies to 
enhance the seismic performance of the built environment, which, considering the 
performance matrix, means moving towards the left part of the matrix itself (red line in Fig. 
2b), ultimately enhancing the seismic resilience. 
 

 
Figure 2. a) Schematic representation of the integrated rehabilitation based on low-damage 

timber-based exoskeletons, and b) seismic performance matrix with identification of the basic and 
enhanced design objective (modified after SEAOC [1] and Pampanin [2]).  

Concerning the structural exoskeleton, which is the focus of this experimental campaign, 
the low-damage technology implemented is the Pres-Lam technology [3–5], which was 
proposed as the extension to timber of the PREcast Seismic Structural System (PRESSS, [6–
8]), developed in the 1990s at the University of California San Diego under the US PRESS 
programme for RC buildings. The Pres-Lam technology has been developed and tested 
over the past decades at the University of Canterbury [4] (Fig. 3a) and has already been 
implemented in New Zealand for the construction of resilient new buildings [9] (Fig. 3b). 
 

 
Figure 3. a) Example of experimental test on a beam-column joint based on the Pres-Lam 
technology [4], and b) NMIT Arts & Media Building realized by implementing the Pres-Lam 

technology [9]. 
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Adopting such a low-damage technology limits the damage in structural components by 
replacing the development of a plastic hinge with a controlled rocking and dissipative 
mechanism at the interface between structural components. The jointed ductile and dry 
connections of the system (e.g. beam-to-column, wall-to-foundation) feature two kinds of 
reinforcement: i) internal mild steel, or more recently (and preferably) external fuse-type 
Plug&Play dissipaters which ensure the dissipation capabilities of the system and are easily 
replaceable in case of a severe earthquake; and ii) an un-bonded cable, designed to remain 
elastic, which ensure the self-centering capabilities of the system at the end of the 
earthquake shaking, thus ensuring negligible/limited residual displacements. The 
adoption of such a technology allows for meeting design criteria related to the reduction 
of the expected losses and repair time. Indeed, in the case of the PRESSS or Pres-Lam 
technology, all of the operations related to the repair of the damage associated with plastic 
hinges development are replaced by the substitution of “Plug&Play” dissipaters. Moreover, 
the adoption of self-centring systems allows for considerably limiting the economic losses 
and loss of functionality related to residual displacement/drift, which are well recognized 
as an important damage parameter [10]. Fig. 4 illustrates an example of a jointed and 
ductile connection in the case of column-to-foundation connection (a), together with the 
peculiar hysteretic behaviour featuring the low-damage technology herein considered (b). 
 

 
Figure 4. a) Example of a low-damage column-to-foundation connection, and b) hysteretic 

behaviour of the low-damage system considered (Pres-Lam), modified after fib [11]. 

 

3. EXPERIMENTAL TESTS 
The retrofit solution proposed in Chapter 2 will be tested using the facilities available in the 
laboratories at the University of Napoli Federico II (UNINA). In agreement to the MULTICARE 
project, the exoskeleton will be applied on a full-scale one-bay two-storey infilled reinforced 
concrete (RC) frame specimen extracted from an existing building designed to sustain 
gravity load only (i.e., following a Gravity Load Design, GLD), selected as a case study to be 
assessed under pseudo-dynamic load. First, the selected frame will be tested in its “as-built” 
configuration to analyze the lateral response. In addition, the specimen will be damaged to 
achieve a proper damage state (DS) to be retrofitted. Then, the tests will be performed on 
the retrofitted frame to evaluate the contribution in terms of lateral stiffness and strength 
provided by the exoskeleton to the existing RC frame. 
 

3.1 Facilities of UNINA Laboratories 
The University of Study of Naples Federico II owns two laboratories dedicated to structural 
assessment. The first is the laboratory of the Department of Structures for Engineering and 
Architecture (DiST), located in the western area of Naples (see Fig. 5). It is equipped with 
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facilities that allow performing the structural assessment of different systems using the 
following testing methods: 

• Static tests. 
• Dynamic tests. 

  
The static testing method is used to assess the response of structural components as: 

• Columns 
• Beams 
• Beam-Column Joints (BCJ) 
• Single-story full-scale infilled (or not) RC frame 
• Framed structures 

 
As well as the response of non-structural components: 

• Infills 
• Light-Partitions 

  
The response of these components can be assessed under different loads: 

• Horizontal load (uniaxial or biaxial direction). 
• Compression load. 
• In-plane and out-of-plane (walls). 
• Flexural (columns and BCJ). 

  

 
Figure 5. Overview of the DiST laboratory and available facilities. 

The dynamic response of structural systems is assessed with two shaking tables available 
in the laboratory, as shown in Fig. 6. The system consists of two 3 m x 3 m square shake 
tables. Each table is featured by two degrees of freedom in the two horizontal directions 
acting in both synchronous and asynchronous manner. The maximum payload of each 
shake table is 20 tons with a bandwidth of 0–50 Hz, acceleration peak equal to 1.0g, and 
total displacement equal to 500 mm (±250 mm). 
 
The second laboratory was built in the Centro Servizi Metrologici e Tecnologici Avanzati 
(CeSMA), in the eastern part of the city, and it is managed by the Department of Structures 
for Engineering and Architecture (DiST). In this laboratory, an RC strong wall and floor were 
realized. It has been recently equipped with a PsD testing framework with the specific 
purpose of testing full-scale multi-story infilled RC frames in different configurations (i.e., 
as-built or retrofitted). 
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Figure 6. Shaking tables available at DiST laboratory. 

The rising attention of the research community to such a type of test is related to the 
simplicity of the seismic testing of full-scale specimens without using complex and 
expensive dynamic facilities, with the main advantage of overcoming the limitations 
related to the quasi-static predefined loading protocols and shaking table payload. The 
details of the laboratory and the implemented PsD testing framework are presented in the 
next section.  

 
3.1 Pseudo-Dynamic Tests 

The response of the proposed retrofit solution applied to the full-scale (two-story one-bay) 
infilled RC frame will be tested under pseudo-dynamic load using the infrastructure of the 
Laboratory of Testing on Real Scale Structures (LaSTRUT) at the University of Naples 
Federico II (Fig. 7).  
 

 
Figure 7. Overview of the CeSMA laboratory and available facilities. 
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It is an indoor laboratory with a reaction wall 7.0 m high, 12.0 m wide and 1.80 m thick, and 
a 260 m2 strong floor served by a crane of 10 tons lifting capacity. An anchor hole grid is 
realized both on the wall and the strong floor to allow the installation of the testing set-up 
(e.g., steel plates, hydraulic jacks, frames).  
The laboratory is equipped with four hydraulic actuators with a capacity of 1200 kN (in 
tension and compression) and a total stroke of 750 mm, and two hollow jacks with a 
capacity of 750 kN and a total stroke of 300 mm, both served by a hydraulic pump system. 
Within this testing program, only two hydraulic jacks will be used to apply the in-plane (IP) 
displacement at the first and second storey of the specimen. The out-of-plane (OOP) 
actions will not be simulated during the tests. The two hollow jacks will be positioned at the 
top of each column to apply the vertical load constantly during the tests. The definition of 
the vertical loads, which will be applied to the specimen, is discussed in Chapter 5. 
The tests will be performed in displacement control recording the feedback by using two 
high-precision displacement transducers installed at each storey at the centre of the beam 
in agreement with the nonlinear models developed for the numerical simulations. 
 
The PsD framework implemented in the laboratory (see Fig. 8), with the specific purpose of 
testing full-scale multi-story infilled RC frames, will be used to test the response of the as-
built and retrofitted specimens. The framework consists of a Coordinator System (A), a 
Control System (B), the test specimen (C), and a data acquisition system (D).  

 
Figure 8. Pseudo-dynamic testing procedure.  

The coordinator system (A) consists of an input suite, the numerical solver of the equation 
of motion, a communication suite with the control system (B), and a real-time output 
interface. The dynamic properties of the specimen must be defined in the input suite. The 
control system (B) consists of the controller and a personal computer. It allows for 
managing input/output, the system configurations, and the data recorded during the tests 
by means of a real-time graphical user interface. A Hardware-in-the-loop (HIL) interface has 
been developed in the controller to communicate with the coordinator system (A) for the 
specific purpose of conducting PsD tests. A data acquisition system (D) will be used to 
record data from the instrumentation which will be installed on the specimen. High-
precision Linear Variable Displacement Transducers LVDTs, classic LVDTs, strain gauges, 
and potentiometers will be used to monitor global and local deformations as well as strain 
on internal reinforcements. 
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The testing procedure adopted to carry out the tests is also shown in Fig. 8. It requires the 
definition of an input record signal and the relative time step integration, dt, the matrix of 
masses [M], and initial stiffness [K]. The mass matrix [M] of the specimens is numerically 
evaluated by using a simplified substructuring approach. This approach is presented in 
Chapter 5. The stiffness matrix [K] is defined based on experimental measurements of the 
reaction force under a low-magnitude displacement profile in both directions (pushing and 
pulling). The input record signal which will be used to carry out the PsD tests is selected 
according to the site of the case study building. The criterion adopted to select the input 
record signal is discussed in Chapter 5. The equation of motion will be solved at each time 
step by using an implicit integration method. The computed displacement profile will be 
applied to the specimen, and the recorded displacements and the restoring forces at each 
level will be recorded using high-precision transducers and load cells. The recorded 
measures will be used by the coordinator system to update the stiffness matrix before 
moving to the following step of the record. This will allow the reproduction of the actual 
displacement demand of the earthquake by considering the strength and stiffness 
degradation that is significant in existing infilled RC buildings. 
 

4. CASE-STUDY BUILDING FOR 
PSEUDO-DYNAMIC TESTS 

The case study building herein considered is an archetype building derived from the 
information available from the “Bonefro Building” (Fig. 9), an Italian building quite “famous” 
in the scientific literature, which was damaged by the “San Giuliano di Puglia Earthquake” 
in 2002 [12]. The present case study is for residential use and is located in Bonefro. The case 
study is a four-story RC-infilled frame building with a plan of 19.50 m x 10.05 m, and an inter-
story height equal to 3.10 m. Concerning the structural system, the building presents three 
Moment-Resisting Frames (MRF) in the longitudinal direction (the two perimetral frames 
have deep beams, while the central one features hidden beams), and four MRFs in the 
transversal one (two perimetral frames with deep beams, while the others have hidden 
beams).  
 
The building has been designed for gravity loads only and by following a “working stress” 
approach, thus lacking any considerations related to “capacity design” and “hierarchy of 
strengths” as imposed by modern seismic codes. Consequently, the building is expected to 
reflect the typical deficiencies/vulnerabilities of buildings erected in the pre-code era, and 
thus it is expected to be “potentially” seismic-prone. 
 

 
Figure 9. Bonefro building damaged during the San Giuliano di Puglia Earthquake (left), with 

identification of a brittle shear failure in the RC column due to interaction between the RC frame 
and the masonry infills, modified after [12]. 
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Figure 10. Geometric characteristics of the considered building in terms of plan and lateral view, 
together with the identification of the substructured frame. 

Fig. 10 illustrates the geometric characteristics of the considered building in terms of plan 
view and lateral view. Concerning mechanical properties of materials, concrete has a 
compressive strength equal to 20 MPa, with a peak (’c) and ultimate strain (cu) equal to 
0.0020 and 0.0035, respectively. Concerning reinforcing steel, in line with the properties of 
deformed bars realized using FeB44k, the yielding (f’y) and ultimate (f’u) stress have been 
considered equal to 430 MPa and 210 MPa, respectively, while the ultimate strain (su) has 
been set equal to 0.004 in line with the prescriptions of the Italian Building Code [13]. 
 

 
 
 
 
Starting from this case study, the reduced portion (2-story, 1-bay frame) highlighted in 
Fig.10, has been selected for the experimental test. Further details related to the specimen 
are provided in the following section. 
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4.1 Test set-up for Pseudo-Dynamic Tests (As-Built configuration) 

 
Figure 11. Test set-up: Front view. 

The test set-up designed and realized to perform PsD test is reported in Fig. 11 and Fig.12. 
The frame will be constructed on a 0.60 m thick RC foundation clamped to the strong floor 
by means of pre-stressed steel bars. Eight additional steel profiles with a portion embedded 
in the foundation block will be used to avoid horizontal sliding. The additional profiles are 
also clamped to the strong floor using pre-stressed steel bars. The frame is connected to 
the actuators through steel profiles embedded in the left beam-column joints. Once the 
frame is realized, the jacks will be positioned at the top end of the columns. During the 
tests, the jacks will be contrasted on the steel beam linked to the specimen foundation 
using two pinned bars to apply the vertical load. 
The specimen will be 6.30 m high and 4.45 m wide. The interstorey height will be equal to 
3.10 m while the distance between the centroid axis of the columns will be 4.10 m. The 
columns will have a square cross-section with 350 mm sides, while the beams will be 500 
mm high and 350 mm wide. The members will have the same cross-section on both stories. 
The infill panels will have a clear height of 2.57 m and a clear length of 3.75 m. The panels 
will be made of hollow clay bricks 200 mm thick with holes parallel to the direction of 
loading (horizontal holes) and connected to the surrounding frame on four sides with 
mortar, as is generally done in common practice. 
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Figure 12. Test set-up: Lateral view. 

The reinforcement details of the RC frame are reported in Fig. 12. These are defined 
according to those observed for the infilled RC existing building selected as a case study. 
The columns will be reinforced with six longitudinal bars with a diameter of 16 mm 
distributed on the sides of the cross-section orthogonal to the load direction. The beams 
are reinforced with 16 mm diameter longitudinal bars. Four will be located at the top side, 
two at the mid dept and two at the bottom side. As showed in Fig. 12, the layout of the beam 
longitudinal reinforcement faithfully reproduces that observed on the case-study building 
with bended bars, commonly used in the design practice of the time, to increase the shear 
strength at used in the design practice of the time, to increase the shear strength at the 
beam-ends. The transverse reinforcement of the beams will consist of 8 mm stirrups 
spaced 300 mm. The transverse reinforcement of the right column will consist of 8 mm 
stirrups spaced 250 mm.  The transverse reinforcements of the left column are designed to 
avoid any local brittle failure in shear or punching shear and allow the load transfer at the 
right column during the test. It will consist of 10 mm stirrups spaced 50/100 mm spaced. 
The same stirrups were used in the top mid-height of right column and into the joint at the 
second floor to avoid local failures. This allows to concentrate all the structural weaknesses 
in the right joint of the first floor without significantly modifying the lateral stiffness of the 
specimen. Thus, from a structural standpoint, due to test setup needs, only the response of 
the right joint of the first floor will be investigated. No stirrups can be found in the bottom 
right joint panel as commonly done in the Italian design practice until the end of the past 
century.   
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Figure 13. RC frame geometry and reinforcement details. 

At this stage, the parts of the test set-up are ready for the installation. The casting of the 
concrete frame is also currently ongoing. 
 

5. NUMERICAL SIMULATIONS FOR 
THE AS-BUILT CONFIGURATION 

This chapter presents the results of all the numerical simulations that have been carried 
out before the tests that will start soon at the laboratory of the University of Naples Federico 
II. Firstly, a description of the modelling approach adopted to perform seismic analyses in 
the as-built configuration is presented. After this, the procedure adopted to define the 
record used for Non-Linear Time-History Analyses (NLTHA) is presented. Finally, the results 
of NLTHAs carried out to validate the substructuring approach adopted for this 
experimental campaign are discussed. 
 

5.1 Modelling Approach for the As-Built configuration 
Numerical models have been implemented in the software SAP2000 for Finite Element 
Modelling (FEM) [14]. More specifically, a lumped plasticity approach has been adopted, and 
mono-dimensional frame elements with plastic hinges at the end sections have been used 
for modelling structural components. Both for beams and columns, the plastic hinges' 
behaviour is modelled through moment-curvature relationships, and the plastic hinges’ 
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length is defined according to Priestley et al. [15]. The shear and shear/flexure failures have 
also been considered by following the instructions of the New Zealand Society of 
Earthquake Engineering (NZSEE) guidelines for seismic assessment of existing buildings 
[16]. Concerning the hysteretic behaviour, as in the case of past research works (e.g., 
Molitierno et al. [17]), the Pivot model available in SAP2000 has been adopted, and the 
parameters adopted can be found in Table 1.  
 

Member Non-linear Element Hysteresis Model Parameters 

Columns Frame with plastic hinges 
at the end sections 

Pivot 1=10 2=10 1=1  

2=1 =0.8 

Beams Frame with plastic hinges 
at the end sections 

Pivot 1=10 2=10 1=1  

2=1 =0.9 

External Beam-Column 
Joints 

Rotational Springs Pivot 1=1 2=1 1=0.15  

2=0.15 =0.8 

Internal Beam-Column 
Joints 

Rotational Springs Pivot 1=0.5 2=0.5 1=0.15  

2=0.15 =0.8 

Infills Axial Spring (compression 
only) 

Pivot 1=0 2=0.25 1=0  

2=0 =0 

Table 1. Modelling assumptions and considered parameters for hysteresis rules. 

Beam-column joints have been modelled by using a system of rigid links and rotational 
springs. The moment-shear deformation relationship has been defined by following the 
instructions available in [16]. As in the case of beams and columns, the hysteretic behaviour 
has been modelled using the Pivot model. Here, the parameters of the pivot have been 
defined by replicating in SAP2000 beam column joints tested in past research activities [18]. 
The results of such a calibration are shown in Fig. 14 for external T-joints (left) and internal 
joints (right). The derived parameters for the Pivot model are provided in Table 11. 
 

 
Figure 14. Results of the calibration of the Pivot hysteresis model parameters for an external beam-

column joint (left), and for an internal one (right). Modified after Pampanin et al. [18]. 

Concerning masonry infills, a single strut model has been considered. Each infill panel has 
been modelled using two links working only in compression. The shear-displacement 
relationship proposed by Panagiotakos & Fardis [19] has been adopted to model the 
response of the infill. A tri-linear force-displacement relationship considering the cracking, 
peak, and residual strength has been derived for each infill panel. The hysteretic behaviour, 
as in the previous cases, has been modelled by using the Pivot model. The Pivot parameters 
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adopted (available in Table 1) have been defined according to Molitierno et al. [17], who 
defined such parameters according to the results of previous experimental tests on infilled 
frame RC systems.  
 
Finally, for the sake of simplicity, soil-structure interaction has been neglected, and fixed-
base connections have been assumed. A schematic representation of the adopted 
modelling approach is provided in Fig. 15. 
 

 
Figure 15. Modelling approach for existing RC infilled frame buildings. Modified after Molitierno et 

al. [17] and D’Amore & Pampanin [20]. 

Both non-linear static and NLTHAs have been performed neglecting the second-order 
effects (i.e., the P- effects). Such a choice is justified by the relatively limited drift demand 
and considering the relatively reduced height of the building (i.e. 4-story building). For non-
linear static analyses, a load distribution proportional to the story masses has been 
considered, while for NLTHAs, the Rayleigh damping coefficients are determined by 
imposing a 2% damping value at the first two vibrational modes in the direction of interest 
(i.e., longitudinal direction).  
 

5.2 Selection of the record for NLTHAs 
In order to carry out both NLTHAs and the PsD experimental tests, the definition of a record 
was needed. Considering that the selected record must be representative of the seismicity 
of the site (i.e., Bonefro), the recommendation of the Italian Building Code [13] have been 
followed to define a suite of seven natural (i.e., unscaled) records spectrum-compatible with 
the Life-Safety Limit-State LSLS (probability of exceedance equal to 10% in 50 years, 
corresponding to a return period TR=475 years) spectrum for the city of Bonefro. To define 
the LSLS spectrum, a soil class C, according to the Italian Building Code [13] was considered. 
The resulting Peak Ground Acceleration (PGA) is equal to 0.290g. The online tool 
“RexelWeb” [21] was used to define the suite of seven unscaled records. More specifically, 
this tool allows for defining such natural records having magnitude and fault distance, 
which are consistent with the specific site considered. Fig. 16a presents the spectra of the 
seven records, compared with the LSLS spectrum of Bonefro. Moreover, the spectrum of 
the record selected among the seven is highlighted (red line). Such an event has been 
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selected since it is the one with the PGA and spectral shape (in the period range of interest) 
most similar to the code spectrum. Fig. 16b presents the accelerogram of the event, while 
Table 2 summarizes the crucial information of the record itself. 
 

 
Figure 16. a) Spectrum of the selected record (red) compared with the other spectra from the 

spectrum-compatibility procedure (gray) and the code-spectrum for the city of Bonefro at LSLS, 
and b) accelerogram of the selected record. 

Earthquake Station 
Code Event ID PGA [g] D 

[km] Mw Soil Cl 

Central Italy sequence. 
30-Oct-2016 

CNE EMSC-20161030_0000029 0.294 6.7 6.6 C 

Table 2. Selected earthquake record for NLTHAs. PGA: Peak Ground Acceleration in “g”, D: 
Epicentral Distance in “km”, Mw: Moment Magnitude, Soil Cl: Soil Class according to Eurocode. 

5.3 Substructuring approach and results from NLTHAs 
Considering the physical limitation in the height of the laboratory, and in order to avoid 
scaling the specimen, only a full-scale two-story one-bay infilled frame has been selected 
for reproduction in the laboratory. The frame is a perimetral frame with a corner column. 
Further information related to the test set-up has already been provided in §4.1. 
 
The PsD testing procedure requires as input the definition of both the mass and the initial 
stiffness matrix, as well as the rules for combining the different floor stiffnesses for 
assembling the initial stiffness matrix. For this reason, a detailed analysis of mass and 
stiffness distribution is performed by using the previously discussed numerical model of 
the whole building, as well as a reduced model representing the specimen to be tested in 
the laboratory. The stiffness matrix is defined based on experimental measurements of the 
reaction force under a low-magnitude displacement profile in both directions (pushing and 
pulling). The mass matrix is defined with a simplified substructuring approach proposed in 
[17]. It is a stiffness-based which relies on both the results of a modal analysis as well as on 
the results of the non-linear static (push-over) analyses performed on the numerical models 
mentioned before.  This approach has been verified by comparing the results of NLTHAs at 
both the global (whole building) as well as at the local one (substructured frame). 
 
At first, a modal analysis has been performed considering the initial stiffness of both 
structural and non-structural (i.e., infills) elements. The result of such analysis shows that in 
the direction of interest (i.e., longitudinal, or X-Direction) the participating mass at the first 
mode is considerably higher (82%) when compared to higher modes, as illustrated in Fig. 
17. 
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Figure 17. Modal participating mass from the modal analysis of the numerical model of the whole 

building. 

Consequently, it can be stated that the seismic response of the building can be well 
approximated through a push-over analysis with displacement applied in the same 
direction. Building on this important assumption, the lateral response of both the building 
and the substructured frame has been defined using push-over analyses. More specifically, 
several pushover analyses have been performed by applying a unitary force to a selected 
floor while restraining the others. The results of such analyses are presented in Fig. 18a. 
Then, the mass matrix is defined by considering the seismic forces effectively carried by the 
substructured frame, which can be easily defined through the push-over analyses 
mentioned before. More specifically, the floor mass mi* attributed to the substructured 
frame is the product of the total floor mass (i.e., mi,Tot, related to the entire building) and a 
coefficient representative of the ratio between the stiffness of the frame (KFrame) and that of 
the whole building (KBuilding). Such a coefficient, representative of the stiffness ratio, was 
defined by considering the variation of the ratio itself in a range of lateral displacement 
representative of the lateral response of the structures (Fig. 18b). After evaluating such a 
variation, a mean value was selected to define the mi* values, which in the specific case are 
equal to 20 Tons at the first story, and to 59 Tons at the second story. It is worth mentioning 
that the higher value applied on the second story of the substructured frame is justified by 
the fact that also the masses from the 3rd and 4th story (which are not modelled in the 
laboratory) are lumped here to be representative of the masses of the higher stories.  
 

 
Figure 18. a) Floor push-over curves obtained both for the whole building as well as for the 

substructured frame, and b) ratio between the stiffness of the whole building and that of the 
substructured frame, together with the identification of the mean value. 

Finally, the validation of the substructuring approach is carried out by comparing the 
results in terms of displacement at the 2nd story derived by the NLTHAs carried out on both 
the numerical model of the whole building and that of the substructured frame by using 
the selected input record signal described in the previous section §5.2. NLTHAs have been 
implemented using the record defined in §5.2 as input. Several NLTHAs have been carried 
out. Indeed, in addition to the selected record, this one has been scaled down to 10%, 25%, 
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50%, and 75%, and scaled up to 125% and 150%. A good match has been observed for all the 
considered intensities, as can be observed in Fig. 19 for the results of the analyses using the 
a) 75%, b) 100%, c) 125%, and d) 150% of the selected record. Although some differences in 
peak displacements can be observed, they are negligible with respect to the maximum 
displacements achieved, and the discrepancies tend to reduce while passing from 75% to 
150%, where almost a perfect overlapping can be highlighted, thus confirming the reliability 
of the substructuring approach here considered. 
 

 
Figure 19. Comparison between the displacement recorded at the 2nd story of the whole building 
(3D model) and those from the substructured frame for a) 75%, b) 100%, c) 125% and d) 150% of the 

selected record. 

Concerning these analyses, it is worth stressing that the models developed to prove the 
efficiency of the substructuring approach did not consider the effects of potential shear 
failures in structural members due to the interaction with masonry infills (e.g., the reader 
can consider as an example the shear failure presented in Fig. 9). Nevertheless, such a 
failure has been generally observed in experimental tests on RC infilled frames 
representative of existing buildings [17,22]. For this reason, more refined models (e.g., using 
a 3-struts approach for modelling infills) are currently under development to catch such an 
aspect. This will be crucial in the experimental campaign in order to predict the maximum 
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intensity that the specimen can withstand in the laboratory and to interrupt the 
experiments at the triggering of the shear cracking. This will ensure safety during tests and 
prevent brittle local failure, potentially causing the global collapse of the specimen. For this 
reason, even though the analyses have been carried out until 150% of the selected record, 
it is expected that the experimental campaign on the as-built specimen will be interrupted 
at lower intensities, also reflecting the expected typical vulnerabilities of existing GLD pre-
code buildings.  
 

6. METHODS FOR SEISMIC DESIGN 
OF THE LOW-DAMAGE 
EXOSKELETON 

The main objective of this chapter is to present the technological implementation of the 
low-damage timber-based exoskeleton, while also providing information related to the 
displacement-based approach proposed to support the design procedure. 
 
In any case, before the implementation of the structural exoskeleton, considering the 
remarked vulnerability of masonry infills, and aligning with the objective of moving towards 
a low-damage building system holistically, strategies emphasizing the implementation of 
low-damage technologies have also been proposed for enhancing the seismic 
performance of existing vertical envelopes (i.e., infills). This aspect is crucial, especially 
considering the high investment related to such elements within the building [23].  
Furthermore, even in the case of a frequent level of shaking (i.e., low-to-moderate intensity 
earthquake), it is possible to note damage, almost entirely related to non-structural 
components [24]. Considering the reasons mentioned above, this research intends to 
provide an enhanced resilient solution that implements low-damage technologies both for 
the structural skeleton (i.e., for the exoskeleton) as well as for non-structural components 
(i.e., both for the retrofit of existing envelopes components, as well as for the installation of 
“double skin” facade systems supporting energy refurbishment and architectural 
renovation).  
 

 
Figure 20. Different behaviour of alternative configurations for the infilled systems, namely single-

squat infill wall (left), and rocking cantilever infill panels (right).  

For enhancing the seismic resilience of existing infills, the in-plane seismic capacity is 
improved by disconnecting the monolithic panel from the surrounding RC frame, 
operating vertical and horizontal cuts, resulting in the introduction of lateral gaps. This 
operation turns the behaviour of a shear-dominated single-squat panel (potentially 
experiencing brittle failures) into a system consisting of discrete rocking clay brick infill wall 
panels capable of sustaining a high level of drift before incurring damage. As illustrated in 
Fig. 20, such a capability of experiencing a high level of drift is mostly related to delaying 
the development of the strut into the panel, which can develop only when the lateral gaps 
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get closed due to in-plane movement. Moreover, adopting this selective weakening 
approach on the masonry infills allows for preventing potentially critical shear failure on 
structural members triggered by the interaction between structural and non-structural 
components (see Fig. 9). 
 
Further information related to this approach for enhancing the seismic performance of 
infill walls can be found in Tasligedik & Pampanin [25], who also demonstrated the 
efficiency of the system through experimental tests carried out at the University of 
Canterbury, New Zealand. Moreover, it is worth stressing that the possibility of 
implementing such an approach from outside the building, thus considerably limiting the 
owners’ disruption, has also been proved by Preti & Bolis [26]. Fig. 21 illustrates a schematic 
representation of the intervention on existing infill panels. 
 

 
Figure 21. Disconnection of the infills from the surrounding frame. 

Once this operation for enhancing the seismic performance of existing infills has been 
carried out, it is possible to install the low-damage exoskeleton based on the Pres-Lam 
technology (detailed information on Pres-Lam has been provided before in §2).  
 
The exoskeleton has been designed by following the Displacement-Based Retrofit (DBR) 
proposed by D’Amore & Pampanin [20] for frame-type exoskeletons. The DBR procedure is 
a natural extension of the Direct-Displacement Based Design (DDBD) proposed by 
Priestley et al. [15,27,28] for the design of new structures. The main goal of the procedure is 
to prevent the existing structure from reaching and exceeding its failure displacement 
profile. The first step is to select a design drift or displacement that is defined through the 
assessment procedure carried out on the as-built structure. After this, the procedure 
(schematically shown in the flowchart in Fig. 22) can be applied to define the design base 
shear that the exoskeleton must withstand. 

 

 
Figure 22. Flowchart summarizing the main steps of the DBR procedure presented in D’Amore & 

Pampanin [20]. 

Once the base shear at the LSLS has been defined, this can be distributed along the height 
of the building, and the internal actions can be easily defined using an equilibrium 
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approach. Finally, such internal actions can be used to design and detail all the connection 
systems of the exoskeleton itself. 
 
In any case, it is worth stressing that in the case of timber-based exoskeletons, the 
procedure outlined before (presented for RC exoskeletons) should be slightly adjusted [29]. 
More specifically, when dealing with timber structures, the Damage-Control Limit-State 
(DCLS) generally governs the size of structural components and the amount of post-
tensioning. Indeed, considering the higher flexibility of timber, it is crucial to provide 
adequate stiffness to prevent damage in the case of low-to-moderate (i.e., frequent) 
earthquakes. In other words, when dealing with timber structures, two steps are required, 
as shown in Fig. 23: 

 
Figure 23. Design process for timber-based exoskeletons. 

1. Step 1: Section sizes and amount of post-tension should be defined in order to 
ensure that the elastic deformation of the frame, y, is less than the imposed limit 
drift for the DCLS, DCLS. Clearly, it should also be verified that all the connections 
remain elastic (i.e., My ≥ MDCLS). 

2. Step 2: Once Step 1 has been carried out, the procedure previously discussed can be 
implemented, and the detailed connection design can be carried out at the LSLS 
(i.e., Mu ≥ MLSLS). 

 
Finally, once the exoskeleton has been designed, another crucial point for the effectiveness 
of the proposed solution is the design and implementation of a reliable connection system 
able to transfer the shear actions from the as-built structure to the exoskeleton itself. 
Concerning the importance of this point, a specific chapter has been provided in this 
deliverable (§ 9). Here, the reader can find alternative solutions that have been developed 
in collaboration with Rothoblaas, industrial partner of the project, and a world-leading 
company in the field of connection systems for timber components.  
 

7. NUMERICAL SIMULATIONS FOR 
THE RETROFITTED  
CONFIGURATION 

 
7.1 Application of the DBR procedure for the design of the exoskeleton 

The DBR procedure outlined in the previous section has been implemented to support the 
design of the low-damage exoskeleton. More specifically, non-linear static (push-over) 
analyses have been carried out on the retrofitted configuration, and the results have been 
used as input for the DBR procedure itself (i.e., for defining the design drift D). Push-over 
analyses on the as-built configuration have been carried out both on the infilled frame as 
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well as on a bare frame model. The latter was used to represent the effect of the selective 
weakening on masonry infills described above.  

 

 
Figure 24. Results of the non-linear static analyses for the infilled and bare frame system in the as-

built configuration in terms of a) push-over, and b) inter-story drift ratio at the attainment of the 
LSLS. 

The results of these analyses are presented in Fig. 24, both in terms of a) force-displacement 
capacity curve (push-over) as well as in terms of b) inter-story drift at the attainment of the 
LSLS, and clearly show the effects of the intervention on the existing envelope. The results 
of the pushover analysis on the bare frame model have been used as input for the DBR 
procedure, and more specifically, a D equal to 0.80% has been selected. Concerning the 
material properties of the exoskeleton, a Glulam GL30C has been considered. The 
mechanical characteristics of the selected material are summarized in Table 3. 
 

Mechanical property Symbol Value 

Strength in compression parallel to the grain fc,0,g,k [MPa] 24.50 

Modulus of elasticity parallel to the grain E0,g,Mean [MPa] 13000 

Modulus of elasticity perpendicular to the grain E90,g,Mean [MPa] 300 

Shear Modulus Gg,Mean [MPa] 650 

Density g,Mean [kg/m3] 430 

Table 3. Mechanical characteristics of the Glulam GL30C 

Building on the results of the DBR procedure and of the detailed connection design, the 
considered exoskeleton is composed of structural members 68 cm in height and 32 cm in 
width, both for columns and beams.  
 
After designing the exoskeleton, another numerical model of the retrofitted configuration 
has been implemented. More specifically, in this case, the exoskeleton has been connected 
in parallel to the as-built structure using rigid links representative of the connection 
systems between the two structures. Concerning the exoskeleton, in order to model the 
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non-linearities, rather than using plastic hinges, nonlinear links working in parallel at the 
end sections of structural members have been used, as suggested by Pampanin et al. [30]. 
Such links are modelled to catch the self-centring behaviour of the post-tensioning 
cables/bars, and the dissipation capabilities related to the Plug&Play dissipaters. More 
specifically, the multi-linear elastic link has been used for post-tension, while an elastic-
plastic one with kinematic hysteresis rule has been adopted for modelling the Plug&Play 
dissipaters. Finally, an additional rotational spring has been implemented in the system of 
rigid links, adopted for modelling the beam-column joint, in order to capture the joint shear 
stiffness [31–33]. A schematic representation of the modelling approach for the retrofitted 
configuration is illustrated in Fig. 25. 
 

 
Figure 25. Modelling approach for buildings retrofitted using the low-damage exoskeleton. 

Fig. 26 presents the results in terms of push-over analysis of the retrofitted structure 
compared with the as-built configuration (a). Moreover, an additional model of the 
exoskeleton has been implemented, and non-linear static cyclic analyses have been carried 
out in order to highlight the peculiar self-centring capabilities of the Pres-Lam exoskeleton 
(b). 
 

 
Figure 26. a) Results in terms of push-over curves for the as-built and retrofitted configuration, and 
b) results of cyclic non-linear static analysis (push-pull) to prove the self-centring capabilities of the 

external exoskeleton. 

7.2 Test set-up for Pseudo-Dynamic Tests (Retrofitted Configuration) 
After the tests that will be carried out on the as-built configuration, the retrofitted specimen 
will be realized and tested. It is worth stressing that the as-built specimen, as mentioned in 
§5.3, will be tested until the achievement of an acceptable level of damage, both for safety 
reasons in the laboratory environment, as well as to prove the effectiveness of the 
exoskeleton solution for the seismic retrofit of existing buildings not extensively damaged 
by past earthquakes (i.e. as-built structure in its undamaged configuration). More 
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specifically, in order to realize the retrofitted configuration, first, the selective weakening 
approach will be implemented on the masonry infills. After this, the timber-based low-
damage exoskeleton will be attached to the RC frame. Fig. 27 presents the retrofitted 
specimen, together with the geometric characteristics of the exoskeleton members, while 
the details of the connection systems designed for the exoskeleton are presented in Fig. 
28. For the PsD test to be carried out on the retrofitted configuration, the detailed 
description made before in § 4.1 remains valid even here.  

 

 
Figure 27. Geometric characteristics of the exoskeleton. Details 1 to 3 (i.e. Det. 1, Det. 2, and Det. 3) 

are presented in the following Fig. 28. 

 

 
Figure 28. Details of the connection systems designed for the exoskeleton. 
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7.3 Substructuring approach and results from NLTHAs 
As in the case of the as-built configuration, the substructuring approach has been validated 
following the same procedure described before (i.e., in § 5.3). NLTHAs have been conducted 
using several intensities, i.e., 10%, 25%, 50%, 75%, 100%, 125%, and 150% of the record selected 
in § 5.2. The results of the analyses show a good match between the displacement recorded 
at the 2nd floor, both for the whole 3D model as well as for the reinforced substructured 
frame, thus validating the substructuring approach even for the retrofitted configuration. 
The results for the intensities from 75% to 150% are shown in Fig. 29 below.  
 

 
Figure 29. Comparison between the displacement recorded at the 2nd story of the whole building 
(3D model) and those from the substructured frame for a) 75%, b) 100%, c) 125% and d) 150% of the 

selected record. 

8. RESILIENT CONNECTION 
SYSTEMS 

The fastening system for the connection between the existing reinforced concrete beam 
and the PresLam beam must meet the following requirements: 

• Maximum possible stiffness to prevent delays in the activation of the exoskeleton 
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• Resistance of the connection on both the concrete and timber sides to an applied 
force of 150 kN; 

• Structural analysis based on seismic category C2 with elastic design approach; 
• Positioning as far as possible from the edges to avoid interference with the 

dissipative beam-column joint. 
 
 
Moreover, the following criteria have been considered for proposing alternative connection 
systems: 

• Dismantlability: A requirement imposed by the European project to ensure a 
replaceable fastening system in case of damage, enhancing the life cycle of 
elements (LCA); 

• Product availability, cost, and additional timber processing: These factors define the 
feasibility of large-scale application of the exoskeleton; 

• Exposure of screws to water: A risk indicator for hydrogen embrittlement of metal 
connectors, especially relevant due to the exposure of thick plates to outdoor 
conditions; 

• Ease of installation: Reduces installation times and minimizes disruption for 
building occupants; 

• Tolerances: The existing beam presents significant geometric irregularities, and the 
fastening system should facilitate necessary geometric adjustments; 

• Architectural interferences: The fastening geometry must avoid creating barriers for 
existing window and door openings. 

 
In the following, three alternative solutions, individuated as the most suitable, are 
described. 
 

8.1 Direct Anchorage (dowelled connections) 
A cost-effective solution is to fasten the timber beam directly to the concrete beam using 
through-threaded bars and epoxy resin (Fig. 30).  
 

 
Figure 30. Dowelled Connection 
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The installation process involves using a template to accurately mark hole positions on the 
concrete, which are then transferred to the timber beam for accurate alignment. A 
shrinkage-free mortar is injected to fill gaps and prevent weakening of the threaded bars. 
Stiffness is calculated based on Eurocode 5, section 7.1, treating the bar as a bolt. 
 

8.2 T-Profile Connection System  
The connection using two T-profiles (Fig. 31) reduces potential eccentricity due to the 
shear transfer mechanisms between the as-built structure and the exoskeleton. 
Nevertheless, it should be pointed out that such a solution risks interfering with existing 
openings (i.e., potential architectural incompatibility). To mitigate this, at the cost of 
greater execution complexity, the beam can be fastened from below. If the T-profiles have 
sufficiently wide flanges, they allow for a certain level of construction tolerance based on 
the minimum edge distance of the timber beam. 
 

 
Figure 31. T-profile solution for connecting the exoskeleton to the as-built structure (left), and 

modification by fastening the timber beam from below, thus reducing potential architectural 
incompatibility (right). 

8.3 Bow-Tie Connection System 
This solution is an adaptation of the 'Bow Tie' connection system, already adopted in new 
buildings constructed by implementing the Pres-Lam technology. This connection has 
been adopted in such buildings for connecting seismic-resisting wall systems to floors. Like 
in the previous case, a metal plate is anchored with fasteners and an additional welded 
rectangular plate transfers forces (Fig. 32). The timber beam includes a larger through-hole 
to accommodate construction tolerances, through which the additional plate passes. The 
seismic shear force is transferred by direct contact between a steel plate and the timber 
beam, secured with HBSP screws. To fill any gaps and distribute forces, steel SHIM plates are 
introduced.  
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Figure 32. Schematic representation of the bow-tie connection concept. e: eccentricity. 
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GLOSSARY 

ACRONYM FULL NAME 

[K] 

[M] 

BCJ 

DBR 

DCLS 

DDBD 

DS 

dt 

FEM 

g 

GLD 

HIL 

IP 

KBuilding 

KFrame 

LSLS 

LVDT 

MRF 

NLTHA 

NZSEE 

OOP 

PGA 

Pres-Lam 

PRESSS 

PsD 

RC 

SEAOC 

WS 

Initial Stiffness Matrix 

Mass Matrix 

Beam-Column Joint 

Displacement-Based Retrofit 

Damage-Control Limit-State 

Direct Displacement-Based Design 

Damage State 

Time step 

Finite Element Model 

Acceleration of Gravity 

Gravity Load Design 

Hardware In the Loop 

In-Plane 

Stiffness of the whole building 

Stiffness of the substructured frame 

Life-Safety Limit-State 

Linear Variable Displacement Transducer 

Moment-Resisting Frame 

Non-Linear Time History Analysis 

New Zealand Society for Earthquake Engineering 

Out-of-Plane 

Peak Ground Acceleration 

Prestressed Laminated Timber 

PREcast Seismic Structural System 

Pseudo-Dynamic 

Reinforced Concrete 

Structural Engineers Association of California 

Work-Stream 

 


