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A B S T R A C T   

The application of recycled waste tyre rubber in construction materials is increasingly growing due to its eco
nomic, environmental, and technical benefits. This study, in particular, examines the potential use of a waste tire 
rubber alkali-activated mortar in effective repair of damaged RC beams, which contains a very slight embodied- 
carbon footprint compared to the existing repair mortars. To assess the effectiveness of the proposed mortar for 
repair purposes, an extensive set of small-scale mortar samples with diverse contents are designed, assembled, 
and tested for compressive strength, flexural strength, bonding strength, and water absorption capacity. After 
discovering the efficient mortar mix that in general provides improved performance, large-scale RC beams are 
designed, constructed, damaged, repaired, and tested in flexure. It is found that the proposed mortar showed 
remarkable results and potential as a repair material. It contains significantly lower embodied carbon (35.3 kg/ 
m3) compared to ordinary mortar (530.8 kg/m3). Also, the beam repaired by the proposed mortar exhibits high 
overall performance including strength capacity, ductility index, and bonding feature that are superior to the 
existing mortars. In particular, the experimental results demonstrated about 20 % increase in cracking load and 
30 % increase in maximum displacement compared to the undamaged beam.   

1. Introduction 

1.1. Background 

Concrete is one of the most popular materials in the construction 
sector, where ageing of reinforced concrete (RC) structures is a major 
issue. Even though millions of RC structures are globally built each year, 
such structures deteriorate and become unsafe and less durable due to a 
wide range of environmental-operational factors (e.g., chemical attacks, 
corrosion, overloading, fatigue, usage change, etc.) [1]. More specif
ically, time-varying decay of concrete’s mechanical properties leads to 
time-dependent deteriorations (e.g., creep and shrinkage), and the 
exposure of the cracked concrete —due to overloading and fatigue— to 
harsh environmental conditions (e.g., sulphate and chloride) results in 
concrete cover spalling, reinforcement corrosion, and consequently, the 
loss of structural serviceability and longevity, safety, and resilience 
[2–4]. It is reported that more than 3,200 RC bridges in the UK are rated 
as damaged [5], and almost half the highway bridges have structural 
components with a poor or very poor condition [6]. 

As environmental-operational factors reduce concrete’s lifecycle, 
regular repair and maintenance of RC structures are essential for 
improved durability and safety [7,8]. As such, a gradual rise in repair 
works is seen due to ageing RC structures. The repair of RC structures is 
very cost-effective and inappropriate repair materials might lead to a 
never-ending cycle of repair works due to incompatibility of the repair 
material with the concrete substrate [3,9–11]. An appropriate repair 
material must result in a strongly bonded and durable repair and at least 
provide strength and ductility capacities similar to the undamaged 
component [3,12,13]. In certain cases, it could be more cost effective to 
accept the need for repair at appropriate intervals rather than try to 
construct a new replacement structure that will remain maintenance- 
free for a considerable amount of time in harsh circumstances. Hence, 
the construction industry growingly demands for sustainable repair 
materials to ensure public safety, continued serviceability of RC infra
structure, and eco-friendly and cost-effective repair means. 
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1.2. Existing repair materials 

A wide variety of repair mortars have been designed and recom
mended for RC structures. Ordinary mortars (OMs), made of cement and 
boosted by different additives, are among the most frequently used 
repair mortars [13,14]. Additionally, polymer-modified cement (PMC) 
mortars [15] outperform OMs both mechanically and durably [16] 
ultra-high-performance (UHP) mortars [15] are expensive, and experi
ence significant amount of spontaneous shrinkage; and engineered 
cementitious composite (ECC) mortars [11] have self-healing properties. 
Al these mortars, however, contain a substantial amount of cement, and 
thus are against low-carbon and sustainability notions of the contem
porary construction industry. The cement production accounts for 
approximately 12–15% of the total energy used worldwide and 5–8% of 
the total carbon dioxide produced globally [17]. 

Alkali-activated mortar (AAM), also known as geopolymer mortar, is 
a more contemporary alternative for cement-based mortars and is made 
through reacting an alkali source with an aluminosilicate precursor with 
no cement [10] The favourable mechanical and durability properties of 
geopolymer binders make them extremely fit for repairing RC structures 
[15]. Geraldo et al. (2018) [10] studied the use of sodium hydroxide, 
silica fume, metakaolin, sand, and water, and [13] Teixeira et al., (2019) 
[13] investigated the performance of RC beams repaired by AAM and 
polymer mortar. Both studies reported that AAMs reach high strength in 
a short period of time and provide a high level of bonding with concrete 
substrate. Further, AAMs mechanically outperform polymer mortars 
[13]. The AAM-repaired beams exhibited greater deflections compared 
to control beams (undamaged beams), and the resulting bonding 
strength was found to be strong. However, excessive capillary absorp
tion and efflorescence were observed for damp structural members 
because of the excessive presence of sodium [8]. 

1.3. Existing potential for more eco-friendly repair materials 

Despite their mechanical advantages and being cement free, AAMs 
need a significant amount of natural aggregate, which can have adverse 
environmental impacts. Hence, researchers have begun to replace fine 
and coarse aggregates in concrete and mortars with waste industrial by- 
products like tyre rubber. This is because it reduces carbon dioxide and 
sulphur dioxide emissions, both of which are extremely rising [18,19] 
Scrap tyres are recycled to create a variety of products, including steel 
fibres, crumb rubbers, powder rubber, and even in rare cases, rubber 
fibres. The main contents of a tyre formulation are natural and synthetic 
rubbers, carbon black, metal, textile fabrics, etc [20]. Despite their great 
potential for use in concrete and mortar mixes, only 5% of recycled 
rubbers are used in the construction industry [21,22]. 

The replacement of fine and coarse aggregates with crumb rubber in 
concrete/mortar has both detrimental and beneficial effects. On the one 
hand, it reduces certain mechanical properties (e.g., compressive 
strength, flexural strength, tensile strength, and elastic modulus [17] 
and durability (e.g., moisture absorption and chloride ion permeability) 
of mortar, both of which restrict the use of rubber in structural elements. 
On the other hand, using rubber boosts ductility, energy dissipation and 
damping, thermal insulation, and acoustic properties of concrete/ 
mortar [20,23–27] To increase the durability of rubberised concrete/ 
mortar, researchers have studied the use of finer rubber particles such as 
fibre rubber and powder rubber. For instance, [30] Taha et al. (2008) 
[28] found that adding rubber powder to concrete improved its fracture 
characteristics, and [31] Gupta et al. (2019) [29] reported that using 
rubber fibres and powder increases concrete’s resistance against chlo
ride ions and raises its water permeability and carbonation depth. 
However, the appropriate replacement ratio of rubber particles in rub
berised concrete/mortar should be determined through the correct 
balance between strength and durability depending on its application 
[28]. 

In a very recent study, based on the notion of the replacement of sand 

particles in AAMs with waste tire rubber, the authors conducted pre
liminary research on the development of a rubberised alkali-activated 
mortar (RAAM) for repairing concrete structures [30]. The studied 
RAAM contained no cement and uses waste tyre rubber (recycled re
sources), thus being more sustainable. It was found that the RAAM has a 
high potential for use in repairing concrete structures. Particularly, 
compatible mechanical properties and compatible failure modes be
tween the control and repaired samples were observed, which are 
desirable features for repair purposes. However, low compressive and 
flexural strength values of the RAAM mixes were seen and also, the 
repaired beams were small-scale and unreinforced beam. Despite 
promising results, these pitfalls highlighted that the RAAM requires 
further investigation on its mix design as well as its application to large- 
scale RC beams. Therefore, this study will focus on the development and 
design of a suitable mix that boosts the RAAM’s overall performance and 
provides high repair compatibility when applied to large-scale RC 
beams. 

2. Experimental programme 

In this study, a two-phase experimental programme is adopted to 
develop a RAAM for effective repair of RC beams. Hence, RAAM mixes 
as well as OM and AMM mixes are designed in the first phase through 
testing many small-scale samples. Then, a high-performance RAAM 
obtained from the first phase, AAM, and OM are used to repair and test 
damaged large-scale RC beams, thereby measuring the effectiveness of 
the RAAM in repair of concrete structures. 

2.1. Mortar mix designs and tests 

The proposed RAAM is composed of water (W), ground granulated 
blast-furnace slag (GGBS) as a binder, fine sand (FS), crumb rubber (CR), 
powder rubber (PR) as well as sodium hydroxide (SH) and sodium sili
cate (SS) as the main components of the AA solution. GGBS is the most 
typical component of AA-based mortars [31], a low-CO2 substance, 
extremely vitreous and highly reactive with minimum variation [32]. 
Additionally, SH is the most extensively used activator in AA-based 
mortars because of its availability and low cost. It is typically mixed 
with SS to generate an alkaline solution and reach higher mechanical 
strength. Gomaa et al. (2017) [33] recommends the alkali ratio (SS/SH) 
and the binder ratio (W/GGBS) of respectively 1 and 0.4 to reach a high 
strength. Further, the amount of the rubber including both PR and CR, 
which replaces FS (replacement ratio), significantly affects the mortar’s 
performance. Kianifar and Ahmadi (2023) [30] suggests the rubber ratio 
(PR/CR) of 0.5, given that they did not consider the segregation of the 
rubber particles as an influential factor. 

2.1.1. Trial mortar mixes and tests 
Despite the recommendations in the existing literature, due to the 

complexity of the RAAMs and lack of information about their design, 
three trial RAAM mixes are prepared as listed in Table 1. These trial 
mixes are studied to gain an insight into influential design factors of the 
RAAM prior to the main mix designs. The AA solution of these mixes 
contains 12 M SH and liquid SS of 40% purity (400 gr of SS dissolved in 
1 L of water). The solution is prepared at least 24 hrs prior to the mortar 
production to ensure that it has been fully cooled off. The FS, CR, PR, 
and GGBS are thoroughly combined to reach a homogenous mix. Then, 
the solution is added to the mix, and the mixing process is continued for 
at least 4 mins to produce a well-mixed mortar. 

To study the impact of curing method, the RAAM1 and RAAM2 are 
cured in an oven for 24 hrs at 70 ◦C, and then, is wrapped in cling film at 
an ambient temperature of 20 ◦C. On the contrary, the RAAM3 is cured 
at the room temperature and wrapped in cling film. For each of the 
RAAM1 and RAAM2 mixes, three 100 × 100 × 100 mm cubic samples 
are made (Fig. 1a) and tested in compression after the 3, 7, and 28 days 
of the curing (oven-cured samples), as shown in Fig. 1b. However, for 
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the RAAM3, two samples are casted (Fig. 1a) and tested at the 7th day 
and 28th day of the curing (room temperature-cured samples). 

As seen in Fig. 1a, the segregation occurs for all the samples. 
Particularly for the RAAM1 and RAAM2 (oven-cured samples), severe 
segregation between the rubber particles and other solid contents like 
GGBS and FS is seen. Therefore, the room temperature curing demon
strates superiority, and results in less segregation of the granular con
tents and consequently, less porosity. Further, the CR particles move to 
the top surface of the samples (a clear dark thick layer on the top is seen) 
due to their lower density (1100 kg/m3), leading to significant segre
gation of the CR particles. Further, all the samples exhibit 28-day 
compressive strength values over 40 MPa (Fig. 1b). 

To further investigate the segregation phenomenon and avoid it in 
design of the main mixes, a sieve analysis test is conducted to assess the 
gradation of the granular contents: FS, CR, and PR. The well-graded 
gradation curve minimises the voids between the granular particles, 
thereby reducing permeability and porosity and enhancing their 
compressive strength and durability [34]. The sieve analysis is per
formed according to ASTM C136 (2015) [35], where the Fuller 

Thompson curve is used as a benchmark for a well-graded mix [34]. 
Fig. 2a shows the gradation curves of the individual granular contents. It 
is seen in Fig. 2a that the FS particles are smaller than 2 mm and, neither 
CR nor PR contains any particle larger than 3 mm. This means that all 
the granular contents of the RAAMs are fine materials, and thus, 
achieving well-graded granular contents is impossible as seen in Fig. 2b. 
Thus, due to poorly graded granular contents (Fig. 2b) and the severe 
segregation observed (thick layer of CR on the top surface of the samples 
in Fig. 1a), the amount of the rubber ratio (PR/CR) will be increased up 
to 2 to ensure avoiding the segregation of particles. 

2.1.2. Main mortar mixes and tests 
To avoid the segregation phenomenon, the main RAMM mixes are 

designed for a high value of rubber ratio, PR/CR = 2, as shown in 
Table 2. Further, to assess the impact of the rubber content, RAAMs with 
replacement ratios of 0.15, 0.22, and 0.30 are developed. The binder 
ratio and alkali ratio are respectively taken 0.4 and 1 as recommended in 
[33]. The densities of the RAAM15, RAAM22, and RAAM30 are 2250 
kg/m3, 2180 kg/m3, 2160 kg/m3, respectively. 

The OM with a water-to-cement ratio of 0.4 is designed for 
compressive strength of around 30 MPa, density of 2480 kg/m3, and 2% 
air in its fresh form. The AAM is created using the same binder ratio, 0.4, 
and density of 2800 kg/m3. The alkali ratio of the AAM is 1 with about 
2% air in its fresh form. 

A total of 105 main testing samples are manufactured and mechan
ically tested for compression, flexure, and bonding. For each mortar, 
three types of mechanical tests are conducted: (1) compressive strength 
according to ASTM C109 (2021) [36] (Fig. 3a), (2) flexural strength 
according to ASTM C293 (2010) [37] (Fig. 3b), and (3) bonding strength 
according to EN 1052–3 (2002) [38] (Fig. 4). For each mortar, fifteen 50 
× 50 × 50 mm cubic samples are casted (Fig. 5a-5e), of which four 
samples are tested at the 3, 7, and 28 days of the room temperature 
curing, and three are tested at the 180th day. Six 40 × 40 × 160 mm 
samples are tested in flexure at the 28th day (Fig. 5f-5j). 

For durability evaluation of the mortars, three cube samples of each 
mortar are tested for water absorption in accordance with ASTM C642 
(2022) [39] after the 28th of curing. For each sample, the cling film is 
removed, the sample is dried, and its initial weight is measured. After
wards, the sample is submerged in water for 0.5hrs and 48 hrs, and the 
weight is measured for each submersion period (e.g., 0.5 hrs and 48 hrs). 
The water absorption ratio for each submersion period is the relative 
change in the weight of the sample compared to the initial weight. 

Another important feature of a repair is the quality of the bonding 

Table 1 
Amounts of various contents per 1 m3 of mortar for trial mixes.  

Mix Name GGBS (kg) Agg/B FS (kg) CR (kg) SH (kg) W/GGBS SS/SH PR/CR Replacement Ratio 

RAAM1 666  1.55 867 34 96  0.40  1.30  0.50  0.15 
RAAM2 666  1.55 691 62 96  0.40  0.83  0.50  0.30 
RAAM3 666  1.55 691 62 96  0.40  1.00  0.50  0.30  

Fig. 1. (a) Trial samples, and (b) compressive strength test results.  

Fig. 2. Gradation curves for: (a) individual particles, and (b) com
bined particles. 
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between the repair mortar and the concrete substrate. According to EN 
1504-3 (2006) [40], the mortar must have a minimum bonding strength 
of 1.5 MPa for structural applications. The bonding of the concrete 
substrate-repair mortar interface is thus assessed through the triplet test 
method recommended in EN 1052-3 (2002) [38] (see Fig. 4). Three 40 
× 40 × 160 mm prisms are bonded together by two layers of 10 mm 
mortars (Fig. 4a). The mortar interface is roughened, as is common in 
repair work, to increase the bonding. In the symmetric triplet test sys
tem, a load is applied to the middle of the concrete prisms to pass the 
shear force to the concrete-mortar interface at the joints, preventing the 
application of any eccentric loads, ([13], see Fig. 4c). Prior to the mortar 
application, each concrete prism is cured for 14 days in a water tank at 
an average temperature of 20◦ C. On the 28th day of the curing, the three 
samples of each mortar are tested for the bonding strength. 

2.2. Large-scale RC beams and tests 

From testing the RAAMs in section 2.1, the RAAM22 is selected as a 
high-performance repair material, which will be discussed in detail in 
section 3. Thus, three mortars (OM, AAM, and RAAM22) are used to 
repair three RC beams, with an undamaged RC beam (control beam) 
serving as a benchmark. Each beam has a rectangular cross section of 
150 × 200 mm, a total length of 1500 mm, two 12 mm diameter lon
gitudinal bars (yield strength of 500 MPa), and 200 mm-spaced 8 mm 
diameter shear links (see Fig. 6a). The control beam was designed to 
ensure flexural failure while providing sufficient shear resistance. The 
repair beams are damaged in the midspan where a cut as deep as the 
concrete cover, 25 mm, is made (Fig. 6a and 6b). The repair surface is 
wire brushed, chiselled, and submerged in water to provide a rough 
surface for better bonding prior to applying the repair mortars (Fig. 6c). 

The concrete of the RC beams (concrete substrate) is designed for 
target compressive strength of 30 MPa at the 28th day of its curing in 
accordance with ACI 211.2.98 (1998) [41]. The concrete substrate’s mix 
is 1: 2.6: 1.9, respectively for fine aggregate/cement, coarse aggregate/ 
cement, and water/cement ratios. The beams are demoulded 24 hrs after 
casting, and then cured in a laboratory setting (temperature of 21 ◦C and 
relative humidity of 60%). To meet design specifications, super
plasticizer is added to the fresh concrete to increase its workability, self- 
compacting capacity, and segregation resistance. The beams are cured 
for 28 days, then repaired by the mortars, and cured for 14 days prior to 
the flexural testing. All the RC beams are tested using a four-point 
bending testing machine in compliance with the ASTM C78 (2010) 
[42] (see Fig. 6b). The displacement-controlled approach is used to 
gradually apply the static load at a constant pace of 0.50 mm/min. An 
LVDT displacement sensor is placed at the midspan of the beams to 
measure their vertical displacement. One strain gauge is also installed at 
the midspan of the beam and the centre of the repair section (Fig. 6a). 
This strain gauge measures the strain at different levels of the vertical 
force. 

Table 2 
Amounts of various contents per 1 m3 of mortar for main mixes.  

Mix Name Cement (kg) GGBS (kg) Agg/B FS (kg) CR (kg) SH (kg) Binder Ratio SS/SH PR/CR Replacement Ratio 

OM 650 –  2.42 1470 –  –  0.4 – –  – 
AAM – 693  1.53 991 –  103.5  0.4 1 –  – 
RAAM15 – 693  1.53 842 21  103.5  0.4 1 2  0.15 
RAAM22 – 693  1.53 787 32  103.5  0.4 1 2  0.22 
RAAM30 – 693  1.53 711 43  103.5  0.4 1 2  0.30  

Fig. 3. Mortar mechanical tests: (a) compressive strength test, and (b) flexural 
strength test. 

10
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40
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Fig. 4. Mortar bonding test: (a) dimensions in mm, (b) wooden mould for sample production, and (c) test setup.  
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Fig. 5. Mortar samples for compressive strength test: (a) OM, (b) AAM, (c) RAMM15, (d) RAMM22, (e) RAMM30, and flexural strength test: (f) OM, (g) AAM, (h) 
RAAM15, (i) RAAM22, (j) RAAM30. 
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Fig. 6. (a) RC beams and repair dimensions, (b) four-point bending test setup, and (c) preparation of repair surface; note all dimensions are in mm.  
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3. Results and discussion 

3.1. Mortar results 

The substrate concrete-to-the repair mortar compressive strength 
ratio significantly affects the repair’s performance in concrete beams 
[43]. Fig. 7a shows exemplary compressive stress–strain curves of the 
mortars at 3rd day of the curing. The AAM exhibits the highest 
compressive strength (maximum compressive stress for each stress–
strain curve) while the OM has compressive strength higher than the 
RAAM30, but less the RAAM15 and RAAM22. By filling voids and acting 
as a lubricant, rubber will operate as a filler material that can boost the 
overall density and the workability and application of the AAMs. 
Generally, adding rubber reduces mortar’s compressive strength, and 
the RAAM22 shows 3-day compressive strength of around 34 MPa, 
slightly less than the RAAM15. However, the RAAM30 results in 3-day 
compressive strength of less than 25 MPa. The fracture stress of the 
mortars follows a trend similar to the compressive strength’s. Further, 
the RAAM22 shows good compressive ductility, as large as the AAM, and 
far larger than the OM. Given both compressive strength and ductility 
features, the RAAM22 outperforms the RAA15 and RAAM30 (see 
Fig. 7a). Additionally, the AAM has a higher elastic modulus (initial 
slope of stress–strain curve), and adding rubber gradually reduces elastic 
modulus of the mortar. The use of rubber particles helps slow the spread 
of cracks by enhancing flexibility, dispersing tension, and absorbing 
strain. Fig. 7b illustrates the mean compressive strength of the mortars 
for the 3 days, 7 days, 28 days, and 180 days curing. The results are 
compatible with the discussion on the compressive strength in Fig. 7a. 
Interestingly, the AMM’s mean compressive strength increases up to 
around 70 MPa after 180 days curing. The 180-day mean compressive 
strength values of the RAAM15, RAAM22, and RAAM30 are 65 MPa, 54 
MPa, and 43 MPa, respectively. 

Fig. 8a illustrates the mean flexural strength of the mortars. The OM 
shows the highest flexural strength. The AMM, RAAM15, and RAAM22 
have very similar mean flexural strength and, a clear drop in the mean 
flexural strength is seen for the RAAM30. Fig. 8b shows exemplar shear 
stress–strain curves obtained from the bonding tests of the mortars. As 
seen, similar to compressive stress–strain curves of the mortars, the 
RAAM22 shows high shear strength and ductility compared to RAAM15 
and RAAM30. It seems that high amount of rubber (RAAM30) reduces 
the mortar’s shear strength, and thus leading to its failure before 
reaching higher ductility. Interestingly, the RAAM22 exhibits improved 
shear behaviour compared to the AAM. 

The mean bonding (shear) strength is shown in Fig. 8c. As seen, 
adding rubber enhances the mean bonding strength of the AAM that is 
far higher than the OM. Specifically, the RAAM15 shows the highest 
mean bonding strength, and the RAAM22′s mean bonding strength is 
lower than the RAAM15′s, but noticeably larger than the rest of the 
mortars. Fig. 8d shows the mean results of the water absorption tests for 
the 0.5 hrs and 48 hrs submersions in water. The water absorption of the 
OM significantly increases from 3.6% to 7.3%. In contrast, there is no 
difference between the results of the 0.5 hrs and 48 hrs submersions for 
the AAM. Adding rubber increases water absorption rates [44]. 

Although this rise is not seen in the 0.5 hrs submersion tests, it is 
noticeable in the 48 hrs submersion test of the RAAMs. In comparison 
with the OM, the RAMMs have less water absorption capacity after 48 
hrs of submersion, indicating that the RAAM absorbs less water for 
longer periods of time. 

Fig. 9 shows the failure modes of the bonding samples. The failure 
modes of the mortars follow those reported in EN 1052–3 (2002) [38]. 
The RAAM samples fail by crushing, splitting, or shearing in the concrete 
substrate (Fig. 9c-9e), which is desirable for repair materials indicating 
strong bonding. On the contrary, the OM and AAM exhibit at least one 
shear failure in the bonding area due to weak bonding (Fig. 9a and 9b). 
Given all the influential features that determine overall performance of a 
repair material including compressive strength, flexural strength, 
bonding strength, compressive/shear ductility, and water absorption, 
the RAAM22 generally exhibits a high performance among all the 
RAAMs. Hence, the RAAM22 was selected together with the OM and 
AMM for the repair of the RC beams in section 2.2. Table 3 compares the 
amount of the embodied carbon footprint (in kg CO2e) for the OM, AAM, 
and RAAM22, calculated according to Jones and Hammond, (2020) 
[45].The results clearly demonstrate that the AMM and RAAM22 have 
far lower embodied carbon compared to the OM, and hence, can highly 
increase the sustainability aspect of the repair mortars. 

3.2. RC beams tests 

Fig. 10 shows the crack pattern of the left half of the RC beams at 
failure state where the concrete at the top of the cross-section crushes 
under compression. The first cracks that appear during the testing are 
flexural cracks (vertical cracks) in the repair area for all the beams. 
Fig. 11a shows the force–displacement curves of all the beams. As listed 
in Table 2, the RAAM-repaired beam exhibits the largest cracking force 
(the force at which the first crack is observed), meaning that the 
cracking of the beam is significantly delayed when repaired by the 
RAAM. The reason can lie in the high ductility of the RAAM (see Fig. 7a 
and 8b). Both the RAAM- and AAM-repaired beams show slightly higher 
force capacity (maximum force from the force–displacement curve and 
reported in Table 4), and thus, slightly higher flexural strength values 
(see Table 4). Like the OM- and AAM-repaired beams, the RAAM- 
repaired beam shows a high maximum displacement before failure, 
leading to a high ductility index. 

Fig. 11b shows the mortar strain versus applied force for the repaired 
beams. At a constant force, the WTRAA-repaired beam clearly exhibits a 
far smaller mortar strain, thus higher compatibility with the concrete 
substrate. The OM shows a very high strain at a very small force 
implying the strain incompatibility between the OM and the concrete 
substrate. The AAM shows a better performance exhibiting very small 
strain at around 5.7 kN. The RAAM starts experiencing high strain values 
at around 23.5 kN. 

4. Conclusions 

In this study, 105 small-scale samples were used to evaluate the 
effectiveness of a proposed rubberized alkali-activated mortar (RAAM) 

Fig. 7. (a) 3-day compressive stress–strain curve, and (b) mean compressive strength.  
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for repairing damaged RC beams. Through a series of mechanical tests, 
including compressive, flexural, bonding strength, and water absorp
tion, the performance of RAAM was compared to Ordinary (OM), and 
alkali activated (AAM) mortars. The results indicated that the RAAM 
with 22 % replacement of fine aggregates with rubber particles exhibi
ted the most effective mix design for repairing damaged RC beams. 
Despite the general reduction in compressive strength caused by the 
addition of rubber, the RAAM22 mortar demonstrated a 3-day 
compressive strength of approximately 34 MPa. On the other hand, 
the OM mortar showed the highest flexural strength among the tested 

samples. Interestingly, the RAAM22 mortar displayed similar mean 
flexural strength to the AAM, suggesting its suitability for structural 
repairs. Additionally, the inclusion of rubber particles improved the 
bonding strength of the AAM, surpassing that of the OM mortar. Water 
absorption tests revealed that the RAAM absorbed less water over a 
longer period (48 hrs) compared to the OM mortar, indicating improved 
durability. Notably, RAAM22 production results in 15 times less 
embodied carbon footprint compared to OM and even slightly less than 
AAM, highlighting its sustainability. 

During the 4-point bending tests conducted on RC repaired beams, 
the RAAM22-repaired beam exhibited cracking at a force of 35.8 kN, 
which was 46 % higher than the OM-repaired beam, and 28 % higher 
compared to the AAM-repaired RC beam. Furthermore, the RAAM22- 
repaired beam demonstrated higher force capacity (87 kN), flexural 
strength (17 MPa), and almost identical maximum displacement 
compared to the OM-repaired beam, indicating superior mechanical 
properties and ductility index. These findings underscore the promising 
potential of RAAM22 for the practical repair of RC concrete structures. 

However, further research is necessary to assess the long-term 
durability, chemical penetration resistances, and microstructural 

Fig. 8. (a) Mean flexural strength, (b) exemplar shear stress–strain curve, (c) mean bonding strength, and (d) water absorption results.  

Fig. 9. Failure modes of the bonding samples: (a) OM, (b) AAM, (c) RAAM15, (d) RAAM22, and (e) RAAM30.  

Table 3 
Embodied carbon footprint of the mortars.  

Contents OM AAM RAAM22 

Cement  519.7  0.0  0.0 
GGBS  0.0  28.8  28.8 
W  0.1  0.1  0.1 
FS  11.0  7.4  6.6 
kg CO2e/m3 mortar  530.8  36.3  35.5  
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analysis of this mortar using advanced techniques such as Scanning 
Electron Microscope (SEM) or X-Ray Diffraction (XRD) before its 
implementation in engineering practice. 
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