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ABSTRACT 
  
In this study, the structural integrity and mechanical response to service loads of recently 
designed innovative prefabricated concrete balcony elements is assessed using Acoustic 
Emission. The elements design considers pair of concrete slabs separated by thermal break. The 
latter provides structural weight reduction and acoustic/thermal isolation. The thermal break 
consists of ultra-high performance concrete (UHPC) blocks and steel/basalt-based rebars that 
withstand the compressive and tensile forces respectively. The sophisticated design combines 
different structure materials that respond differently under service loads, develop several 
damage mechanisms and fail under complex damage patters. Acoustic Emission is applied to 
monitor the fracture evolution at different loading stages and locate the damage source. The 
Kaiser and Felicity effect on concrete is extensively discussed. The structural integrity 
evaluation is performed considering the Kaiser/Felicity Ratio. 

  
Key words: pre-fabricated concrete, stainless steel, basalt composite, incremental loading, 
acoustic emission, digital image correlation 

 
 

1. Introduction 
 
In this study, the failure process of prefabricated balcony structures with innovative materials 
design is evaluated by means of Acoustic Emission (AE). The alternative design of this study 
consists of a cantilever element (balcony) and the respective part of concrete that anchors the 
balcony into the slab. In between, a thermal break is introduced by means of rebars and high 
performance concrete small boxes that are anchored into both balcony and concrete blocks. 
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The idea behind this design is that a barrier between balcony and the slab is inserted that 
provides heat insulation and reduces the construction’s weight but still transfers the loads of the 
cantilever balcony to the slab. Several rebars are placed at the upper side of the thermal break 
and stand there to carry the tensile stresses developed under service load. Respectively, the high 
performance concrete boxes are reinforced with randomly distributed short steel fibers and are 
placed at the bottom side of the thermal break in order to absorb the compressive forces 
developed at the cantilever anchored support under service load. 
Two designs of rebars are considered: stainless steel and basalt composite rebars. Steel rebars are 
traditionally applied as reinforcement of concrete structures due to their great resistance to 
tension. The use of stainless (inox) steel aims to provide a corrosion resistant reinforcing system. 
Basalt composite is an alternative that promises great toughness and significant reduction of the 
construction weight.  
The damage assessment is done simulating real service loads and based on acoustic emission hits 
analyses. The study highlights the Kaiser/Felicity effect on AE hits evolution under incremental 
load [1]. 

 
2. Experimental setup 

  
2.1 Materials and sample configuration 
The pre-fabricated concrete slab is schematically presented in Figure 1. The part of the structure 
incorporated into the floor slab is simply supported at the edges. The cantilever balcony has no 
supports (free).  
Both concrete blocks are casted on normal strength concrete. Ultra-high performance concrete is 
used to prepare the couple of boxes that stand at the thermal break. Randomly distributed steel 
fiber  are added to provide superior toughness. 
 
The stainless steel and basalt rebars are embedded into the concrete blocks. The anchorage 
length is equal to 150 mm. Their number, 4 to 6, and their diameter, Φ7 to Φ12, vary according 
to sample’s design. Due to space limitations, this study does not cover the whole range of test 
series but presents two samples with representative results: Sample 1 is reinforced with 4Φ10 
and 2Φ12 steel rebars and Sample 2 respectively has 4Φ9 and 2Φ7 basalt rebars. 
 

 
 

Fig. 1: a) Top view; b) Side view of the balcony slab. The loading configuration, sample 
dimensions and AE sensors are schematically given. 
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2.2 Instrumentation and test procedure 
The mechanical performance of the hybrid structure under service loads is evaluated in the lab 
by testing real-size samples under (incremental) pin loading at the free side of the cantilever slab. 
Incremental (step-wise increasing, repeatable) loading and unloading with the loading rate of 0.2 
kN/second was applied by means of repetitive cycles with maximum load at 5 kN (Cycle 1), 10 
kN (Cycle 2), 15 kN (Cycle 3), etc. until the ultimate load of the sample is reached. After that 
point, final unloading progressively involves till global failure. Linear variable differential 
transformer (LVDT) is applied at the bottom of the sample to measure the deflection occurred 
under pin loading. 
During testing, concrete fails developing tensile cracks and the UHPC boxes are progressively 
damaged under compression. In parallel, the rebars are pulled in tension till debonding and 
slippage phenomena lead to their failure. The response to fracture of stainless steel rebars is 
different than the one of basalt rebars. It is evident that a monitoring technique is required to 
clarify the complex fracture phenomena and distinguish the dominant damage processes. 
 
2.2 Acoustic Emission 
Acoustic Emission technique is chosen since it provides continuous and real-time monitoring of 
elastic waves emitted into the structure due to internal damage. An array of eight piezoelectric 
PZT resonant transducers (R15α provided by Mistras Corp. with a resonant frequency response 
at 150kHz) are attached on concrete surface. Group of six sensors are placed at the top side and 
two more at the bottom of the sample. Their positions are schematically given in Figure 1. A thin 
layer of Vaseline is applied as coupling material and the sensors are securely placed using 
magnetic folders. 
The sensors form two groups that locate in time and in space (three dimensional location: X, Y, 
Z according to the coordinate system given in Figure 1) the wave source at both concrete blocks. 
The localization algorithm of AEwin software considers concrete’s attenuation (10 dB/m), the 
on-site measured wave propagation velocity (3500 m/s) and is based on wave to sensors arrival 
time differences. 
The study aims to highlight the Kaiser and reverse Felicity effect occurred on concrete under 
incremental loading. The phenomenon is detected on steel rebars reinforced concrete [2-3], 
unreinforced concrete [4] and rocks [5-6] and appears due to the materials’ ability to memorize 
previously experienced stresses. As a result, under cyclic loading, the material emits elastic 
waves only when the stresses applied exceed the previously applied stress levels. Until that 
moment, there is no AE activity. The phenomenon is well-established in different material 
classes. Only in the case of heterogeneous composite structures, the reverse Kaiser effect, 
namely Felicity effect occurs: the AE activity initiates earlier than the previous applied stress 
level. The Kaiser/Felicity effects are quantified considering the Felicity ratio (load at the onset of 
AE activity/maximum load at the previous loading cycle) that gets unity values if the material is 
still sound and lower than unity values in the presence of damage [7]. 
 
3. Results 
 
3.1 Mechanical response 
In Figure 2, ta representative load-deflection curve of Basalt rebars reinforced sample is given. It 
can be seen that in total six cycles occur and the load gradually increases up to the ultimate load 
equal to 23.04 kN (maximum load detected at the fifth cycle). The test arrest when significant 
load drop occurs at the end of the sixth cycle. 
 A series of cracks developed at the balcony slab and at the UHPC boxes is visible at the cycle 
before the final loading cycle. The global loading response cannot indicate particular damage 
mechanisms involved: there is no information regarding the moment that cracks initiate on 
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concrete and the rebars debonding or slippage cannot be detected. To clarify these issues, 
Acoustic Emission monitoring technique is applied. 
 

 
Fig. 2: Load-deflection graph of a representative sample of Steel rebars reinforcement series. 

 
 
3.2 Acoustic Emission hits analysis 
The accumulation of AE hits is an indication of material deformation and damage development. 
In Figure 3, the accumulated AE hits are plotted. In the horizontal axis, the load is given 
indicating the incremental loading cycles. In Figure 3a and 3b the AE activity of  the sample 
reinforced with basalt and respectively stainless steel rebars is given. 
The Felicity ratio is calculated and presented at the graphs. It is shown that in both cases the 
Felicity ratio remains unity for the initial loading cycles. The ratio gets lower to unity values 
only at the 3rd test cycle indicating the presence of damage at the previous, 2nd test cycle.  
The AE events analysis and visual inspection cannot detect the nucleation of damage. Only at the 
3rd loading cycle, cracks formation at the UHPC are detected by means of AE events location 
and visual inspection. Significant number of AE hits are measured at the end of the unloading 
stage at the 3rd cycle and since the beginning of the 4th cycle.  
The sample reinforced with basalt-composite rebars gets the lower Felicity ratio values. During 
the 4th cycle, visual inspection detects shear cracks developed at the concrete block and at the 
height of the rebars. At that moment, both the concrete slab and the UHPC box have failed and 
the rebars resist to damage. The AE detected at the unloading stage is mainly attributed to 
debonding and slippage of rebars. 
 
Only at the 4th cycle, cracks develop at the UHPC box in the case of the sample reinforced with 
stainless steel rebars. Visual inspection detects the failure of the UHPC box at the unloading 
stage of the 4th cycle, when dense cracks with different orientations crush the box. On the other 
hand, there is no  shear cracking nucleated at the concrete slab. Apparently, the stainless steel 
rebars and the UHPC box have the ability to withstand the load and transfer stresses to the 
concrete slabs. 
 
3.3 Acoustic Emission events localization 
In Figure 4, the events located along the samples’ length (X direction) are plotted on distribution 
graphs for both series. It is observed that a small events population is located at the UHPC box 
attributed to its cracking, but the peak of AE activity is located at the areas where the rebars are 
embedded into the concrete slabs. The AE localization highlights the contribution of the rebars 
since they continuously deform resisting against damage. The ductile behavior of the rebars is 
combined with slippage phenomena that occur as the rebars debond from the surrounding 
concrete.  
In the case of steel rebars, the deformation and debonding of the rebars is detected only at the 
side of the balcony. On the other hand, the events are almost equally distributed at both sides of 
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the thermal break in the case of basalt rebars sample. The latter sample has the biggest 
population of events in total and this is eventually justified by the brittle nature of basalt rock 
material. It should be noted that the majority of events are in both cases detected only at the last 
loading cycle. 
 

 
Fig. 3: The accumulated AE hits activity of a)  Basalt and b) Stainless steel reinforced samples.  

 
6. Conclusions 
 
The study concerns the damage assessment on pre-fabricated concrete elements based on 
acoustic emission hits and events analysis. The innovative design introduces a thermal break into 
a concrete balcony slab that offers thermal and acoustic isolation. Additionally, the combination 
of normal concrete with stainless steel and basalt composites rebars and ultra-high performance 
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concrete boxes builds a pre-fabricated element with superior mechanical response. The issue 
arises when under service loads, the element fractures in a complex manner and the assessment 
of damage mode and source is not evident. For this reason, acoustic emission analysis is 
performed: the accumulated hits activity indicates early stage cracking, detected before being 
evident by visual inspection. Finally, AE events localization can accurately detect the rebars 
deformation and slippage. The Kaiser/Felicity effect phenomenon is discussed in the case of this 
complex composite structure. The study achieves to discriminate the response of the two 
different reinforcing systems and provide feedback to the design strategy. 
 

 
 

Fig. 4: The distribution of localized events: X coordinates for a) Basalt composite and b) 
Stainless steel rebars samples; c) he drawing presenting the side view of the samples is added for 

the sake of completeness. 
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