
 

 

 

Abstract— Sustainability and the negative impact of waste on 

our environment requires elimination of waste through reducing 

consumption, reuse, recycling of all waste and industrial byproducts.  

Natural resources can be conserved when waste/by-product materials 

are used as full or partial replacement materials to virgin raw 

material, in addition to the economic benefits, other benefits include 

improved landscape by reducing waste dumping, lower energy by 

recycling and sometimes improved performance. In this paper 

experimental results will be presented on experimental research 

undertaken in producing green cementitious binder from waste 

“geopolymer”, as well as studying the performance and fracture of 

the concretes produced. It also investigates the possibility for 

innovative maintenance procedures achieved by materials‟ „self-

healing‟. The experimental component of the report consists of an 

extensive laboratory investigation to produce and test low carbon 

cementitious mortar specimens, autogenically healed with a booster 

of different curing temperatures. The development of the green 

binder strength and the self-healing experimental procedure are 

explained and results presented for a series of compressive strength 

tests, as well as three point bending tests. In the test program, the 

behaviour of strength development of cementitious materials was 

investigated, the effect of booster of different curing temperatures at 

different curing ages and the effect of pre-notching on the healing 

performance of the beams, were also investigated. This work was 

used to prove the concept of the polymerisation process and strength 

development, which was subsequently undertaken to investigate how 

the geopolymer cementitious system could be used to enhance the 

autogenic healing of cracks, and presents the details of the test 

program. The experimental results showed an increase in strength 

after the first curing regime of 7, 14, 28, and 56 days. It is believed 

that this increase in strength can be attributed to the polymerisation 

process. Also, the results showed strong ability to enhance the 

strength of geopolymer paste by using a booster curing temperature, 

either with same cured temperature (40oC, 60oC) or with a high 90ºC. 

It is envisaged that the durability of geopolymer could be greatly 

enhanced as a result of the crack closure provided by the self- healing 

mechanism. 
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I. INTRODUCTION 

RODUCING construction materials from waste is 

increasing significantly to mitigate the impact of waste on 

the environment. Each year the UK generates approximately 

290 million tonnes of waste, which causes environmental 

damage and high costs to businesses and consumers (Lawson 

et al., 2001). However, there are big opportunities for the 

generated wastes to be reused or recycled (Lawson et al., 

2001). A wide range of products can be derived from 

industrial by-products depending on materials composition, 

production processes and technologies. The engineering 

properties of Portland cement, as main components within the 

concrete matrix, coupled with the negative environmental 

impact caused by cement manufacturing, has led the industry 

to produce materials with cementitious properties similar to 

those of Portland cement, using  supplementary cementitious 

ingredients, but consuming less energy and therefore 

generating lower CO2 emissions (Li et al., 2004).  

This can be achieved by either reducing or replacing the 

amount of Portland cement in concrete with supplementary 

cementitious materials especially by-products, to produce 

more environmentally friendly concrete. Supplementary 

cementitious materials, in general, are either natural materials 

or by-products from other manufacturing processes. Some of 

these materials are called pozzolans, which means that they do 

not have any cementitious properties by themselves, but these 

materials can react either with Portland cement or with other 

reactive materials to form cementitious components (Sear, 

2001). Some of the supplementary cementitious materials are 

Fly Ash, Ground Granulated Blast Furnace (GGBS), Silica 

Fume (SF), Rice Husk Ash (RHA), Metakaolin (MK), Lime 

and Wastepaper Sludge Ash (WSA) (Li et al., 2004). 

Another endeavor to produce concrete that is more 

environmentally friendly is by using inorganic materials. 

Davidovits (1999)  suggested that a new binder that could be 

used to form concrete was an inorganic polymer (alumino–

silicate), also known as a geopolymer, which is synthesized 

from geological or by-product materials such as metakaolin 

and fly ash or any other materials that are rich in silicon and 

aluminium. 

 Geopolymers can exhibit a wide variety of properties. All 
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these properties, such as shrinkage, fast or slow setting, 

compressive strength, acid resistance, fire resistance, thermal 

conductivity and other characteristics depend on the type of 

raw material used. Recently, researchers have started to 

challenge the traditional approaches to the assessment of 

materials sustainability, emphasizing that structural materials 

should have the capability to meet their specifications 

throughout the life cycle of the structure. The production of 

smart materials that have the ability of self-healing has 

emerged Zwaag & Schmets (2007). Examples of these 

„smarter‟ materials include smart coatings which are able to 

heal scratches, autonomic healing of polymers and bacterial 

enhanced autogenic healing in concrete. A geopolymer could 

have these capabilities of self-healing due to the fact that in its 

microstructure, a geopolymer has unreacted particles that are 

likely to react by applying some process and that can result in 

the production of extra gel. The motivation for developing 

these self-healing cementitious materials is therefore, to 

achieve materials with improved durability and service life and 

reduced lifetime costs, both in terms of money and 

environmental impact. In accordance with the attempts to 

produce environmentally friendly concrete, the development of 

a geopolymer using by–product materials has been 

investigated. Fly ash, a by-product material from burning 

pulverized coal in electric power generating plants, has been 

reused widely as an engineering material since the 1930 

(Halstead, 1986). Different reasons led to the use of fly ash as 

a construction material. Its pozzolanic nature greatly improves 

the strength and durability of concrete. In addition, the re-use 

of fly ash can contribute strongly to minimising the disposal 

cost and save large areas of land from pollution caused by its 

disposal. Financially, the re-use of fly ash can deliver benefits 

from the sale of the by–product material. Fly ash-based 

geopolymers have been studied by a number of researchers. 

Many researchers have shown that fly ash is an ideal 

component for the production of geopolymer concrete due to 

the high content of alumino-silicate, which is an essential raw 

material that can be activated with an alkaline activator to 

achieve the geopolymer process (Glukhovsky & Rostovskaja, 

1980; Van Jaarsveld & Van Deventer, 1998; Phair et al., 2000 

and Palomo & López dela Fuente, 2003). 

The types of fly ash used to produce the geopolymer can affect 

the properties of the final production. Davidovits (1999) 

reported that the physical and chemical properties of fly ash 

based geopolymers can vary through the utilization of various 

types of fly ash, depending on the chemical composition of the 

initial materials. In many cases the hardened structure of 

geopolymer forms before the dissolution of the starting 

materials is completed. Van Jaarsveld et al. (1998), reported 

that the bonding of undissolved particles into the final 

geopolymer structure is mainly caused by the surface reaction, 

since geopolymers occur through a mechanism involving the 

dissolution of aluminium and silicon species. The mechanical 

strength of a fly ash based geopolymer can be decreased or 

increased by modifying several mix designs, such as 

NaOHSO3/Na2SO3 ratio and activator solution to fly ash ratio. 

Hence, the main three factors that affect the hardened matrix 

of fly ash-based geopolymer are the chemical, crystallographic 

and physical properties of fly ash. Temuujin et al. (2009), 

found that increasing the Calcium Oxide (CaO) content in fly 

ash has a positive effect on the compressive strength of the 

resulting geopolymer, although the fly ash with more than 20% 

content of CaO exhibited very rapid setting, at less than 3 

minutes, and therefore not recommended for use as a source 

material of geopolymer. Many researchers use compressive 

strength measurements as a tool to assess the success of 

geopolymerisation. This is due to the low cost and simplicity 

of compressive strength testing, as well as the fact that strength 

development is a primary measure within the utility of 

materials used in different applications of the construction 

industry (Provis et al., 2005). 

 The most significant factors that control the compressive 

strength of fly ash-based geopolymers is the pH of the initial 

alkali metal silicate precursor (Phair et al., 2000). This idea is 

supported by Lee and Van Deventer (2002). When the cement 

is used as a setting additive in the geopolymeric matrix, the 

compressive strength increases almost exponentially with 

increasing pH. The higher alkali content was found to promote 

solid dissolution but also caused alumino-silicate gel 

precipitation at very early stages, resulting in higher 

compressive strength (Van Jaarsveld et al., 2003). 

II. EXPERIMENTAL TEST PROGRAM 

 The following information outlines the materials and 

procedures that have been used to achieve the objectives of 

this study. An extensive series of laboratory tests were 

conducted throughout the project. During the early stages, a 

comparative approach was undertaken to study the properties 

of the production of cementitious materials. For this stage, 

compressive strength was selected as the indicator of the 

mixtures‟ mechanical properties. Afterwards, a trial-and-error 

method was adopted to identify salient parameters that are 

effective on mixture workability and strength. The aim was to 

optimize mixture proportions in terms of mechanical and 

durability features. Subsequently, various properties of the 

target cementitious materials were investigated further. The 

details of six types of the samples which were made during the 

laboratory work are shown in Table 1. The first phase dealt 

with the manufacture of fly ash-based geopolymer concrete, 

the parameters influencing the mix proportioning, investigated 

the ability of the geopolymer for self-healing properties in 

hardened states, along with an investigation of material 

properties and resources, acceptability, specification and long 

term performance. To achieve the possibility of self-healing of 

that material, it was necessary to ensure the availability of un-

reacted particles within the microstructure of hydrated 

geopolymer and then to identify a method to react these 

particles and produce additional gel. Afterwards, a series of 

geopolymer paste specimens were used to identify the 

unreacted particles as well as identify the approach that would 
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be followed to react these particles and analyse the salient 

parameters that are effective on strength development. The 

experimental steps aimed to understanding the geopolymer 

compressive strength development and eventually investigate 

the physical and mechanical evidence that confirm previous 

research which indicates the availability of un-reacted particles 

in gepolymer paste. 

SELECTION, PREPARATION AND CHARACTERISATION OF THE 

STARTING MATERIALS. 

 The raw material used for producing geopolymers was PFA 

powder. The powder was activated with alkaline solution 

sodium silicate solution and sodium hydroxide solution as 

shown in Table 2. The chemical composition and 

characterisation of the starting materials were determined prior 

to processing of the geopolymer by the use of X-ray diffraction 

(XRD) as well as ICP test as shown in Table 3. 

ALKALINE LIQUIDS  

 The alkaline solution used was a combination of sodium 

hydroxide and sodium silicate solution. The sodium hydroxide 

(NaOH) solution was made by dissolving NaOH solids (flake 

form) in water. The NaOH flakes were commercial grade with 

95-97% purity obtained from Fisher Scientific, UK. The 

concentration of the solution is expressed in terms of Molarity, 

M. In this study, a concentration of 14M was used. For a 14M 

concentration, 560 grams of sodium hydroxide flakes were 

needed for one litre of solution. The NaOH solution was 

prepared by dissolving the NaOH flakes into distilled water 

and stirring under the fume hood until the solution became 

clear. The NaOH solution was prepared at the chemistry 

laboratory due to the generation of heat when dissolving 

NaOH flakes, the NaOH solution was prepared at least one 

day prior to use. 

The sodium silicate solution used was also obtained from 

Fisher Scientific, UK. After diluting the sodium silicate 

solution, the chemical composition consisted of 14.7% Na2O, 

29.4% SiO2 and 55.9% H2O by mass. This composition was 

confirmed by analyses of the diluted sodium silicate solution 

using an ICP test. The specific gravity of the chemical 

composition was 1.45g/cc and the viscosity at 20ºC was 

300cp. The ratio of SiO2 to Na2O was 2.0. 

AGGREGATES 

 Fine aggregates in saturated surface dry condition (SSD) 

were used to prepare geopolymer mortar specimens, in 

accordance with British standards, BS EN 1097-6 (2000). This 

fine aggregate was obtained from a local supplier. 

SPECIMEN MANUFACTURE AND TESTING PROGRAM 

 This initial work was used to prove the concept of the 

polymerisation process and strength development system, the 

subsequent investigation undertaken was of how the 

geopolymer cementitious system could be used to enhance the 

autogenic healing of cracks. Thirty six geopolymer paste cubes 

were manufactured and tested for each group of curing regime. 

In the beginning, three trial mixtures of geopolymer paste were 

manufactured, and test specimens in the form of 

25mm×25mm×25mm cubes were made. Geopolymer 

specimens of dimensions (145mm×25mm×25mm) were also 

casted and prepared using previous mix proportions. A rotary 

pan mixer with a 2 litre capacity was used. Wet mixing 

continued for four minutes followed by moulding in three 

layers and then compaction. Initial compaction was carried out 

for the fresh paste in the cubic brass moulds by applying 

twenty manual strokes to each layer, followed by compaction 

on a vibration table for ten seconds. After casting, the 

specimens were covered and wrapped using polythene film. 

After 24 hrs in the curing regime, the samples were removed 

from the moulds to a dry environment to be ready for 

compression test. It was observed that the fresh fly ash-based 

geopolymer paste was dark, shiny and cohesive paste with the 

fly ash being responsible for the dark colour, due to the 

presence of carbon. The pH level measured for the geopolymer 

was 13.05 during the first 5 min, and then the pH level 

increased to reach 13.30 after 30 min as shown in Table 5. 

According to previous research, it was preferential to mix the 

sodium silicate solution and sodium hydroxide solution before 

adding it to the solid materials. The same procedure was 

followed in the lab to prepare the alkaline solution. 
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*) The numbers of the samples were 36 specimens for each group of 

test. 

**) All the specimen groups were tested at age 2, 7, 14, 28 and 56 

days. 

a) Groups mark are begin with a two-digit number, the curing 

temperature at the beginning. This is followed by a letter (G)  

and one-digit number, referring to the group number. The letter 

(M) refers to the mortar. The last term is W and a 2-digit number 

(e.g. W90, W60, and W40). The letter (W) refers to the group 

that has another „booster‟ curing temperatures (the number after 

W) prior to testing. 

 

TABLE 2 - MIX COMPOSITION FOR ALL GROUPS 

No. Materials Qt. (g) 

1 Fly Ash (low-calcium ASTM-class F) 1200 

2 Sodium Silicate Solution (SiO2/NaO2) 210 

3 
Sodium Hydroxide Solution (NaOH) 

14M 
210 

 
TABLE 3- CHEMICAL COMPOSITION OF FLY ASH 

Oxide % 

SiO2 47.7 

Al2O3 26.6 

Fe2O3 10.1 

CaO 2.7 

MgO 1.8 

Na2O 1.2 

K2O 3.6 

TiO2 1.1 

MnO 0.06 

BaO 0.1 

SrO 0.07 

Total Carbon 3.9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 1 - DESCRIPTION AND IDENTITY OF ALL GROUPS IN STAGES 1&2 OF  EXPERIMENTAL WORK 

Group No. *Ident. Mark **Curing 24hr at age (day) Oven temp. (°C) Description 

1 

40G1 1 40 Cured paste specimens at age 1 day and 

then left all specimens in room temp. until 

the test day  
60G1 1 60 

90G1 1 90 

2 

40G2W40 1, 6, 13, 27, and 55 40  Cured paste specimens at age 1 day and 

then subject another heating curing 1 day 

prior the testing day. 
60G2W60 1, 6, 13, 27, and 55 60 

90G2W90 1, 6, 13, 27, and 55 90 

3 

40G2W90 1, 6, 13, 27, and 55 40 Cured paste specimens at age 1 day and 

then subject another heating curing (90°C) 

1day prior the testing day. 
60G2W90 1, 6, 13, 27, and 55 60 

90G2W90 1, 6, 13, 27, and 55 90 

 

4 

 

40G3M 1 40 Cured mortar specimens at age 1 day and 

then left all in room temp. until the test day 60G3M 1 60 

90G3M 1 90 

 

5 

 

(a)40G3MW40 1, 6, 13, 27, and 55 40 Cured mortar specimens at age 1 day and 

then subject another heating curing 1day 

prior the testing day. 
60G3W60 1, 6, 13, 27, and 55 60 

90G3MW90 1, 6, 13, 27, and 55 90 

 

6 

 

40G3MW90 1, 6, 13, 27, and 55 40 Cured mortar specimens at age 1 day and 

then subject another heating curing (90°C) 

1 day prior the testing day. 
60G3MW90 1, 6, 13, 27, and 55 60 

90G3MW90 1, 6, 13, 27, and 55 90 
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TABLE 4 - CHARACTERISTIC STRENGTH OF GEOPOLYMER SPECIMENS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1a & b - Concrete cube testing 
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4
0

G
 

2       2.3 0 24       3.28 40 24 3.3 40 24 

7 4.9 0 24       7.33 40 24 35.1 40 24 

14 8.5 0 24 11.4 40 24 39.9 40 24 

28 17.9 0 24 24.2 40 24 46.9 40 24 

56 32.4 0 24 34.4 40 24 47.4 40 24 

6
0

G
 

2 26.5 0 24 26.9 60 24 27.0 60 24 

7       34.8 0 24 35.4 60 24 50.8 60 24 

14 33.4 0 24 40.3 60 24 61.9 60 24 

28 37.1 0 24 41.0 60 24 62.4 60 24 

56 37.9 0 24 43.0 60 24 63.0 60 24 

9
0

G
 

2 49.8 0 24 35.3 90 24 -- 90 24 

7       52.4 0 24 45.0 90 24 -- 90 24 

14 54.1 0 24       54.6 90 24 -- 90 24 

28       58.4 0 24       55.8 90 24 -- 90 24 

56 59.5 0 24 57.2 90 24 -- 90 24 

              (a)                                                                                                            (b) 
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TABLE 5- PH VALUE AND THE TEMPERATURE OF ALKALI SOLUTIONS 

TESTING OF THE SPECIMENS 

 To achieve proper testing and successful experimental 

operation of the geopolymer specimens, it was necessary to 

prepare the specimen‟s surface. Before applying the load, the 

cubic surface was smoothed and all dust and loose materials 

were removed. Sand paper was used to make the surface of the 

specimens as flat as possible, whilst the cubic corners were 

slightly chamfered using grinder. Testing of all the cubes was 

carried out, in accordance with BS EN 12390-3 (2002). The 

first step of the test was to remove the cubes from the curing 

location and place them in the submerged density water tank, 

where the weight was recorded. They were removed and 

allowed to dry for 5 minutes and the weight recorded again in 

the air, in order to obtain the density of the specimens. The 

cube test was carried out with the side face of cube placed in 

the testing machine and the loading started, as shown in Figure 

1. A compression-testing machine with a maximum 

compression load of 2000kN and  a loading rate of 0.185kN 

per minute was used, and specimens were loaded to the failure 

stage. The maximum load applied to each cube was recorded 

as shown in Table 4. In this study, the low-calcium (ASTM 

Class F) dry fly ash obtained from electric Power Station in the 

UK was used as the base material. The chemical composition 

of the fly ash as determined by X-Ray Fluorescence (XRF) test 

is shown in Table 3. 

III. ANALYSIS AND DISCUSSION 

 EFFECT OF CURING TEMPERATURE 

The effect of curing temperature on the compressive 

strength for all groups was significant. Higher curing 

temperatures resulted in a higher compressive strength values. 

Also, increasing the curing temperature beyond 40
o
C led to a 

substantial increase of the compressive strength. 

The results for typical samples subjected to the heat curing 

regime (Nos. 2 and 3 in Table 1) are shown in Figures 2, and 

3. As the figures show, the maximum (56-day) compressive 

strength values achieved as a result of the heat curing regime, 

were about 34, 38 and 59 MPa for groups 40G1, 60G1, and 

90G1 respectively. Regardless of the jump in strength value at 

each test age for the each temperature, these results have 

shown the same behaviour with the previous curing regime 

(Stage1). Figures 6 and 7 present further results where the 

„booster‟ curing temperatures were used, i.e. 40
o
C, 60

o
C, and 

90
o
C. Curing was undertaken in an oven for 24 hours prior to 

the testing day in all cases, as illustrated in Table 1.  

 

 
Figure 2 - Influence of curing temperature on compressive 

strength 

 

 
Figure 3 - Compressive strength at different ages 

 EFFECT OF SPECIMEN AGE 

Figure 4 shows the effect of age of geopolymer paste on the 

compressive strength. The test cubes were prepared for each 

group (40G1, 60G1, and 90G1), and cured in the oven at 40
o
C, 

60
o
C and 90

o
C respectively. As illustrated in Table 1, this type 

of regime was used to cure the specimens in an oven under the 

above temperatures for the first 24 hours, and then all the 

specimens were removed from their moulds and cured 

undisturbed at room temperature until the day of testing. As 

shown in Figure 4, the maximum 56-day compressive strengths 

achieved as a result of this curing regime were about 34, 38 

and 59 MPa for groups 40G1, 60G1, and 90G1 respectively. 

 
Figure 4 - Compressive strength at different ages 

 

 The chemical reaction of the geopolymer paste causes the 

No. Alkali solution pH Temp. °C 

1 NaOH 12.5 69.3 

2 Na2 SiO2 11.88 31.9 

3 NaOH+Na2O SiO2 13.11 56.6 
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compressive strength to improve with the age of specimens. 

This observation shows similarity to the well-known behaviour 

of OPC concrete, which undergoes a hydration process and 

hence gains strength over time. This behaviour is seen in the 

curing regime at 40
o
C, however, there is an improvement in 

the other groups, but not as large as that of group 40G1. This 

difference in compressive strength development between 40G1 

and the other groups suggests that the polymerisation process 

in the 40
o
C curing regime has not been completed, relative to 

the other groups, and this improves with time.  

With the other two groups (60G1 and 90G1), it seems that 

most of the polymerisation process occurred before 28 days. 

However, there still appeared a small increase in compressive 

strength after 28 days but at a lower rate, when compared with 

the rate before 28 days, as shown in Figure 4. Furthermore, 

this improvement in strength has also appeared in further 

stages (stage 4) when the geopolymer mortar was used, as 

shown in Figure 5. This confirms that the compressive strength 

of fly ash-based geopolymer paste improved with the age of 

the specimens. 

The compressive strength of the 40G1 was improved with time 

by applying “booster” curing temperatures. The behaviour of 

the 40G2 curve seems to be improved by ~ 30% when 

applying a 40
o
C curing temperature for 24 hours prior the 

testing day. Furthermore, the rate of increase in strength was 

similar to the 40G1 samples. However, this improvement was 

increased by using 90
o
C curing temperature instead of 40

o
C 

for the 24 hours prior to the testing day. The compressive 

strength seems to be enhanced by ~ 370% at 7 days and then 

the rate of improvement decreased with time to reach ~ 45% at 

56 days as shown in Figure 5 (curve 40G2W90). The rate of 

increase in compressive strength was rapid up to 7 days at 

40G2W90, and then increased smoothly until the age of 56 

days. The results confirm that a higher curing temperature 

resulted in higher compressive strength, for 24 hours of curing 

either at the beginning of the specimens age (1day) or 24 hours 

prior to the testing day. When comparing curing regime 1 and 

curing regime 2, the specimens tested in regime 2 showed a 

marked improvement in strength value over regime 1 for the 

same curing temperature. 

 
Figure 5 - Influence of curing temperature on compressive strength 

with the time for group 40 

 
Figure 6 - Influence of curing temperature on compressive 

strength with the time for group 60 

COMPRESSIVE STRENGTH BEHAVIOUR OF GEOPOLYMER 

MORTAR 

 The compressive strength of the geopolymer paste depends 

on the strength of geopolymer gel only. While in mortar 

specimens, the strength of geopolymer depends on the strength 

of the sand itself and the strength of the geopolymer gel. In 

addition, the interfacial bonding between the geopolymeric gel 

and sand plays an important role. However, this compressive 

strength was increased significantly when the mortar 

specimens were used in the same curing regime. This 

behaviour can be observed very clearly in Figures 6 and 7. 

HEALING RESPONSE 

 This stage of experimental work has comprised a series of 

experiments. All of these experiments have involved three 

point bending tests of prismatic mortar beams as illustrated in 

Figures 8 and 9. A control set have been established, curing 

and healing at 90 ºC and specimens were loaded to a CMOD 

of 0.3mm max at an age of 10, 24 and 52 days. The specimens 

were then healed for 48 hrs. Then after, they were reloaded at 

14, 28 and 56 days. That procedure was repeated using curing 

temperatures of 40ºC and 60ºC whilst maintaining a healing 

temperature of 90ºC. All the control and self-healing beams, 

for all sets of experiments, were subjected to one cycle loading 

process. The beam was loaded until it reaches its initial peak 

value, at which point a sharp drop in the strength of the beam 

was recorded at the same time as a macro crack was under 

monitoring and observation to propagate from the underside of 

the beam. The loading peak value was controlled using loading 

machine set up and recorded as shown in Table 6, in addition 

of that the strain indicator connected with clip gage has been 

also used to monitor the crack mouth opining displacement 

(CMOD) as shown in Figure 10. It may be seen that, for both 

the cracking stage and healing stage, there is some peak liner 

started from about 10-20 N, this followed by a sudden drop at 

0.3mm CMOD as shown in Figure 11. This kind of drop is 

caused by the brittle fracture of the materials and the stiffness 

of the beam itself as shown in Figures 12 and 13. 
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Figure 8 – Typical three-point bending testing configuration 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 9- Testing arrangement 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10 – Illustration of crack mouth opening displacement gauge 

 

 
Figure 11 - Illustration of crack propagation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 12 – Load-CMOD for healing and cracking stages at age 14 days 

 

 

 
Figure:13 – Load-CMOD for healing and cracking stages at 28 days 
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Figure 14 - Max load for all beams at pre-healing and healing stage 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 - Max load for all beams at pre-healing and healing stage 

LOAD INCREMENT 

12 beams were tested at the ages of 14, 28, and 56 days 

subsequently after the healing process. The results were 

illustrated in Figure 14. Every age group of the tested beams 

possessed a similar behaviour in terms of the percentage of 

load capacity increment. However this percentage of load 

increment reduced significantly with the increased aged of the 

tested specimens. The beams tested at the age of 14 days 

shown around 166% increment in load capacity than similar 

beams without the exposure of the healing process. While the 

specimens tested at the age of 28 days have less increment in 

load bearing capacity and recorded a maximum value of 

increment around 72%. With the age development, less 

increment were reported as illustrated in the Figure 15. This 

phenomenon is explained by the availability of the non- 

reactive particles which continued to react when the beams 

were exposed to the healing process constantly. The more 

reactive particles the more geopolymeric gel are produced and 

the latter explains the increment of load capacity. The 

chemical reaction of the geopolymer paste causes the load 

capacity to improve with the age of specimens. This 

observation shows similarity to the well-known behaviour of 

OPC concrete, which undergoes a hydration process and hence 

gains strength over time. With the specimens‟ age 

development, it is therefore expected that the percentage of 

increment in load capacity decreased until the beams reach to a 

stable state. However, still there is an increment in load 

capacity around 42% as illustrated in Table 7
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TABLE 6- MAX LOAD FOR ALL BEAMS AT PRE-HEALING AND HEALING STAGE 

Samples Max load (14 days) Max load (28 days) Max load (56 days) 

B1 pre-healing 129.66 

 

219.06 

 

251.06 

 
B1 Healing 

 

343.11 

 

358.64 

 

358.65 

B2 pre-healing 126.00 

 

221.35 

 

257.35 

 
B2 Healing 

 

337.72 

 

362.36 

 

361.42 

B3 pre-healing 119.13 

 

218.28 

 

258.28 

 
B3 Healing 

 

329.72 

 

368.61 

 

370.61 

B4 pre-healing 121.41 

 

216.80 

 

261.81 

 
B4 Healing 

 

329.26 

 

368.90 

 

370.93 

B5 pre-healing 125.70 

 

213.66 

 

253.66 

 
B5 Healing 

 

330.23 

 

366.27 

 

364.22 

B6 pre-healing 129.66 

 

223.34 

 

263.34 

 
B6 Healing 

 

327.92 

 

365.38 

 

369.35 

B7 pre-healing 119.21 

 

215.13 

 

253.13 

 
B7 Healing 

 

317.72 

 

361.86 

 

365.84 

B8 pre-healing 122.55 

 

209.81 

 

252.41 

 
B8 Healing 

 

327.95 

 

362.93 

 

355.79 

B9 pre-healing 124.22 

 

211.56 

 

250.74 

 
B9 Healing 

 

330.71 

 

365.56 

 

355.73 

B10 pre-healing 121.26 

 

213.42 

 

254.64 

 
B10 Healing 

 

326.49 

 

354.95 

 

357.95 

B11 pre-healing 123.36 

 

215.74 

 

255.09 

 
B11 Healing 

 

331.49 

 

362.86 

 

371.37 

B12 pre-healing 125.28 

 

217.54 

 

258.15 

 
B12 Healing 

 

325.68 

 

359.32 

 

359.33 

Mean of max load (N) 123.95 329.83 216.31 363.14 255.80 363.43 

Standard Deviation  3.52 6.22 3.93 4.13 4.05 6.06 

 
TABLE 7- % LOAD INCREMENT FOR ALL BEAMS AT VARIOUS AGES 

Samples 

%Load 

increment 

 (14 days) 

% Load 

increment  

(28 Days) 

% Load 

increment  

(56 Days) 

B1 164.63 63.72 42.85 

B2 168.03 63.70 40.44 

B3 176.76 68.87 43.49 

B4 171.21 70.15 41.68 

B5 162.71 71.43 43.59 

B6 152.91 63.60 40.25 

B7 166.51 68.20 44.53 

B8 167.61 72.98 40.96 

B9 166.23 72.79 41.87 

B10 169.25 66.31 40.57 

B11 168.72 68.19 45.58 

B12 159.97 65.18 39.20 

Mean       166.21 67.93 42.08 

Standard 

Deviation  
            5.9 3.4 1.9 
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Figure 15- % Load increment for all beams at various ages 

IV. CONCLUSIONS 

 The main purpose of this study was to investigate the 

possibility of a self-healing geopolymer and the availability of 

unreacted particles within the microstructure of a hydrated 

geopolymer. Also, from observing the strength gain behaviour 

of geopolymer over time, using different curing regimes and 

by carrying out adequate experimental work in order to better 

understand the behaviour, the following conclusions are 

drawn: 

 The unreacted particles have undergone reaction by 

using a “booster” curing temperature either with the 

same cured temperature or with 90
 o
C.  

 As the curing temperature increases within the range of 

40
o
C to 90

o
C, the compressive strength of fly ash-based 

geopolymer also increases as shown in Figures 2-7.   

 Longer curing times, produce higher compressive 

strengths of fly ash-based geopolymer.  

 The rate of improvement in strength for the samples 

cured at 90
o
C decreased with time, whilst the high 

increase in strength found at 7 days then decreased with 

time. 
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