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This study proposes the design and characterization of an expansive self-compacting concrete (SCC) with
self-stressing properties for its use as a filling in reinforcement systems by external prefabricated jacketing.
The self-compacting characteristic ensures the correct filling of the inner space and the characteristic of
expansiveness (self-stressing) guarantees a correct transmission of tensions from the column to the prefab-
ricated reinforcement jacket. In the design, a K-type expansive agent based on calcium sulfoaluminate is
used in the doses of 10% and 15% and the influence of its addition on the fresh properties and the compres-
sive strength on the referencemix of SCC is analysed. The restrained expansion is evaluated in prisms by the
standard method ASTM C878 and by means of an alternative method based on a double ring device that
simulates the configuration of reinforcement systems using carbon fiber reinforced polymers (CFRP) or
steel external jacketing. Finally, the efficiency of the proposed strengthening system is compared to that
usually used for CFRP jacketing directly glued on the element like concrete specimens and reinforced con-
crete columns. The results show that the double-ring based test device presents a high degree of correlation
with the prism-based standardmethod and that the proposed strengthening based on filling self-stressing
SCC and external prefabricated jacketings is an efficient solution that allows to move from a passive rein-
forcement system (CFRP jacketing glued directly to the column) to an active one that allows the reinforce-
ment to contribute from the initial moments of the cast-in-place of the self-stressing SCC.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, reinforced concrete is the main material used in
most civil and building structures. These structures are designed,
projected and calculated in such a way that they should withstand
the environmental and mechanical actions which they are sup-
posed to sustain throughout their service life with an enough mar-
gin of safety.
Occasionally, due to defects in the project or execution, changes
in the use of the structure, unexpected increases in load demand,
appearance of actions not considered in the calculation, deteriora-
tion of materials or manifestation of natural disasters [1], the
strength capacity of the structure is compromised in such a way
that it exceeds the safety threshold that guarantees its integrity.
For this reason, an intervention is often required to retrofit, recover
or improve the strength capacity of the structure to ensure safety
and/or an adequate response to the new mechanical or environ-
mental actions.

In the last decades, engineers have used different methods for
retrofitting, reinforcement or repairing of existing structures. One
of the most used techniques for concrete columns is the confine-
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Table 1
Nominal SCC compositions in weight percentage for 1 m3.

Components SCC-0 SCC-10 SCC-15

Water 10% 10% 10%
Cement CEM I 425R 18% 18% 18%
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ment of the element [2] by an external jacketing [2]. Numerous
laboratory research and field applications have shown that this
reinforcement system effectively improves the mechanical proper-
ties and durability of the reinforced element [3–7]. One of the lim-
itations, however, is that it is a passive system, i.e. the
reinforcement action is not effective until the jacketing is loaded,
which happens only when the load exceeds the load bear by the
element at the time of the intervention. According to the material
and fitting system, four types of external jacketing for columns are
most commonly used today:

a) Concrete jacketing poured in-situ, with or without bar rein-
forcement [8].

b) Prefabricated steel jacketing, bolted or directly attached to
the column by pressure [9].

c) Fiber jacketing glued directly to the column, called fiber-
reinforced polymer (FRP) wrapping [10].

d) Prefabricated steel or fiber jacketing with interposition of a
filling concrete or mortar [11].

This last jacketing type is based on the so-called Concrete Filled
Tube (CFT) system, where a pipe (usually of steel) is filled with
concrete [12]. The CFT system is characterized by its high strength,
good ductility and fatigue resistance, so its use extends rapidly,
e.g., for the construction of arch bridges [13].

As it has been mentioned before, there are numerous investiga-
tions carried out on reinforcement systems considered as a whole
[2–11]. However, there are few examples of design and character-
ization on the materials that infill between the outer jacket and the
reinforced column, although one of the main drawbacks that may
arise with this reinforcement system is that the conventional con-
crete or mortar used for filling may experience shrinkage, which
prevents the correct transmission of stresses between the rein-
forced column and the outer jacket, so the effectiveness of the rein-
forcement can be limited [14].

Shrinkage is an inherent characteristic of concrete. There are sev-
eral types of shrinkage: chemical, autogenous, thermal, carbonation
or drying shrinkage. Drying shrinkage is usually the largest in mag-
nitude. It is a volumetric contraction in thehardened state generated
by the evaporation of free water contained in pores and the column
pressure generated by this evaporation. If the movement of the ele-
ment is restricted, the contraction will generate tensile stresses on
the material that, if they exceed the relatively low tensile strength
of the concrete, will lead to cracks in the element [15].

Since 1960 [16] the use of expansive concrete arise as an alter-
native to diminish the problems derived from shrinkage. Expansive
concrete is the general term used for concrete composed of the
usual materials (cement, water, sand, coarse aggregate, and other
additives or admixtures) plus a hydraulic expansive cement or
agent, unlike conventional portland cement, induces an increase
of the concrete volume after setting and during the first ages of
hardening. Expansive concretes can be broadly divided into shrink-
age compensating concrete and self-stressing concrete when clas-
sified according to the magnitude of their expansive capacity [17].
Among the several expansive agents [18] added to the concrete
causing a controlled increase in the concrete volume, the most
widely used are those based on the formation of ettringite
[19,20], according to the following reaction:
Silicous Aggregates 0/8 70% 68% 67%
Superplastizer Powder 0% 0% 0%
Type K expansive agent 0% 2% 3%
Limestone Filler 2% 2% 2%
K-type expansive agent (%) 0% 10% 15%
W/C ratio 0,58 0,58 0,58
W/B ratio (B = Cement + K-type agent + filler) 0,53 0,48 0,46
Paste volume* (%) 41,4% 42,7% 43,4%

*An air content of 5% was considered.
C4A3 + 8C + 6C + 96H ! 3C6A3H32

Most studies on the phenomena of expansion based on the for-
mation of ettringite have been made on cements [21,22].The num-
ber of research on the effects of these expanding agents on
concrete, and specifically on self-compacting concrete, is smaller
[23,24].
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This work offers an improved alternative for the reinforcement
of columns by confinement with prefabricated exterior jacketing of
carbon fiber reinforced polymers (CFRP) or steel, through the
design and characterization of an expansive SCC for filling. The
self-compacting characteristic ensures the whole filling of the
gap between column and jacket, and the expansion (self-
stressing concrete) guarantees the correct transmission of the ten-
sions between the column and the prefabricated reinforcement
jacket, as well as the loading of the jacket, from practically the first
moment of its application, turning the reinforcement from passive
to active from the beginning.
2. Experimental

2.1. Materials and mix proportions

A reference SCC mix and two additional SCC mixes with dosages
of 10% and 15% in cement weight of a commercially available a K-
type expansive agent based on calcium sulfoaluminate (fix mixture
of lime, ye’elemite and anhydrite) were used. For ensuring the fill-
ing ability of the mixes, the silica aggregate maximum size was
limited to 8 mm. Table 1 shows the SCC compositions in weight
percentage.

The magnitude and rate of the expansion can be conditioned by
changes in the concrete raw materials. To guarantee the homo-
geneity of the mixtures during the mix design and to ensure that
the expansion was only conditioned by the added proportion of
expansive agent and by the curing conditions [25,26] the origin
and nature of the raw materials were not changed.

The components used in these SCC mixtures were a commercial
Portland cement CEM I 425R with a specific surface area of
3750 cm2/gr and a specific gravity of 315 gr/cm3, a commercial
K-type calcium sulfoaluminate expansive agent with a specific sur-
face area of 3700 cm2/gr and a specific gravity of 300 gr/cm3, a nat-
ural silica aggregate of fraction 0/8mm with a specific gravity of
2,58 gr/cm3 and a water absorption of 0,1% both properties deter-
mined according to UNE-EN 1097–6 [27] test, a commercial lime-
stone filler with a specific gravity of 2,74 gr/cm3 added in the
proportion of 10% by weight of cement and a polycarboxylate
superplasticizer admixture in powder added in the proportion of
0,25% by weight of cement. The chemical compositions in oxides
of the cement and the K-type expansive agent obtained by means
of X-ray fluorescence (XRF) are showed in Table 2.

The XRD analysis obtained (Fig. 1) indicate that K-type expan-
sive agent is mainly composed by anhydrite, ye’elemite and lime.

Since mixing time could influence the expansion [21] and with
the purpose of avoiding possible localized expansions due to a bad
distribution of the expansive agent, a mixing protocol as follows
was established: dry components (cement, additions, aggregates
and K-type expansive agent) were mixed first for 1 min, and once



Table 2
Elemental chemical composition of the cement and the K-type expansive agent.

Components SiO2 (%) Al2O3 (%) Fe2O3 (%) MgO (%) SO3 (%) CaO (%) CaO libre (%) CaO total (%) Lost of ignition (%) Insoluble residue (%)

Cement CEM I 42,5R 20,2 6 2,4 1,6 3,4 63,2 1,1 64,3 2 0,8
K-type expansive agent 1,7 12,1 0,5 1,2 27 55,4 15,6 71 1,6 0,5

Fig. 1. XRD of K-type expansive agent used.
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the water was added the mixture was mixed during 3 additional
minutes.
2.2. Test procedures

2.2.1. Basic concrete properties
The basic properties in the fresh state (slump, V-funnel time, air

content and density) and hardened state (expansion rate and com-
pression strength at 7 and 28 days) were determined, as well as the
mineralogical composition of the mixtures at different ages, in
order to assess the influence of the K-type expansive agent con-
tents on these properties.

Slump and V-funnel time were tested according to EN 12350-8
[28] and EN 12350-9 [29]. Density and air content were deter-
mined according to EN 12350-6 [30] and EN 12350-7 [31].

In the hardened state, compressive strength was evaluated on
cylindrical specimens of Ø150 mm � 300 mm size at the ages of
7 and 28 days, fabricated and cured (T: 20 ± 2 �C; HR � 95%)
according to EN 12390-3 [32]. Two specimens were tested for each
age and concrete mix. The equipment used was a Compression test
machine IBERTEST MEH-3000-W class 1 according to EN 12390-4
[33].

The determination of the mineralogical composition of the raw
materials and the evolution of the crystalline phases of the mixes
was carried out at the hydration ages of 1, 3 and 7 days by X-ray
diffraction analyses (XRD), using a Bruker ADVANCE D8 diffraction
equipment whose X-ray tube is a 2.2 kW copper anode, working in
Bragg–Brentano geometry with a 2h-range of 5�–60� at a pitch
velocity of 2,37�/min. The analyses were carried out on powder
samples obtained by crushing, with a maximum particle size under
80 lm.

For all samples, the hydration process was stopped at the
desired curing age by removing the free water with isopropanol,
acetone and diethyl ether.
2.2.2. Expansive properties
Concretes that incorporate K-type expansive agent based on

calcium sulfoaluminate show an expansive behavior that depends,
among other factors, on the added dose, the degree of restriction
and the curing conditions [34]. In this research, three curing envi-
ronments were considered, named C1, C2 and C3 (Table 3):
3

� Curing C1 reproduces the environment considered most favour-
able for the expansion to occur during the first 7 days by placing
the specimens in a water-saturated atmosphere, since the con-
tinuous supply of water in this environment favours the hydra-
tion of the related expansive compounds.

� Curing C2 simulates the most likely environment for the con-
crete that fills the gap between the reinforced columns and
the prefabricated jacketing, where the concrete has neither sig-
nificant gains nor losses of water, by wrapping the specimens in
an impermeable film. In this environment, the hydration of the
expansive compound is carried out with the own concrete mix-
ing water, without additional water supply to produce the phe-
nomena of expansion [35–37].

� Curing C3 simulates the expected conditions around the upper
end of the reinforcement system, where the surface of the con-
crete is exposed to the outside environment, by placing the
specimens in a dry chamber. In this case, the loss of mixing
water to the environment is favoured, which would hinder
the hydration of the expansive compound and could avoid
reaching a sufficient magnitude of expansion to guarantee the
transmission of tensions to the outer shell. This last curing con-
dition was only applied to double ring device to simulate the
drying environment in edge of the reinforcement shell.

The expansion of the designed SCCs must meet a series of
requirements taking into account the application to which they
are intended (pre-stressing a prefabricated jacket). For this reason,
in this research the rate and magnitude of the expansion were
evaluated by means of two methodologies:

A standard method based on ASTM C157 and ASTM C878 [38]
tests, where the length changes that take place along the longi-
tudinal axis on concrete prism specimens of 256 � 76 � 76 mm
are measured in free and restrained condition, respectively. The
longitudinal expansion was measured using a digital length
comparator with 0,002 mm accuracy. All specimens were cured
during the first 24 h in a chamber at 20 ± 2 �C and relative
humidity above 95%. After that time, half of the specimens were
subjected to curing C1, and the other half to curing C2. Length
changes were measured daily until day 14, and later weekly
until day 28.

These standard methods based on prism present the problem
that it is necessary to know exactly the setting time for demolding
at this time and taking the first reference measurement. This is
possible to do under controlled conditions but in cast in place con-
ditions can be very difficult because the rate of the setting time of
our mixture can be influenced by the meteorology changes espe-
cially temperature changes that can accelerate or decelerate the
setting time. To avoid the dependence of the setting time when
taking the reference measurement and to know exactly the magni-
tude of the expansion the following alternative test procedure is
proposed in this research.

A method designed ad hoc that simulates, at laboratory scale,
the confinement of a cylindrical column by means of a prefab-
ricated outer jacketing filled with concrete. The device consists
of two concentric rings (Fig. 2) arranged on a flat non-absorbent



Table 3
Curing environments for prism (C1, C2) and double ring specimens (C1, C2, C3).

Curing environment reference Operation after casting Curing conditions for all specimens Curing conditions for prisms

Time
(days)

Temperature
(�C)

Relative
humidity (%)

Time
(days)

Temperature
(�C)

Relative
humidity (%)

C1 (initial wet curing) none First
7 days

20 ± 2 >95 until
28 days

20 ± 2 50 ± 5

C2 (no water exchange) wrapped with
retractable film

First
7 days

20 ± 2 50 ± 5 until
28 days

20 ± 2 50 ± 5

C3 (drying on edge of the
reinforcement shell)

none First
7 days

20 ± 2 50 ± 5 until
28 days

20 ± 2 50 ± 5
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steel surface with bolts to maintain the equidistance. The inner
ring, which simulates the reinforced concrete column, is manu-
factured in steel with enough thickness to provide it with a
rigidity that prevents its deformation. The outer ring, which
simulates the external reinforcing jacket, is interchangeable
and for this research was manufactured in two of the most used
materials for confinement of columns, CFRP and steel. The free
space between the rings is filled with the expansive mixtures
and the induced expansion is measured by strain gauges placed
at 120� on the inner and outer walls of the device. Three rings
for each SCC expansive mixes (SCC-10 and SCC-15), type of
outer jacket material (steel and CFRP) and curing conditions
(C1, C2 and C3) were tested and the expansion was evaluated
during 7 days.

2.2.3. Experimental validation of the proposed strengthening solution
on concrete cylinders

In order to evaluate the efficiency of the proposed strengthen-
ing solution, 6 plain concrete cylindrical specimens Ø150
mm � 300 mm and 8 reinforced concrete cylindrical columns
Ø240 mm � 900 mm were fabricated and tested at compression,
after applying two reinforcement solutions: confinement by CFRP
glued directly to the specimens with an epoxy resin (CFRP-D)
and confinement based on outer prefabricated CFRP jackets and
an expansive SCC filling (CFRP-Ex).

Concrete specimens were casted according to EN 12390-2 [39]
capped and tested according to EN 12390-3 in an IBERTEST com-
pression testing machine of 3000 kN capacity. Concrete columns
were capped and tested according to EN 12390-3 in an ICON com-
pression testing machine of 1000 Tons. In both cases, only the
capped surface of the original concrete elements where in contact
with the testing machine steel plates.

Both strengthening solutions, to plain concrete cylindrical spec-
imens and reinforced columns, were compared. In this phase, the
expansion induced by the expansive SCC filling was measured by
Fig. 2. Scheme of elements that configure the reinforcement system by external
jacketing and the arrangement of the double-ring test device designed.
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strain gauges placed on the prefabricated CFRP jacket at three
heights and at 120� (Fig. 3).

Since the concrete in the cylinders is a porous material capable
of absorbing some water, the concrete elements were moistened
(specimens by immersion and columns by irrigation- Fig. 4) during
the 24 h prior to filling with the expansive SCC to avoid the loss of
water of the filling mixture.
3. Results and discussion.

3.1. Fresh state properties

The determination of the filling ability, as well as the rest of the
fresh properties of the studied SCCs, was carried out during the
first 15 min after mixing. Table 4 shows the obtained results.

According to Table 4, the addition of K-type expansive agent, in
the proportions of 10% and 15%, slightly modified the passing abil-
ity characteristics of reference concrete SCC-0, increasing the
slump flow as the added proportion of expansive agent was
increased. The slump flow and V-funnel tests did not show signs
of segregation in the concrete.

Density of the mixtures decreased slightly as the dosage of type
K expansive agent increased. Air content of the fresh mixtures
increased with the increase of the dose of type K expansive agent
with increments of 71% (SCC-10) and 100% (SCC-15) with respect
to SCC-0. This increase in the air content explains the reduction
of density observed when the dose of expansive agent was higher.
3.2. Mechanical properties

Fig. 5 shows the mean results corresponding to the mechanical
tests performed on two concrete specimens per age made from
SCC-0, SCC-10 and SCC-15 mixtures.
Fig. 3. Strain gauges locations for monitoring expansion for plain concrete (A), CFRP
elemens (B) and CFRP + expansive SCC (C) specimens and columns.



Fig. 4. Moistened specimens-left (immersion) and reinforced concrete columns-
right (irrigation).
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Other studies and design guides [40,41] show that the compres-
sive strength of shrinkage-compensated concretes is similar or
slightly higher than that of a conventional concrete of similar com-
position cured under the same conditions. However, if the magni-
tude of the expansion is much greater than that required to
compensate the total shrinkage of concrete (self-stressing con-
crete) and there is no restriction (free expansive regime), the
mechanical properties may be negatively affected [34,42,43]. The
free expansion could induce uncontrolled cracking within the con-
crete, compromising these properties if the generated cracks are
not filled with new hydration products.

This research confirmed those observations. It was observed
that the addition of K-type expansive agent in the proportion of
10% increased the value of compressive strength both at early ages
and at the age of 28 days. However, for doses of K-type expansive
agent of 15%, the compression strength was lower than the com-
pressive strength of the reference concrete SCC-0. Regarding the
static elasticity modulus in compression, the SCC-10 mix presented
an average value very similar to that of the reference concrete.
However, the SCC-15 mix showed a decrease in stiffness of around
20% with respect to SCC-0. This decrease in mechanical properties
can be due to two factors: on one hand, the increment in the per-
centage of air content (Table 4) introduced by the use of expansive
agent, and on the other, the likely greater extent of microcracking
of the cement matrix because of the larger magnitude of expansion
developed in free regime by the SCC-15 mix (see Fig. 7).
3.3. Mineralogical development of hydration products - X-ray
diffraction (XRD)

XRD analysis focused on the analysis of the evolution of the
main anhydrous related to the expansion phenomena
(ye’elemite-C4A3Š) and of the hydrated calcium sulfoaluminate
phases (ettringite-C6AŠ3H32 and monosulfate-C4AŠH12). The analy-
sis was carried out over the diffraction angle interval 5–25 2h on
samples at ages of 1, 3 and 7 days (age which was detected the
maximum expansion value) that were cured under C1 and C2
conditions.

The anhydrous phase ye’elemite-C4A3Š was detected in SCC-10
and SCC-15 mixtures at the angle 23,6 2h at day 1 of hydration.
Table 4
Characteristics measured in the fresh state in the fabricated concretes.

Concrete Slump flow-df (mm) V-funnel T

SCC-0 700 3,0
SCC-10 705 2,9
SCC-15 708 3,2

5

This peak was not detected in the SCC-0 mixture since this anhy-
drous phase is a component of the K-type expansive agent. The
ye’elemite content decreased as the hydration age increased in
both curing conditions, C1 (with water supply) and C2 (no water
exchange). The XRD analysis did not detect ye’elemite from day 3
in SCC-10 (Fig. 6) and from day 7 in SCC-15 (Fig. 7) demonstrating
that, even without external water supply, the composition water of
the concrete mixtures was enough to carry out the hydration of the
anhydrous expansive compound ye’elemite and produce expan-
sions for K-type expansive agent proportions of 10% and 15%. The
consumption of anhydrous ye’elemite seems to be related to the
expansive mechanism since as the anhydrous was consumed, the
magnitude of the expansion increased. In SCC-15, where the pres-
ence of ye’elimite was detected at the age of 7 days according to
the XRD analysis, an increase in expansion could be expected
depending on the available water (external or internal), amount
of anhydrous, degree of restriction imposed and rigidity of the
cementitious matrix. However, in the particular restriction and
curing conditions of this study, where curing is carried out until
the age of 28 days without additional water intake from day 7,
the presence of ye’elimite does not present any additional
implication.

XRD analysis detected ettringite in crystalline phase in all sam-
ples (SCC-0, SCC-10 and SCC-15) from the initial ages of hydration.
The ettringite content estimation was determined from the relative
intensity value of the three main peaks of the hydrate from the
XRD diffractograms. Ettringite content in the mixtures with expan-
sive agent were higher than in the reference concrete. This result is
logical since the presence of ettringite was favored by the incorpo-
ration of the K-type expansive agent.

Figs. 8 and 9 show a graphs comparing the ettringite content
estimated from the relative intensity measurements of the samples
with 0%, 10% and 15% of K-type expansive agent (columns) and the
degree of expansion developed during the first seven days under
the curing conditions C1 and C2 (lines). In Fig. 8, the expansion
was determined on prisms in free regime according to ASTM
C157 and in Fig. 9 was determined on restrained prisms according
to ASTM C878. Mixtures with K-type expansive agent (SCC-10 and
SCC-15) showed an ettringite content higher than mixture SCC-0,
this fact is logical because the K-type expansive agent boost the
formation of ettringite. However, comparing SCC-10 and SCC-15
mixtures, both presented a very similar estimated ettringite con-
tent, although the amount of expansion in the free and restrained
regimes of the SCC-15 was at least one order of magnitude higher
in both curing conditions. Therefore, it is unlikely that the conven-
tional crystalline ettringite, identifiable and semi-quantifiable by
XRD, is the main mechanism responsible of the expansion in K-
type expansive agent. This result is supported by other findings
of the authors [34] where de expansion mechanism seems to be
related to an amorphous kind of ettringite non XRD detectable.
3.4. Expansion regimes: Influence of the curing conditions

3.4.1. Free and restrained linear expansion in prismatic specimens,
standard tests

The longitudinal expansion of the fabricated concretes with and
without restriction was evaluated by means of the ASTM C157 and
v (s) Density (kg/m3) Air content (%)

2217,8 5,1
2168,3 8,7
2149,4 10,2
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ASTM C878 methods under two different curing environments, C1
and C2. Results are shown in Fig. 10.

A higher content of expansive agent increased the magnitude of
the expansion developed. The SCC-15 mix is considered the most
effective mixture for the purposes of this study, since, for any of
the imposed curing and restriction conditions, it develops the lar-
gest magnitude of expansion. For the SCC-15 mix, a considerable
amount of expansion remains after 28 days under both C1 and
C2 curing conditions, while the 10% dose of expansive agent
(SCC-10) barely produces a significative degree of expansion.

The type of curing influences the maximum magnitude of the
developed expansion in the prisms. As expected, the continuous
supply of water from an external source favors the hydration of
the expansive compound, facilitating expansive reactions and the
formation of expansive compound. Regardless of the expansive
agent dose, specimens cured in C1 condition with continuous
water supply showed greater expansion than those cured in the
C2 environment, both in the free and restrained condition.

The results show how the concrete mix water (C2 environment)
is enough to hydrate the expansive agent and generate expansions
that overcome the initially imposed restriction, compensating the
observed shrinkage that starts after 7 days (SCC-10) or resulting
in a remaining deformation (SCC-15) after 28 days.

Shrinkage mechanism was manifested when the water supply,
internal or external, was stopped. The main contraction volume
phenomena that occur for the particular conditions of this research
are two: drying and autogenous shrinkage. The predominance of
one or the other depends on the curing conditions: in specimens
cured under C1 conditions, the predominant shrinkage phenomena
was drying shrinkage, while in the case of the samples subjected to
the C2 curing conditions, where there is neither loss nor gain of
water, the predominant phenomena shrinkage was autogenous
shrinkage.

The doses of K-type expansive agent used in this study, 10% and
15%, were enough to overcome the restriction imposed and
develop expansion in different curing conditions (wet curing, no
water exchange and drying).
3.4.2. Restrained circumferential expansion
The circumferential strains induced in outer jackets by the

expansion of the filling were determined by mean the double-
ring device proposed in Section 2.2.2 and showed in Fig. 11.

Fig. 12 shows the expansion curves obtained during the first
7 days with the double-ring device for the SCC-10 and SCC-15 mix-
tures, under three curing conditions (C1, C2 and C3) and two
restrictions (CFRP and Steel outer jacket).
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Fig. 8. Comparison between ettringite content estimated from the relative intensity measurements obtained by XRD (column chart) and % of expansion determined by ASTM
C157 (line black chart) developed in C1 and C2 curing environments.

0.0

0.2

0.4

0.6

0.8

1.0

0

5000

10000

15000

20000

25000

1 3 7

R
es

tr
ai

ne
d 

ex
pa

ns
io

n 
(%

)

E
tt

ri
ng

ite
 r

el
at

iv
e 

in
te

ns
ity

 
(c

ou
nt

s)

SCC 0 - C1 E SCC 10 - C1 - E
SCC 15 - C1 - E SCC-0 C1 - R
SCC-10 C1 - R SCC-15 C1 - R

0.0

0.2

0.4

0.6

0.8

1.0

0

5000

10000

15000

20000

25000

1 3 7

R
es

ta
ra

in
ed

 e
xp

an
si

on
 (%

)

E
tt

ri
ng

ite
 r

el
at

iv
e 

in
te

ns
ity

 
(c

ou
nt

s)

SCC 0 - C2 E SCC 10 - C2 - E
SCC 15 - C2 - E SCC-0 C2 - R
SCC-10 C2 - R SCC-15 C2 - R

Fig. 9. Comparison between ettringite content estimated from the relative intensity measurements obtained by XRD (column chart) and % of expansion determined by ASTM
C878 (line grey chart) developed in C1 and C2 curing environments.
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For all cases, the outer jacket (steel or CFRP) went into tension
due to the expansive action of the expansive SCCs. The magnitude
of the expansion varied depending on the dose of expansive agent,
environment and imposed restriction. Strains measured on the
inner ring were negligible, which indicates that the inner ring
was rigid enough to simulate effectively the effect of a solid
column.

The initial development of the expansion, represented by the
slope of the curves in the first 24 h, was very similar (the curves
overlap) for the doses studied, the two restriction conditions
imposed and the three environmental conditions. This observation
suggests that the initial development of the expansion is mainly
carried out by using only the concrete composition water, without
the need for external water supply.
7

The C1 environment (wet curing) presented the largest degree
of expansion compared to the rest of the curing conditions, all
other conditions being equal. This is due to the external and con-
tinuous contribution of water that favors the hydration of the
expansive agent and the formation of ettringite, which facilitates
the development of expansive reactions. In this environment, the
curve of expansion presents two well-differentiated sections, one
of initial steep slope related to a rapid initial development of the
expansion and another subsequent corresponding with a more
progressive evolution of the expansion. These two branches match
with the already observed behavior on prisms, described in
Section 3.4.1.

For the C2 curing conditions (no water exchange), the develop-
ment of the expansion is more progressive than for the C1 environ-



Fig. 11. Double-ring test device with outer steel jacket (left) and CFRP jacket (right).-
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ment, since there is less water available for the expansive reactions
to take place. For the SCC-10 mix, a slope change took place in the
expansion curve between days 1 and 2, and between days 3 and 4
for the SCC-15 mix. For SCC-15, the maximum expansion reached
in the steel ring in environment C2 is 48.4% lower than the expan-
sion recorded for C1, and 49.8% lower in the CFRP ring. For the SCC-
10 mix, the maximum expansions are 63.4% and 54.5% lower for
the steel and CFRP rings, respectively. In spite of the reduction in
the expansion capacity, results are very satisfactory because they
showed that, in C2 environment (the most likely conditions in
the filling of the proposed confinement system), the internal water
supply of the expansive SCC is enough to ensure that expansion
takes place and pre-loads the outer reinforcement jacket.

In the C3 environment (drying), the initial development of the
expansion during the first 24 h is the same as the rest of the environ-
ments for all cases. However, the subsequent development of the
expansion stopped once the available internalwaterwas consumed,
and it is not possible to continuewith the hydration of the expansive
agent. For this reason, in this environment, the magnitude of the
expansions recorded was the lowest. Even so, observing that the
expansions take place during the first hours evenwhile the concrete
loses water ensures that the entire jacket is initially tensioned,
avoiding possible loss of contact between the filling concrete, the
column and the reinforcement jacket. In addition, the small size of
the area of filling material in possible contact with a dry environ-
ment suggests that this phenomenon will not be very relevant for
the entire reinforcement system, ensuring its effectiveness.

Therefore, in the curing conditions studied, the double-ring test
device registered the expansions effectively, simulating the rein-
forcement configuration in columns based on confinement by pre-
fabricated outer CFRP or steel jacketing and filling expansive SCCs.
Besides, this device presents advantages respect to the ASTM C878
8

standard test, since it allows to record the expansion strains from
the very first moment that the concrete is casted, avoiding depend-
ing on the setting time, and to determine the development of
expansion under different restriction conditions.

3.4.3. Correlation between the expansion measurements on restrained
prisms according to ASTM C878 and on the double-ring device

Based on previous results, the mixture SCC-15 fulfilled the
objective of obtaining a self-stressing SCC for its use as a filling
in a confinement system with outer prefabricated jackets.

The expansion measurements obtained during the first 7 days
using the SCC-15 mixture on restrained concrete prisms and on
steel and CFRP rings subjected to the same curing environments
were compared. Results showed that the relationship between
the strains determined on the double-ring device with steel or
CFRP reinforcement jacketing and those registered on prismatic
specimens according to ASTM C878 are linear, with a very high
coefficient of determination R2 (Fig. 13).

This good correlation between the proposed method and the
standard prisms would allow the possibility of proposing a design
procedure for expansive concrete intended for the filling of column
confinement systems similar to that included in the American Con-
crete Institute Guide for shrinkage compensating concrete ACI 223
establishedbyRussel [44], updating the design abacuses to themea-
surementsmadewith the double-ring device proposed in this study.

3.5. Experimental validation on reinforced concrete cylinders

3.5.1. Degree of expansion in cylindrical concrete specimens and
reinforced concrete columns

Measurements of the circumferential strains in cylindrical spec-
imens Ø150 mm � 300 mm, subjected to C2 curing conditions,
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with an outer CFRP prefabricated jacketing and an expansive SCC
filling, allowed to verify that the expansion regime induced by
the SCC-15 mixture on the jacketing was very similar to that
recorded in the double ring test device with the same material,
mixture and curing (Fig. 14).

In cylindrical reinforced concrete columns, it was observed that
two columns (numbered 1 and 3) presented expansion curves sim-
ilar to the ones obtained on cylindrical specimens and the double-
ring device (Fig. 14), with a maximum average value of expansion
of 0.086%. However, the other two columns (2 and 4), reached a
maximum average expansion value of 0.051%, 59% lower than
the expansion registered in the first pair of columns.

The reason of this reduction in the magnitude of the expansion
in column elements 2 and 4 may be due to poor wetting by irriga-
tion on those columns (note the differences in coloration between
both columns in Fig. 4 on the right). Thus, part of the composition
water of the filling concrete may have been absorbed by the porous
surface of the support, since it was not completely saturated, lim-
iting the hydration of the expansive agent and therefore the expan-
sion. This study has shown already in previous tests that the
available water of the SCC mixture influences the development of
the expansion and its maximum value. Thus, the complete wetting
of the support must be guaranteed to prevent the porous surface of
the concrete from absorbing part of the composition water of the
expansive SCC filling mixture. Even so, the average value of expan-
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Fig. 14. Individual expansion regime comparison between the double-ring test,
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with a CFRP jacketing and under curing environment C2.
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sion on columns 2 and 4 (0.051%) is considered enough to pre-load
the external jacketing as intended.

3.5.2. Mechanical contribution of the proposed strengthening system
to cylindrical specimens and reinforced concrete columns

The two strengthening techniques applied, confinement by
CFRP glued directly to the columns with an epoxy resin and con-
finement based on outer prefabricated CFRP jacketing and an
expansive SCC filling, increased the capacity to withstand compres-
sive loads with respect to the plain concrete elements. The increase
of the strength capacity in specimen type elements was very sim-
ilar for the two reinforcement conditions, with increases of 173%
for the directly glued CFRP reinforcement and of 187% for the filled
jacketing (Fig. 15). However, in the reinforced concrete columns,
the proposed reinforcement solutions showed considerable differ-
ences among them, obtaining with the filled CFRP jacketing solu-
tion a greater load capacity than the glued CFRP reinforcement.
These differences, however, cannot be attributed solely to the dif-
ferences between the reinforcement systems, but are attributed, in
part, to the effect derived from buckling of the internal bar rein-
forcement within the columns, as it is discussed later.

3.5.2.1. Stress-strain response. Fig. 16 shows the stress-strain curves
obtained from the compression tests on the concrete specimens
and columns. The results allow to verify that the initial confine-
0

10

20

30

40

50

60

70

80

Specimens Columns

C
om

pr
es

si
ve

 st
re

ng
th

 (M
Pa

)

Type of element tested

Plain element
 CFRP element
CFRP + expansive SCC

Fig. 15. Average compression strength obtained on cylindrical specimens and
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Fig. 17. Failure modes registered in specimens. Concrete without reinforcement
(A), direct reinforcement of CFRP (B), prefabricated CFRP jacket + SCC-15 (C).

Fig. 18. Failure modes registered in reinforced columns. Concrete without rein-
forcement (D), direct reinforcement of CFRP (E), prefabricated CFRP jacket + SCC-15
(F).
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ment action exerted by the CFRP directly glued (CFRP-D) on the
concrete elements was passive, i.e. the reinforcement is not effec-
tive until a certain overload and strain level were reached. The
stress-strain curves of this strengthening system present a bilinear
response with two well-differentiated slopes. The first branch of
the curves has a slope that is almost coincident with the slope of
the unreinforced plain elements. Thus, the stiffness in this part of
the curve is attributed to the contribution of the rigidity of the col-
umn itself, and it indicates that the confinement action of the glued
CFRP did not work at this point because the circumferential strains
in the concrete column due to the applied axial load were not
enough to put on tension the CFRP jacketing.

After this initial slope, once the concrete element has reached a
certain level of strain the CFRP jackets begins to act passing to be
from passive to active reinforcement. At this point the stress-
strain curve presents a much flatter slope where for a small incre-
ments of load produce higher circumferential strains.

On the other hand, the proposed reinforcing solution for con-
finement by means of prefabricated external jackets of CFRP and
filling SCC-15 (CFRP-Ex) transforms the passive strengthening sys-
tem based on CFRP glued to the column into an active one. The pre-
stressing effect is evident in the stress-strain curves (Fig. 16),
which have a steeper initial slope in both case, specimens and col-
umns, than those determined in non-reinforced elements or those
with direct reinforcement of CFRP, meaning that the CFRP jacket
and the concrete element work together showing a greater capac-
ity of load for equal deformation of the outer jacket. This change in
reinforcement behavior is due to the filling SCC-15 expansive
action that develop a tensile stress of the CFRP outer jacket from
the initial moment of its application, not being necessary any addi-
tional strain in the reinforced concrete element to put into work
the strengthening applied.

3.5.2.2. Failure modes. Figs. 17 and 18 illustrate the failure modes of
the cylindrical concrete elements tested, both without reinforce-
ment and with the two alternatives of confinement contemplated.

All elements tested with CFRP reinforcement, direct or indirect,
fail because of the CFRP jacket breaks due to the circumferential
tension. The failure occurs in a sudden and explosive way, pre-
ceded by a series of sounds before breaking.

The zone in which the failure is located varies depending on
whether it was a specimen or reinforced concrete columns,
depending on the area of stress concentration and reinforcement
type. In specimen elements, where the effect of both active
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Fig. 16. Stress-strain curves of plain, CFRP directly glued (CFRP-D), and CF

10
(CFRP-Ex) and passive (CFRP-D) confinement is more effective,
(see Fig. 16), the failure due to breakage of the CFRP jacketing is
located in the central third of the height of the specimen
(Fig. 17). However, in column elements with corrugated steel bars
reinforcing, the zone of failure moves towards the upper quarter of
the columns. This failure mode is produced because the local buck-
ling of the internal reinforcement generates a concentration of
stresses in the zone near to the head of the columns (Fig. 18),
diminishing, in this way the effectiveness of the confinement pro-
vided by the both CFRP jacketing solutions applied.

In any case, the observed behavior makes it possible to confirm
that the proposed strengthening solution based on prefabricated
CFRP jackets and filling SCC-15 is more effective than the usual
one used based on CFRP jackets directly glued to the columns.
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4. Conclusions

This research shows that:
It is possible to obtain an active system for the reinforcement,

retrofitting or repairing of concrete columns, consisting of a rigid
prefabricated outer jacketing of steel or carbon-fibre reinforced
polymer, plus a filling of an expansive self-compacting concrete
that, when it expands, pre-stresses the jacketing from the first days
since its installation.

The addition of a K-type expansive agent in the proportions of
10% and 15% maintained the self-compacting condition of a refer-
ence self-compacting concrete intended as filling, although there
was a slight increase in slump flow, flow time and air content when
the K-type expansive agent dose was increased.

The addition of the expansive agent modified the mechanical
properties of the reference SCC mix. For free expansion (unre-
stricted), a 10% of expansive agent increased the compressive
strength value. However, increasing this dose up to 15% translated
into a loss of compressive strength and modulus of elasticity.

The expansion mechanism on K-type agent is directly linked to
the consumption of the anhydrous compound ye’elemite, but not
to the increase in ettringite detectable by X-ray diffraction, since
for similar estimated contents of ettringite detected by XRD, the
expansion values differed in almost one order of magnitude on
specimens with different expansive agent doses (10% and 15% in
this case).

The dose of K-type expansive agent, the restriction type and the
curing environment conditioned the development of the
expansion.

The compositional mix water of the concrete, in an environ-
ment without water exchange, is enough to hydrate the expansive
agent and to induce the expansions that overcome the imposed
restriction, guaranteeing the shrinkage compensation (10% dose)
or a permanent chemical pre-stressing effect (15% dose).

The double-ring test device showed a high degree of correlation
to the standard ASTM C878 test on prisms, under different curing
environments and restriction conditions. Besides, allowed record
the expansion strains effectively from the very first moment that
the concrete is casted without depending on the setting time.

The proposed active reinforcement solution of a CFRP prefabri-
cated outer jacketing and the use of an expansive SCC filling
improves the mechanical response of a concrete cylindrical ele-
ments, increasing the compressive strength and stiffness of the
original elements by providing an uniform confinement effect over
their entire length from casting.

The conditioning operations of the concrete element to be rein-
forced, prior to the application of the proposed confinement solu-
tion, are essential to avoid any alteration of the SCC filling mixture
to fulfill the expected mechanical and expansion behaviour.
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