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Highlights
Alkali-activated binary mortar (AABM) was obtaining and physico-mechanical
characterized.

The adherence (pull-off ) of the AABM to three substrate class (OPC concretes) was
evaluate.

The adherence (pull-off ) obtained varied between 0.75 and 1.24 MPa.

The strength class of the substrate promoted the greatest pull-off adhesions.

AABM was classified as a “class R2–repair mortar” according to EN 1504-3.

Abstract
The goal of this investigation was evaluate the potential of an alkali-activated binary mortar (AABM), based on a natural volcanic pozzolan
(70%) and granulated blast furnace slag (30%), as a repair material. This evaluation focused on its physico-mechanical characterisation
(compressive, flexural and splitting tensile strengths; modulus of elasticity; capillary water absorption; and shrinkage) and the measurement
of its adherence to three class of OPC concretes (substrates) using pull-off tests. A mixture of NaOH and Na SiO  was used as alkaline
activator. The compressive and splitting tensile strength of AABM were 34.8 MPa and 2.13 MPa at 28 days of curing, respectively. Its capillary
absorption coefficient and modulus of elasticity were 0.5088 kg/m h  and 8.66 GPa respectively. The results of the pull-off test demonstrate
the adherent nature of the AABM, which was promoted by the strength (quality) of the OPC substrate, with pull-off adherences of 0.75 MPa,
1.14 MPa and 1.24 MPa for class C25/30, C35/45 and C50/60, respectively. According to the results obtained and standard specifications (EN
1504-3), this material can be classified as a class R2-repair mortar.
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1. Introduction
Surface deterioration, spalling, seepage, cracking and other common damage to infrastructure based on ordinary Portland cement (OPC)
concrete are a continuous cause of concern worldwide due to the high costs associated to the protection, repair and rehabilitation of these
pathologies with commonly employed materials [1,2]. The recurrence or repetitive appearance of this pathologies prompts the search for
alternative solutions and highlights the use of alkali-activated materials (AAM) as materials with high potential application in this field [[3], [4],
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[5], [6], [7]]. In addition, AAM are considered to be materials with low carbon footprints (CO ); their use in these types of applications can
contribute to the future sustainability of the construction industry [3,[8], [9], [10]].

AAM are binders that are produced by the chemical interaction between an aluminosilicate (precursor), which can have a natural (volcanic
pozzolans) or artificial origin, and a strongly alkaline solution [[11], [12], [13], [14], [15], [16], [17]]. This chemical interaction, which occurs at
relatively low processing temperatures (≤90 °C), promote the obtaining reaction products of high-strength and durability via dissolution,
condensation and precipitation processes [18,19]. The calcium content, which is originally present in the precursor or added by a secondary
source, has an important role in the kinetics of these reactions and the development of adequate mechanical performance at room
temperature and promotes the precipitation of calcium silicate hydrated (C-S-H), calcium aluminosilicate hydrated (C-A-S-H) and/or
calcium-sodium aluminosilicate hydrated ((C,N)-A-S-H), in addition to the precipitation of sodium aluminosilicate hydrated (N-A-S-H) gel
[[20], [21], [22], [23]]. This compositional factor is important because the curing at room temperature is mandatory for in situ applications,
such as the protection, repair or rehabilitation of concrete structures.

The mechanical performance of AAM at room temperature is also influenced by the precursor reactivity (amorphous), size of particles and
the optimisation of synthesis conditions; including the type and/or concentration of the alkaline activator [[24], [25], [26], [27]]. The
hardening and strength development at early ages are considered advantages in the field of rapid-repair materials, which are commonly
employed in patch repair applications that demand an almost instantaneous adherence to the substrate [1,6,28]. The main characteristic that
drives the use of AAM in the field of protection (coatings) and repair of structures based on OPC concrete is their adherent nature [2,3,29],
which is favoured by the presence of silicate alkaline activators (Na SiO  or K SiO ). In this regard, the European Standard EN1504-3 [30]
recommends that the minimum adherence (pull-off ) between the repair material and the substrate (OPC) must be 0.8 MPa. Some authors
[[31], [32], [33], [34], [35]] have evaluated the AAM adherence to the OPC concrete by slant shear and direct shear tests; the results are generally
satisfactory [3,4]. It should be noted that reports of pull-off test of alkali-activated materials on OPC substrates are scarce.

In addition to their adherent nature, different authors describe AAM as materials with a higher chemical resistance (durability) than the
chemical resistance of OPC concrete [[36], [37], [38]]. They attribute this performance to the type of porosity (meso- and micro-porosity), the
three-dimensional micro-structure and nature of the reaction products (gels) that are obtained via alkaline activation [[39], [40], [41]]. The
possibility of increasing the durability (or service life) of OPC concrete by the use of AAM protective coatings is an important alternative for
this industry [28,[42], [43], [44], [45]], especially in the field of reinforced structures that are exposed to aggressive environments that are
susceptible to accelerated deterioration and corrosion phenomena [[46], [47], [48], [49], [50], [51]].

The European EN 1504 standard [30] specifies the requirements for the classification of products and systems that will be employed for the
structural and non-structural protection or repair of reinforced concrete. Part 3 of this standard addresses repair mortars and concretes that
can be used in conjunction with other products and systems to restore and/or replace defective or contaminated concrete and protect the
reinforcement to extend the service life of a concrete structure that has deteriorated. According to the EN 1504-3 standard, the compatibility
between the coating material and the substrate is related to properties such as adhesion (pull-off ), capillary absorption (water permeability),
shrinkage, compressive strength and modulus of elasticity and factors associated with the durability and the application method. The EN
1504-3 defines four classes of repair products (structural (class R3 and class R4)) and non-structural (class R1 and class R2) based on these
physico-mechanical characteristics and their level of adherence (pull-off ) to the substrate.

The goal of this investigation was to obtain an alkali-activated binary mortar (AABM) and evaluate its potential as a protection or repair
material by focusing on its physico-mechanical characterisation (capillary water absorption; shrinkage; compressive, flexural and splitting
tensile strengths; and modulus of elasticity) and the measurement of its adherence to three types of OPC concretes (substrates) using pull-
off tests. The results are applied to its classification according to the EN 1504-3 standard [30].

2. Materials and methodology

2.1. Materials

As precursor (aluminosilicate), a binary mixture composed of a Colombian natural volcanic pozzolan (NP) (70%) and granulated blast
furnace slag (GBFS) (30%) was employed. The mean particle sizes of the NP and GBFS, which were determined by laser granulometry, were
21 μm and 26 μm, respectively. The chemical compositions of these materials, which is determined by X-ray fluorescence, are listed in Table
1. Fig. 1 shows the pattern of X-ray diffraction of the precursors (NP and GBFS). The amorphous phase content of the NP was determined by
Rietveld X-ray diffraction (XRD) refinement following the methodology proposed by De La Torre et al. [52] and using a corundum (Al O )
standard. The results of the quantitative analysis yielded an amorphous phase content of 25.5%. According to the mineralogical analysis
through X'Pert HighScore Plus software, the crystalline fraction of NP is mainly composed by sodium-calcium feldspars or plagioclase
structures (albite-anorthite series, 59.3%) in addition to some minerals that belong to the amphibole group (10.4%) and quartz (4.8%). The
GBFS XRD reflects its vitreous nature (halo located in the range between 23° and 37° 2θ). Signals that correspond to crystalline structures
associated with gehlenite (2·CaO·Al O ·SiO ) and calcite (CaCO ) are observed.

Table 1. Chemical composition of the NP and GBFS used as precursors (wt % of oxides).
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NP 61.99 15.52 7.33 5.19 4.07 2.49 1.59 0.48 1.34 6.79

GBFS 37.74 15.69 1.85 40.30 0.20 1.30 0.40 – 2.52 4.09

a

LOI: Loss on ignition.
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Fig. 1. XRD analysis of the precursors (NP and GBFS).

The use of NP in the alkaline activation is considered to be an alternative that guarantees sustainable production on an industrial scale for
this type of material due to its availability and global distribution [53]. However, due to its predominant semi-crystalline nature and its
deficiencies in CaO and reactive Al O  contents, it is necessary to apply thermal curing (60–90 °C) in order to promote the mechanical
performance of these materials at early curing ages [54]. The addition of GBFS as a calcium source, in low proportions (up to 30%), favours
the development of adequate mechanical performance at room temperature, required for in situ applications such as protection and repair
of concrete structures, promoting the formation of calcium silicate hydrated (C-S-H) and calcium aluminosilicate hydrated (C-A-S-H) [[55],
[56], [57]].

A blend of NaOH pellets (industrial grade), commercial sodium silicate Na SiO  (58.7% SiO , 13.5% Na O, 45.2% H O) and tap water, to
achieve a molar ratio SiO /Na O = 1.1, was employed as alkaline activator [57]. To obtain the AABM, a natural sand which fineness modulus
of 2.5 was employed.

To produce substrates based on OPC (concretes), the same sand and crushed gravel with a maximum size of 19.05 mm was employed. The
type of OPC used in the production of the substrates was CEM I 42.5 R.

2.2. Mixtures design

The synthesis of the alkali-activated binary binder (AABB), which is the base material for obtaining the mortar (AABM), was performed based
on the optimum conditions (content of alkaline activator and % of GBFS) defined in a previous study [57]. The dosage per cubic metre of the
AABM is listed in Table 2. For its proportioning, a precursor:sand ratio (in weight) of 1:2.75 was established. The liquid/solids ratios (L/S) for
pastes (AABB) and mortars (AABM) were 0.20 and 0.35, respectively.

Table 2. Dosage (kg) per cubic metre (m ) of alkali activated binary mortar (AABM) (coating mortar).

kg/m 363.0 155.6 138.4 36.5 172.6 1426.0

Prior to the mixing process, a dry homogenisation of the precursors (70%NP+30%GBFS) was performed. The mixtures were obtained in a
Controls L5 automatic mixer with a total mixing time of 5 min; a constant low speed (spindle speed 115 r.p.m.) was maintained for the
entire duration of the mixing. The mixing process of the AABM was realized during 5 min, first was added the alkaline activator and after
was incorporated the sand. The mixtures were moulded and vibrated for 30 s to release the air trapped during the mixing process. After

Material SiO2 Al O2 3 Fe O2 3 CaO Na O2 MgO K O2 LOIa Others SiO /Al O  (Molar)2 2 3
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24 h, the specimens were demoulded and cured in laboratory conditions (20 ± 3 °C and 70 ± 10% of room temperature and relative
humidity, respectively) until the test age was attained.

2.3. Experimental tests

The microstructural characterisation of the binder (AABB) was based on the complementary techniques XRD and energy dispersive
spectroscopy-scanning electron microscopy (EDS-SEM).

The compressive strength was obtained in a LLOYD LR50K universal press by testing 50.8 mm cube specimens for mortars (AABM) (ASTM
C109 [58]) and 20 mm cube specimens for pastes (AABB). The determination of the secant elastic modulus in compression (EN 12390-13 [59])
of the AABM (28 days) was performed using cylinders with a diameter of 60 mm (height to diameter ratio = 2). The three-point flexural
strength (ASTM C348 [60]) of the AABM (28 days) was obtained in 40 mm × 40 mm x 160 mm beams. The splitting tensile strength of the
AABM was evaluated at 28 days in cylinders with a diameter of 60 mm (height to diameter ratio = 2) by adapting the procedure described in
the ASTM C496 standard [61].

The water absorption coefficient (capillarity) of the AABM was determined at 28 days of curing based on the EN 1015-18 standard [62]. For
the measurement of the shrinkage, 40 mm × 40 mm x 160 mm beams were used. The procedure for the evaluation of the length change
followed the recommendations of the ASTM C490 standard [63]. For this test, the measurements were recorded once the beams hardened
and could be demoulded (≈2 h for the AABM and 24 h for the reference material (OPC substrate)) and continued until 28 days of curing. The
specimens were kept in laboratory conditions (20 ± 3 °C and 70 ± 10% of relative humidity) during the entire test. To record the length
change, a Mahr-MarCator 1075 R digital device was employed (accuracy of gauge ± 0.001).

The values reported in each of the physico-mechanical tests correspond to an average of three specimens per mixture and/or test age.

2.4. OPC concrete substrates

To evaluate the effect of the substrate quality on the adherence (pull-off ) of the AABM, three types of OPC concretes (substrates) were
obtained. The proportioning of these concretes, which are presented in Table 3, was based on obtaining three strength classes (EN 206-1
[64]): C25/30, C35/45 and C50/60. These mixtures were obtained in a horizontal mixer with a total mixing time of 8 min. According to the EN
1542 standard [65], the mixtures were moulded into 300 mm × 300 mm x 100 mm plates, vibrated for 30 s to remove the air trapped during
the mixing process, and subsequently cured for 28 days in immersion (under water). The control of this strength was performed at 28 days
of curing in a 3000 KN capacity ELE hydraulic press, for which 100 mm cubes were employed (EN 12390 [59]). The compressive strength (28
days of curing) for C25/30, C35/45 and C50/60 was 36.2, 50.3 and 64.9 MPa, respectively.

Table 3. Dosage (kg) per cubic metre (m ) and characterisation of OPC concrete substrates.

Portland cement (OPC) 350.0 450.0 550.0

Water 157.5 180.0 192.5

Sand 1075.5 1002.0 934.5

Gravel 717.0 668.0 623.0

Superplasticiser 5.3 6.8 8.3

Slump class (EN 12350-2) S2 S2 S3

C.S. (MPa) (EN 12390) 36.2 ± 2.4 50.3 ± 2.3 64.9 ± 1.7

C.S. = compressive strength (28 days of curing).

2.5. Surface preparation of concrete substrates, application of coating mortar and pull-off test

The OPC substrates (C25/30, C35/45 and C50/60) in the pull-off test correspond to 300 mm × 300 mm x 100 mm plates (Fig. 2a). After 28 days
of curing (under water), the plates were air-dried for seven days, and the upper surface was subsequently prepared by sand-blasting (Fig. 2b),
according to the procedure established by the EN 1542 standard [65]. After the sand-blasting procedure, the surface was characterised by the
MPD laser technique (Fig. 2c) to determine the mean depth of the roughness profile (ISO 13473-1 standard [66]). The MPD laser technique
enabled a mean macrotexture depth (MTD) to be established between 0.363 mm and 0.536 mm on the surface of all substrates.

3

Material Proportions (kg/m )3 Concrete class EN 206-1

C 25/30 C 35/45 C 50/60

Properties

http://www.astm.org/Standards/C109
http://www.astm.org/Standards/C348
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http://www.astm.org/Standards/C490
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Fig. 2. Methodology used in the pull-off test (EN 1542): a) 300 mm × 300 mm ×100 mm plates (OPC substrates); b) sand-blasting
process; c) surface characterisation (MPD); d) surface cleaning; e) thickness control (20 mm) of the coating; f ) plate-coating systems
covered with a plastic film and cured in laboratory conditions (20 ± 3 °C and 70 ± 10% of relative humidity) for 28 days; g) equidistant
cuts with diameter of 50 mm; h) pull-out test setup and procedure.

To guarantee a coating thickness (AABM) of ≈20 mm, an adjustable frame was fixed to the plate's edges (Fig. 2d). Prior to mixing and pouring
the AABM on the substrates, the surface was cleaned with pressurised air (Fig. 2d). The AABM was poured immediately after finishing the
mixing process described in section 2.2; then, the mixture was distributed and compacted throughout the mould. The consistency (flow) of
the AABM was between 80 ± 5% (ASTM C1437 [67]). A final thickness of 20 mm was guaranteed by a ruler that removed the excess mixture
and achieved a smooth surface of the coatings (Fig. 2e). Once the coatings hardened (≈60 min), the plate-coating systems were covered with a
plastic film and cured in laboratory conditions (20 ± 3 °C and 70 ± 10% of relative humidity) for 28 days (Fig. 2f ).

When the coatings attained a curing age of 28 days, the pull-off test was performed following the recommendations of the EN 1542 standard
[65]. Previously, 50-mm-diameter circular cuts were made on the coatings, perpendicular to the surface, which penetrated 5 mm into the
substrate; a total of five equidistant cuts were made per coating (Fig. 2g). A metal disk (dolly) was bound to the circular surface of each cut,
which subsequently enabled the application of the tensile force during the pull-off test. A Sika Icosit  K 101 N epoxy resin was applied to
bind the metal disks to the coating. The pull-off test (Fig. 2h) was performed in a LLOYD LR50K universal press, in which a tensile force was
applied at a constant speed of 0.25 mm/min. For the bond stress (MPa) calculation, the ratio between the maximum pull-off load (N) and the
loading area (mm ) was considered; a total of five results per plate/coating system were obtained.

3. Results and discussion

3.1. Characterisation of alkali-activated binary binder (AABB)

Fig. 3 shows the compressive strength evolution of the alkaline binder (AABB) (paste) that was used as a base material to produce the repair
mortar (AABM) compared with an OPC paste (reference or control mix) obtained in equivalent conditions. At early ages (one to seven days),
the performance of the OPC paste is slightly higher than the performance of the AABB. After 28 days of curing, the opposite behaviour is
observed: the AABM attains a compressive strength of 93.1 MPa at 90 days, which is 89% higher than the reported value for the OPC paste
(49.3 MPa).

®
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Fig. 3. Compressive strength evolution of the alkali-activated binary binder (AABB) (70%NP-30%GBFS) vs. OPC paste (cured at room
temperature).

The strength evolution of the AABB to values even higher than the OPC is attributed to its micro-structure, which is enriched with the
formation of (N,C)-A-S-H and/or C-(A)-S-H (high calcium compositions) reaction products over time [21,22,[68], [69], [70]]. These reaction
products were identified in the AABB by a micro-structural analysis via XRD (Fig. 4a) and EDS-SEM (Fig. 4b). C-(A)-S-H type gel is
predominantly amorphous, but they can form small semi-crystalline clusters such as “tobermorite” and “Jennite”, that have a diffraction
pattern (XRD) between 29 and 30° (2θ). Fig. 4a shows how the intensity and width of this peak increase with the addition of GBFS (30%) in
the mixture. The formation of (N,C)-A-S-H and C-(A)-S-H type gels is favoured by the incorporation of GBFS in the mixture and its
chemical interaction with the alkaline activator (OH ) [55]. This interaction causes the rupture of the bonds of its micro-structure (Ca-O; Si-
O and Al-O), which supplies dissolved species (Ca ; [H SiO ] , [H SiO ]  and [HAlO ] ) that can precipitate once the maximum
concentration is attained [21,68] and simultaneously generate the nucleation of these hydrates to the N-A-S-H gel (low calcium
compositions) [22].

Download high-res image (321KB) Download full-size image

Fig. 4. Micro-structural characterisation of AABB: a) XRD (100%NP vs. 70%NP-30%GBFS) and b) SiO ·Al O ·CaO ternary diagram
(EDS-SEM) (70%NP-30%GBFS).

Fig. 4b shows the micro-structural composition of the 70%NP-30%GBFS mixture represented in SiO ·Al O ·CaO ternary diagrams
obtained from the data acquired through the EDS technique (SEM). The results are grouped in representative regions to gels type (N,C)-A-S-
H (low calcium compositions) and C-A-S-H (high calcium compositions). For the mixture 70%NP-30%GBFS, the points associated with the
C-A-S-H gel type, which are rich in Ca , presented values in the range of 0.7 ≤ Ca/Si ≤ 1.8. Theoretically, N-A-S-H gels have no Ca  presence,
unlike the gel type (N,C)-A-S-H which exhibits values between 0 ≤ Ca/Si ≤ 0.4 [[71], [72], [73], [74]]. The coexistence of these reaction products
promotes a more dense and resistant structure in the AABB vs OPC, which coincides with the previously discussed results and results
reported by other researchers [[55], [56], [57],75,76].

3.2. Characterisation of AABM

The characterisation of the alkaline mortar (AABM) was based on the test methods and requirements recommended by the EN 1504-3
standard [30] for structural and non-structural repair products, which are listed in Table 4.

Table 4. Main characteristics and/or requirements of the repair products (structural and non-structural) according to the EN 1504-3
standard [30].
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Compressive strength ≥45 MPa ≥25 MPa ≥15 MPa ≥10 MPa

Adherence (pull-off ) ≥2 MPa ≥1.5 MPa ≥0.8 MPa ≥0.5 MPa

Modulus of elasticity ≥20 GPa ≥15 GPa No requirement

Capillary absorption ≤0.5 kg/m ·h No requirement

Fig. 5 presents the compressive strength evolution of the alkaline mortar (AABM) with respect to the minimum values established for
commercial cements (UG type) by the ASTM C1157 standard [77]; 13 MPa to three days of curing, 20 MPa to seven days of curing and 28 MPa
to 28 days of curing. This comparison enabled classification of the alkaline binder based on the mechanical performance of the AABM
(34.8 MPa at 28 days) as a GU (general use) type cement. The rapid development of compressive strength of the AABM (10.8 MPa–1 day) is an
advantage in the field of “fast repair materials”, commonly used in “patch repair” applications that require almost instantaneous adherence to
the substrate.

Download high-res image (274KB) Download full-size image

Fig. 5. Compressive strength evolution of the AABM (cured at room temperature).

The compressive strength of the repair product is an important parameter in applications in which load transfer through the repaired area
must be considered. A high-strength concrete that is subjected to high loads must be repaired with a high-strength mortar (≥45 MPa), that
is, a mortar of “class R4”. A low-strength concrete that is subjected to loads must be repaired with a medium-strength structural repair
mortar (≥25 MPa), that is, a mortar of “class R3”. All concretes that are not in a structural situation, that is, situations in which load transfer
through the repaired area does not occur, can be repaired with a high-quality non-structural repair mortar (≥15 MPa), that is, a mortar of
“class R2” [30]. According to the minimum compressive strength requirements (28 days) established by the EN 1504-3 standard [30] for the
classification of repair products (Fig. 5), the AABM can be classified as a “structural repair mortar, class R3”, and attain a value of 34.8 MPa
(≫25 MPa). However, the compressive strength is not the only parameter demanded by this classification (Table 4).

Based on previous considerations, some applications (non-structural) do not require an elevated compressive strength by the repair
material. A tensile strength of the repair material that is greater than the tensile strength of the substrate favours a “pull-off ” failure in the
interior of the substrate (ideal situation). Conversely, a tensile strength of the repair material that is less than the tensile strength of the
substrate would provoke the cohesive failure of the coating if its adherence to the substrate exceeds its tensile strength. In this case, the EN
1504-3 standard [30] demands a minimum tensile strength of the repair material of 0.5 MPa. Table 5 lists the results obtained for the
splitting tensile strength (2.13 MPa) and flexural strength (3.75 MPa) of the AABM, determined at 28 days of curing. These values are
consistent with the compressive strength level (Fig. 5) attained by the AABM and exceed the value specified by the EN 1504-3 standard [30].

Table 5. Splitting tensile strength, flexural strength and modulus of elasticity of the AABM (28 days of curing at room temperature).

2.13 ± 0.08 3.75 ± 0.47 8.66 ± 0.25

Characteristic Requirements

Structural Non-structural

Class R4 Class R3 Class R2 Class R1

2 0.5

Splitting tensile strength (MPa) Flexural strength (MPa) Modulus of elasticity (GPa)

http://www.astm.org/Standards/C1157
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Image 1

The modulus of elasticity is considered to be an important property as it is related to the rigidity. Significant differences in the modulus of
elasticity between the repair material and the substrate can cause premature failure of the repaired area [1]. The AABM attained a modulus
of elasticity value of 8.66 GPa at 28 days of curing (Table 5), which coincides with the range (3.8–15 GPa) reported by Kheradmand et al., in
2017 [78] for alkaline mortars. These authors claim that an adjustment in the alkaline activator content, that is, a reduction of the
activator/binder ratio at the same time of an increment in the Na SiO /NaOH ratio causes higher modulus of elasticity values; however,
these adjustments also increase the shrinkage level and the cracking susceptibility of the alkaline mortars [29,48,79].

Incompatibilities between the repair mortar and the surface to be repaired can cause premature failure, especially due to the differential
shrinkage level [29,80]. This can promote a shear stress between layers that affect the adherence. Fig. 6a shows the shrinkage percentage (−),
recorded up to 28 days, of the AABM with respect to the OPC substrate (−0.37% vs. −0.08%, respectively). Even with this shrinkage level
(high), note than the coating did not present signs of surface cracking (cracks). According to Kani and Allahverdi (2011) [79], a decrease in the
shrinkage is possible with a decrease in the SiO /Na O, H O/Al O  and/or Na O/Al O  molar ratios; however, some authors [4,31,[81], [82],
[83]] have demonstrated that these adjustments affect the mechanical performance and adherence (pull-off ) to the substrate. Addition of
fibers in the mixture (fibre-reinforced composites) [84,85] can reduce the shrinkage (it depends on many parameters such as fiber length,
fiber type, dosage). A shrinkage control parameter is the increment of the precursor:sand ratio. The aggregate (sand) acts as reinforcement
in the matrix, that is, an increase of this ratio would provide high-dimensional stability for the material. However, the mechanical
performance and adherence level to the substrate may also decrease.

Download high-res image (216KB) Download full-size image

Fig. 6. a) Shrinkage level (ASTM C490 [63]) of AABM vs OPC substrate and b) Capillary water absorption (EN 1015-18 [62]) of the
AABM.

In addition to the required mechanical specifications, the exposure conditions to which the material will be subjected are considered
important, as these conditions determine the durability of the system. For this reason, the EN 1504-3 standard [30] specifies a capillary
absorption coefficient that is less than 0.5 kg/m ·h  as an acceptable limit of the permeability level for “class R2, R3 and R4” repair
products. For the case of “class R1”, no value is specified. According to the results (Fig. 6b), the AABM presents a capillary absorption
coefficient of 0.5088 kg/m ·h , which can be considered as the limit for complying with the specification established by the standard.

3.3. Pull-off test

Fig. 7 shows the results of the pull-off test as a function of the class of concrete substrate (C25/30, C35/45 and C50/60). According to the
specifications of the EN 1504-3 standard [30], the adherence of the repair material to the substrate must exceed 1.5 MPa and 2.0 MPa for
“class R3” and “class R4” structural products, respectively, and exceed 0.8 MPa for “class R1” and “class R2” non-structural products (Table 4).
The AABM adherence was 0.75 MPa, 1.14 MPa and 1.24 MPa for the case of substrates with compressive strength of 36.2 ± 2.4, 50.3 ± 2.3 and
64.9 ± 1.7 respectively. This finding indicates that the AABM can be classified as a “class R2” repair mortar, with its adherence improved by
the quality of the substrate. The pull-off strength must be ≥ 0.8 MPa for this classification according to the EN 1504-3 standard [30].

Splitting tensile strength (MPa) Flexural strength (MPa) Modulus of elasticity (GPa)

2 3

2 2 2 2 3 2 2 3
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Fig. 7. AABM adherence (pull-off ) as a function of substrate class (C25/30, C35/45 and C50/60).

In Fig. 7, it is observed a direct relationship between the mechanical properties of the substrate and the bond strength between the substrate
(OPC concrete) and the repair material (AABM). The relationships between these two variables can be expressed with a simple linear
regression model, which presented a correlation coefficient R  = 0.89. Bonaldo et al., 2005 [86] investigated the effect of substrate
compressive strength (C16/20, C35/45 and C55/67) on the adhesion strength of several commercially available bond products, in this study
pull-off test was also used for measuring the adhesion properties. They conclude that the strength of the substrate plays a major role in the
pull-off strength, the relation obtained between the two variables was lineal with R  = 0,6995, value lower than that obtained in the present
study using an alkali-activated material. These authors [86] report similar adherence results for OPC concretes using this method (pull-off )
and highlight that the strength class of the substrate is related to the porosity of the surface that is in contact with the coating (interface).
The lower the substrate strength is, the higher the surface porosity and the tendency towards water absorption, which promotes the
formation of a water film during the coating application and affects its adherence.

Excellent adherence is presented by the AAM on the surface of OPC-based concretes; according to Pacheco-Torgal et al. (2008) [34], as the
surface of the OPC substrate is rich in calcium hydroxide (Ca(OH) ), which reacts with the alkaline binder due to the need for positive ions,
such as Ca , that are capable of balancing the negative charge of the Al  during the formation of the geopolymeric structure. Thus, the
adherence between both materials also exhibits chemical characteristics. Some authors claim that the adherence of the AAM is improved by
a high content of alkaline activator (SiO /Al O  ratio) [4,31,[81], [82], [83]], especially silicates (Na SiO  o K SiO ). However, this practice
causes significant shrinkage [3] and a high cracking susceptibility of the coating, which is not desirable for this type of application.

According to the EN 1542 standard classification presented in Table 6 [65], there is different modes of failure for pull-off tests. The failure
can occur at the concrete substrate, at the repair overlay material, at the bond interface, or at the epoxy or adhesive used to bond the two
materials. If the failure occurs partially in two different modes is considered as a combination of the failure modes. In the present study the
pull-off failure of the AABM for the three classes of substrate (C25/30, C35/45 and C50/60) corresponds to the combination of an A/B-type
adhesive failure and a B-type cohesive failure (Fig. 8). Given the absence of B/C-type failures, the cohesive rupture of the coating is
discarded, which indicates that the tensile strength of the AABM (2.13 MPa) was not exceeded by the maximum load during the pull-off test
(0.75–1.24 MPa). The strength of the OPC substrates, although they favoured the adherence, did not influence the type of failure as the force
did not exceed the tensile strength of the OPC substrates in any of the cases.

Table 6. Type of failure classification after the pull-off test (EN 1542) [65].

A Cohesion failure in the concrete substrate (ideal)

A/B Adhesion failure between the substrate and the first layer (ideal)

B Cohesion failure in the first layer

B/C Adhesion failure between the first and second layer

C Cohesion failure in the second layer

-/Y Adhesion failure between the last layer and adhesive layer (abnormal)

Y Cohesion failure in the adhesive layer (abnormal)

Y/Z Adhesion failure between the adhesive layer and the dolly (abnormal)

2

2

2
++ 3+

2 2 3 2 3 2 3

Type of failure Descriptions
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Fig. 8. Visual determination of the type of failure (pull-off test) (EN 1542).

4. Conclusions
In this study was evaluated the potential of an alkali-activated binary mortar (AABM), based on a natural volcanic pozzolan (70%) and
granulated blast furnace slag (30%), as a repair material. Physical and mechanical properties were investigated. According the results
obtained, it is possible conclude:

The compressive strength of the AABM (34.8 MPa at 28 days) would enable its classification as a “structural repair mortar, class R3”.
However, the modulus of elasticity values (8.66 GPa) must be increased beyond 15–20 GPa, and the adherence (0.75–1.24 MPa) must be
increased to values above 1.5–2.0 MPa, using other formulations.

The results of the pull-off test demonstrate the adherent nature of the AABM, which was promoted by the strength (quality) of the OPC
substrate, with pull-off adherences of 0.75 MPa, 1.14 MPa and 1.24 MPa for the cases of C25/30, C35/45 and C50/60, respectively. This
aspect is relevant and should be evaluated in conjunction with the increased quality of the alkali-activated coating using other
formulations in the search of “class R3 and R4” structural classifications.

The differential shrinkage between the substrate and the repair product can be an incompatibility between both materials. The
shrinkage level of the AABM was significantly higher than the shrinkage level of the OPC substrate (−0.37% vs. −0.08%, respectively).
Even when no cracking phenomena were observed in these conditions, its reduction is recommended using other formulations and/or
incorporating short fibres (fiber-reinforced composites).

Finally, according to the characterisation of the AABM and the specification of the EN 1504-3 standard regarding compressive strength,
splitting tensile strength, adherence (pull-off ), modulus of elasticity and capillary absorption, this material can be classified as a “non-
structural repair mortar, class R2”, which is suitable for use in the repair of structures that do not have to transfer loads through the repaired
area. Additional aspects of this classification, which are associated with the use of this material as a repair or surface protection (coating)
system to promote a high durability (or chemical resistance) in concrete structures subjected to severe conditions (CO , chloride, sulphates,
acids, fire, etc.), are considered of interest for subsequent studies.
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