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ABSTRACT

The application of expansive concretes to construction projects is gradually becoming popular for both
new construction and refurbishment. Expansive concretes are mainly made by using expansive agents
with different chemical compositions that result in the increase of certain hydrates contents within the
concrete matrix. The most usual agents promote the formation of ettringite (type-K) or portlandite
(type-G). Many parameters influence the efficacy of the expansive agents and the performance of the
corresponding expansive concretes such as curing, restraining conditions or concrete composition. 

These parameters affect the content, chemical composition and morphology of the expansive
hydrates, and the resulting expansion is closely related to these modifications in the hydrates
characteristics. Therefore, different concrete mixes were designed in this work, most of them self-
compacting concretes, in order to evaluate these effects. Two expansive agents, two supplementary
cementitious materials, two expansion conditions and two curing conditions were considered. The
microstructure of the concretes was evaluated by BSEM and XRD.

The results obtained indicate that restraining conditions influence the morphology and the chemical
composition of the expansive hydrates formed. An eminently amorphous ettringite type was identified
as responsible for the expansion when using type-K agent. Regarding the concretes with type-G
agent, denser portlandite plates better integrated in the cement paste matrix were formed in the
concretes cured in more restrained conditions. Curing conditions and concrete composition also
influence the reactivity of the expansive agents.
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1. INTRODUCTION 

The application of expansive concretes to construction projects is gradually becoming popular for both 
new construction and refurbishment. Limitation of shrinkage strains is of practical importance for the 
concrete industry since considering certain structural uses, concrete shrinkage may cause cracking, 
decreasing its durability (Shah et al. 1998). In this sense, the development of expansive concretes by 
using expansive agents with different chemical compositions has demonstrated to be an effective 
means of reducing shrinkage thus also reducing the related crack formation. There are already many 
cases where expansive concretes are applied, such as pavements without expansion or contraction 
joints, watertight walls, roofs made of monolithic concrete without roofing or taxiways without joints, 
and even structural applications based on concrete filled tubes-CFT, usually steel tubes for columns or 
bridge beams.  

Different types of expansive agents are described in literature and some of them are based on the 
formation of certain hydrates. In the present study, two types of expansive agents were used: type-K 
(ettringite-based) agent, which is a mix of calcium sulfoaluminate, calcium oxide and calcium sulfate 
that promotes the ettringite formation, and type-G (CaO-based) agent mainly formed by calcium oxide 
that promotes the portlandite formation. Although the phenomena involved in the expansive 
mechanisms generated by both agent types are not fully understood yet, the crystallization pressure 
generated by the oversaturation of crystals (ettringite or portlandite) when the agents hydrate would 
result in a significant expansion in the hardened state (Ogawa et al., 1981, 1982; Lilkov et al., 1999; 
Carballosa et al., 2015; García Calvo et al., 2017). However, many parameters or factors influence the 
resulting expansion. For example, when using expansive agents ettringite-based (type-K) or CaO-
based (type-G) their effectiveness relies on the water mix content and the free access of outer 
supplied water, mainly for the formers. Thus, the curing conditions (Nagataki et al., 1998; Liu et al., 
2016; García Calvo et al., 2017), the cement composition and the use of different supplementary 
cementitious materials (SCM) do influence the expansive performance obtained (Carballosa et al., 
2015). 

As the expansive agents used in the present paper are based on the formation of hydrated phases 
already existing in a Portland cementitious matrix, and the factors mentioned above clearly influence 
the resulting concrete expansion, these factors are expected to also modify the characteristics of the 
hydrated phases formed from the mentioned agents. In order to evaluate the influence of the concrete 
composition, the curing conditions and the restraining conditions both in the performance and the 
microstructure of the hydrated phases formed different concrete and pastes mixes were designed and 
evaluated in this work. 

 

2. EXPERIMENTAL PART 

2.1 Study in concretes 

Six different concrete mixes were evaluated. All of them were expansive concretes and four of them 
were also self-compacting concretes. CEM I 42.5R according to EN 197-1 was used in all of them. 
Two crushed siliceous gravels (12/20 mm and 4/12 mm) and one siliceous sand (0/4 mm) were used 
as aggregates. In the self-compacting concretes (SCC) the fine content was increased by using class 
F low CaO fly ashes (FA) or limestone filler (LF). Two expansive agents were also considered: a type-
K agent (based on calcium sufoaluminate) and a type-G agent (based on calcium oxide). The 
expansive agents contents were different for each type considered: 15% in weight cement for type-K 
and 5% for type-G. These contents were selected according to previous results where lower contents 
of type-G agent promoted larger longitudinal restraining expansions than type-K agent when no water 
curing was carried out (Carballosa et al., 2015; García Calvo et al., 2017). Table 1 shows the chemical 
composition of the expansive agents used. It is well known that modifications in the cement content, 
w/c ratio and chemical additives contents promote modifications in the expansion performance. Thus, 
in order to avoid any influence of the cement content and the w/c ratio in the obtained results, both 
parameters were maintained constant in all the samples, as well as the content of the policarbolixate 
based superplasticizer used. Table 2 shows the nominal compositions of the six evaluated concretes.  
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Table 1. Chemical composition (%) of the expansive agents used. 

Expansive agent CaO SiO2 Al2O3 SO3 Fe2O3 MgO 

Type K 54.0 1.88 13.6 26.5 0.49 1.33 

Type G 95.6 1.97 - - 0.19 0.69 

 

Table 2. Nominal composition (kg/m3) of the fabricated concretes. 

Material (kg/m3) EC-K EC-G ESCCFA-
K 

ESCCFA-
G 

ESCCLF-
K 

ESCCLF-
G 

Water 195 195 195 195 195 195 

CEM I 42.5R 385 385 385 385 385 385 

FA - - 116 116 - - 

LF - - - - 116 116 

Coarse aggregate (12/20) 587 599 - - - - 

Medium aggregate (4/12) 376 383 654 669 667 682 

Sand (0/4) 775 791 924 945 942 963 

Superplasticizer - - 5 5 5 5 

Agent type-K 58 - 58 - 58 - 

Agent type-G - 19 - 19 - 19 

The mechanical properties of the concretes were evaluated in free and restraining expansion 
conditions. Ø100 x 200 mm sized cylindrical concrete specimens were fabricated and their 
compressive strength evolution was measured at 7, 28 and 90 days according to EN 12390-3. Three 
samples for each age and concrete type were used. The specimens were cured under water at 20ºC, 
except three samples for each case that were cured in their own steel moulds at 20ºC. The exposed 
face was wrapped in retractable film in order to avoid the water loss from concrete. For these last 
samples the compressive strength was measured at 28 days in order to analyse the influence of the 
confinement in the development of the concrete strength gain. Smaller cylindrical specimens (Ø75 x 
150 mm sized) were fabricated to evaluate some microstructural characteristics. In this case half of the 
samples were cured under water and the other half of the samples were cured in their own steel 
moulds and wrapped in retractable film. After 28 days of curing, concrete samples of approximately 
1cm3 were characterized by means of a scanning electron microscope Hitachi S-4800 equipped with 
an energy dispersive analyser BRUKER 5030 (BSEM with EDX analyses). The samples were 
embedded into an epoxy resin, cut, polished and then coated with carbon. 

Prismatic specimens were fabricated to measure the expansion under uniaxial restraining following 
the ASTM C878 “Standard Test Method for Restrained Expansion of Shrinkage-Compensating 
Concrete”. In every prismatic sample two square end steel plates connected by a steel bar were 
placed on each end of the prismatic moulds before specimens of 254 x 76 x 76 mm size were cast (six 
per concrete mix). The longitudinal expansion along the main axis of the prisms was measured by 
using a digital comparator with 0.002 mm accuracy. All the fabricated specimens were cured during 
the first 6 hours at 20±2ºC and wrapped in retractable film. After that, they were demoulded and 
subjected to two different curing conditions. Half of the specimens were cured under water at 
20ºC±2ºC and the other half of the specimens were maintained in drying conditions (20ºC±2ºC and 
50%RH). In this sense, the influence of the curing conditions in the resulting restraining expansive 
performance was assessed. 

2.2 Study in cementitious pastes 

Due to some of the results obtained in the concretes with type-K agent, cement pastes with 5% in 
weight cement of expansive agent were fabricated. CEM I 42.5R according to EN 197-1 was used and 
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the water cement ratio was 0.5. They were cured under three different conditions: C-1: cured in a 
humidity chamber (98%RH and 20ºC); C-2: wrapped in film and maintained at 20ºC; C-3: maintained 
in drying conditions (50%RH and 20ºC). The hydration of these cement pastes was characterized at 
several curing ages: 1, 3, 7 and 28 days. The hydration processes were stopped after powdering the 
samples and removing the free water using ethanol and acetone to minimize leaching of solid phases 
(C-S-H gel and portlandite) as considered in (Zhang et al., 2011). Several characterization techniques 
were used: 1) XRD patterns were recorded at room temperature in the interval 5º<2θ<60º, with a step 
size of 2θ = 0.01973º and 0.5 s per step. 2) DTA/TGA data were obtained with a resolution of 0.01 mg. 
The sample was heated to 1000ºC at a heating rate of 10ºC/min using nitrogen as a medium under 
static condition. Alumina powder was used as reference material. 

 

3. RESULTS IN CONCRETES 

3.1 Performance of the expansive concretes 

The compressive strength values obtained in the six different expansive concrete mixes tested are 
showed in Figure 1. The lower compressive strength measured in the expansive concretes in free 
expansion regime is due to the expansion generated in the concretes cured under water could 
promote certain microcracks in the concrete matrix that limit the strength values. The lower values 
obtained in the concretes with type K agent are namely related to their total degree of expansion (see 
the corresponding results showed below). These results agree with recent studies where it has been 
demonstrated that the addition of type-G expansive agent contents below 8% of cement weight did not 
reduce the compressive strength in concretes, even promoting higher initial compressive strengths 
(Corinaldesi et al., 2015; García Calvo et al., 2017). In the case of the concretes cured in restraining 
conditions, the ones with type K agent thoroughly exceed the compressive strength values of the 
corresponding concretes with type G agent, except for the ESCC with limestone filler, since the type K 
agent content was higher than that of type G. 
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Figure 1. Compressive strength values measured in the expansive concretes at 7, 28 and 90 
days of curing (Rest. = curing made in restraining conditions) 

The expansion behaviour of the fabricated concretes was evaluated in two different curing regimes in 
order to analyse the influence of the external conditions in the efficacy of each expansive agent for 
each concrete type. Figure 2 shows the uniaxial-restrained expansion behaviour of the concretes 
cured under water and Figure 3 the corresponding results of the samples “cured” in drying conditions. 
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In the first case, the maximum expansion value is similar in the concretes with the same expansive 
agent in each curing conditions and once the maximum expansion value is reached, the magnitude is 
maintained during all the test period. However, in the concretes in drying conditions the maximum 
expansion value is higher in the conventional concretes and a decrease of the expansion is detected, 
being this relative decrease higher for the concretes with type-K agent. Thus, the addition of water 
favours the expansion of both expansive agents, but with a stronger influence in the type-K case. 
Moreover, in all the cases the maximum expansion value in the concretes with type-G agent is 
obtained earlier which agrees with its reported faster hydration (Collepardi et al., 2005). The fact that 
in drying conditions the conventional concretes reach higher maximum expansion value is due to the 
delay in the setting time of the SCC promoted by the addition of superplasticizer. On one hand the 
hydration of the expansive agents is faster than that of the Portland cement so the very initial 
expansion would be higher in the studied conventional concrete, since no superplasticizer was used. 
On the other hand, the subsequent loss of concrete mix water due to the low RH would limit its 
complete hydration. 
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Figure 2. Evolution of the restrained expansion of the concretes cured under water 
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Figure 3. Evolution of the restrained expansion of the concretes in drying conditions 
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It is remarkable that at 50±5%RH, where all the samples experimented shrinkage, the shrinkage was 
lower in the concretes with type-G agent for each concrete type, regardless of their lower agent 
content (15% for type K vs. 5% for type G). Even the maximum expansion value is higher in EC-G 
concrete than in EC-K. Therefore, the humid curing is more essential when type-K agent is used. This 
agrees with previous studies that already pointed out that its effectiveness relies on the free access of 
outer supplied water (Nagataki et al., 1998; Liu et al., 2016). Due to this higher shrinkage in concretes 
based on type K agent with respect to the ones based on type G, not only typical drying shrinkage 
processes must be taken part in the concrete matrix but also some microstructural changes should 
occur as shown in section 3.3. 

3.2 Microstructural development of the expansive concretes 

The fabricated concretes, under both free and restraining expansion conditions, were observed by 
BSEM. In all the cases, the presence of cement anhydrous phases is higher in the samples cured in 
their own moulds than in the samples cured under water. In the case of the concretes fabricated with 
type K agent, different morphologies are found in both cases and the chemical composition of the 
ettringite formed is slightly different in each condition. As shown in the BSEM images of Figure 4, 
many of the ettringite phases formed in restraining conditions have thinner plates/needles that the 
ettringite nodules formed in the samples cured under water. It is also remarkable from the BSEM 
images showed that in both curing conditions, the ettringite phases formed are a kind of amorphous 
hydrate or at least they have a cristallinity degree lower than the typical one detected in ettringite 
directly formed from Portland cement anhydrous phases. Thus, possibly the ettringite formed from the 
anhydrous phases of the expansive agent type K has different morphology (or even crystallinity) than 
that formed from the anhydrous phases of Portland cement.   

ESCCFA-K-under water ESCCFA-K-confined

 

Figure 4. BSEM images (x4000) of the ettringite morphology detected in the expansive 
concretes with type K agent 

Regarding the chemical composition of the ettringite formed in each curing condition, Table 3 shows 

the A/C and   



S /C ratios calculated according to the EDX microanalysis made. Results refer to the 
mean value of at least 25 microanalyses for each case. In this sense, the results obtained in the 
different concrete types are quite similar. The sulfur, calcium and aluminum contents of these ratios 
can be overestimated due to the size of the microanalysis area and the presence of expansive agent 
unreacted microparticles around all the hydrates phases in the samples, but they are useful for 
comparison reasons. In the chemical composition of the ettringite nodules formed in the samples 
cured under water, calcium enrichment is detected. Since the hydration of the expansive agent is 
faster than the one of the anhydrous of the cement, in the samples cured in their mold and wrapped in 
film the available water is lower and firstly will hydrate the anhydrous of the expansive agent. Thus, 
initially will be higher relative dissolution of sulfur and aluminum with respect to calcium than the one 
expected from the anhydrous cement particles. On the contrary, in the samples cured under water, the 
higher water availability will promote the almost complete dissolution of all the anhydrous cement 
particles thus decreasing the relative proportion of sulfur and alumina dissolution with respect to 
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calcium dissolution. Regarding the C-S-H gels, the C/S ratio is slightly lower in the samples cured 
under water but the most remarkable thing is an increase in the alumina and sulfur contents of the C-
S-H formed under water. The higher availability in the pore solution of Al and S in the concretes cured 
under water could explain this fact.  

Table 3. Chemical composition of the hydrates formed in the expansive concretes with FA and 
type K agent (mean values). 

Expansion condition 
Ettringite C-S-H- gel 

A/C   



S /C C/S A/C   



S /C 

Free (under water) 0.162 0.220 2.1 0.154 0.078 

Restraining 0.176 0.234 2.3 0.146 0.064 

With respect to the concretes based on type G agent, there are slight differences in the morphology 
and the size of the portlandite plates depending on the expansion condition (free under water or 
restrained). Denser CH plates and better integrated in the cement paste matrix are formed in the 
concretes cured in restraining conditions. The preferential formation of portlandite near ferrite cement 
anhydrous phases was observed in all the cases. With respect to the C-S-H gel composition, not 
significant differences were detected. 

 

4. RESULTS IN CEMENT PASTES 

As mentioned in the introduction, once the expansive materials based on agent type K reach their 
maximum expansion value, they suffer from shrinkage when they are in conditions with lack of water 
curing. Thus, in order to detect possible microstructural modifications that could explain this shrinkage 
phenomenon, the evolution of the hydrates formed in expansive cement pastes with type K agent 
under different restraining and curing conditions was evaluated.  

Figure 5 shows the XRD obtained in the cement pastes at different curing times. The specific spectra 
obtained from 2θ values of 5 to 30 are shown. In all the cases the main cement hydrates formed are 
portlandite and ettringite. From 1 to 7 days an increase in the etttrignite signals is detected but at 28 
days the peak associated to ettringite seems to be less significant. However, this decrease of ettringite 
is not clearly detected. Anyway, as seen in BSEM, the ettringite phases formed from the anhydrous of 
the expansive agent type K have lower crystallinity than those typically formed from cement anhydrous 
grains. Then, many of the ettringite formed in the expansive cement pastes could be not reflected in 
the XRD. However, following this possible decrease of the ettringite peak over time, calcium 
monocarboaluminate (C4AcH11) peak materializes and increases over time in all cases. At 28 days, 
the intensity of the C4AcH11 peak is higher in C-3 conditions than in the other curing conditions. 
Moreover, a peak possibly associated to hemicarbonate is detected at 3 and 7 days and, again, its 
intensity is higher in C-3 conditions. In fact, this last peak is very low in C-1 conditions with water 
curing supply.     

Figure 6 shows the DTA/TGA analysis of concretes in C-3 conditions. The most remarkable thing is 
the increase in the signal associated to C4AcH11/hemicarbonate with time which agrees with the XRD 
results. The intensity of this peak is also higher in C-3 conditions than in the other two cases (results 
not shown). Other important aspect is the existence of a signal in the DTA between 220 and 270ºC 
which could be related to monosulfate dehydration. This signal increases over time so possibly some 
of the ettringite formed transform to monosulfate. Monosulfate has not been detected in the XRD (see 
Figure 5). However, since the ettringite formed from agent type K anhydrous phases seems to have 
low crystallinity, the formation of monosulfate with low cristallinity is not disposable. Moreover, the 
intensity of the monosulfate signal at 28 days seems to be higher in the samples cured under C-2 and 
C-3 conditions than in the sample cured under C-1 conditions. 
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Figure 5. XRD of the cement pastes with 5% of type K agent 

In fact, the decrease in the ettringite content postulated has sense when calculating the hydrates 
contents. Bound water and portlandite contents derived from TGA were calculated in all the samples. 
The bound water was calculated from the water loss between 40 and 550ºC. Moreover the specific 
bound water content up to 140ºC was also calculated. The obtained results are shown in Table 4. Nor 
the bound water neither the portlandite contents decrease with time in any case. However, considering 
only the bound water from 40 to 140ºC, which is just before the peak related to monocarboaluminate 
and/or hemicarbonate, there is a clear decrease from 7 to 28 days. This aspect could be associated to 
a decrease of certain hydrates contents with time. Before 140ºC the hydrates that mainly contribute to 
the DTA signal are C-S-H gel and ettringite. Thus, the decrease of ettringite by forming monosulfate is 
possible and this monosulfate formation is higher in curing conditions without water supply. However, 
the formation of monocarboaluminate could be contradicting this aspect. 

The close connection between ettringite and calcium monocarbolauminate is well known (De Weerdt 
et al., 2011). Monocarboaluminate usually causes the stabilization of ettringite and avoids its 
transformation in monosulfate, thus increasing the volume of hydration products. However, in present 
case the transformation of ettringite in monosulfate is not effectively avoided even although C4AcH11 is 
formed. In this sense, two main aspects could explain the observed hydrates evolution. On one hand, 
the inclusion of type K expansive agent should significantly increase the availability of Al in the pore 
solution. Thus, even aluminium ions take part in the formation of monocarboaluminate, there should 
be remaining Al that can react with ettringite to form monosulfate. On the other hand, 
monocarboaluminate is formed very fast in the evaluated pastes with type K agent due to the high Al 
availabitity thus possibly limiting its formation at longer ages. In fact, the presence of 
monocarboaluminte peak in XRD is detected at 3 days in C-2 and C-3 conditions. Thus, the further 
ettringite formation could not be stabilized by C4AcH11 formation instead of monosulfate formation. This 
lack of ettringite stabilization when monocarboaluminate is formed in the very short term has been 
also described in non-expansive ternary cement pastes when the C3A content of the Portland cement 
used is very high (Fernández et al., 2018). 
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Figure 6. DTA/TGA of the cement pastes with 5% of type K agent cured in dry conditions (C-3) 

Table 4. Bound water, bound water from 40 to 140ºC and portlandite content of the pastes with 
5% of type K agent. 

Curing 
conditions 

Hydration time 
(days) 

Bound water  

(% mass) 

Bound water 
40-140ºC (% 

mass) 

Portlandite 
content (%) 

C-1  

(98%RH and 
20ºC) 

1 11.5 6.04 9.70 

3 17.3 8.47 13.2 

7 18.4 8.59 14.5 

28 19.0 8.07 15.8 

C-2  

(film and 20ºC) 

1 10.3 4.86 9.50 

3 16.9 7.83 13.6 

7 18.7 8.08 16.1 

28 19.1 7.52 17.1 

C-3  

(50%RH and 
20ºC) 

1 13.0 6.69 10.8 

3 17.0 7.90 13.7 

7 18.3 8.14 15.2 

28 18.9 7.50 16.5 

 

In the end, the transformation of low crystalline ettringite in low crystalline monosulfate will cause lower 
volume of hydration products which agrees with the expansion results obtained. According to the 
obtained results, this phenomenon is closely related to the curing/environmental conditions. The 
higher the restriction imposed for the expansion and the lower the relative humidity, the higher the 
significance of this phenomenon is. Nevertheless, further studies must be made in order to 
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corroborate this hypothesis. Additionally, the higher and faster formation of monocarboaluminate in 
curing conditions without water supply must be also playing a significant role regarding this issue. 

5. CONCLUSIONS 

The expansion behaviour of expansive concretes strongly depends on the environmental and curing 
conditions. The lack of water supply promotes shrinkage once the maximum concrete expansion value 
is obtained and the shrinkage value is more important when using expansive agent type K than type 
G. In fact, according to the BSEM images with EDX analyses reported in this study, the curing 
conditions have stronger influence in the chemical composition of the ettringite phases formed from 
agent type K anhydrous than in the portlandite formed form agent type G. 

BSEM images have demonstrated that the ettringite phases formed from type K expansive agent have 
lower crystallinity than the one usually observed in ettringite phases formed from the anhydrous grains 
of the Portland cement. This low crystalline ettringite seems to partially transform into low crystalline 
monosulfate thus decreasing the total hydrates volume of the material and subsequently decreasing 
the material volume. The transformation of low crystalline ettringite into low crystalline monosulfate 
occurs even if calcium monocarboaluminate is formed in the very short term. This transformation 
process is more significant in curing/environmental conditions without water supply. Further 
microstructural studies must be made in order to corroborate this hypothesis. 
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