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Abstract—An alkali-activated binary mortar (AABM) was 

studied as a possible alternative to traditional surface 

protection systems (coatings) or repair materials. A natural 

volcanic pozzolan (70%) and a granulated blast furnace slag 

(30%) were employed as precursors. According to standard 

specifications (EN 1504-3) and the properties of AABM the 

material was classified as a class R2-repair mortar.  

 

Index Terms—natural volcanic pozzolan, alkali-activated 

mortar, coating mortar, repair mortar  

 

I. INTRODUCTION 

Alkali-activated cements (AAC) are binders that result 

from the chemical interaction between strongly alkaline 

solutions (activator) and silicoaluminate (precursor), with 

low and high calcium contents, which may be of natural 

origin, such as natural clays or pozzolans, or of artificial 

origin, such as industrial waste and by-products. At 

relatively low processing temperatures (25-100°C), this 

chemical interaction between the alkaline activator and 

the precursor promotes the formation, subsequent 

coagulation and precipitation of reaction products, which 

ultimately define the excellent mechanical and durable 

properties of this type of material [1–5]. Recently, AAC 

have undergone extensive development and have 

gradually attracted the attention of the scientific and 

industrial world. They are considered materials of high 

potential, partly due to their technical and environmental 

advantages, their versatility and the ease of implementing 

new technologies into their production, which enables 

their application in various engineering fields, such repair 

and surface protection of concrete structures. 
The European EN 1504 standard [6] 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 

 

                                                           
Manuscript received July 30, 2018; revised August 20, 2019. 

 

extend the service life of a concrete structure that has 
deteriorated. 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 the physico-
mechanical characteristics and their level of adherence 
(pull-off) to the substrate (Table 1). 

TABLE I. MAIN CHARACTERISTICS AND/OR REQUIREMENTS OF THE 

REPAIR PRODUCTS (STRUCTURAL AND NON-STRUCTURAL) 

ACCORDING TO THE EN 1504-3 STANDARD [6] 

Characteristic 

Requirements 

Structural Non-structural 

Class 

R4 

Class 

R3 

Class 

R2 
Class R1 

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/m2·h0.5 

No 

requirement 

This study evaluate an alkali-activated mortar (AABM) 

based on a natural volcanic pozzolan as a protection or 

repair material according to the EN 1504-3 standard [6].   

II. MATERIALS AND METHODOLOGY 

A. Materials 

A binary mixture composed of a natural volcanic 

pozzolan (NP) (70%) and granulated blast furnace slag 

(GBFS) (30%) was used as precursor of the alkali-

activated mortar. The chemical compositions of these 

materials are listed in Table 2. A solution with NaOH and 

Na2SiO3 (waterglass; SiO2 = 58.7%, Na2O = 13.5%, H2O 

= 45.2%) was employed as activator. 

TABLE II. CHEMICAL COMPOSITION OF THE NP AND GBFS USED AS 

PRECURSORS (WT % OF OXIDES). 

(*LOI: Loss on ignition) 

Oxide NP GBFS 

SiO2 61.99 37.74 

Al2O3 15.52 15.69 

Fe2O3 7.33 1.85 

CaO 5.19 40.30 
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Na2O 4.07 0.20 

MgO 2.49 1.30 

K2O 1.59 0.40 

LOI* 0.48 --- 

Others 1.34 2.52 

 

The concrete used as substrate was prepared with CEM 

I 42.5 R. 

B. Mixtures Design and Experimental Tests 

The dosage per cubic metre of the AABM is listed in 

Table 3. The liquid/solids ratio (L/S) for AABM was 0.35. 

The mixtures were obtained in a Controls L5 automatic 

mixer with a total mixing time of 5 min. After 24 hrs, the 

specimens were demoulded and cured in laboratory 

conditions (temperature: 20 ± 3°C and relative humidity: 

70 ± 10%). 

TABLE III. DOSAGE (KG) PER CUBIC METRE (M3) OF ALKALI 

ACTIVATED BINARY MORTAR (AABM) (COATING MORTAR). 

Material NP GBFS Water NaOH Na2SiO3 Sand 

kg/m3 363.0 155.6 138.4 36.5 172.6 1426.0 

 

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 was based on obtaining three strength 

classes (EN 206-1): C25/30, C35/45 and C50/60. 

The compressive strength was obtained in a LLOYD 

LR50K universal press by testing 50.8 mm cube 

specimens for AABM (ASTM C109). The determination 

of the secant elastic modulus in compression (EN 12390-

13) of the AABM (28 days) was performed using 

cylinders with a diameter of 60 mm. The three-point 

flexural strength (ASTM C348) of the AABM (28 days) 

was obtained in 40 mm x 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 by 

adapting the procedure described in the ASTM C496 

standard. 

The water absorption coefficient (capillarity) of the 

AABM was determined at 28 days of curing based on the 

EN 1015-18 standard. For the measurement of the 

shrinkage, 40 mm x 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. For this test, the measurements were recorded 

once the beams hardened and could be demoulded (≈2 hrs 

for the AABM and 24 hrs 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 1075R 

digital device was employed.  

The pull-off test was performed following the 

recommendations of the EN 1542 standard [7]. The 

substrates and coating mortar (AABM) for pull-off test 

were prepared and applied according to the procedure 

established by this standard. The coating thickness for 

pull-off test was 20 mm. 

The values reported in each of the physico-mechanical 

tests correspond to an average of three specimens per 

mixture and/or test age.  

III. RESULTS AND DISCUSSION 

Fig. 1 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; 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 GU (general use) 

type cement. The rapid development of compressive 

strength of the AABM (10.8 MPa to 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.  

The compressive strength of the repair product is an 

important parameter in applications in which load transfer 

through the repaired area must be considered. According 

to the minimum compressive strength requirements (28 

days) established by the EN 1504-3 standard (Table 1) for 

the classification of repair products, the AABM can be 

classified as a “structural repair mortar, class R3”, and 

attain a value of 34.8 MPa (>>25 MPa) (Fig. 1). However, 

the compressive strength is not the only parameter 

demanded by this classification (Table I). 

 

Figure 1. Compressive strength evolution of the AABM (cured at 
25 °C). 

Based on previous considerations, some applications 

(non-structural) do not require an elevated compressive 

strength by the repair material. However, a direct 

relationship exists between the mechanical properties and 

the adherence to the substrate (OPC concrete) [8], which 

must be a minimum of 0.8 MPa according to the EN 

1504-3 standard. 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 demands a 

minimum tensile strength of the repair material of 0.5 
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MPa. Table 4 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. 1) attained by the AABM and exceed the value 

specified by the EN 1504-3 standard.  

The AABM attained a modulus of elasticity value of 

8.66 GPa at 28 days of curing (Table 4), which coincides 

with the range (3.8 - 15 GPa) reported by Kheradmand et 

al. in 2017 [9] 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 Na2SiO3/NaOH ratio causes higher 

modulus of elasticity values; however, these adjustments 

also increase the shrinkage level and the cracking 

susceptibility of the alkaline mortars [10–12]. 

TABLE IV. COMPLEMENTARY MECHANICAL PROPERTIES OF THE 

AABM (28 DAYS OF CURING AT 25 °C). 

Splitting tensile strength 
(MPa) 

Flexural 

strength  

(MPa) 

Modulus of 
elasticity (GPa) 

2.13 ± 0.08 3.75 ± 0.47 8.66 ± 0.25 

 

Incompatibilities between the repair mortar and the 

surface to be repaired can cause premature failure, 

especially due to the differential shrinkage level [12,13]. 

Fig. 2 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) [10], a decrease in the 

concentration is possible with a decrease in the 

SiO2/Na2O, H2O/Al2O3 and/or Na2O/Al2O3 molar ratios; 

however, some authors [14–18] have demonstrated that 

these adjustments affect the mechanical performance and 

adherence (pull-off) to the substrate. 

 

Figure 2. Shrinkage level (ASTM C490) of AABM vs OPC substrate. 

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 specifies a capillary absorption 

coefficient that is less than 0.5 kg/m
2
·h

0.5
 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. 3), the AABM 

presents a capillary absorption coefficient of 0.5088 

kg/m
2
·h

0.5
, which can be considered as the limit for 

complying with the specification established by the 

standard.  

 

Figure 3. Capillary water absorption (EN 1015-18) of the AABM. 

Fig. 4 shows the results of the pull-off test as a 

function of the class of substrate (C25/30, C35/45 and 

C50/60). According to the specifications of the EN 1504-

3 standard, 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 I). The AABM adherence was 

0.75 MPa, 1.14 MPa and 1.24 MPa for the case of C25/30, 

C35/45 and C50/60, 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. Bonaldo et al., 2005 [19] 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.   

 

Figure 4. AABM adherence (pull-off) as a function of substrate class 
(C25/30, C35/45 and C50/60). 
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According to the EN 1542 standard [7] classification 

presented in Table V, 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. 5). 

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 V. TYPE OF FAILURE CLASSIFICATION AFTER THE PULL-OFF 

TEST (EN 1542) [7]. 

Type of 
failure 

Descriptions 

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) 

 

Figure 5. Visual determination of the type of failure (pull-off test). 

IV. CONCLUSIONS 

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 (CO2, chloride, sulphates, 

acids, fire, etc.), are considered of interest for subsequent 

studies. 
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