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Abstract

:

Earth-based materials are currently receiving high attention, as they are considered as sustainable. In addition, the reuse of waste materials and more particularly recycled aggregates can boost circular economy while reducing landfilling and mineral resource depletion. Incorporating recycled aggregates in earth concrete can be an innovative way to valorize them. However, investigations are required concerning their long-term behavior. Such an aspect is more important when fine recycled aggregates are considered. In this paper, the vulnerability to long term deformations of natural sand (NS) and recycled sand (RS) earth concrete mixtures is examined under real exposure conditions. Autogenous shrinkage, drying shrinkage, basic creep and drying creep of the different mixtures were monitored for a period of two months. Specimens were then subjected to compressive tests in order to evaluate their residual strength. Furthermore, the destructive tests were monitored in parallel with the acoustic emission (AE) technique. The results show an increase in the rate of drying creep and shrinkage for RS earth concrete mixtures. In addition, NS and RS earth concrete mixtures subjected to drying, with and without loading, reported a strength development in comparison to the reference mixtures. However, the Young’s modulus reported its lowest value for drying shrinkage of both mixtures. Regarding the AE technique, the distribution of its activity reflected the higher rate of damage of dried specimens in the pre-peak region.
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1. Introduction


Carrying out construction with earth is an ancient building approach that dates back thousands of years, with different possible techniques, such as wattle and daub, cob, rammed earth and compressed earth block [1]. Earth construction materials are very interesting because of their low cost, recyclability and their limited energy consumption. In addition, they possess good thermal and insulation properties compared to normal concrete with sufficient mechanical strength [2]. A new earth construction material designed to be pourable, called earth concrete, has been recently considered [3,4,5].



On the other hand, the increasing construction works, continuous industrial development, infrastructure activities and residential market growth generate a huge amount of construction and demolition waste (CDW). CDW includes the waste generated from construction and demolition of buildings and infrastructure, in addition to road planning and maintenance. Over 10 billion tons of CDW are produced globally each year [6]. The European Union (EU) contributes to about 1 billion ton annually [7]. Kabirifar et al. [6] reported an overall 88–90% of recovery rate of CDW in EU in 2018. An improvement has been noticed compared to past years. Croatia, for instance, achieved a recovery rate of 2% in 2010, and has reported a value of 78% in 2018. The Netherlands continues to attain a 100% of recovery rate since 2010 due to its policy that considers such waste as a base in road construction [8]. However, new markets need to be developed for an effective circular economy and a sustainable development of the construction industry while reducing the environmental impact of concrete [2]. Fine recycled aggregate or recycled sand (RS) accounts for about 50% of CDW [9,10]. The construction activities that involve concrete are numerous; however, RS is still applied only at a concrete laboratory scale. This is due to the fact that RS is generally porous and of high water absorption capacity, which negatively affects the mechanical and durability properties. In fact, the lack of standards can be behind the restriction of RS applications at construction sites [11]. Nevertheless, the consideration of RS as earth material component may still yield satisfactory results [2,11]; thus, this may permit to consider earth materials as alternative market for RS. Moreover, it would be interesting to assess the combination of RS as it is porous and clay constituted of fine particles which can have an important potential for energy conservation in buildings as it may reduce the thermal conductivity in addition to the reduction of CO2 emissions and cost [2,12].



In this study, RS earth concrete mixture has been tested and compared to the behavior of NS earth concrete mixtures. More particularly the long-term deformations have been considered. In fact, few studies have been conducted in the literature on the effect of RS on mechanical properties and long-term deformations of earth concretes [12]. The structures are subjected to different mechanical loadings in addition to temperature and humidity variations during their lifetime [13,14,15]. Autogenous shrinkage and drying shrinkage are a result self-desiccation and drying, respectively [16,17]. The capillary pressure, disjoining pressure, surface tension and interlayer water theory may be behind such deformations. In normal concrete, a 66–83% decrease and 15–80% increase would be generally reported for the complete replacement of natural aggregate (NA) by recycled aggregate (RA) for autogenous and drying shrinkage, respectively [18,19]. In earth concrete, Kanema [20] reported swelling rather than shrinkage up to 200 µm/m for autogenous assessment and a decrease of drying shrinkage from 2000 µm/m to almost 1200 µm/m when 31% of NA are replaced by RA.



In soils, the physical origin of creep is due to the primary consolidation process, which concerns the change in volume due to the dissipation of free water under applied stress and to the secondary compression process, which is the deformation under constant effective stress mainly due to the viscous behavior of the solid skeleton [21]. The occurrence of creep in soils can be due to the breakdown of interparticle bond, jumping of molecule bonds, sliding among particles, water flow in a double pore system, and structural viscosity [22]. Regarding the creep in concrete (as cement is an earth concrete component), the applied theories such as consolidation, seepage, bond breakage, and others are originally linked with soil and clay. Furthermore, they are all connected and involve water movement.



The sum of elastic strain, basic creep in addition to autogenous shrinkage and drying shrinkage, results generally in a total deformation less than that obtained, at simultaneous drying, from a loaded drying specimen. This difference or additional strain is known as drying creep or Picket’s effect. The extended microprestress-solidification theory (XMPS) is allegedly to properly estimate the basic and drying creep in normal concrete. XMPS revealed that the viscosity of creep is significantly reduced by the existence of a water layer between the planer walls of C-S-H. Moreover, as the water layer moves, the effective viscosity of slip between the solid surfaces decreases [23,24]. In addition to such intrinsic effects, structural effects can contribute to the additional strain which is represented most importantly by the microcracking effect [25]. For complete replacement of NA by RA, normal concrete would generally report 25–100% creep increase [26]. To our knowledge, few papers were dedicated on the creep of earth construction materials or the effect of RS on creep of these materials [27].



Thus, studies investigating the long-term deformations at environments possessing variations in relative humidity are required for earth construction materials. In the following study, to the aim is to assess the complete replacement of NS by RS on the long-term deformations of earth concrete under real exposure curing conditions. Specimens were then subjected to compressive tests in order to evaluate the residual mechanical properties, i.e., compressive strength and Young’s modulus. Furthermore, the rupture tests were monitored in parallel with acoustic emission (AE) technique to better understand the fracture behavior [13,14,15,28].




2. Experimental Program


2.1. Materials


Artificial mixtures have been adopted in order to assess the effect of RS explicitly. In this case, 30% of kaolinite clay is mixed with 70% of NS in order to form NS earth concrete mixture from one side and with 70% of RS to form RS earth concrete mixture from other side. Kaolinite, a non-swelling clay, was used in order to reduce the volumetric change. Sieving was adopted for particles of diameter greater than 0.08 mm [29] while sedimentation was considered for the finer ones [30]. The tests displayed a 52.84% and 32.81% of liquid limit and plastic limit, respectively.



In this case, 9% of cement of the dry components mass (clay + aggregate) was added to all mixtures. Though it is not a low percentage, it is required to reach a certain compressive strength in earth concrete at early age in order to be able to remove the formwork board at early age and for durability purposes. The pure Portland cement CEM 1 (52.5 N PM-CP2) composed mainly of clinker was considered in order to prevent the effect of additional components [31]. The Tempo 10 superplasticizer was also added as a water reducing admixture. The dry components were first introduced into a blender and mixed for 5 min in order to obtain a homogeneous mixture. Next, water in addition to Tempo10 was progressively added in order to ensure similar workability values.




2.2. Mix Design


RS, which showed 14.6% water absorption capacity according to drying porous media [2], was 80% pre-saturated by putting the RS in containers and adding the amount of water 24 h prior to mixing. When dealing with RS, the term water is generally replaced by effective water   (  w  e f f   )  . In normal concrete, such a term is considered to be the total water minus the water requited for the recycled aggregate. Herein, for earth concrete,    w  e f f     could be considered as the total water    (   w T   )    minus the water required for RS    (   w  R S    )    and that required for clay   (  w  c l   )  . The equations of    w  R S     and    w  c l     are presented in Equations (1)–(3).


   w  e f f   =  w T  −  (   w  R S   +  w  c l    )   



(1)






   w  R S   = (  w  s a t   ∗   w  A  R S     100   ∗ R S ) −  (     w  c R S     100   ∗ R S  )   



(2)






   w  C L   =  (     W  l l     100   ∗ C  )  −  (     w  c C L     100   ∗ C  )   



(3)




where:



 C  is clay amount,   R S   is recycled sand content,    w  s a t     is the saturation degree of RS,   w  A  R S     and   w  A  N S     are the water absorption of RS and NS, respectively,    w  c R S     is the water content of RS,    w  l l     is the liquid limit of clay, and    w  c C L     is the water content of clay.



The water required for RS pre-saturation occupies volume. Accordingly, a reduction in the number of other components of the RS earth concrete mixture is mandatory. Table 1 presents the parameters’ values (where    w  c N S     is the water content of NS and Table 2 presents the mix designs). It can be noticed that a higher amount of effective water was required in the recycled sand mixture to reach similar workability compared to the natural sand one.




2.3. Experimental Procedure


In this case, 12 cylinders of size Ø11 × 22 cm3 were casted in order to measure in parallel the mass loss, the autogenous shrinkage, the drying shrinkage, the basic creep and the drying creep for each mixture. The specimens were conserved first in a climate-controlled chamber at a relative humidity (RH) of 50% (±5%) and at a temperature of 20 °C (±2 °C) with no exchange of water.



2.3.1. Shrinkage and Creep Measurements


The specimens were put outdoors starting from day 28. The temperature and RH were measured throughout the tests. The mass loss was also monitored in parallel for each mixture. Four specimens of each mixture were subjected to shrinkage and creep. For autogenous shrinkage and basic creep tests, the exchange of moisture was prevented by a double layer of self-adhesive aluminum paper. Basic and drying creep tests were conducted by using an electromechanical machine at a loading rate of 70% of the maximum stress of the reference mixtures. Note that the compressive tests carried out at the age of 28 days on the reference specimens yielded a peak stress of 2 MPa and 0.9 MPa for NS and RS specimens, respectively. Two rings were fixed on the specimens with three screws and three LVDT sensors, with an accuracy of 3 µm placed at 120° for creep deformation measurement (Figure 1a). The relative displacement between the two sections was measured on a base of 80 mm at the central zone and the mean value was considered. A ball joint was designed to compensate any defects and avoid possible bending. The longitudinal deformation due to shrinkage was measured using one LVDT sensors (Figure 1b).




2.3.2. Compressive Tests


After the long-term tests, the cylinders were subjected to uniaxial compressive tests using an electromechanical machine with a capacity of 100 kN. A loading rate of 0.5 mm/min was considered. The displacement was measured in the same way as for creep tests by considering the two rings and 3 LVDT sensors as shown in Figure 1.




2.3.3. Acoustic Emission Monitoring


The compressive tests were monitored in parallel by means of AE technique. The AEWIN acquisition system with a data analysis and storage system was used. Eight R15a piezoelectric sensors were placed with a frequency range between 50 and 200 kHz and a resonance frequency of 150 kHz. Three sensors were put in the upper part and three others in the middle part (between the two rings) where each is 120° far from another as shown in Figure 2. The detected signals were amplified with a 40 dB differential amplifier. The detection threshold was set at 30 dB to avoid the effect of possible noise development.






3. Results


The strain summation    ε S   ( t )    (Equation (4)) at time t of elastic strain    ε  E L    ( t )   , autogenous shrinkage    ε  A S    ( t )   , drying shrinkage    ε  D S    ( t )    and basic creep strain    ε  B C    ( t )   , results generally in a total deformation, less than that obtained, at simultaneous drying, from a drying creep specimen    ε  T D    ( t )    (   ε  T D    ( t )    includes elastic strains    ε  E L    ( t )    and total long-term deformations    ε  T L T D    ( t )   )


   ε S   ( t )  =  ε  E L    ( t )  +  ε  A S    ( t )  +  ε  B C    ( t )  +  ε  D S    ( t )   



(4)







The difference between them represents the drying creep    ε  D C    ( t )    (Equation (5)):


   ε  D C    ( t )  =  ε  T D    ( t )  −  ε S   ( t )   



(5)







3.1. Long-Term Deformations


3.1.1. Shrinkage


Figure 3 shows the results of the mass loss, autogenous shrinkage and total shrinkage of NS and RS mixtures. Figure 3a presents the mass loss of both mixtures. The curves can be divided into three phases. A rapid mass loss is reported during the first days. Such a phase is controlled by the ambient conditions, and it continues as long as there is a supply of water from inside the specimen. Once the water migrating from the inside to the outside is not enough to meet that evaporative demand, the second phase starts and a lower rate of drying is observed in comparison to the first phase. The third phase is characterized by almost a constant low evaporation rate [32,33]. The mass loss values show a higher water migration rate for RS earth concrete mixtures. This may be related to its microstructure considering the additional porous network of RS and the water added for the pre-saturation.



The autogenous shrinkage decreases when RS replaces NS. This tendency is similar to the trend reported for normal concrete [34,35]. This has been attributed to the internal curing effect of recycled aggregate. In fact, more water will flow out of the recycled concrete aggregate to compensate the water loss due to self-desiccation. Studies have found that a dry recycled concrete aggregate cannot effectively reduce the autogenous shrinkage [18]. The latter, even if additional water was added to the mixture, may be attributed to the absorption process that will take place by the recycled aggregate [36]. In the following study, the complete replacement of NS by RS following a pre-saturation of 80% reported a 54% decrease in the autogenous shrinkage of earth concrete. However, the drying shrinkage value of the RS mixture is higher, which may be attributed to the higher porosity of RS specimens in addition to the higher water absorption capacity [35,36].



Figure 4a shows the drying shrinkage (total shrinkage minus autogenous shrinkage) in parallel with the relative humidity and temperature. The temperature values did not show any great differences throughout the test, while the RH values did. As highlighted by arrows, a decrease in RH was accompanied by an increase in shrinkage rate.



Figure 4b shows the drying shrinkage as function of mass loss. The complete replacement of NS by RS was reflected by an increase of drying shrinkage with a rate of 77% from 2313 µm/m to 4095 µm/m. The high mass loss values in the first phase were accompanied by low drying shrinkage rate as the migration of free water did not induce shrinkage [16,17]. The loss of water due to hydration may also contribute to this phenomenon [37], in addition to micro cracks [28]. In phases two and three, the mass loss was reflected by drying shrinkage. It can be noticed that the rate of shrinkage in phase 2 is higher in the NS mixture, which may be due to different porosity network. Moreover, it has been observed that the three phases are longer in RS mixture, which may be attributed to the fact that the water migrated from RS specimen is not only the local water as for the NS specimen, but from the RS itself also due to pre-saturation [37].




3.1.2. Creep


Figure 5a shows the basic creep deformations    ε  B C    ( t )    (after subtracting the elastic and autogenous shrinkage strains) and the total long-term deformations    ε  T L T D    ( t )    (which are the deformations of drying creep specimen minus the elastic strains) of NS and RS mixtures. Figure 5b shows the specific basic creep, which is the basic creep deformation per unit stress. The results show that the basic creep increases with RS mixtures following the same tendency as that observed with ordinary concrete. It may be worthwhile to state that pre-saturation was carried out to RS in our study, while additional water was added rather than pre-saturation in other study [38], and both studies reported an increase of basic creep. Thus, this indicates that basic creep increases with recycled aggregate regardless of the way adopted for RS saturation.



The hard grains hardly creep. Akono et al. [39], who declared higher basic creep tendencies in recycled aggregate concrete, verified that hard grains corresponded to almost 45% and 26% of the microstructure of natural aggregate concrete and recycled aggregate concrete, respectively. This validates the statement that the lower basic creep in NS earth concrete mixture may be attributed to a, probably, higher quantity of hard grains in its microstructure compared to RS mixture. Furthermore, creep can be caused by the transfer of water from micropores to macropores under a pressure [40]. Knowing that RS comprises of more water than NS and has different porosity distribution, more water may have been transferred to the larger pores due to the applied stress causing more of creep strain.



The total long-term deformation    ε  T L T D    ( t )    also increases when RS replaces NS. While higher shrinkage in recycled aggregate mixtures is being attributed to porosity and water absorption [35], pore size distribution, lower elastic modulus [36], recycled aggregate source and particle size distribution [41], the total creep is being linked to those same factors [23]. For instance, Geng el al. [42] carried out a scanning electron microscope in order to show that recycled aggregate concrete is of higher porosity to justify its higher creep deformations.



In the following study, the replacement of NS by RS in earth concrete reported a 121% increase in    ε  T L T D    ( t )    from 3085 to 6829 µm/m. Regarding basic creep, it increases by 12% from 445 to 500 µm/m as RS replaces NS. On the other hand, knowing that RS specimen is of lower strength than NS specimen, it may be worthwhile to state that the basic creep per unit stress as shown in Figure 5b increases by 128% from 327 to 746 µm/m.MPa.



Figure 6 shows the strain summation    ε S   ( t )    of the individual strains from one side (without elastic strain for a better verification of    ε  D C    ( t )   ) and    ε  T L T D    ( t )    related to DC specimen from other side. The difference between the two components represents    ε  D C    ( t )    or Picket’s effect. As already shown,     ε  B C    ( t )   ,    ε  D S    ( t )    and total    ε  T L T D    ( t )    increase while    ε  A S    ( t )    decreases when RS replaces NS. The replacement of NS by RS also increases the drying creep by 153% from 764 to 1935 µm/m. Regardless of the microstructural variations, it is important to highlight the microcracking effect. Due to drying, microcracks are formed on the surface of the specimen. Such cracks will not fully close and, thus, they are considered irreversible deformations. These deformations reduce the shrinkage of the specimen. RS drying specimens are more prone to develop drying cracks than NS, which is mainly due to the higher drying shrinkage [43]. The structural desiccation creep effect is linked to a reduction in microcracks generated by desiccation. Indeed, when a loaded drying specimen is assessed, the closure of cracks will take place on the planes normal to the direction of compression [13,14,15,22]. As more cracks would form on a non-loaded drying RS specimen, compressive loading will prevent the formation (or closing) of more cracks in RS than NS, and eventually lead to a higher additional drying creep strain in RS mixture.





3.2. Strength Development Due to Long-Term Deformations


The specimens monitored under long term deformation were subjected to compressive tests after 60 days. The stress-strain curves are presented in Figure 7.



Figure 8 shows the compressive strength and Young’s modulus (or pre-peak slope) for NS and RS mixtures subjected to different loading and curing conditions, in addition to the compressive strength of the reference specimens (ref) measured at 28 days.



In both NS and RS mixtures, the compressive strength follows the same trend. From least to most, it is as follows: reference (ref) < autogenous shrinkage (AS) < basic creep (BC) < drying shrinkage (DS) < drying creep specimen (DC).



3.2.1. Reference Specimens


NS reported higher strength than RS. This is in agreement with the theoretical trend that declares degradation in the mechanical properties when RS replaces NS. The loss in strength in this study can be attributed to the higher porosity in addition to the increase in the initial water content represented by pre-saturation of RS.




3.2.2. Autogenous Shrinkage (AS) Specimens


Compared to the reference specimen, the AS specimens are of higher strength. While the reference tests were conducted at the age of 28 days, the compressive tests conducted on AS specimens were carried out at the age of 90 days. Therefore, the increase in strength can be attributed to the increase in the curing age period and thus better hydration. The strengths of NS and RS specimens increase by 11% and 6%, respectively.




3.2.3. Basic Creep (BC) Specimens


The BC specimens are of higher strength than AS specimens. The difference between these specimens is the external load and, thus, such an increase in strength can be attributed to consolidation and its consequences that involve water movement. Indeed, the applied load induces free water to flow and eventually rearrangement of soil particles takes place. This increases the solid-solid contacts at different positions and decreases the voids in the soil. This improvement in stiffening contributes to strength. The basic creep specimens reported 16% and 10% increases in strength in NS and RS compared to AS specimen, respectively. This may be attributed to the higher porosity of RS. As more voids and pores exist in the RS mixture, the resulted solid-solid contacts will be less important in RS mixture.




3.2.4. Drying Shrinkage (DS) Specimens


Due to the difference in relative humidity between the external and internal environments, the water migrates outside the specimen. The compressive strength may increase or decrease as a result of this water transfer. Based on the RH variations, and knowing that surface tension and interlayer water theories require RH less than 40% and 11%, respectively, the dominant mechanisms are, thus, the capillary and disjoining pressures; thus, soil gains strength by the combined actions of cohesion and friction [2]. The increase in these pressures, which are the sources of cohesion, leads to a stiffening effect. Such pressure increases link more of the gaps between the clay particles themselves, or the clays with other grains’ increasing frictions. On the other side, shrinkage may become restrained leading to the development of internal tensile stresses. If these stresses exceed the tensile strength of soil, microcracks are generated which may lead to strength loss. The increase in strength due to drying shows that the suction effect is the dominant phenomenon over the shrinkage induced cracking one. The increase in strength of the NS and RS drying shrinkage specimens reached 63% and 13%, respectively, compared to autogenous shrinkage specimens. This can indicate that more shrinkage induced cracking was formed in the RS mixture curbing the effect of suction. This, in addition, may support the hypothesis of microcracking effect regarding drying creep.



Compared to autogenous shrinkage specimens, the drying shrinkage ones revealed more increases in strength than the basic creep specimens. As the strength developments of both DS and BC specimens involve water movement, where the former is due to drying while the latter is due to external load, the higher increase of strength in DS specimen may be attributed to the more loss of water particles in the drying shrinkage specimen that led, eventually, to more solid-solid contacts and, thus, contributed more to strength.




3.2.5. Drying Creep (DC) Specimens


The strength in these specimens reported the highest value. With respect to AS specimens, the strengths of DC specimens increase by 129% and 42% for NS and RS specimens, respectively. Regardless of the intrinsic effect, the structural effect has to be highlighted as the rate of drying cracks and, more precisely, those who are on the planes normal to the compressive loading direction decreases [44].



As a compressive strength, the Young’s modulus decreases with RS. However, the latter does not follow the same trend of the former. BC specimens reported the highest value. DC and BC specimens are of higher Young’s modulus than DS and AS specimens, respectively. Thus, the loaded specimens are of higher Young’s modulus than the unloaded specimens at the same curing condition. This basically intersects with the results of a previous study carried out on concrete beams [45]. The Young’s modulus of DS for both specimens exhibited the lowest value, which may be due to shrinkage induced cracking. The lower modulus of elasticity of drying creep specimens compared to basic creep specimens confirms this deduction.





3.3. Acoustic Emission (AE) Analysis


Figure 9 shows the correlation between the stress and distribution of AE hits as functions of strain for NS and RS specimens subjected to different curing and loading conditions. The AE activity in RS specimens is lower than that of NS ones. This can be attributed to the lower strength of the former in addition to the porous state, possible defects and pre-saturation of RS that may have lowered its ITZ properties [2]. Note here that Saliba et al. [13,14,15] have showed a good correlation between creep displacement and the variation of the AE parameters with an important coupling between creep and damage during desiccation. In addition, the AE activity presented three regimes as that of the creep displacement, and three different mechanisms have been identified based on the quantitative analysis of the AE data [13,14,15]. Kouta et al. [17] showed that the AE technique can detect low energy processes during shrinkage of earth concrete as well as damage evolution. Different phases have been identified during drying indicating different mechanisms such as moisture/shrinkage gradients that develop at different depths in the specimens and by the presence of aggregates. The AE activity at the beginning of all mixtures can be attributed to the compaction taking place due to initial loadings. This phase demonstrates evidence for the closure of cracks and pores without the formation of new cracks. It can be seen that BC specimens exhibited lower AE activity in the pre-peak phase than the AS specimens. This can be attributed to several different aspects:




	
The low Young’s modulus in AS specimens will accommodate more stress buildup before cracking occurs [46]. This stress buildup will be accompanied by more AE signals.



	
Fardoun et al. [2] monitored earth concrete specimens with AE under compressive tests at different curing ages and observed a reduction in AE activity with curing age and, thus with strength development. Therefore, the strength increase in the BC specimens will be reflected by lower pre-peak AE activity in addition to the Kaiser effect [13,14,15]



	
The compaction phase exhibited lower AE in the specimen that was previously loaded during the durability tests (BC specimen); thus, such pre-loading acted as pre-compaction process [25].








These four factors are valid between NS-DS and NS-DC from one side and between RS-DS and RS-DC specimens from the other side. Nevertheless, it was to a lower extent in RS specimens, which can be attributed to the less significant variations in strength and Young’s modulus. DS and DC specimens reported the highest AE activity. This can indicate that AE reflected successfully:




	
the suction effect where the particles got closer to each other, and thus higher friction takes place upon loading.



	
the shrinkage induced cracking where friction along already existing drying cracks can take place upon loading.








This resulted friction based on the two processes will be accompanied by AE activity during the application of external stress. An increase in AE activity rate can be noticed for DS and DC specimens before the peak (as shown in sky blue arrows). This points out that these specimens exhibited a higher rate of damage directly before the peak than the sealed specimens (AS and BC). Thus, the dried specimens are more vulnerable to crack formation and propagation. It is worthwhile to state that DC specimens reported lower pre-peak AE activity than DS specimens due to the four aforementioned aspects (higher strength, higher Young’s modulus, lower peak strain, and Kaiser effect).



Regarding the post peak phase, a more gradual increase of the AE activity can be noticed in the sealed specimens, in contrast with the ones that were subjected to drying and, thus, the former experienced less brittle behavior.





4. Conclusions and Perspectives


The long-term deformations of NS and RS earth concrete mixtures were evaluated. The residual properties of specimens subjected to different loading and curing conditions were also calculated and compressive tests were monitored in parallel with the AE technique. The followings can be stated:




	
When RS completely replaces NS in earth concrete, the autogenous shrinkage decreases by 54% while the basic creep, drying shrinkage and drying creep increase by 12%, 77% and 153%, respectively.



	
The compressive strength of the NS and RS specimens subjected to different loading and curing conditions increases as follows: reference < autogenous shrinkage < basic creep < drying shrinkage < drying creep specimen. In addition, NS mixtures reported higher strength development than RS ones except for autogenous shrinkage. The drying creep specimen reported 129% and 42% strength increase with respect to the autogenous shrinkage specimens in NS and RS, respectively.



	
The loaded sealed and loaded drying specimens reported higher values of Young’s modulus than the unloaded sealed and unloaded drying specimens, respectively. The basic creep specimens exhibited the highest value of Young’s modulus while the drying shrinkage specimens reported the lowest value, which may be attributed to shrinkage induced cracking.



	
The generation of AE activity in the pre-peak phase is influenced by compressive strength, Young’s modulus, drying process, peak strain and loading. Furthermore, it can be stated that the monitoring of AE activity during the compressive tests reflected the vulnerability of specimens subjected to drying due to shrinkage induced cracking. Moreover, the sealed specimens evidenced less brittle behavior than the dry ones according to AE.








Additional studies will be realized in the future in order to study the effect of different loading levels on creep behavior and take into account the variability of the soil. Additional tests will be also realized at the microscopic level, in addition to the classification of AE signals in order to better understand the different mechanisms and evaluate, for example, the vulnerability to drying and ITZ properties. Finally, the effect of recycled aggregates surface treatments on their compatibility and functionality in the earth concrete mix will be studied, in addition to the investigation of their thermal insulation properties.
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Figure 1. Long-term deformations from left to right (a) autogenous shrinkage, drying shrinkage and (b) basic creep and drying creep specimens. 
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Figure 2. The compressive test setup and AE sensors’ positions. 
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Figure 3. (a) The mass loss, (b) autogenous and total shrinkage of NS and RS earth concrete mixtures. 
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Figure 4. (a) The drying shrinkage in parallel with RH and temperature and (b) correlation between drying shrinkage and mass loss. 
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Figure 5. The basic creep and total long-term deformations (a) and specific basic creep (b) of NS and RS mixtures. 
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Figure 6. The evaluation of drying creep for NS and RS mixtures. 






Figure 6. The evaluation of drying creep for NS and RS mixtures.



[image: Applsci 12 11489 g006]







[image: Applsci 12 11489 g007 550] 





Figure 7. The stress-strain curves for NS and RS mixtures subjected to different loading and curing conditions. 
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Figure 8. The compressive strength and Young’s modulus for NS and RS mixtures subjected to different loading and curing conditions. 
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Figure 9. The correlation between the stress-strain curves and distribution of AE hits. 
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Table 1. The parameters’ values.
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	     w  l l      
	     w  c C L      
	    w  A  R S      
	     w  c R S      
	    w  A  N S      
	     w  c N S      





	52.84%
	0.5%
	14.6%
	2.58%
	1.02%
	0.05%
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Table 2. Mix design.






Table 2. Mix design.





	Components (kg/m3)
	Clay (C)
	Sand
	Cement
	     w  e f f      
	Superplasticizers





	NS mixture
	440
	1026
	132
	140
	1.32



	RS mixture
	366
	855
	110
	177
	1.32
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