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Abstract 
The paper aims to advance on the development of self-compacting concrete (SCC) for 
use in the construction of thermal energy storage infrastructures. Two fundamental 
aspects have been addressed: 1) The design of concrete, to support the processes of 
cement paste dehydration, the volume variation and the control of cracking, without 
compromising the integrity of the system. 2) The use of additives that improve the 
concrete thermal fatigue performance. Two additives have been used, the addition of 
polyvinyl alcohol (PVA) dispersed in the cement matrix to control the appearance of 
cracks and to maintain microstructure stability, and the incorporation of carbon nano 
tubes (CNT) and carbon microfibers (CMF) with polypropylene fibers (PPF) to control 
the stress of thermal fatigue.  
The thermal performance of the concretes was evaluated after been exposed to 
heat/cool cycles (290ºC to 550ºC). The parameters addressed are: mechanical, 
microstructure, crack size, porosity and electrical resistivity. 
The results indicate that after the first heating inducing mechanical strength loss the 
system mechanically stabilize. The cracks produced due to the changes in volume 
during heat cycles are lower with PVA and the electrical resistivity of the concretes is 
significantly reduced with the incorporation CNT+CMF favoring the self-sensing 
performance.  
Keywords: Thermal heat performance, CNT, CMF, PVA, electrical resistivity. 
 
1. Introduction 
Concrete is one of the main components for the construction of energy infrastructures 
and also an alternative for heat storage in concentrated solar power plants(CSP). 
Through pilot experiences prior to commercial use [1-4] have been demonstrated the 
application of concrete at the high temperatures of the CSP.  Conventional concretes 
do not withstand these severe operating conditions due to cement paste dehydration 
processes, volume changes between cement paste/aggregates and spalling risk. 
The use of self-compacting concrete (SCC) has been proposed due its high fluidity to 
facilitates the handiwork. There are not many studies that analyse the behaviour of the 
SCC at high temperature, although there is a general agreement that the risk of spalling 
increases for the same concrete composition due to the large amount of fines goes to 
a refinement of the pore structure [5].  SCC can improve its resistance to the risk of 
spalling with the use of Polypropylene fibers [6]. Also, the use of aggregates with high 
thermal stability in volume expansion at high temperature, as limestone and basalt [7]. 
Additionally, to improve the storage capacity of the CSP, high specific heat, high 
density, low thermal expansion and low loss of mechanical strength are requirements 
for the concept of heat storage in concrete [8-10].  
The addition of carbon nanotubes (CNT) or carbon microfibers (CMF) to concrete can 
improve regarding shrinkage [11] and incorporate self-sensing properties based on the 
changes of the electrical resistivity [12-13]. The incorporation of Polyvinyl alcohol or 
Polypropylene fibers can reduce the risk of spalling of concrete [14]. 
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The aim of this study is to design a SCC with different types of thermal aggregates that 
incorporate additional properties to withstand the conditions to which the CSP is 
subjected in the face of high temperature and thermal fatigue, improving its efficiency.  
 
2. Materials and methods 
SCC has been designed using thermal aggregates. The type of binder was a CEM 
type II/B-S 52.5 with 30% ultra-fine blast furnace slag. This cement was blended with 
20% fly ash. Limestone filler was also added to the fines to improve the self-compacting 
property. The reference concrete was functionalised with PVA and CNT+CMF. 
Three type of aggregates were selected accordingly to the heat expansion: limestone 
0-6mm and 4-12mm, basalt of 0-6mm and 4-12mm and clinker 0-5.6mm. 
 

Table 1. Mixture of SCC with thermal aggregates, PVA, CNT+CMF.  
Type / description H Ref H+CNT/CMF/PPF H+PVA 

CEM II/B-S 52.5 (kg/m³) 319 319.5 319.5 

FA (kg/m³) / % bcm 130/20 130/20 130/20 

Limestone Filler (kg/m³) 157 157 157 

%CNTbwb  - 0.2 - 

%CMF bwb - 1.4 - 

%PPF bwb - 0.2 - 

PVA 15% 0.25% - - 14.792 

(PVA precursor) - - 1.996 

De-foam additive    - - 0.32 

Calcareous (0-6mm) (kg/m³) 465 500 465 

Basalt (0-6mm) (kg/m³) 212 210 212 

Clinker (0-4mm) (kg/m³) 191 200 191 

Calcareous (6-12 mm) (kg/m³) 531 560 531 

Basalt (6-12 mm) (kg/m³) 315 300 315 

w/b 0.39 0.63 0.41 

SP HPerformance add. (%bcm) 1 1.2 1 

SP and open time add. (%bcm) 1.5 0.8 1.5 

Viscosity/Cohesion add. (%bcm) 0.9 1 1 

 
In order to simulate the thermal fatigue conditions a heating protocol was followed: a 
first stage of drying to eliminate of free water in the pores, heat at 105ºC until a constant 
weight. A second stage was the heating from 105ºC to 550ºC at a heating rate of 
1ºC/min. The final stage of the thermal fatigue was the developing of consecutive heat 
cycles between 290ºC and 550ºC at a heating rate of 8ºC/min. 
Cylindrical specimens of 75 x 150 mm were prepared and cured for 28 days at 
20+2(ºC) 98% (RH). Compressive strength evolution was performed after cooling the 
samples to room temperature. The number of heat cycles were: 0,1,5,25,50 and 75. 
The pore structure changes were followed with MIP at 0,1 and 75 cycles. The 
evaluation of crack generation was through visual analysis of digital images in concrete 
cylindrical slices of 75 x 25 mm. Crack-mappings were obtained after heat cycles of 
the different concretes. Also Crack widths were determined. The electrical resistivity 
was evaluated through direct method UNE 83988-1 performed in concretes containing 
the CNT and CMF in the cylinders of75 x 150mm. 
 
3. Results and discussion 
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The variation in the mechanical properties of the three type of concretes is shown in 
figure 1. A significant decrease, around 50% respect to initial, is detected in all cases 
as consequence of the cement paste dehydration [9]. At longer heat/cool cycles this 
decay trend stabilises. The response if similar for all functionalised concretes. 

Figure 1. Compression Strength after heat cycles from 290 to 550ºC. 
 

The pore structure (figure 2) also changes with the heating. One modal peak (between 
0.1 and 0.01µm appears in the REF concrete that evolves to higher pore size after the 
heat cycles closer to 0.1µm. The incorporation of the functional additives also shows 
a similar behaviour of increase with heat cycles, more relevant with the CNT and CMF. 
But two modal peaks are appreciated.  The peak at 0.1µm evolves towards 1µm with 
PVA and CNT. The pore structure of the concrete with PVA and CNT+CMF is always 
higher than the reference.  

Figure 2. Pore structure of REF and functionalized concretes after heat cycles. 
 
The dehydration and repetitive charge discharge heat cycles can favour the formation 
of cracks in the concrete. The figure 3 shows the mapping profile of µcracks. The crack 
growth evolution after 1,25 and 75 thermal cycles is included in figure 3. This visual 
representation of fissures was made to Ref and functionalised concretes. The data 
processed digitally give the percentages of cracked area and maximum crack size of 
the concrete. The analysis allows to identify a reduction in the percentage of total 
cracking in the functionalised concretes with respect to the reference concrete. It is 
also observed that the maximum crack width is significantly higher in the reference 
concrete in comparison with the functionalised concretes. 
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Figure 3. Crack pattern in concretes after heat cycles. 

 
The changes in the electrical conductivity of the concrete has been followed to evaluate 
its potential self-sensing property. Concrete with nanoadditions containing CNT, CMF 
and combination have been compared with that of reference concrete without nano 
addition, main results shown in figure 4. The results show a small reduction of the 
electrical resistance (higher electrical conductivity) of the concrete with the use of CNT 
with respect to the reference. The reduction of the electrical resistance improves 
considerably with the use of CMF.  Finally, the resistance values with the combined 
use of CMF and CNT obtain the best results thanks to the synergy of the two sizes of 
carbon fibres [15-16]. The amount of fiber added is conditioned to the distribution in 
the matrix and to the workability of the concrete so as not to lose the self-compacting 
property. 

 
Figure 4. Electrical resistivity of concrete functionalised with   CNT and CMF. 

 
4. Conclusion 
After subjecting the functionalised concrete to thermal fatigue has been concluded that: 
- The components (PVA and CNT/CMF/PPF) in the doses studied withstand severe 
thermal cycles. There is a loss of mechanical properties independently of the type of 
functional additive used after first cycle that maintains at further heat cycles. 
- The pattern of thermal fatigue cracking can be reduced with the incorporation of 
functional additives such as CNT/CMF/PPF or PVA. 
- The incorporation of CNT and CMF provides self-sensing properties to the concrete 
tested through the measurement of electrical resistance. This effect is enhanced by 
the combined use of CNT+CMF. 
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