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ABSTRACT: 
In the scope of the transnational access activities of the European research project SERIES, the Laboratório Nacional de Engenharia Civil (LNEC) has provided access to its 3-D shaking table to the international construction company Wienerberger AG and to a group of European experts, in order to perform full-scale seismic tests on an industrial solution for buildings using a modern unreinforced thermal insulation clay block masonry structure.

Such solution represents a very common construction method in Central Europe and, although there are cyclic shear test results available, its effective dynamic response under seismic events still requires experimental validation. For this purpose, two full-scale mock-ups with different geometries were tested on the 3-D shaking table using a series of seismic records with increasing intensity.

This paper focuses on the most relevant experimental results regarding the structural response of the specimens, e.g., the dynamic response evolution, the collapse mechanism identified and the maximum drift values measured. The paper closes with the main conclusions drawn and with proposals for future developments.
Keywords: 
Modern masonry, Full-scale testing, Shaking table
1 Introduction 

The requirements of clay block masonry building constructions changed drastically during the last decades. Besides mechanical strength, also thermal insulation became more and more important in order to fulfil the increased legal requirements for heating/cooling energy demand. To ensure that monolithic clay wall constructions are able to fulfil these requirements still in the future, a new generation of high thermal insulating clay blocks has been developed and successfully launched by Wienerberger, the world’s largest brick producing company.

Monolithic clay wall constructions represent a very common construction method in Central Europe. In these regions, seismic hazard is qualified by current standards as being low-to-moderate and requires a specific consideration.

In the context of modern masonry, the available test results mainly concern cyclic shear behaviour of wallets in order to assess the hysteretic behaviour of single structural members [1-5] but less have been performed on full-scale specimens for including the global structural behaviour.

The aim of this study is to validate experimentally the effective three-dimensional seismic response of unreinforced masonry buildings by means of full-scale shaking table tests. For this purpose, two real scale mock-ups have been constructed and tested on LNEC’s 3-D shaking table with 6 degrees of freedom using a series of seismic records with increasing intensity. These mock-ups were designed as 2-storey structures with the main difference on the plan regularity: the first one was regular while the second included significant irregularities.

In this paper, the main results from the experimental campaign and the initial structural analysis are presented. The experimental setup, the dynamic behaviour assessed using impulse excitation and the preliminary test results are also addressed in some detail. In addition, the most probable collapse mechanisms are identified and behaviour factors (q-values) are estimated using the measured maximum acceleration on the storeys that reached a near collapse situation.

Nevertheless, further analysis is still needed, in particular using numerical models, to analyse and extend the results from the experimental campaign.
2 Experimental setup
2.1. Mock-up Idealization and Geometry
Two full-scale mock-ups were designed for testing in the LNEC‑3D shaking table. These mock-ups had 2 storeys, plan dimensions of 3.70x4.20m2 at the ground floor and a height of 5.40m. They were built on specially designed steel foundations (see Figure 1b). The design was made to limit deflections at midspan to L/1000 during transportation on to the shaking table and to avoid damaging the mock-ups as much as possible.
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	Figure 1. General views: (a) Mock-up A and B in the test lab before testing; (b) Additional masses.







Mock-up A is regular in plan while Mock-up B includes significant irregularities. A plan view of both mock-ups is presented in Figure 2 and an elevation view is shown in Figure 4. The clear height of the walls is 2.50m and both storey slabs are 0.20m thick resulting in a total height of 5.40m. All door openings were conceived with a height of 1.90m and the window openings were 1.15m tall. The length of the individual shear walls ranges from only 0.80m to 2.10m. In addition, the walls are 20cm thick, which is a relatively low value for this type of structural solutions. As a comparison, according to EN 1998-1 - Table 9.2 [6], the minimum thickness of shear walls for unreinforced masonry is generally 24cm and this value can be reduced to 17cm only in low seismicity regions (low seismicity is defined as zones with I × agR × S 0,10 g).
The first and second storey slabs were prefabricated reinforced concrete slabs with a thickness of 20cm. The first floor slabs are rectangular with 3.70x4.20m2 in plan, whereas the ones used on the second floors are 4.40x4.90m2.

For considering a live load of 2kN/m2, four additional masses weighting 6kN each were fixed on top of the first floor slab. Their positions were chosen in order to have similar inertial properties of the corresponding distributed load (see Figure 1b). The total mass including walls, ceilings, steel foundation, and additional masses amounts to 31.7tonnes for each mock-up.
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	Figure 2. Plan view of the mock-ups: (a) Mock-up A – Symmetrical; (b) Mock-up B – Asymmetrical.




2.2. Construction

The construction of both mock-ups was executed in the following steps: First floor: 1) Laying of first course of clay blocks in U-shaped steel frames on the steel foundation on top of a conventional mortar; 2) Erecting the walls using thin-layer mortar up to the wall height of 2.50m. Above door and window openings, prefabricated lintels with a height of 6.5cm were used; 3) On top of the last course sanded bitumen sheeting was glued using thin layer mortar. On top of this bitumen sheeting the height was levelled out using conventional mortar. This represents an approved construction detail which ensures proper transmission of shear forces (see e.g. German national annex of Eurocode 6 [7]); and 4) Placing of prefabricated reinforced concrete slabs in wet (not hardened) mortar.
For the second floor: 1) Laying of first course of clay blocks on top of the RC slab using conventional mortar and 2) Following the same steps adopted for first floor.
2.3. Material parameters

Premium clay blocks from Wienerberger (Porotherm 20-40 W.i. Plan) with excellent mechanical and thermal performance were used for building the mock-ups (see Figure 3a). These special blocks are characterized by relatively large voids in which additional insulation material, either mineral wool or perlite, is placed. The mechanical and geometrical parameters of the blocks are given in Table 1.
The bed joints of these blocks have a high accuracy which is achieved by grinding, which allows assembling with thin-layer mortar with a thickness of approximately 1 mm compared to conventional mortar with 12mm thickness. Their mechanical parameters are listed in Table 2.

The mechanical properties of the masonry were assessed according to the relevant testing standards and the obtained material parameters are given in Table 3.

The lintels for doors and windows were executed using two prefabricated lintel beams (Wienerberger Porotherm Sturz 9 cm) as shown in Figure 3b. The dimensions of the beams were 9cm in width and 6.5cm in height. The length was adjusted to the window/door size as shown in Figure 4.
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	Figure 3. Materials: (a) High thermal insulation clay block, Wienerberger Porotherm 20-40 W.i. Plan; (b) prefabricated lintel, Wienerberger Porotherm Sturz 9cm.
Table 1.  Clay block geometrical and mechanical characteristics (Wienerberger Porotherm 20-40 W.i. Plan).
Material characteristic

Value

Mean compressive strength [image: image7.png]


 (EN 772-1) [N/mm²]

10.7

Normalized compressive strength fb (EN 772-1) [N/mm²]

13.4

Voids ratio (EN 772-3) [%]

48

Gross dry density (EN 772-3) [kg/m³]

755

Dimensions L x H x W (EN 772-16) [mm]

400 x 249 x 200

Table 2. Characteristics of thin layer mortar
Material characteristic

Value

Bending strength (EN 1015-11) [N/mm²]

3.1

Compressive strength (EN 1015-11) [N/mm²] 

12.1

Density (EN 1015-6) [g/cm³]

1.39

Table 3.  Masonry mechanical characteristics

Material characteristic

Value

Mean masonry strength fi (EN 1052-1) [N/mm²]

5.6

Characteristic masonry strength fk (EN 1052-1) [N/mm²]

5.3

Young modulus (EN 1052-1) [N/mm²]

4500

Characteristic shear strength fvk0 (EN 1052-3) [N/mm²]

0.32




2.4. Seismic input time-histories

The reference seismic signal was generated from the horizontal components of the Tolmezzo-Diga Ambiesta station records acquired during the Friuli earthquake that occurred in 1976 in the northeast of Italy. These records have 15s duration and were adapted to match the EC8 [6] elastic response spectrum, 5% damping, type 1 and ground type C (S=1.15; TB=0.2s; TC=0.6s; TD=2.0s).

The reference signals (REF) were obtained by scaling the N-S (E-W) component to a PGA of 0.36g (0.32g) and used in the shaking table transverse (longitudinal) direction (see Figure 2). These signals were scaled down to 12.5%, 25.0%, 37.5%, 50%, 62.5%, 75%, and 87.5%, resulting in a total of 8 seismic stages with PGA values listed in Table 4.

2.5. Instrumentation plan
The adopted instrumentation setup comprised the shaking table displacements and accelerations, 4 biaxial absolute displacements for the first and second storey slabs, 26 acceleration records (steel foundation, slabs and out-of-plane wall movements) and 18 relative displacements measured by LVDTs (rocking, sliding and diagonal relative displacements). A schematic representation of the sensor layout is presented in Figure 4 for Mock-up A (symmetric) and for Mock-up B (asymmetric). A high speed data acquisition system was used to register the tests and the data was stored in an appropriate data format.
2.6. Testing procedure
As mentioned before, eight seismic stages were generated including the REF signals. To enhance the comparison with numerical results, it was decided to adopt alternating uniaxial and biaxial test stages. Consequently, the odd test stages were divided into two tests for each horizontal direction acting separately. For the other stages, both horizontal components were used at the same time. The test sequence is presented in Table 4.
It is a well-known fact that shaking tables reproduce the target signals with a certain approximation due to several aspects of control engineering that are beyond the scope of this paper, e.g. table-specimen interaction, oil-column resonance. An adaptive technique is often used to minimize the differences between target and effective motions of the shaking table. This technique consists in progressively incrementing the shaking table drive motions and by minimizing in each step the error time series using the information available from the dynamic properties of the global system (mock-up and shaking table). On a typical test intensity increment, the correction factor was set to 50% of the error between target and measured motions from the previous test. This adaptive technique led to an increase of the total number of shakes experienced by the mock-ups, which are also listed in Table 4.
During the tests and as a safety measure in case of global collapse, both slabs were connected by cables to an overhead bridge crane. These cables were loose enough for typical testing displacements but would hold the slabs and part of the masonry walls if a collapse would have occurred.
	

	Table 4. Measured peak accelerations for load sequences applied to Mock-up A and Mock-up B.

(a) Mock-up A (symmetric)

(b) Mock-up B (asymmetric)

Stage

NS
(Long.)

EW (Trans.)

No. of shakes

Stage

NS
(Long.)

EW
(Trans.)

No. of shakes

[m/s²]

[m/s²]

[-]

[m/s²]

[m/s²]

[-]

01T

0.096
0.433
6

01T

0.092
0.428
5

01L

0.491
0.110
5

01L

0.636
0.084
5

02

1.013
0.913
5

02

1.000
0.949
6

03T

0.280
1.388
5

03T

0.141
1.249
5

03L

1.419
0.616
5

03L

1.505
0.620
4

04

3.734
2.143
5

04

2.016
1.882
5

05T

0.486
2.857
5

05T

0.664
2.616
4

05L

2.526
0.844
6

05L

3.193
1.148
5

06

3.099
2.684
6

06

3.918
2.105
6

07T

0.646
3.068
7

07L

1.008
4.415
4

07L

3.541
0.830
5

07T

3.639
1.141
3

08

3.718
5.362
2

08

3.685
4.583
2

Total No. of shakes

62

Total No. of shakes

54
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	(a) Mock-up B (asymmetric)
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	(b) Mock-up A (symmetric)

	Figure 4. Instrumentation setup adopted for Mock-up A and Mock-up B.


3 PRELIMINARy TEST RESULTS

3.1. Qualitative observations and collapse modes
This section summarizes the direct observations made during the tests or based on the analysis of pictures and movies from the experiments. It describes the structural global behaviour of the mock-ups and identifies the most probable collapse mechanisms. These preliminary observations will be later crossed with the outcomes of the measurement devices in order to validate and quantify some of the conclusions drawn.

Regarding Mock-up A, the collapse occurred on the second floor and Figure 5 illustrates the failure mode, in which the façades with door openings are the most cracked. The observed failure mechanisms are a combination of shear failure, sliding and local crushing.
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	Figure 5. Observed collapse modes of symmetric Mock-up A.
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	Figure 6. Observed collapse modes of asymmetric Mock-up B.



The main damages observed on Mock-up B are concentrated in one of the façades with window openings. The main collapse mechanism identified is the shear failure of the central wall, although some localized crushing of units is also observed (see Figure 6). The total collapse of the mock-up was avoided thanks to the fact that the floor slab was initially supported on all four sides. Therefore, even after totally losing the load-bearing capacity of the front façade, the slab is still supported on three sides and the structure remains stable after the seismic tests.
	Table 5. Results from dynamic characterization tests.
(a) Mock-up A

(b) Mock-up B

BEFORE

STAGE

ST-IMP-1

(Long.) [Hz]

ST-IMP-2 (Trans.) [Hz]

STAGE 1T

-

6.9

STAGE 1L

5.7

6.9

STAGE 2

5.5

6.7

STAGE 3T

5.5

6.7

STAGE 3L

5.2

6.3

STAGE 4

5.2

6.1

STAGE 5T

5.2

5.9

STAGE 5L

5.2

5.9

STAGE 6

5.2

6.0

STAGE 7T

5.0

5.5

STAGE 7L

5.1

5.2

STAGE 8

4.8

5.3

BEFORE

STAGE

ST-IMP-1

(Long.) [Hz]

ST-IMP-2

(Trans.) [Hz]

STAGE 1T

5.4

5.8

STAGE 1L

5.4

5.7

STAGE 2

5.4

5.8

STAGE 3T

5.3

5.8

STAGE 3L

5.3

5.8

STAGE 4

5.2

5.8

STAGE 5T

5.2

5.2

STAGE 5L

5.2

5.2

STAGE 6

5.2

5.2

STAGE 7T

5.1

4.3

STAGE 7L

5.0

4.1

STAGE 08

4.9

4.1




3.2. Dynamic characterization
Dynamic characterization tests were performed before, in-between and after the seismic stages. These tests were carried out to estimate the frequency evolution of the main vibration modes. This was achieved using impulse excitation introduced into the mock-ups by the shaking table using low amplitude square wave displacement time-histories. Both shaking table and mock-up accelerations were measured using high sensitivity piezoelectric accelerometers.
The results extracted for the two main structural vibration modes are listed in Table 5 and presented graphically in Figure 7. It should be noted that during these tests the mock-ups are placed on top of the shaking table, meaning that the mock-up vs. shaking table interaction must be taken into account. As a result, the apparent structural mode frequency values are known to be changed (often a decrease), due to coupling between specimen and shaking table dynamic characteristics (mass and stiffness) and even their relative order can be modified. Further analysis is required using a numerical model to analyse the absolute values of the measured mode frequencies and also their order of appearance (longitudinal vs. transverse direction). Nevertheless, the relative decrease of the main mode frequencies gives an idea of the dynamic characteristics evolution.

For what concerns the symmetric Mock-up A, the frequency values gradually decrease with the acceleration level increase, which is associated with the test stages. This behaviour is expected and such a frequency drop has been already observed in other test campaigns within the SERIES project [8] as in other projects [9]. In this case, the frequency decrease is more pronounced along the transverse direction (W-E), showing that a higher degradation occurred on the façades with door openings. These observations are in agreement with the qualitative observations presented before, where it was shown that collapse occurred in a transverse façade.

The same analysis for the asymmetric Mock-up B leads to similar observations and conclusions. A frequency decrease is also observed in both directions, however in this case it is more significant in the transverse, which is expected because the collapse mechanism occurred along this direction.

3.3. Seismic response

The main results duly processed so far concern the evolution of the maximum acceleration at the first and second floor level with respect to the measured maximum table acceleration (see Table 4) and the maximum measured inter-storey drift.
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(a) Mock-up A
(b) Mock-up B
Figure 7. Results from dynamic characterization tests.



The first analysis allows identifying the damaging effects. The mock-up behaviour can be considered as elastic as long as the increase of the table acceleration leads to a proportional increase of the accelerations measured at the slabs levels. If this relation becomes non-proportional, this may be due to a loss of stiffness and, therefore, to lower natural frequencies and/or to an increase of the damping, leading hence to lower spectral accelerations. From the difference between accelerations for theoretically ideal elastic behaviour, extrapolated from low load intensities, and measured accelerations at failure, the behaviour factors q can be estimated (see, e.g. [11]).
In this work, only the graphs of the story where failure occurred are presented in Figure 8 for Mock-up A and in Figure 9 for Mock-up B. The graphs on the left show the transverse accelerations while those on the right show the longitudinal accelerations. In the upper graphs, the accelerations measured by two accelerometers on the slabs are plotted, in the bottom graphs, the mean values and the corresponding idealized elastic behaviour are plotted. As mentioned above, the idealized elastic behaviour is estimated as a linear fit to the low intensity loading stages with linear relation between shaking table acceleration and measured slab acceleration.

Analysing the data for both mock-ups shows that the slope of the curves is progressively decreasing at higher load intensities, highlighting a medium ductile behaviour for this structural system. The start of the non-linear range fits well with the identified frequency decrease. For the Mock-up A case, the first damage in the transverse direction is visible after Stage 02 (see Figure 8). This fits again well to the small frequency drop visible at this stage in Figure 7. On the other hand, for Mock-up B the first severe damage occurred at Stage 04, indicated by a frequency drop (see Figure 7) and by the beginning of the non-linear global response, as shown in Figure 9.

The ratio between the elastic extrapolation and the actual measured maximum acceleration for the last point of the curves (Stage 08) gives an estimation of the behaviour factor q of this structural system. On the basis of the results related to the story where the failure occurred (2nd for Mock-up A and 1st for Mock-up B) in the transverse direction a q=3.3 is obtained for Mock-up A and a q=2.4 for Mock-up B. In the longitudinal direction, the q-values were determined as 2.5 for Mock-up A and 2.0 for Mock-up B. 
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	Figure 8. Maximum acceleration measured on Mock-up A on the second floor slab: a) and b) measured values; c) and d) mean values and idealized elastic behaviour.
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	Figure 9. Maximum acceleration measured on Mock-up B on the second floor slab: a) and b) measured values; c) and d) mean values and idealized elastic behaviour.


The second set of results consists in the acceleration-drift curves which are plotted in Figure 10 and Figure 11 for Mock-up A and Mock-up B, respectively. For what concerns Mock-up A, the maximum drift values are higher in the second storey (see Figure 10), which complies with the qualitative observations made and with the collapse mechanism observed. The near-collapse state was considered to happen during Stage 08 (the maximum drift of about 0.3% in Stage 07 and about 0.8% in Stage 08). With respect to the recommendations given by Eurocode 8-Part 3 [10], this corresponds to the range of maximum value suggested for walls failing due to shear (0.4%).
Regarding Mock-up B, the collapse occurred at the first storey and the corresponding drift values are given in Figure 11. The most significant damage is observed during Stage 05 and for the transverse direction, translating the loss of shear resistance of the middle wall of the North façade. At this stage, the maximum drift is about 0.4%, which is again in agreement with the values recommended by the standards. The overall limit state is reached during test Stage 08, for which the maximum drift increases from 0.5% to 1.5%. It is also relevant to note that, if the relative drift is calculated with respect to the height of the middle wall instead of the story height, it exceeds largely a value of 2%, corresponding to an advanced damage state.
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	Figure 10. Maximum inter-storey drift (2nd Storey) of Mock-up A as a function of the measured shaking table acceleration.
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	Figure 11. Maximum inter-storey drift (1nd Storey) of Mock-up B as a function of the measured shaking table acceleration.


4 Conclusions

This paper presents the first results of the seismic vulnerability assessment carried out on two 2-storey full-scale mock-ups built with modern unreinforced masonry made of highly thermal insulating clay blocks. The mock-ups were tested in the LNEC’‑3D shaking table and were loaded with a sequence of uniaxial and biaxial seismic excitation with increasing intensity. After each test, the natural frequencies were identified by dynamic characterization tests. The tests were continued until a near-collapse state was reached. During the tests all relevant displacement and accelerations were recorded by the test instrumentation. Based on these results the following preliminary conclusions can be drawn:

· Evolution of natural frequencies: For each test stage, a continuous decrease in the main mode frequencies was observed for both mock-ups. For interpretation of the absolute values further analysis is however required to assess the interaction between the shaking table and the mock-up.

· Type of failure: Both mock-ups reached a near-collapse state due to failure of the walls along the transverse direction. The highest frequency drop was also identified for the transverse direction. The observed failure mechanisms are a combination of shear failure, sliding and local crushing.

· Behaviour factors: Both mock-ups show a significant amount of ductility. The behaviour factors (q-values) evaluated from the slab vs. shaking table accelerations ranged between 2.5 and 3.3 for Mock-up A and between 2.0 and 2.4 for Mock-up B. 

· Drift values: The observed drift values are equal or even higher than the ones defined in Eurocode 8-Part 3 [10].
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