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A B S T R A C T   

A key question concerning the application of recycled concrete aggregates (RCA) into pavement is the assessment 
of self-cementing properties of RCA, which increase the strength and stiffness of unbound base and subbase 
layers. In this paper, the assessment of self-cementing properties of RCA, the hydration of unhydrated binder and 
their influence on the microstructure and mechanical behaviour were studied by subjecting two different RCA 
(NRCA and ORCA, showing significantly different self-cementing properties), after curing for 0, 360 and 720 
days, to the thermogravimetric analysis (TGA), scanning electron microscopic analysis (SEM) and monotonic 
triaxial tests. The results show that the unhydrated binder content of NRCA is low (between 6.2% and 7.9% in 
fines), and most of the unhydrated binder was hydrated after curing for 360 days. Besides, the sulfate attack 
products, ettringite, were also observed from both TGA and SEM, which could also lead to the self-cementing 
properties. The hydration products of unhydrated cement and sulfate attack products not only form bonds be
tween particles, but also fill the small pores (width less than 3 μm), turning the open type of an unbound 
structure to a rigid dense skeleton structure.   

1. Introduction 

The economic and human activities produce a lot of construction and 
demolition wastes (CDW) each year. In Europe, over 800 million tonnes 
of CDW were produced in 2018 [1]. Concrete wastes are the main 
components and represent up to 75% of total CDW by weight [2]. 
Traditionally, those CDW will be disposed in landfills, occupying a large 
land space and imposing huge pressures on environment. To overcome 
these problems, recycling and reuse of concrete wastes in concrete [3] 
and pavement, as unbound granular materials in base and subbase 
layers, has become a topic of global concerns and has been widely re
ported in recent years [4–6]. 

Recently, it is found that, sometimes, the strength and stiffness of the 
unbound pavement base and subbase layers, built with recycled con
crete aggregates (RCA), increase with time, known as self-cementing 
properties of RCA [7–9]. This is believed to be caused by the hydra
tion of unhydrated cement in RCA, which is released by the crushing 
process to produce RCA [10]. After pavement construction, these 
unhydrated cement could hydrate with moisture and create bonds be
tween particles when RCA are used in unbound pavement base and 

subbase layers, increasing the strength and stiffness of the pavement. 
The effect of self-cementing properties on the long-term performance 

of RCA, used in unbound pavement base and subbase layers, has been 
reported by some researchers in recent years [7–11]. Arm [7] found that 
the increase of strength and stiffness in pavement unbound base and 
subbase layers is highest in the first few months. Poon et al. [9] pointed 
out that the unhydrated cement content in fine aggregates (0-0.6 mm) is 
the principal cause of self-cementing properties. Jitsangiam et al. [11] 
observed that the hydration of unhydrated cement turns the unbound 
RCA specimen to the bound specimen after 360 days of curing, as 
indicated by the microstructure analyses (SEM). Those studies reveal 
that self-cementing properties have a significant impact on the 
long-term performance of pavement layers built with RCA. To date, 
however, the assessment and mechanism of self-cementing properties 
has not been thoroughly studied, which can help to better predict the 
long-term performance of pavement built with RCA. 

At present, there are few studies investigated the self-cementing 
properties of RCA by different approaches, such as the semi-adiabatic 
calorimeter test, thermogravimetric analysis (TGA), X-ray diffraction 
(XRD) [8-10,12,13]. Among these methods, TGA is frequently adopted 

* Corresponding author: Chong WANG Tel.: +33768787850 
E-mail address: chong.wang@insa-strasbourg.fr (C. Wang).  

Contents lists available at ScienceDirect 

Thermochimica Acta 

journal homepage: www.elsevier.com/locate/tca 

https://doi.org/10.1016/j.tca.2024.179680 
Received 19 September 2023; Received in revised form 14 January 2024; Accepted 16 January 2024   

mailto:chong.wang@insa-strasbourg.fr
www.sciencedirect.com/science/journal/00406031
https://www.elsevier.com/locate/tca
https://doi.org/10.1016/j.tca.2024.179680
https://doi.org/10.1016/j.tca.2024.179680
https://doi.org/10.1016/j.tca.2024.179680
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tca.2024.179680&domain=pdf


Thermochimica Acta 733 (2024) 179680

2

by some researchers for the evaluation of unhydrated cement content, 
and for the study of cement hydration [14,15], because it allows the 
quantitative analysis to evaluate the hydrated compounds, such as cal
cium silicate hydrate (C–S–H) gel, portlandite (Ca(OH)2), calcite 
(CaCO3) and non-evaporable water. Oksri-Nelfia et al. [12] and Wang 
et al. [8] determined the unhydrated cement content in concrete waste 
based on the Ca(OH)2 content of RCA, measured by TGA. However, Ca 
(OH)2 content is easily influenced by the type of cement, carbonation 
and the use of supplementary cementing materials [16], which limits the 
application of this approach. Bordy et al. [13] quantified the unhydrated 
cement content based on the non-evaporable water content, for cement 
paste with a known composition, which is not suitable for RCA. Until 
now, there is still no standard method to evaluate unhydrated cement 
content in RCA. 

As a result, this study aims to assess the self-cementing properties of 
RCA. An improved approach, based on the non-evaporable water con
tent obtained from TGA, was proposed to quantify the unhydrated 
cement content of RCA. Then, the hydration of unhydrated cement, and 
its influence on the improvement of long-term performance (micro
structure and mechanical behaviour) of two different RCA (NRCA and 
ORCA, showing significantly different self-cementing properties), were 
studied by submitting these RCA, after 0, 360 and 720 days of curing, to 
TGA analysis, SEM and monotonic triaxial tests. Furthermore, the 
mechanism of self-cementing properties was also analyzed based on 
these observations. The investigation not only leads to a better under
standing of self-cementing properties, but also encourages the applica
tion of RCA as an unbound granular material in pavement base and 
subbase layers. 

2. Materials and methods 

2.1. Materials 

The two RCA materials used in this study were sourced from different 
demolished buildings with unknown compositions instead of casting and 
curing in the laboratory, using a known component, which is more 
realistic. The studied RCA were crushed in two recycling plants in 
France with a 20 mm maximum particle size. 

One RCA was crushed in 2020, at the beginning of the study, at a 
recycling plant in Strasbourg, France. The other RCA was crushed in 
2012 at a recycling plant in Gonesse, France, and stored outdoor in 
plastic bags to prevent further humidity and carbonation. According to 
the crushing time, two RCA are designated by NRCA (new RCA, crushed 
in 2020) and ORCA (old RCA, crushed in 2012), respectively. 

Some physical properties of NRCA and ORCA are summarized in 
Table 1. It shows that the water absorptions of NRCA and ORCA, be
tween 4.3% to 10.86%, are higher than that of natural aggregates, 
typically lower than 3%, due to the attached mortar. Los Angeles co
efficients (LA) and Micro-Deval coefficients (MDE) of NRCA and ORCA 
reveal that the resistance to fragmentation and wear fulfill the re
quirements for pavement base and subbase layers (LA≤40 and 
MDE≤35). The optimum moisture contents (OMC) are 12.93% (NRCA) 
and 11.51% (ORCA), higher than the most of natural aggregates (4%- 
6%) due to the higher water absorption of RCA. The maximum dry 
densities (MDD) are 1.98 g/cm3 (NRCA) and 2.0 g/cm3 (ORCA). 

2.2. Test methods 

Thermogravimetric analysis (TGA), conducted by Setaram thermal 
analyzer (Setaram company, Caluire, France), was used to determine the 
unhydrated cement content of RCA (without curing). Since fine aggre
gates, containing less original natural aggregates, are the principal cause 
of self-cementing properties [9], only fine aggregates (0-2 mm) were 
used for the TGA and measurements of chemical compositions. 50-100 
mg air-dried fine aggregates (0-2 mm) were subjected to TGA at a 
constant heating rate of 10 K/min from 25 ◦C to 1000 ◦C under nitrogen 
(N2) atmosphere. 

Chemical compositions of RCA can help to better understand the self- 
cementing properties. Thus, the pH value, water soluble sulfate content 
and calcite content of RCA fine aggregates (0-2 mm) were measured to 
characterize the chemical compositions and carbonation in University of 
Lorraine in Nancy, France. For pH value measurement, 30 g of oven- 
dried RCA fines aggregates (0-2 mm) and 75 g of distilled water were 
mixed and stirred for 2 minutes. Then, the pH value of each suspension, 
stored for 24 h, was measured by a pH meter. 

Water soluble sulfate content of RCA was measured in accordance 
with the European standard NF EN 1744-1. 1 kg of previously heated (60 
◦C) distilled water was added to 25 g of oven-dried fine aggregates (0-2 
mm), and the mixture was stirred for 15 minutes, while maintaining the 
temperature of 60 ◦C. Then, the solution was extracted using a filter and 
the water soluble sulfate content was measured by a photometer. 

Calcite content of RCA was measured by the calcimeter method (NF 
ISO 10693) to assess the degree of carbonation of the RCA, before use, 
especially for the ORCA after long-term storage. 0.5-2 g of powder from 
ground fine aggregates (0-2 mm) were first added to 10 ml of chlo
rhydric acid and the volume of released carbon dioxide was measured. 
Then, the calcite content was calculated according to the measured 
volume of carbon dioxide. 

0-20 mm NRCA and ORCA were used to study the hydration of 
unhydrated cement, and the improvement of microstructure and me
chanical behaviour due to the self-cementing properties. All the NRCA 
and ORCA specimens with 150 mm diameter and 285 mm height were 
compacted with a vibrating hammer to the optimum dry density (1.97 
g/cm3 and 1.99 g/cm3 for NRCA and ORCA, respectively), at the specific 
water content (optimum moisture content minus 1%), corresponding to 
11.9% and 10.5% for NRCA and ORCA, respectively, as shown in 
Table 1. Then, they were wrapped in plastic foils and stored indoors at a 
temperature of 18±5 ◦C, curing for 0 (without curing), 360 and 720 
days. Afterwards, monotonic triaxial tests were performed with Wyke
ham Farrance triaxial apparatus (Controls group, Milan, Italy), under 
different confining pressures (20, 40 and 70 kPa) at a shear rate of 0.3 
mm/min until failure, to study the effect of self-cementing properties on 
the mechanical behaviour. 

SEM and TGA were performed to study the improvement of micro
structure and the hydration of unhydrated cement in RCA. SEM and TGA 
samples were collected from the specimens curing for different times (0, 
360 and 720 days) after monotonic triaxial test. Small SEM samples 
(length*width*height=15*15*5 mm3) were dried using the freeze- 
drying method and coated with gold prior to SEM analysis by Tescan 
VEGA3 machine (Tescan group, Brno, Czech Republic). For TGA anal
ysis, similarly, fine aggregates (0-2 mm) collected from the cured sam
ples were used. 

2.3. Methods to determine the unhydrated cement content by TGA 

TGA is frequently adopted for the study of cement hydration [14] by 
evaluating the hydrated compounds of cement. According to the cement 
hydration process, unhydrated cement content can be quantified by the 
hydrated compounds of cement, such as Ca(OH)2 content and 
non-evaporable water content (Cwater). However, Ca(OH)2 is easily 
influenced by the type of cement, carbonation that occurred, and the 
supplementary cementing materials [16]. In comparison, 

Table 1 
Physical properties of NRCA and ORCA.  

Properties NRCA ORCA Test method 

Water absorption (%) coarse (10-20 mm) 4.64 4.30 NF EN 1097-6  
sand (4-10 mm) 5.81 5.19   
fine (1-4 mm) 10.86 8.65  

Los Angeles coefficient (LA) 30.8 32.2 NF EN 1097-2 
Micro-Deval coefficient (MDE) 21.6 21.3 NF EN 1097-1 
Optimum moisture content (OMC) (%) 12.93 11.51 NF EN 13286-2 
Maximum dry density (MDD) (g/cm3) 1.98 2 NF EN 13286-2  
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non-evaporable water, defined as the water retained on the specimen at 
the boiling temperature (105 ◦C), is much less sensitive to these factors 
[17,18]. That increases the accuracy and reliability of the proposed 
approach. Thus, Cwater was used to estimate the unhydrated cement 
content of RCA in this study, instead of Ca(OH)2 content, method used 
by Oksri-Nelfia et al. [12] and Wang et al. [8]. 

According to the TGA analysis, some hydrated compounds of cement 
can be determined. For example, the mass loss between the boiling 
temperature (105 ◦C) and 550 ◦C is due to loss of non-evaporable water, 
and the mass loss between 550 and 850 ◦C can be attributed to the 
decomposition of CaCO3. Then, non-evaporable water content Cwater and 
calcite content CCaCO3 can be calculated by: 

Cwater = M105∘C − M550∘C (1)  

CCaCO3 =
100.09
44.01

(M550∘C − M850∘C) (2)  

where the ratio 100.09/44.01 corresponds to the molar mass ratio of 
CaCO3/CO2, MT ◦C (T=105, 550 and 850, respectively) is the sample 
mass (%) obtained from TG curve at temperature T ◦C. 

After determining Cwater from the TG curve, the initial cement con
tent (Ccement) of RCA can be calculated according to the hydration pro
cess of cement. For Portland cement, a complete hydration of per gram 
of cement, without any supplementary cementing materials (SCMs), 
such as fly ash, silica fume, etc., will release around 0.23-0.25 grams of 
non-evaporable water (taken as 0.24 in this study) [15,17,19]. 

For blended cement, the use of SCMs makes it difficult to estimate the 
amount of ultimate non-evaporable water content (0.24) due to the 
unknown stoichiometry and the type of SCMs [20]. To implement this 
methodology for blended cements, the SCMs are considered by their 
equivalent in Portland cement, using the k-value concept [20,21]. The 
equivalent binder content (Cbinder) can be expressed as: 

Cbinder = Ccement + k ∗ CSCMs (3)  

where Cbinder is the equivalent binder content, Ccement is the Portland 
cement content, CSCMs is the SCMs content (CSCMs=0 for Portland 
cement) and coefficient k is the equivalent coefficient of SCMs to Port
land cement. Table 2 summarizes the k values for different types of 
SCMs. By this way, the unknown ultimate non-evaporable water for 
blended cement can be considered as the same as the Portland cement 
(0.24), and the effect of SCMs on the self-cementing properties of RCA 
can be considered. 

Then, for RCA made by Portland cement or blended cement, the 
relationship between Cwater and Cbinder can be expressed as: 

Cwater= 0.24 ∗ α ∗ Cbinder (4)  

where α is the degree of cement hydration in RCA. For concrete after a 
long service life, the ultimate degree of cement hydration α is mainly 
influenced by the initial water cement ratio (w/c), and can be calculated 
by the following equation developed by Mills [22] which is frequently 
used to model cement hydration [12,23]: 

α =
1.031 ∗ w

c

0.194 + w
c

(5)  

Finally, the unhydrated binder content (Cunhydrated) of RCA can be 
determined as follows: 

Cunhydrated = (1 − α) ∗ Cbinder (6)  

It should be mentioned that the carbonation of concrete can decrease the 
calculated Cbinder and Cunhydrated values, by decreasing the non- 
evaporable water content. However, the influence of carbonation was 
not considered in this study as the high pH value of NRCA (13.07) 
suggests that carbonation of NRCA is negligible. 

3. Results and discussion 

3.1. Chemical compositions of RCA fine aggregates 

Fig. 1 shows the TGA results of NRCA and ORCA fine aggregates (0-2 
mm) without curing (curing for 0 day), presented as the derivative 
thermogravimetry (DTG) curves and thermogravimetry (TG) curves. 
DTG curve indicates the rate of mass change, which can be used to 
identify the decomposition of RCA components. 4 main peaks can be 
observed in DTG curve of NRCA. The first peak, around 100 ◦C, is due to 
the decomposition of ettringite and C-S-H [24]. In fact, they cannot be 
clearly identified in TGA since their peaks are partially overlapped [24, 
25]. The peak of gypsum (CaSO4⋅2H2O) is around 150 ◦C. Ca(OH)2 can 
be found in the third peak, between 430 and 490 ◦C [24]. The de
compositions of ettringite, C-S-H, gypsum and Ca(OH)2 lead to the loss 
of non-evaporable water (between 105 to 550 ◦C). The last peak, be
tween 550 to 850 ◦C, is caused by the decomposition of CaCO3. 

The mass loss of NRCA and ORCA, due to the loss of non-evaporable 
water (between 105 ◦C and 550 ◦C) and the decomposition of CaCO3 
(between 550 ◦C and 850 ◦C), are presented in TG curves (Fig. 1 (b)) and 
Table 3, as well as non-evaporable water content Cwater and calcite 
content CCaCO3 calculated by Equations (1) and (2). It can be observed 
that NRCA has a much higher Cwater and a much lower CCaCO3 than those 
of ORCA, caused by the high degree of carbonation of ORCA due to the 
long-term storage. In fact, these CCaCO3 values (Table 3) were also 
compared with the values obtained with the calcimeter method 
(Table 4). It indicates that the two calculation methods lead to the same 
results, showing the reliability of the TGA analysis results. 

The other measurement results, such as pH value, water soluble 
sulfate content and calcite content are summarized in Table 4. The pH 
value is another widely used parameter to evaluate self-cementing 
properties of RCA by other researchers as it can be measured easily 
and quickly [9,26,27]. The results show that the pH value of NRCA 
(13.07) is much higher than that of ORCA (10.53). Paige-Green [26] 
observed that RCA with a pH value higher than 11 exhibits 
self-cementing properties, indicating that NRCA should present 
self-cementing properties, while those of ORCA should be negligible. 
The high pH value implies more soluble alkaline hydration products, 
suggesting that the RCA were not completely carbonated and may 
contain some unhydrated cement. 

Sulfate attack is a nonignorable disease for hydraulically bound 
materials, which leads to an expansion in solid volume by forming 
gypsum or ettringite [28]. According to the European standard NF EN 
13285 [29] and the French national and regional technical guides [30, 
31], the water soluble sulfate content of RCA, used in pavement base and 
subbase layers, should be less than 0.7%. Test results indicate that the 
water soluble sulfate contents of both NRCA and ORCA are under this 
limit. 

Both calcimeter method (Table 4) and TGA analysis results (Table 3) 
show that the calcite content of NRCA (14.7% and 14.92% respectively) 
is only half that of ORCA (29.97% and 30.09% respectively). This can be 
attributed to the long-term storage of ORCA and a large specific surface 
area after crushing, increasing the degree of carbonation while 
decreasing the pH value of ORCA, although ORCA was stored in plastic 
bags to prevent humidity and carbonation. However, part of the calcite 
could also come from the original natural aggregates (NA) [32], 
although an effort was made to eliminate the influence of original NA by 

Table 2 
k values for different types of supplementary cementing materials.  

Additive Limestone 
filler 

Blast furnace 
slag 

Silica 
fume 

Fly ash 
CEM I 
32.5 

≥ CEM I 
42.5 

k value 0.25 0.9 2 0.2 0.4  

C. Wang et al.                                                                                                                                                                                                                                   
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limiting the maximum particle size (2 mm). 

3.2. Potential unhydrated binder content in RCA fine aggregates 

Subsequently, the Cbinder and Cunhydrated of NRCA can be calculated 
based on the Cwater, by Equations (4) and (6). Since ORCA were stored for 
a long period before use, the partial unhydrated binder has already 
hydrated, resulting in a much higher α, which cannot be calculated by 
Equation (5). Thus, only Cbinder and Cunhydrated of NRCA could be calcu
lated in this study. 

Fig. 2 presents the Cbinder and Cunhydrated of NRCA calculated by 
Equations (4) and (6), for varying initial water-cement ratios w/c, since 
the initial w/c and original composition of the concrete are not known. 
Generally, the typical w/c ratio for conventional concrete ranges from 
0.4 to 0.5 [33], and the typical Cbinder is between 15.5% and 21.3% at 
this specified w/c ratio (0.4-0.5) according to hundreds of concrete 
mixture compositions collected from the literature [34]. It appears that 
within the typical w/c ratio (0.4-0.5), Cbinder of NRCA is between 24.1% 
and 25.8%, as shown in Fig. 2, which is slightly higher than that of 
typical conventional concrete (15.5%-21.3%). This is due to the fact that 
the tested fine aggregates (0-2 mm) have a higher paste content than the 
global concrete [35], resulting in a higher Cbinder of NRCA than that of 
typical concrete. Thus, within the typical w/c ratio (0.4-0.5), the po
tential Cunhydrated of NRCA (0-2 mm) can be calculated by Equation (6), 
which is between 6.2% and 7.9%. 

Recall that the Ca(OH)2 content, obtained also from TGA, which is 
easily influenced by the type of cement, carbonation and the use of 
supplementary cementing materials [16], was also used as an indicator 

to quantify Cbinder and Cunhydrated by other researchers [8,12]. Previous 
study [8] indicated that Cbinder of NRCA calculated by Ca(OH)2 content 
(between 11.7% and 14.2%) is much lower than the value calculated by 
non-evaporable water content (between 24.1% and 25.8%), and also 
lower than that of typical concrete (between 15.5% and 21.3%). It in
dicates that non-evaporable water content was more suitable to calcu
late the unhydrated cement content of RCA, instead of Ca(OH)2. 

3.3. Hydration of unhydrated binder in RCA 

To study the hydration of unhydrated binder in RCA during curing 
phase, the comparison of the TG-DTG curves of NRCA and ORCA, after 
curing for different times (0, 360 and 720 days), are presented in Figs. 3 
and 4. In the DTG curve of NRCA after curing for 720 days, the intensity 
of ettringite peak (around 100 ◦C) is increased, while the peak of gypsum 
CaSO4⋅2H2O (around 150 ◦C) is disappeared, and the intensity of Ca 
(OH)2 peak (around 450 ◦C) is reduced, than those after curing for 0 and 
360 days. On the contrary, for ORCA (Fig. 4), the DTG and TG curves are 
almost the same after curing for 0 and 360 days, in agreement with the 
negligible self-cementing properties of ORCA indicated by the low pH 
value. Note that ORCA curing for 720 days was not subjected to TGA due 
to the negligible self-cementing properties. 

Afterwards, the mass loss of NRCA and ORCA after curing for 
different times (0, 360 and 720 days), in different temperature ranges, 

Fig. 1. DTG and TG curves of NRCA and ORCA without curing: (a) DTG curves and (b) TG curves.  

Table 3 
Mass loss of NRCA and ORCA in different temperature ranges.  

Materials Mass loss (%) Non-evaporable water 
Cwater (%) 

CaCO3 content 
CCaCO3(%)  

105-550 
◦C 

550-850 
◦C   

NRCA 4.30 6.56 4.30 14.92 
ORCA 2.66 13.23 2.66 30.09  

Table 4 
The chemical composition of NRCA and ORCA.  

Properties NRCA ORCA Test method 

pH value 13.07 10.53 BS 1377-3 
Water soluble sulfate content (%) 0.23 0.13 NF EN 1744-1 
Calcite content (%) 14.7 29.97 NF ISO 10693  

Fig. 2. Equivalent binder content Cbinder and unhydrated binder content Cun

hydrated of NRCA for varying w/c. 
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due to the loss of non-evaporable water content (between 105 and 550 
◦C) and the decomposition of ettringite (between 70/90 and 120 ◦C), 
CaSO4⋅2H2O (between 140 and 170 ◦C) and Ca(OH)2 (between 430 and 
490 ◦C), were calculated from their TG curves (Fig. 3), as summarized in 
Table 5. As the DTG curve indicates the rate of mass change due to the 
decomposition of RCA, it was suggested by European standard EN ISO 
11358-1 [36] to facilitate the identification of the starting and ending 
decomposition temperatures. The peak of DTG curve corresponds to the 
maximum rate of mass loss, which is the inflection point of TG curve. 
The two points around this peak, where the gradient of DTG curve starts 

to change, correspond to the starting and ending decomposition points. 
For example, the starting and ending decomposition temperatures of Ca 
(OH)2 is 430 and 490 ◦C, respectively, as presented in Fig. 3 (a). All these 
corresponding decomposition temperatures were chosen carefully ac
cording to the change of gradient of the DTG curves, to improve the 
accuracy of quantification [37]. 

Fig. 5 presents the mass losses of NRCA after curing for different 
times, in those different temperature ranges. Since ORCA shows negli
gible self-cementing properties from TGA analysis, only the results of 
NRCA in different temperature ranges are presented. It can be observed 
that during the 360 days of curing, a significant increase of non- 
evaporable water content of NRCA can be observed, from 4.3% to 
5.34%, increasing 1.04%, which is believed to be related to the hydra
tion of unhydrated binder in NRCA. Thus, Ca(OH)2 content also in
creases slightly, as a result of the hydration of unhydrated binder. 

Between curing for 360 days and 720 days, it shows that non- 
evaporable water content of NRCA reaches a constant value (5.37%), 
indicating that the hydration of unhydrated binder almost stops after 
curing for 360 days. Besides, both CaSO4⋅2H2O and Ca(OH)2 contents 
decrease while ettringite content increases after curing for 720 days. 
Note that the ettringite, formed by the reactions between CaSO4⋅2H2O, 
Ca(OH)2 and cement hydration products [38], can fill the pores, 
improving the microstructure and mechanical behaviour of RCA spec
imen, which could also lead to the self-cementing properties of RCA. 

According to the increased non-evaporable water content (1.04%) of 
NRCA, the amount of hydrated binder during the curing phase can be 
calculated by Equation (4) (α equal to 1), which is 4.3%. In comparison 
to the total unhydrated binder content (between 6.2% and 7.9%) as 
mentioned above, it appears that most of unhydrated binder (between 
55% to 70%) were hydrated during the first 360 days curing, and this 
hydration stops after curing for 360 days. This is in agreement with 
other researchers [7], who indicated that the strength and stiffness of 
RCA base and subbase layers increase faster in the first few months, and 
then a continuous increase at a lower rate can be observed, even up to 10 
years after construction. 

3.4. Microstructural observations of RCA specimen 

The microstructures of compacted NRCA specimens without curing 
and after 360 days of curing, observed by SEM under different magni
fication (2400 × and 4000 ×), are presented in Figs. 6 and 7. Note that 
these figures were taken randomly at different positions to better 
represent the microstructure of RCA specimen. Owing to the fact that the 

Fig. 3. Comparison of TG-DTG curves of NRCA curing for different times: (a) 
without curing; (b) 360 days and (c) 720 days. 

Fig. 4. Comparison of TG-DTG curves of ORCA without curing and curing for 
360 days. 

Table 5 
Mass losses of NRCA and ORCA in different temperature ranges.  

Mass loss (%) Temperature 
range (◦C) 

NRCA  ORCA 
0 360 720  0 360 

Non- 
evaporable 
water 

105-550 4.30 5.34 5.37  2.66 2.54 

Ettringite 70/90-120 1.20 1.12 1.58    
CaSO4⋅2H2O 140-170 0.66 0.66 None    
Ca(OH)2 430-490 0.50 0.71 0.39    
CaCO3 550-850 6.56 9.06 6.76  13.23 13.75  

Fig. 5. The evolution of mass loss for NRCA in different temperature ranges, 
due to the decomposition of non-evaporable water, ettringite, CaSO4⋅2H2O and 
Ca(OH)2. 
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self-cementing properties of ORCA are negligible, and that no new hy
dration products were formed as indicated by TGA, only the micro
structure of NRCA was studied. As shown in Fig. 6 (a) and Fig. 7 (a), 
compacted NRCA specimens without curing (1 day) exhibits a relatively 
open type microstructure, with numerous fine particles assembled be
tween coarse aggregates, exhibiting many different sizes of pores. 

Fig. 6 (b) and Fig. 7 (b) show the influence of self-cementing prop
erties on the microstructures of NRCA specimens. It appears that the 
microstructure of NRCA after curing for 360 days is much denser, with a 
visible decrease of number and size of small pores (width less than 3 
μm), as the hydration of unhydrated cement form bonds between par
ticles. For the larger pores (width larger than 3 μm), the influence of the 
self-cementing properties on the microstructures appears limited, since 
the unhydrated cement content is low. As a result, the small pores (width 
less than 3 μm) were filled and the open type of structure (curing 1 day) 
gradually turns to a rigid dense skeleton structure (curing for 360 days), 
increasing the strength and stiffness of RCA and changing unbound 
pavement layers to bound layers. 

Fig. 6 (b) and Fig. 7 (b) also show that the amount of fine aggregates 
decreases after curing for 360 days, which could be attributed to the 
hydration of unhydrated cement in fine aggregates. It also indicates that 
the unhydrated cement in fine aggregates are responsible for the self- 
cementing properties of RCA, in good agreement with Poon et al. [9]. 

Among these hydration products, it is possible to observe that 
numerous needle-shape hydration products (Fig. 7 (b)), ettringite, are 
formed after curing for 360 days, which was observed also by Jitsangiam 
et al. [11]. This is also in good agreement with the observation from 
TGA. The ettringite, formed by the reactions between CaSO4⋅2H2O, Ca 
(OH)2 and cement hydration products [38] as mentioned above, can 
absorb a large amount of water and has a large volume, filling the small 
pores (width less than 3 μm). Despite that the water soluble sulfate 
content of NRCA (0.23%) is much lower than the limitation (0.7%), as 
mentioned above, many ettringite were still formed. It should be 
mentioned that once the voids are fully filled by the hydration products 
and ettringite, the continuous formation of ettringite can lead to the 
swelling and cracking of the structure, known as sulfate attack of con
crete [39], decreasing the strength and stiffness of RCA base and subbase 
layers. Although this phenomenon has not been observed yet in this 
study, the sulfate content of RCA should be strictly limited when RCA 
are used in unbound or bound pavement layers. 

3.5. Hypothesis for mechanism of self-cementing properties 

Fig. 8 presents the results of the monotonic triaxial tests performed 
on the NRCA and ORCA specimens after curing for 0 day and 360 days, 
in terms of maximum shear strength and secant modulus E50, defined as 

Fig. 6. SEM images of NRCA without curing and after curing for 360 days (2400 ×): (a) without curing; (b) 360 days.  

Fig. 7. SEM images of NRCA without curing and after curing for 360 days (4000 ×): (a) without curing; (b) 360 days.  
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the ratio of deviator stress q to the axial strain at stress level equal to 
50% of peak deviator stress. For NRCA, the shear strength and stiffness 
increase significantly after curing for 360 days (approximately by a 
factor of two), under both confining pressures, confirming its strong self- 
cementing properties, as observed also by Jitsangiam et al. [11]. On the 
contrary, the strength and stiffness of ORCA remain almost constant due 
to the negligible self-cementing properties. These results are in good 
agreement with the TGA analysis and SEM observation results. 

Recall that between 360 days and 720 days, the non-evaporable 
water content of NRCA stops increasing, while a continuous formation 
of ettringite can be observed from both TGA and SEM results. It indicates 
that the increase of mechanical behaviour of RCA can be divided into 
two phases. The first phase (before 360 days in this study) is primarily 
due to the hydration of unhydrated cement, where the strength and 
stiffness increase very fast. In the second phase (after 360 days in this 
study), the continuous formation of ettringite can fill the small pores 
(width less than 3 μm) and densify the microstructure, increasing the 
load-bearing capacity by increasing the particle contact area and 
decreasing the average stress in each particle. As a result, the strength 
and stiffness of RCA specimen increase continuously even when the 
hydration of unhydrated binder stops. This was supported by both lab
oratory tests [8,40] and field tests [7], from which a fast increase of 
strength and stiffness of RCA specimen can be observed in the first 
months, and then increase continually even after curing for 360 days. 
Besides, the hydration of unhydrated cement and the formation of 
ettringite also consume free water, around 1% indicated by the 
increased non-evaporable water content. The decreased free water 
content and the improved dense microstructure can lead to the increase 
of matric suction, which can also improve the mechanical properties of 
RCA specimens [41]. 

4. Conclusions 

This study investigated the self-cementing properties of RCA, used as 
unbound granular materials in pavement, and their influence on the 
improvement of microstructure and mechanical behaviour, by subject
ing two different RCA, NRCA crushed recently (New RCA) and ORCA 
crushed long time ago (ORCA), after curing for 0, 360 and 720 days, to 
TGA, SEM analysis and monotonic triaxial tests. The chemical proper
ties, including the pH value, water soluble sulfate content and calcite 
content, were also studied. Based on these results, the self-cementing 
mechanisms were discussed. The following conclusions can be drawn 
from this research:  

1. Both TGA analysis, pH value and CaCO3 content show that ORCA 
was carbonated due to the long-term storage after crushing, 
decreasing self-cementing properties of ORCA.  

2. The non-evaporable water content is a good indicator to quantify 
unhydrated cement content. The potential unhydrated cement con
tent of NRCA fine aggregates (0-2 mm) was estimated between 6.2% 
and 7.9%.  

3. During the 720 days of curing, the non-evaporable water content of 
NRCA increases from 4.3% (without curing) to 5.34% (360 days), 
and then reaches a constant value, indicating that the effective 
unhydrated cement of NRCA is almost totally hydrated in the first 
360 days. While for ORCA, showing negligible self-cementing 
properties, the non-evaporable water content remained almost 
constant.  

4. Although the water-soluble sulfate contents of both NRCA (0.23%) 
and ORCA (0.13%) are under the limit standard (0.7%), many sulfate 
attack products, ettringite, were observed in NRCA from both TGA 
analysis and SEM observations.  

5. SEM observations have shown that the initial open granular structure 
(curing 1 day) becomes stiffer and denser skeleton structure after 
curing for 360 days, with the small pores (width less than 3 μm) filled 
by hydration products and ettringite.  

6. The increase of mechanical behaviour of RCA can be divided into two 
phases, a fast increasing phase primarily due to the hydration of 
unhydrated cement and a slower increasing phase due to the for
mation of ettringite. In addition, the decrease of free water and the 
increase of matric suction can also improve the performance of RCA. 
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