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ABSTRACT 

This research studies the green geopolymer incorporated with phase change material (PCM) for 

energy saving in buildings. First class F fly ash (FA) based-geopolymer binder was studied. In 

order to improve the mechanical properties, low calcium slag (SG) was added to the FA to produce 

geopolymer. The effect of different factors including SG content (at different relative amounts 

FA/SG = 0/100, 25/75, 50/50, 75/25 and 100/0), NaOH solution at different concentrations (7.5, 

10 and 15 M), various curing times (1, 2, 4, 7, 14 and 28 days) and curing temperatures (25 

(ambient), 45, 60, 75 and 90 C) was investigated. The unit weight and uniaxial compressive 

strength (UCS) of the geopolymer specimens were measured. Scanning electron 

microscopy/energy-dispersive X-ray spectroscopy (SEM/EDX) and X-ray diffraction (XRD) were 

also performed to characterize the microstructure and phase composition of the geopolymer 

specimens. The results show that the incorporation of SG not only improves the strength of the 

geopolymer specimens but also decreases the initial water content and thus the NaOH consumption 

at the same NaOH concentration required for geopolymer production. In addition, the inclusion of 

SG increases the unit weight of the geopolymer specimens, simply because SG has a much greater 

specific gravity than FA. The results also show that the strength of the FA/SG-based geopolymer 

develops rapidly within only 2 days and no obvious gain of the strength after 7 days. The optimum 

curing temperature (the curing temperature at which the maximum UCS is obtained) at a FA/SG 

ratio of 50/50 is around 75 C. 

Second, FA-based geopolymer concrete was synthesized and the effect of different factors 

including sodium silicate to sodium hydroxide (SS/SH) ratio, aggregate shape, water to fly ash 

(W/FA) ratio, curing time, water exposure and PCM inclusion on the compressive strength of the 
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geopolymer concrete specimens cured at different ambient temperatures was studied. The results 

show that the UCS of the specimens increases with higher SS/SH and W/FA ratios up to a certain 

level and then starts to decrease at higher ratios. The results also indicate that a major portion of 

the strength of the specimens cured at ambient temperatures develops within the first four weeks. 

In addition the strength of the FA-based geopolymer concrete is slightly decreased with water 

exposure and PCM incorporation. 

Third, the mechanical and thermal properties of geopolymer mortar synthesized with FA and 

different amount of PCM were studied and the effect of incorporated PCM on the unit weight and 

UCS of geopolymer mortar was evaluated. SEM imaging was performed to identify the change of 

micro structure of the geopolymer mortar after incorporation of PCM. The thermal properties of 

the geopolymer mortar containing different amount of PCM were also characterized using 

differential scanning calorimetry (DSC) analysis. In addition model tests were performed using 

small cubicles built with geopolymer mortar slabs containing different amount of PCM to evaluate 

the effectiveness of geopolymer mortar wall with incorporated PCM in controlling the heat flow 

and internal temperature. The results indicate that both the unit weight and UCS of the geopolymer 

mortar decrease slightly after PCM is incorporated, mainly due to the small unit weight and low 

strength and stiffness of the PCM, respectively. However, the compressive strength of geopolymer 

mortar containing up to 20% PCM is still sufficiently high for applications in buildings. The results 

also show that the incorporation of PCM leads to substantial increase of heat capacity and decrease 

of thermal conductivity of the geopolymer mortar and is very effective in decreasing the 

temperature inside the cubicles. 
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Finally, a numerical study on the thermal performance of geopolymer with incorporated PCM was 

carried out. In order to simulate the heat transfer through geopolymer containing PCM, a simplified 

method was first presented. The influence of phase transition was linked to the energy balance 

equation through variable specific heat capacity of the PCM-geopolymer. The thermal properties 

of the geopolymer containing PCM for the numerical analysis were determined using DSC and 

guarded heat flow (GHF) tests. The simplified method was validated based on the good agreement 

between the numerical and experimental results. With the validated model, the effect of various 

factors including the specific heat capacity, thermal conductivity and wall thickness on the thermal 

performance of PCM-geopolymer walls was studied. Then a modified numerical method was 

proposed for simulating the whole thermal transfer processes and the simulation results were used 

to conduct the economic evaluation of PCM-geopolymer walls for energy savings in buildings. 
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Chapter 1: Introduction 

1.1. Statement of issues  

In the United States, space heating and cooling in buildings consume about 20% of the primary 

energy and account for approximately 20% of greenhouse gas emissions [1]. In most regions of 

the country, air conditioning usage tops the list of energy consumption in buildings during the 

summer. Therefore, energy efficiency measures in buildings provide a tremendous opportunity to 

reduce the energy demand and greenhouse gas emissions. Different techniques have been studied 

for improving the energy efficiency related to space cooling and heating in buildings [2-6]. One of 

the most effective techniques is to use phase change material (PCM) as an additive in the building 

wall. PCM has high latent heat capacity and can absorb or release heat within a narrow temperature 

when changing from solid to liquid state or vice-versa [7, 8]. By incorporating PCM with a suitable 

phase transition temperature and enthalpy in the exterior wall of a building, on daytime the PCM 

will prevent too much outside heat from entering the building by changing phase to store the extra 

solar heat as latent heat and at night the PCM will release the stored heat into the building if the 

inside temperature is too low (see Fig. 1). The results are a more comfortable inside environment 

with fewer temperature peaks and valleys, and a reduction in energy demand for cooling and 

heating. Because PCM melts during operation, it is important to properly encapsulate PCM so that 

the function of the wall is not adversely affected and the PCM does not flow out. There are two 

general methods to encapsulate PCM including macro encapsulation and micro encapsulation [9-

11]. Previous studies indicated that when macro encapsulation was used, the PCM could not 

function well due to its poor conductivity. When it was time to regain the heat from the liquid 

phase, the PCM solidified around the edges and prevented effective heat transfer [11]. With micro 

encapsulation, the dimensions are so small that this effect does not occur. However, when micro 
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encapsulation is used, the mechanical strength and structural integrity of wall materials such as 

concrete are adversely affected and bleeding can happen during the melting phase of PCM [11, 

12]. To effectively and safely use PCM in walls for energy savings in buildings, new PCM 

incorporation methods and/or new wall materials which are not adversely affected by PCM need 

to be developed. 

Fig. 1: PCM in a wall improves heat flow, a) Regular wall with no PCM, b) Wall with PCM 

1.2. Objectives and scope of study 

The major goal of this research is to develop a novel method to effectively and safely use PCM in 

walls for energy savings in buildings by incorporating PCM in green geopolymer (concrete). 

Geopolymer is a new type of “cement” formed by aluminosilicates in reaction with an alkaline 

solution, having an amorphous to semi-crystalline polymeric network structure with 

interconnected –Si–O–Al– bonds [8-10]. Geopolymer not only provides performance comparable 

to ordinary Portland cement in many applications but shows additional advantages such as rapid 

a b
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development of mechanical strength, good volume stability, excellent adherence to aggregates, 

superior resistance to chemical attack, and ability to immobilize contaminants [10-13]. 

Geopolymer concrete containing PCM can be used to produce external walls to reduce energy 

consumption in buildings. Specifically, the research has the following objectives: 

1. Investigate the effect of incorporated PCM on the physical and mechanical properties of 

geopolymer. 

2. Study the effect of incorporated PCM on the thermal properties of geopolymer. 

3. Conduct model scale tests by building small cubicles to evaluate the effectiveness of 

geopolymer walls containing PCM in controlling heat flow and internal temperature. 

4. Conduct numerical modelling to investigate the effect of important factors such as specific 

heat capacity, thermal conductivity and wall thickness on the thermal performance of 

geopolymer walls incorporated with PCM. 

5. Conduct technical and economic evaluation of using geopolymer walls containing PCM in 

buildings for energy savings. 

1.3. Literature review 

Much research has been conducted on utilization of PCM to improve the energy efficiency related 

to space cooling and heating in buildings [13, 14]. The PCM has been implemented in plaster, 

gypsum board, concrete and other wall covering materials. Zamalloa et al. [15] studied a new 

plaster with incorporated microencapsulated PCM for indoor application. They characterized the 

mechanical, thermal and fire-resistance properties of the plaster and conducted thermal simulations 

to study the optimal distribution of the plaster inside a building. Then the simulations were 

validated by constructing two real size concrete cubicles (one of them uses the PCM containing 
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material) and monitoring their temperature and energy consumption. The results show that the new 

plaster containing PCM is effective to minimize the thermal fluctuations inside the building and 

reduce the energy needs up to 10-15 % in heating and 30% in cooling. Zhang et al. [36] measured 

the thermal conductivity and specific heat capacity of the gypsum board incorporated with 

different amount of PCM. As shown at Fig. 2, their results indicate that the thermal conductivity 

is decreased when more PCM is included. The heat capacities of the obtained samples with 

different contents of PCM also show that the lower the weight percentage of PCM, the lower the 

specific heat capacity of the composite-material as illustrated at Fig. 3. To increase the thermal 

inertia of expanded perlite frequently used in modern buildings, Li and Li [16] produced granular 

phase change composites by incorporating PCM into the granular porous material. The 

measurements of temperatures through panels containing the phase change composite indicated 

that incorporation of phase change composites enhanced the thermal insulation of the panels. Chen 

et al. [17], using a one-dimensional non-linear mathematical model, analyzed the heat transfer of 

a PCM-wallboard and found that applying proper PCM to the inner surface of an ordinary room 

can not only enhance the indoor thermal-comfort dramatically, but also save the energy required 

for heating.  

Shapiro [18, 19] studied the incorporation of several types of PCMs into gypsum wallboard for 

application in the Florida climate. The results indicate that although the PCMs have relatively high 

latent heat capacity, they are not sufficiently applicable in the Florida climate because the 

temperature ranges required for achieving the thermal storage are incompatible with the range of 

comfort temperature for buildings. Since gypsum wallboards have much lower heat capacity than 

concrete, many researchers have selected concrete to incorporate PCM so that the total thermal 

storage capacity can be improved [20-26].  
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Fig. 2: Thermal conductivity of the gypsum boards incorporated with different weight 

percentages of microencapsulated PCM [36]. 

 

Fig. 3: Specific heat capacity of the gypsum boards incorporated with different weight 

percentages of microencapsulated PCM [36]. 
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Cabeza et al. [24] experimentally evaluated the effectiveness of incorporated PCM in concrete 

walls for energy savings. Their experimental setup consisted of two identically shaped cubicles of 

concrete, one with conventional concrete, and the other with the PCM concrete. The dimensions 

of the cubicles were 2 m × 2 m × 3 m. The thickness of the walls was 0.12 cm. Each cubicle 

included one window of 1.7 m × 0.6 m at the east and west walls, four windows of 0.75 m × 0.4 

m at the south wall and one door in the north wall (see Fig. 4). The cubicles were instrumented 

with temperature sensors in every wall, temperature sensors in the middle of the room at a height 

at 1.2 m and 2.0 m. The results indicated that the incorporated PCM improved the thermal inertia 

and lowered the inner temperatures as shown at Fig. 5, demonstrating a real opportunity for energy 

savings in buildings. 

 

Fig. 4: View of cubicles built by Cabeza et al. [24]. 
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Fig. 5: The temperature of south wall with and without PCM measured by Cabeza et al. [24]. 

Hunger et al. [25] presented a set of experiments on self-compacting concrete containing different 

amount of microencapsulated PCM. The PCM was incorporated into the concrete based on direct 

mixing. The results indicate that the incorporation of PCM leads to decrease of thermal 

conductivity and increase of heat capacity, which both significantly improve the thermal 

performance of the concrete and therefore save energy. The results also show a significant decrease 

in the strength of the concrete due to the incorporation of PCM. Meshgin and Xi [26] conducted a 

more detailed study on the effect of PCM on the mechanical and thermal properties of concrete. 

As shown in Figs. 6 and 7, their results show that the incorporation of PCM leads to significant 

increase of heat capacity and reduction of thermal conductivity of the concrete and thus improves 

the thermal performance of the concrete. In the meantime, however, the incorporated PCM also 

leads to significant loss of compressive strength of the concrete as illustrated in Fig 8. In order to 

minimize the strength reduction, they also used two different methods to add PCM in the concrete 

which are the replacement method and the additive method and figured out that the strength 
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reductions associated with the PCM replacement method are less than those of the PCM additive 

method for all amounts of PCM in their study. For the replacement method, PCM are replaced 

with a certain percentage of fine aggregate in the concrete. For the additive method, however, PCM 

is used as an additive in the concrete mixture. 

Eddhahak-Ouni et al. [27] conducted a similar study and reported almost the same findings except 

that their study indicated that the small amount of incorporated PCM (up to 5% by total volume of 

concrete) seems to have no effect on the thermal conductivity of the PCM-concrete.  

 

Fig. 6: Specific heat capacity of PCM-modified concretes with different amounts of PCM at 

different ages measured by Meshgin and Xi [26]. 
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Fig. 7: Thermal conductivity of PCM-modified concretes with different amounts of PCM at 

different ages measured by Meshgin and Xi [26]. 

 

Fig. 8. Compressive strength of PCM-modified concretes with different amounts of PCM at 7 

days measured by Meshgin and Xi [26]. 
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Although much research has been conducted on concrete with incorporated PCM, it has not been 

applied in practice yet, mainly due to the unfavorable characteristics after incorporation of PCM, 

such as loss of strength, low fire resistance and uncertain long-term stability [20]. Regardless PCM, 

concrete by itself is also highly responsible for greenhouse gas emissions. The study by Hawes et 

al. [22, 23] indicated that addition of pozzolans such as silica fume and fly ash can improve the 

stability of concrete containing PCM. The issues related to incorporation of PCM might also be 

addressed by using geopolymer concrete which has special advantages over the conventional 

concrete. Geopolymer is a relatively new material that has the potential for replacing the ordinary 

Portland cement (OPC). Geopolymer is an inorganic material synthesized via alkali activation of 

amorphous aluminosilicates at ambient or slightly increased temperatures, having an amorphous 

to semi-crystalline polymeric structure. Various raw materials that contain reactive or amorphous 

silica and alumina, such as metakaolin, fly ash, mine waste, red mud, and blast furnace slag, can 

be used to produce geopolymer. It is noted that most of these raw materials are industrial wastes 

or byproducts, and significant environmental and economic benefits can be achieved if the waste-

based geopolymer is produced and used in practice. Although geopolymer concrete has some 

limitations such as the difficulty and sensitivity in its making outside of the laboratory and the 

suitable supply of source materials [28-30], it provides not only performance comparable to 

conventional Portland cement concrete, but also additional advantages including rapid 

development of mechanical strength, small drying shrinkage, high fire resistance, superior acid 

resistance, effective immobilization of toxic and hazardous materials, and significantly reduced 

energy usage and greenhouse emissions [31-35].  
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1.4. Research Approach 

This research includes an innovative multi-scale and multi-disciplinary approach consisting of 

macro and micro/nano-scale experimental study, numerical modelling and economic analysis as 

shown in Fig. 9.  

1.4.1. Macro-scale study 

1.4.1.1. Uniaxial compressive strength (UCS) test 

To evaluate the effect of different factors on the mechanical strength of the geopolymer binder, 

mortar and concrete with and without PCM, the UCS tests were performed with an ELE Tri Flex 

2 loading machine at a constant loading rate of 0.1 mm/min. For each condition, considering the 

relatively small variance of measurements, three specimens were tested and the average of the 

measured values was used in the analysis. Before conducting the compression test, the end surfaces 

of the specimens were polished to make sure they are accurately flat and parallel. The polished 

specimens were weighed and measured dimensionally so that the unit weight could be determined. 

In addition, the end surfaces were lubricated to minimize the friction between the specimen and 

the steel platens. Five types of geopolymer specimens were tested including geopolymer binder 

without PCM, geopolymer mortar without PCM, geopolymer mortar with PCM, geopolymer 

concrete without PCM and geopolymer concrete with PCM. Geopolymer binder was synthesized 

by using class F fly ash (FA), low calcium slag (SG) or both as the source material and sodium 

hydroxide or sodium silicate or predefined sodium hydroxide/ sodium silicate mixture as the alkali 

activator. Geopolymer mortar was prepared by adding predefined fine sand to the geopolymer 

binder. Geopolymer concrete was however made by incorporating the predefined coarse 

aggregates to the geopolyemr mortar. 
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Fig. 9: Flow chart of the research methodology. 

1.4.1.2. Differential scanning calorimetry (DSC) analysis 

The differential scanning calorimetry (DSC) analysis was performed to measure the specific heat 

capacity (cp) of the geopolymer specimens containing different amount of PCM. DSC is a simple 

and rapid method for determining the heat capacity of small samples over a wide range of 

temperature and at various states (bulk, powder, film, granular, and liquid). In this study, the DSC 

analysis were carried out on 9 – 25 mg samples at a scanning rate of 5 °C per minute in the 

temperature range of 10 to 65 °C. 

 
Macro-scale study Micro/nano-scale study 
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(UCS) Test SEM imaging/EDS analysis 

X-ray powder diffraction (XRD) 
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X-ray fluorescence (XRF) 

analysis 

Differential scanning 
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Thermal model scale test 

Numerical study 

Economic evaluation 
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1.4.1.3. Guarded heat low (GHF) Test 

The thermal conductivity tests were performed by using a guarded heat flow (GHF) Test on a 

DTC300 System (ASTM E1530) which is able to perform thermal conductivity measurements on 

a reference material with an expanded uncertainty of ± 3%. As shown at Fig. 10 a specimen of the 

geopolymer can be held under a uniform compressive load between two polished surfaces, each 

controlled at a specific temperature. The lower surface is part of a calibrated heat flow transducer. 

The heat flows from the upper surface, through the specimen, to the lower surface, establishing an 

axial temperature gradient in the stack. After reaching thermal equilibrium, the temperature 

difference across the specimen is measured along with the output from the heat flow transducer. 

These values and the specimen thickness are then used to calculate the thermal conductivity. 

 

 

 

 

 

 

Fig. 10: Guarded heat flow (GHF) test 

1.4.1.4. Thermal model scale test 

To conduct thermal model scale tests to evaluate the effectiveness of a geopolymer wall containing 

PCM in controlling heat flow and internal temperature, cubicles at a size of 12” × 12” × 12” (305 
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mm × 305 mm × 305 mm) were produced. The top of the cubicles is a 2” (50 mm) thick 

geopolymer slab containing 0, 10% and 20% PCM, respectively. The geopolymer slabs were 

produced using the same procedure as that for producing the geopolymer specimens. The only 

difference is that a wooden mold at a size of 12” × 12” × 2” (305 mm × 305 mm × 50 mm) was 

used. The four sides and the bottom of the cubicles were made of 0.75” (19 mm) plywood and 

insulated to avoid heat flow through them (see Fig. 11). Three temperature sensors (thermocouples 

type K), with an accuracy of 0.1 °C, were installed on each cubicle, two self-adhesive sensors at 

the center of the top and bottom surfaces of the geopolymer slab and another inside the cubicle.  

 

Fig. 11. Cubicles during thermal test (The temperature sensor at the center of the bottom of each 

geopolymer mortar slab is not shown in the figure).

Top sensors 

Sensor inside cubicle 

Data logger system 
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The cubicles were placed outside at an empty space with no shadows or obstructions in Tucson, 

Arizona. By connecting all the temperature sensors to a data logger system, the temperatures on 

the top and bottom surfaces of the geopolymer slabs, inside the cubicles and in the air outside the 

cubicles were recorded for 24 hours (from 6:00 AM to 6:00 AM). The temperatures were instantly 

measured and saved on a SD memory disk every 10 minutes. 

1.4.2. Micro-scale study 

The macro-scale behavior is closely related to the micro/nano-scale characteristics. The 

micro/nano-scale study will investigate the micro/nano scale structure, composition and properties 

of the geopolymer specimens. It indicates that how the chemical components in the geopolymer 

specimens affect the geopolymerization process, composition and properties of the geopolymer 

products. SEM/EDS, XRD and XRF were performed in this research.  

1.4.2.1. Scanning electron microscopy (SEM) imaging/Energy-dispersive X-ray spectroscopy (EDS) 

analysis 

To investigate the effect of incorporated PCM on the microstructure of geopolymer specimens, 

SEM imaging were performed on the UCS tested specimens. The SEM imaging were performed 

in SE conventional mode using the FEI INSPEC-S50/Thermo-Fisher Noran 6 microscope. The 

SEM imaging studies the development of the micro-nano structure whereas the EDS analysis 

investigates the change of elemental composition at the surface of a specimen. For geopolymer 

specimens, both SEM imaging and EDS analysis were performed on freshly failed surfaces from 

the UCS tests, without polishing to keep the fractured surface “un-contaminated”. Due to the 

probability of excessive oxidation on sample surfaces, no external surfaces of geopolymer samples 

were used for microstructure testing. 
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1.4.2.2. X-ray powder diffraction (XRD) test 

To evaluate the phase compositions of powder materials (pure aluminosilicate wastes) and 

geopolymer specimens, the XRD analysis were implemented with a Scintag XDS 2000 PTS 

Diffractometer using Cu Ka radiation, at 2.0_/min ranging from 10 to 70 with 0.6 s count time. 

The amount of crystalline and amorphous products in the geopolymer specimens determines the 

mechanical properties such as UCS. It is thus important to study the phase state of material before 

and after the geopolymerization. XRD analysis were used to quantify the whole process (both 

crystalline and amorphous) taking part in geopolymerization.  

1.4.2.3. X-ray fluorescence (XRF) analysis 

XRF is the emission of characteristic from a material that has been excited by bombarding with 

high-energy X-rays or gamma rays. The phenomenon is widely used for elemental analysis and 

chemical analysis. The samples were prepared according to the following protocol: 4g of ground 

samples were mixed with 1g of Licowax C micropowder (Spectro) and pressed into pellets at a 

pressure of 22 tons for 120 seconds and analyzed using a Polarized Energy-Dispersive X-ray 

Fluorescence spectrometer (EDXRF – SPECTRO XEPOS, Kleve – Germany). Measurements 

were carried under Helium atmosphere and 4 secondary targets (HOPG, Mo, Al2O34 and Co) 

were used to provide different excitation conditions at different voltage and current settings. 

Acquisition time were set to 300 seconds for each secondary target. The detector were consisted 

in a silicon drift detector. Calibration of the EDXRF were performed using 25 certified reference 

materials and 18 uncertified materials previously analyzed by ICP-MS following Li-metaborate 

fusion. 

http://en.wikipedia.org/wiki/Gamma_rays
http://en.wikipedia.org/wiki/Elemental_analysis
http://en.wikipedia.org/wiki/Analytical_chemistry
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1.4.3. Numerical study  

Beside the experimental studies, numerical simulations were conducted to study the influence of 

incorporated PCM on the thermal behavior of geopolymer and optimize the performance of the 

geopolymer wall containing PCM. There are different simulation tools with their own advantages 

and limitations. In this study, the ANSIS FLUENT 14.5 software with modifications was used. 

The influence of phase transition were linked to the energy balance equation through variable 

specific heat capacity of the geopolymer. The key input parameters in the simulation, specific heat 

capacity and thermal conductivity, were determined by DSC and GHF tests, respectively. The 

simulation method was first validated by comparing the simulation results with those from the 

experiment and then used to do a parametric study to evaluate the effect of different factors.  

1.4.4. Economic evaluation 

The sustainability mainly focuses on three aspects: social, environmental and economic. The 

environmental and social benefits from reusing and recycling the aluminosilicate wastes through 

geopolymerization are obvious. In this research work, the economic benefits of using PCM-

geopolymer walls in buildings related to energy savings were investigated.  

1.5. Dissertation layout 

This dissertation follows the manual of graduate college at the University of Arizona and consists 

of two chapters and four appendices. The first chapter includes the statements of issues, objectives 

and scope of study, literature review, research approach and dissertation layout. The second 

chapter describes a summary of main findings from this study presented in the appendices. 
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Appendix A is a paper already submitted to the Journal of Material in Civil Engineering and studies 

the FA-based geopolymer binder. In order to improve the compressive strength, SG is added to 

and mixed with the FA as the source material to produce geopolymer binder specimens. The study 

investigates the effect of different factors including SG content, NaOH concentration, curing time 

and curing temperature on the strength of the geopolymer specimens. Appendix B focuses on the 

FA-based geopolymer concrete and investigates the effect of sodium silicate to sodium hydroxide 

(SS/SH) ratio, aggregate shape, water to fly ash (W/FA) ratio, curing time, water exposure and 

PCM inclusion on the compressive strength of the geopolymer concrete specimens cured at 

different ambient temperatures. Appendix C is an already published paper in the Journal of 

Construction and Building Material and studies the FA-based geopolymer mortar incorporated 

with PCM. The effect of incorporated PCM on the unit weight, compressive strength and thermal 

performance of the geopolymer mortar is evaluated using UCS tests, SEM imaging, DSC tests and 

thermal model scale tests. Appendix D presents a numerical study on the thermal performance of 

geopolymer with incorporated PCM. A simplified method is first proposed, validated and used to 

study the effect of various factors including the specific heat capacity, thermal conductivity and 

wall thickness on the thermal performance of PCM-geopolymer walls. Then a modified numerical 

method is proposed for simulating the whole thermal transfer processes and the simulation results 

are used to conduct the economic evaluation of the PCM-geopolymer walls related to energy 

savings in buildings. 
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CHAPTER 2: PRESENT STUDY 

The methods, results and conclusions of the research have been documented in several papers 

presented in the appendices. Appendix A is a paper already submitted to the Journal of Materials 

in Civil Engineering. Appendix C is a paper already published in the Journal of Construction and 

Building Materials. The results presented in Appendices B and D will be submitted to journals for 

publication soon.  

2.1. Research performed and conclusions 

A summary of the important findings of this research is presented below. 

1.  In Appendix A, class F fly ash (FA) based-geopolymer binder was studied. In order to 

improve the strength of FA-based geopolymer binder, SG was added to and mixed with 

FA as the source material. The results show that the incorporation of SG not only improves 

the strength of the geopolymer specimens but also decreases the initial water content and 

thus the NaOH consumption at the same NaOH concentration required for geopolymer 

production. In addition, the inclusion of SG increases the unit weight of the geopolymer 

specimens, simply because SG has a much greater specific gravity than FA. The results 

also show that the strength of the FA/SG-based geopolymer develops rapidly, with a major 

portion of the UCS (about 70%) gained within only 2 days and no obvious gain of the 

strength after 7 days. The optimum curing temperature at a FA/SG ratio of 50/50 is 

measured to be around 75ºC.  

2. In Appendix B, FA-based geopolymer concrete was synthesized and the effect of different 

factors including sodium silicate to sodium hydroxide (SS/SH) ratio, aggregate shape, 
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water to fly ash (W/FA) ratio, curing time, water exposure and PCM inclusion on the 

compressive strength of the geopolymer concrete specimens cured at different ambient 

temperatures was studied. The results show that the UCS of geopolymer concrete specimens 

increases with higher SS/SH and W/FA ratios up to a certain level and then starts to decrease 

at higher ratios. The results also indicate that the major portion (more than 80%) of the strength 

of geopolymer concrete specimens cured at ambient temperatures develops within the first four 

weeks. In addition the FA-based geopolymer concrete strength is slightly decreased with water 

exposure and PCM incorporation. 

3. In Appendix C, the mechanical and thermal properties of geopolymer mortar synthesized 

with FA and different amount of PCM were studied and the effect of incorporated PCM on 

the unit weight and UCS of geopolymer mortar was evaluated. SEM imaging was 

performed to identify the change of micro structure of the geopolymer mortar after 

incorporation of PCM. The thermal properties of the geopolymer mortar containing 

different amount of PCM were also characterized using DSC analysis. In addition model 

tests were performed using small cubicles built with geopolymer mortar slabs containing 

different amount of PCM to evaluate the effectiveness of geopolymer mortar wall with 

incorporated PCM in controlling the heat flow and internal temperature. The results show 

that the addition of PCM decreases the unit weight and leads to slight decrease of strength of 

specimens. The results also show that the incorporation of PCM results in substantial increase 

of heat capacity of the geopolymer mortar and is very effective in decreasing the temperature 

inside the cubicles, confirming that the geopolymer mortar with incorporated PCM can be used 

as building wall to effectively increase the thermal inertia of buildings and reduce the energy 

demand for cooling and heating.  
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4. In Appendix D, a numerical study was carried out on the thermal performance of 

geopolymer with incorporated PCM. A simplified method was first proposed, validated 

and used to study the effect of various factors including the specific heat capacity, thermal 

conductivity and wall thickness on the thermal performance of PCM-geopolymer walls. 

Then a modified numerical method was proposed for simulating the whole thermal transfer 

processes and the simulation results were used to conduct the economic evaluation of the 

PCM-geopolymer walls related to energy savings in buildings. The results show that all the 

three factors, thermal conductivity, specific heat capacity and wall thickness, have crucial 

effect on the thermal performance of a PCM-geopolymer wall. The results also show that 

utilization of geopolymer walls with incorporated PCM is effective in reducing energy 

consumption in buildings. 

2.2. Future works 

The results presented in this study clearly show that the geopolymer with incorporated PCM is 

effective in improving the thermal performance of buildings and reducing the energy demand for 

cooling and heating. Although the state of art has been advanced through this study, the following 

future research works are suggested: 

1. There are two methods for incorporating PCM in the geopolymer concrete. The first 

method which has been used in this research adds microcapsulated PCM directly into the 

geopolymer concrete. The second method makes the geopolymer concrete by using porous 

aggregates filled with PCM. Therefore, it is suggested to prepare geopolymer concrete 

specimens using porous aggregates with maximum absorbed PCM and then compare their 

behavior with that of geopolymer concrete prepared with microcapsulated PCM. 
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2. Build prototype cubicles/houses using geopolymer walls with or without PCM to evaluate 

the effectiveness of geopolymer wall containing PCM in controlling heat flow and internal 

temperature. The cubicles/houses may be instrumented with temperature sensors. AC may 

also be installed to maintain the temperature inside the houses at a specified value. By 

monitoring the consumption of energy for each house, the effectiveness of the geopolymer 

containing PCM for saving energy in buildings for cooling and heating can be evaluated.  

3. Conduct systematic long term studies to investigate the durability of PCM incorporated in 

the geopolymer walls.  
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Abstract 

This paper presents an experimental study on geopolymer synthesized with class F fly ash (FA) 

and low calcium slag (SG). Geopolymer specimens were produced using FA and SG at different 

relative amounts (FA/SG = 0/100, 25/75, 50/50, 75/25 and 100/0), NaOH solution at different 

concentrations (7.5, 10 and 15 M), various curing times (1, 2, 4, 7, 14 and 28 days) and curing 

temperatures (25 (ambient), 45, 60, 75 and 90 C). The unit weight and uniaxial compressive 

strength (UCS) of the geopolymer specimens were measured. Scanning electron 

microscopy/energy-dispersive X-ray spectroscopy (SEM/EDX) and X-ray diffraction (XRD) were 

also performed to characterize the microstructure and phase composition of the geopolymer 

specimens. The results indicate that the incorporation of SG not only increases the UCS of the 

geopolymer specimens but also decreases the initial water content and thus the NaOH consumption 

at the same NaOH concentration required for geopolymer production. In addition, the inclusion of 

SG increases the unit weight of the geopolymer specimens, simply because SG has a much greater 

specific gravity than FA. The results also show that the strength of the FA/SG-based geopolymer 

develops rapidly, with a major portion of the UCS (about 70%) gained within only 2 days and no 

obvious gain of the strength after 7 days. The optimum curing temperature (the curing temperature 

at which the maximum UCS is obtained) at a FA/SG ratio of 50/50 is around 75 C. 

 

 

Key words: Geopolymer; Low calcium slag; Class F fly ash; Uniaxial compressive strength   
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1. Introduction 

Currently about half of the electricity in the United State is generated by coal power plants. The 

coal combustion plants produce byproducts like fly ash as waste which require large area of land 

for disposal and result in potential environmental concerns like leaching into ground water. 

Another family of large volume waste is furnace slag produced during the primary copper smelting 

process. In current practice, slags are stored in disposal areas at the smelter site or under the sea in 

several countries. Reusing these wastes as a potential source of materials to produce geopolymer 

concrete has attracted much attention recently [1, 2]. 

Geopolymer is a relatively new material produced through the reaction of amorphous 

aluminosilicates with an alkali solution and is considered a potential alternative to ordinary 

Portland cement. Extensive research has been conducted to investigate the utilization of different 

types of wastes in the production of geopolymer [3-6]. The research on geopolymerization of 

furnace slag (SG) so far is mainly on high calcium SG. Puertas et al. [7] investigated the influence 

of included high calcium SG on the compressive strength of class F fly ash (FA)-based 

geopolymer. The results indicate that the SG reacts almost completely and contributes significantly 

to the final strength, whereas the FA only partially participates in the reaction process. As a result, 

the compressive strength increases when more SG is incorporated. Li and Liu [8] reported that 

incorporation of 4% high calcium SG refines the pore structure and increases the compressive 

strength of FA-based geopolymer. Kumar et al. [9] studied the relationship between microstructure 

and mechanical properties of geopolymer produced from FA and granulated blast furnace slag 

(GBFS), a high calcium SG. Alumino–silicate–hydrate (A–S–H) and calcium–silicate–hydrate 

(C–S–H) gels are the main reaction products at varying Si/Al and Ca/Si ratios. The results show 

that the reaction at 27 C is governed by the geopolymerization of GBFS, whereas the reaction at 
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60 C occurs due to the combined interaction of FA and GBFS. Lloyd et al. [10] studied the 

influence of microstructure on the durability of FA/high calcium SG-based geopolymer. More 

recently, Jang et al. [12] investigated the effect of incorporated GBFS on the compressive strength, 

setting time and workability of FA/SG-based geopolymer paste. The results indicate that inclusion 

of SG increases the compressive strength of the FA/SG-based geopolymer. 

In addition, there are some research efforts on the geopolymerization of low calcium SG. 

Komnitsas et al. [13] investigated experimentally the influence of curing temperature and curing 

time on the compressive strength of geopolymer synthesized from low calcium SG. Maragkos et 

al. [14] studied the influence of synthesis parameters (solid/liquid ratio, initial NaOH 

concentration, initial SiO2 concentration, etc.) on the mechanical properties and microstructure of 

the ferronickel SG-based geopolymer. The results indicate that the low calcium SG is a potential 

source material for geopolymerization and there is an optimum synthesis condition for solid/liquid 

ratio and NaOH concentration which results in a high compressive strength of 118 MPa. The 

utilization of low calcium SG together with other aluminosilicate wastes to produce geopolymer 

is also reported. Ahmari et al. [15] investigated the utilization of mine tailing (MT) and low 

calcium SG to produce geopolymer. The results indicate that incorporation of SG results in a 

significant improvement of the compressive strength. Moreover, the inclusion of SG reduces the 

optimum curing temperature and NaOH concentration for reaching the highest compressive 

strength. Komnitsas et al. [16] investigated the influence of incorporated kaolin or metakaolin on 

the compressive strength of low calcium SG-based geopolymer. The results show that the 

increased percentages of kaolin or metakaolin incorporated in the SG-based geopolymer causes a 

reduction in compressive strength.  
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To the knowledge of the authors, the research on geopolymerization of blended FA and low 

calcium SG has not been carried out yet. Recycling and utilization of both FA and low calcium 

SG is important because they are two major types of wastes at a significant amount. Therefore, 

this paper studies the geopolymerization of blended FA and low calcium SG (called SG from now 

on for simplicity) by investigating the physical and mechanical properties of FA/SG-based 

geopolymer specimens. The research systematically investigates the effects of synthesis 

parameters such as SG content, alkali concentration, curing temperature and curing time on the 

physical and mechanical properties of geopolymer specimens at different conditions. SEM/EDX 

and XRD analyses are also carried out to study the microstructure and phase composition of the 

geopolymer specimens. 

2. Experimental  

2.1.Materials  

Class F fly ash (FA), low calcium flash furnace copper smelter slag (SG) and sodium hydroxide 

(NaOH) solution were used to produce the geopolymer specimens. The FA was received from Salt 

River Materials Group (SRMG) in Phoenix, Arizona. The SG was acquired in the form of 

aggregates from Asarco’s Hayden Smelter located in Hayden, Arizona. The FA was directly used 

as received but the SG was crushed and milled to powder before used. Table 1 shows the chemical 

composition of the FA and SG based on XRF analysis. The FA consists of mainly SiO2 and Al2O3 

while the SG mainly contains SiO2 and Fe2O3. Fig. 1 shows the particle size distribution curves of 

both the FA and SG determined using mechanical sieving and hydrometer tests following ASTM 

D6913 and ASTM D422. The FA and SG have about 88% and 80% of particles passing #200 

(75μm) sieve, respectively. The mean particle size for the FA and SG is around 13.5 μm, and 17.7 

μm, respectively. Fig. 2 shows the SEM images of the FA and SG powders. The FA particles are 
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spherical with some fine particles attached to the surface of coarser particles. The SG particles 

have irregular shapes and some ultra-fine particles are also attached to the coarser ones. Fig. 3 

shows the XRD patterns of the FA and SG powders. The FA is mainly constituted of crystalline 

materials including mullite and quartz. An amorphous phase with a broad band registered between 

about 15 and 40 is also clear. For the SG, the main crystalline phases are magnetite and fayalite. 

The peaks of magnetite are less sharp than those of fayalite indicative of a less ordered molecular 

structure. The specific gravity of the FA and SG is 1.97 and 3.80, respectively, meaning that the 

SG is much heavier than the FA. 

The NaOH solution with concentrations of respectively 5, 7.5, 10 and 15 M as the alkaline activator 

was prepared by dissolving reagent grade 98% NaOH flakes in distilled water. The NaOH flakes 

were purchased from Alfa Aesar in Ward Hill, Massachusetts.  

2.2. Preparation of geopolymer specimens 

To prepare FA/SG-based geopolymer specimens, first, FA and SG were dry mixed together at a 

predefined content (FA/SG = 0/100, 25/75, 50/50, 75/25 or 100/0 by total solid weight) for 5 

minutes using a mixer to ensure the homogeneity of the mixture. Second, the NaOH solution 

already prepared was slowly added to the mixture and mixing was continued for 10 more minutes. 

The initial water content was maintained as low as possible to obtain high mechanical strength 

[11]. The specimens were produced at a consistent workability and the pure FA-based geopolymer 

specimen (FA/SG = 100/0) prepared at 27% initial water content was selected as the reference 

workability for all other specimens. Since the addition of SG significantly improved the 

workability, the initial water content was decreased when more SG was used. The mixing was 

performed at room temperature of approximately 25 C. 
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Immediately after the mixing, the resulting paste was poured into cylindrical Plexiglas molds with 

a length to diameter ratio of 2 (50 mm length and 25 mm diameter). The molds were shaken by a 

vibrator for 5 minutes to release the trapped air bubbles. Then the specimens were transferred to 

an oven at a specified temperature for curing. After 24 hours, the specimens were de-molded and 

sealed in plastic bags and placed back in the oven for further curing until tested. To study the effect 

of curing temperature, the 50% SG specimens with NaOH concentrations of 5 and 10 M were 

cured at 25, 45, 60, 75 and 90 C, respectively, for 7 days. To study the effect of curing time, the 

50% SG specimens with NaOH concentrations of 7.5, 10 and 15 M were cured at 75 C for 1, 2, 

4, 7, 14 and 28 days, respectively.  

2.3. Test methods 

Unconfined compression tests were conducted on the geopolymer specimens produced at different 

conditions using an ELE Tri Flex 2 loading machine at a constant loading rate of 0.1 mm/min. For 

each condition, three specimens were tested and the average of measured UCS values was used in 

the analysis. Before conducting the UCS test, the end surfaces of the specimens were polished to 

make sure they were flat and parallel. 

To investigate the effect of SG content, NaOH concentration and curing temperature on the 

microstructure of the FA/SG-based geopolymer specimens, SEM imaging/EDX analysis was 

carried out in SE conventional mode using the FEI INSPEC-S50/Thermo-Fisher Noran 6 

microscope. The SEM images were taken on the small pieces from the UCS tests. According to 

He et al. [17], due to the possibility of excessive oxidation on the specimen surfaces, no external 

surfaces of the geopolymer specimens were used for the SEM imaging. 
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XRD analysis was also conducted to study the effect of SG content and NaOH concentration on 

the phase compositions of the FA/SG-based geopolymer specimens. The XRD analysis was 

performed with a Scintag XDS 2000 PTS Diffractometer using Cu Ka radiation, at 2.00 degree/min 

ranging from 10.00 to 70.00 degrees with 0.600 second count time. 

Table 2 summarizes the combination of variables studied and the different types of tests conducted. 

The Si/Al and Si/(Al + Fe) ratios shown in the table were calculated based on the chemical 

composition of the source materials.  

3. Results and discussion 

3.1. Effect of SG content 

Fig. 4 shows the variation of UCS with SG content for the FA/SG-based geopolymer specimens 

prepared at NaOH concentrations of 7.5, 10 and 15 M, respectively, and cured at 75 C for 7 days. 

The results indicate that the inclusion of SG increases the UCS. For example, the UCS of the pure 

FA-based geopolymer produced at 27% initial water content and 15 M NaOH is about 35 MPa 

while the UCS of the pure SG-based geopolymer prepared at 14% initial water content and the 

same NaOH concentration is about 88 MPa, with an increase by more than 150%. The inclusion 

of SG not only improves the compressive strength of the geopolymer but also decreases the 

required initial water content and thus the NaOH consumption at the same NaOH concentration. 

It is worth mentioning that as the NaOH consumption decreases, the cost for producing the 

geopolymer gets lower.  

The improving effect of SG on the UCS can be explained by the Si/Al ratio. The Si/Al ratio plays 

a vital role in the synthesis of geopolymer products. The previous studies show that, in general, 
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the starting Si/Al ratio (based on the used source materials) should be in the range of 1–3 in order 

to obtain the maximum strength [21, 28-34]. Fig. 5 compares the optimum starting Si/Al ratio for 

the current study with those from other researchers. It can be seen that the optimum starting Si/Al 

ratio in this study does not fall in the range of the reported optimum starting Si/Al ratios. The 

reason is possibly due to the high content of Fe in the SG and the participation of Fe in the 

geopolymerization process as reported by Cristiane et al. [18]. They studied the distribution of Fe 

in geopolymer specimens synthesized with iron-rich raw materials using XRD, FTIR and Fe 

Mossbauer Spectroscopy. The analyses showed the presence of structural Fe+3 within the alumina-

silicate structure as well as the substitution of Al+3 by Fe+3 in the octahedral sites. Based on the 

studies of Cristiane et al. [18], the Si/Al ratio should be replaced by the Si/(Al+Fe) ratio when Fe 

is present. After Fe is considered, the optimum starting Si/(Al+Fe) ratio is much closer to the 

reported optimum starting Si/Al ratios. The small difference might be due to the fact that not all 

Fe has participated in the geopolymerization process, which will be further discussed later. It is 

worth mentioning that the Si/(Al+Fe) ratio corresponding to the optimum starting Si/Al ratio of 

3.59 by Komnitsas et al. [16] (denoted by letter G in Fig. 5) is about the same as the Si/(Al+Fe) 

ratio from the current study. 

Fig. 6 compares the XRD results of FA and SG powders and the geopolymer specimens of 0%, 

50% and 100% SG prepared at 10 M NaOH and cured at 75 C for 7 days. The XRD patterns after 

alkali reaction maintain the same crystalline peaks with no emergence of new peaks, indicating 

that the partially reacted particles are the main constituent of the geopolymer matrix. In addition, 

the amorphous phase with a broad hump extended from approximately 15 to 40 can also be clearly 

seen in the 0% SG (100% FA) geopolymer specimen. The XRD pattern of the 100% SG 

geopolymer specimen has the same trend as that in SG powder. Additionally the crystalline peaks 
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of both 0% and 100% SG geopolymer specimens drop down and at a few spots disappear after 

geopolymerization due to dissolution of crystalline phases. It is worth mentioning that the 

crystalline peaks of the 50% SG geopolymer specimen indicate a combination of the patterns 

corresponding to the original FA and SG powders. 

The variation of unit weight with SG content for the FA/SG-based geopolymer specimens prepared 

at NaOH concentrations of 7.5, 10 and 15 M, respectively, and cured at 75 C for 7 days is shown 

in Fig. 7. The results indicate that the inclusion of SG increases the unit weight of geopolymer 

specimens. The increasing effect of SG on the unit weight is simply due to the higher specific 

gravity of SG than FA.  

3.2. Effect of NaOH concentration 

One of the most important parameters for geopolymerization is alkali concentration [20]. Alkali 

activator has two main roles during geopolymerization: increasing the dissolution of Si and Al by 

raising pH and charge-balancing of Al by providing metal cations [21, 22]. Alkali metal cations 

participate as a catalytic role in all stages of geopolymerization especially in crystallization [13].  

The results shown in Fig. 4 indicate an increase in UCS with NaOH concentration, which confirms 

the findings of other researchers [21, 26]. The increase of UCS with higher NaOH concentration 

is mainly due to more dissolution of Si and Al and thus larger incorporation of those components 

in geopolymerization. Some previous studies indicate that the increase of NaOH concentration 

improves the UCS up to a certain level and then decreases the UCS at higher NaOH concentration 

[14, 16, 23, 24]. Maragkos et al. [14] investigated the influence of initial NaOH concentration on 

the UCS of SG-based geopolymer specimens. The experimental results showed that the increase 
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of NaOH concentration improves the UCS up to a certain level (7 M) and then decreases the UCS 

due to the fact that the excess quantity of NaOH does not react with the source material. A similar 

trend was found by Mustafa Al Bakri1 et al. [24] for FA–based geopolymer with the optimum 

NaOH concentration at 12 M. Alonso and Palomo [25] stated that increasing alkali concentration 

leads to a delay of the polymerization process due to the fact that the ion mobility gets limited at 

high alkali concentration. Table 3 summarizes the optimum alkali concentration values for 

geopolymers synthesized with different types of wastes. 

Another interesting point observed in Fig. 4 is that the effect of SG content on UCS is somehow 

related to the NaOH concentration. It is seen that as the NaOH concentration increases, the effect 

of SG inclusion on UCS also increases. 

The increase of UCS with NaOH concentration up to at least 15 M can be further explained by 

SEM/EDX and XRD results. Fig. 8 shows the SEM imaging of the 50% SG specimens synthesized 

with 7.5, 10 and 15 M NaOH, respectively, and cured at 75 C for 7 days. It can be clearly seen 

that as the NaOH concentration increases, the amount of geopolymer gels increases and the number 

of individual FA particles which can be seen (not fully reacted) decreases. The EDX analysis 

results shown in Fig. 9 indicate that the improving effect of higher NaOH concentration on the 

UCS can be due to more dissolution of Si and Al and thus more availability of these components 

in the geopolymerization process. Fig. 10 shows the XRD patterns of the 50% SG geopolymer 

specimens synthesized with 7.5, 10 and 15 M NaOH, respectively, and cured at 75 C for 7 days. 

It can be seen that as the NaOH concentration increases, the intensity of the crystalline peaks 

decreases due to more dissolution of Si and Al components as shown in Fig. 9.   



 
 

47 
 

As seen in Fig. 7, the unit weight of geopolymer decreases at higher NaOH concentrations. It is 

also noted that the effect of NaOH concentration on the unit weight decreases when more SG is 

included. For example, the unit weights of 0% SG specimens prepared at 7.5 and 15 M NaOH are 

14.0 and 16.5 kN/m3 (17.9% difference), respectively, while the corresponding values of 100% 

SG specimens are 28.5 and 29.5 kN/m3 (3.5% difference), respectively.  

3.3. Effect of curing temperature 

Previous studies show that curing temperature has a significant effect on the mechanical properties 

of geopolymer [15, 16, 20]. Fig. 11 shows the variation of UCS with curing temperature for the 

50% SG geopolymer specimens prepared with 5 and 10 M NaOH, respectively, and cured for 7 

days. The results indicate that the UCS increases with higher temperature up to a certain level and 

then decreases, giving an optimum curing temperature (at which the highest UCS is acquired) of 

about 75 °C for both 5 and 10 M NaOH. The results confirm the findings of Ahmari et al. [26]. 

They mentioned that the reason that the UCS increases with higher temperature below the optimum 

curing temperature is mainly due to the higher solubility of Si and Al in an alkali activator. 

However, when the temperature is above the optimum curing temperature, higher temperature 

results in quicker formation of geopolymeric gels and prevents more dissolution of Si and Al and 

eventually decreases the UCS.  Table 4 compares the optimum curing temperatures from the 

current study with those by other researchers on geopolymers synthesized with different types of 

wastes. 

Fig. 12 shows the unit weight versus curing temperature for the 50% SG geopolymer specimens 

prepared with 5 and 10 M NaOH, respectively, and cured for 7 days. The unit weight decreases 

with higher curing temperature at both 5 and 10 M NaOH concentrations. This is simply because 
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higher curing temperature leads to more evaporation of water from the geopolymer specimens. It 

can also be due to the increase in fine pore volume at higher curing temperature, as indicated by 

the mercury intrusion porosimetry results of Sindhunata et al. [27]. 

3.4. Effect of curing time 

Fig. 13 shows the effect of curing time on the UCS of the 50% SG geopolymer specimens 

synthesized with NaOH concentrations of 7.5, 10 and 15 M, respectively, and cured at 75 C. The 

results show that the strength of geopolymer developed rapidly, with about 70% of the final UCS 

gained within only 2 days and there was no obvious gain of the strength after 7 days. For example, 

the UCS of the geopolymer specimens synthesized with 10 M NaOH and cured for 2, 7 and 28 

days are measured to be 29.8, 42.2 and 43.9 MPa, respectively. Zhang et al. [21] reported the same 

trend regarding geopolymers produced from blended mine tailings and FA.  

Fig. 14 shows the variation of unit weight with curing time for the 50% SG specimens prepared at 

NaOH concentrations of 7.5, 10 and 15M, respectively, and cured at 75 °C. It is seen that the unit 

weight of geopolymer decreases rapidly within the first 2 days, mainly due to the evaporation of 

water, and shows no obvious change after 4 days. Again, it can be seen that the higher the NaOH 

concentration, the larger the unit weight.  

4. Conclusions 

Based on the experimental study of the FA/SG-based geopolymer specimens prepared at different 

conditions, the following conclusions can be drawn: 

1. Incorporation of SG improves the compressive strength and increases the unit weight of 

FA/SG-based geopolymers. 
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2. Incorporation of SG decreases the required initial water content and thus the NaOH 

consumption at the same NaOH concentration to produce FA/SG-based geopolymers. 

3. An increase in NaOH concentration up to 15 M improves the UCS of FA/SG-based 

geopolymers. The improvement is mainly due to more dissolution of Si and Al and thus 

more availability of these components in geopolymerization.  

4. The UCS of FA/SG-based geopolymers increases with higher curing temperature up to a 

certain level and then decreases. The optimum curing temperature (i.e., the curing 

temperature at the highest UCS) for the 50% SG specimens prepared with 5 and 10 M 

NaOH, respectively, is about 75 C. 

5. The FA/SG-based geopolymers set fast with a majority (about 70%) of the ultimate 

strength gained within only 2 days. 
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Table 1. Chemical composition (wt. %) of FA and SG based on XRF analysis 

 

 

 

 

 

 

 

 

 

 

 

 

Oxides 
Composition 

FA (%) SG (%) 

CaO 6.0 2.13 

SiO2 57.5 32.9 

Al2O3 29.3 2.43 

MgO 1.36 NA 

Fe2O3 2.95 37.5 

Fe3O4 NA 5.48 

Na2O 2.6 NA 

SO3 NA 1.56 
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Table 2. Summary of specimen properties and different types of tests conducted  

Study 

objective 

NaOH 

(M) 

SG 

(%) 

Curing 

Time 

(days) 

Curing 

Temperature 

(C) 

Si/Al 
Si/ 

(Al+Fe) 
UCS SEM XRD 

Overall 
- 01 NA NA NA NA NA X X 

- 1002 NA NA NA NA NA X X 

Curing 

temperature 

5 50 7 25 2.42 1.12 X   

5 50 7 45 2.42 1.12 X   

5 50 7 60 2.42 1.12 X   

5 50 7 75 2.42 1.12 X   

5 50 7 90 2.42 1.12 X   

SG content 

7.5 0 7 75 1.67 1.56 X   

7.5 25 7 75 1.93 1.33 X   

7.5 50 7 75 2.42 1.12 X X X 

7.5 75 7 75 3.62 0.93 X   

7.5 100 7 75 11.49 0.75 X   

Curing time 

7.5 50 1 75 2.42 1.12 X   

7.5 50 2 75 2.42 1.12 X   

7.5 50 4 75 2.42 1.12 X   

7.5 50 7 75 2.42 1.12 X   

7.5 50 14 75 2.42 1.12 X   

7.5 50 28 75 2.42 1.12 X   

SG content 

10 0 7 75 1.67 1.56 X X X 

10 25 7 75 1.93 1.33 X   

10 50 7 75 2.42 1.12 X X X 

10 75 7 75 3.62 0.93 X   

10 100 7 75 11.49 0.75 X X X 

Curing time 

10 50 1 75 2.42 1.12 X   

10 50 2 75 2.42 1.12 X   

10 50 4 75 2.42 1.12 X   

10 50 7 75 2.42 1.12 X X  

10 50 14 75 2.42 1.12 X   

10 50 28 75 2.42 1.12 X   

Curing 

temperature 

10 50 7 25 2.42 1.12 X   

10 50 7 45 2.42 1.12 X   

10 50 7 60 2.42 1.12 X X  

10 50 7 75 2.42 1.12 X X  

10 50 7 90 2.42 1.12 X X  

SG content 

15 0 7 75 1.67 1.56 X   

15 25 7 75 1.93 1.33 X   

15 50 7 75 2.42 1.12 X X X 

15 75 7 75 3.62 0.93 X   

15 100 7 75 11.49 0.75 X   

Curing time 

15 50 1 75 2.42 1.12 X   

15 50 2 75 2.42 1.12 X   

15 50 4 75 2.42 1.12 X   

15 50 7 75 2.42 1.12 X   

15 50 14 75 2.42 1.12 X   

 

15 
50 28 75 2.42 

1.12 
X   
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Notes: 1 = FA powder, and 2 = SG powder. 
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Table 3. Summary of optimum alkali concentrations from other researchers and the current study 

Source 

material 
 Applied alkali  

Curing 

temperature 

(C) 

 Applied alkali 

concentration 

(M) 

 Optimum 

alkali 

concentration 

(M) 

Reference 

SG NaOH 60 1-10 7 [14] 

SG KOH 80 0-10 8 [16] 

SG NaOH 80 0-10 4 [16] 

FA NaOH 70 6-16 12 [24] 

Mine 

tailings 
NaOH 75 5-15 10 [26] 

Mine 

tailings 
NaOH 90,120 5-15  15 [26] 

Mine 

tailings 
NaOH 60 5-15 15 [21] 

Blended FA 

and mine 

tailngs 

(50/50) 

NaOH 60 5-15  15 [21] 

FA NaOH 60 5-15  15 [21] 

Glass cullet NaOH 60 1-10 5 [23] 

FA NaOH 75 7.5-15 10 
Current 

study 

Blended FA 

and SG 

(25/75) 

NaOH 75 7.5-15 10 
Current 

study 

Blended FA 

and SG 

(50/50) 

NaOH 75 7.5-15  15 
Current 

study 

Blended FA 

and SG 

(75/25) 

NaOH 75 7.5-15  15 
Current 

study 

SG NaOH 75 7.5-15  15 
Current 

study 
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Table 4. Summary of optimum curing temperatures from other researchers and the current study 

Source material 

Applied curing 

temperatures 

(°C) 

Optimum curing 

temperature 

(°C) 

Alkali 

concentration 

(M) 

UCS 

(MPa) 
Reference 

Mine tailings 60, 75, 90, 120 75 NaOH (5) 3 [26] 

Mine tailings 60, 75, 90, 120 75 NaOH (10) 8 [26] 

Mine tailings 60, 75, 90, 120 90 NaOH (15) 21 [26] 

Blended mine 

tailings and SG 

(50/50) 

60, 75, 90, 105 75 - 90 NaOH (15) 49 [15] 

SG 60, 75, 90, 105 75 NaOH (15) 55 [15] 

Blended SG and 

kaolin 
40, 60, 80 80 NaOH (8.6) 24 [16] 

Blended SG and 

kaolin 
40, 60, 80 80 KOH (4.3) 39 [16] 

SG 40, 60, 80 80 KOH (8) 50 [16] 

Glass cullet 20, 40, 60 40 NaOH (5) 60.2 [23] 

Glass cullet 20, 40, 60 40 NaOH (10) 34.2 [23] 

Blended SG and 

FA 

25, 45, 60, 75, 

90 
75 NaOH (5) 18.7 

Current 

study 

Blended SG and 

FA 

25, 45, 60, 75, 

90 
75 NaOH (10) 42.2 

Current 

study 
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Fig. 1. Particle size distribution of SG and FA. 

 

 

0

10

20

30

40

50

60

70

80

90

100

0.1 1 10 100 1000

P
er

ce
n

t 
P

as
si

n
g 

(%
)

Particle Size (μm)

SG

FA



 
 

60 
 

    

    

Fig. 2. SEM images of FA and SG powders: (a), (b) FA at low and high magnifications, and (c), 

(d) SG at low and high magnifications. 
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Fig. 3. XRD patterns of FA and SG powders: F: fayalite (Fe2SiO4), M: magnetite (Fe2O3), U: 

Mullite (Al6Si2O13) and S: quartz (SiO2). 
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Fig. 4. UCS versus SG content for geopolymer specimens prepared with NaOH concentrations of 

7.5, 10 and 15 M, respectively, and cured at 75 °C for 7 days. 
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A: Class F fly ash [11] B: Metakaolin [34] 

C: Kaolin [19] D: Class F fly ash and kaolinite [31] 

E: Class F fly ash, kaolinite and albite [31] F: Class F fly ash and mine tailing [21] 

G: Low calcium slag [16] H: Current study 

 

Fig. 5. Optimum starting Si/Al and Si/(Al+Fe) ratios from different researchers. 
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Fig. 6. XRD patterns of  FA and SG powders and geopolymer specimens with 0%, 50% and 100% 

SG, prepared at 10 M NaOH and cured at 75 °C for 7 days: F: fayalite (Fe2SiO4), M: magnetite 

(Fe2O3), U: Mullite (Al6Si2O13) and S: quartz (SiO2). 
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Fig. 7. Unit weight (UW) versus SG content for geopolymer specimens with NaOH concentrations 

of 7.5, 10 and 15 M, respectively, and cured at 75 °C for 7 days. 
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Fig. 8. SEM images of geopolymer specimens prepared with 50% SG, cured at 75 °C for 7 days 

and at NaOH concentrations of: (a), (b) 7.5 M, (c), (d) 10 M, and (e), (f) 15 M (IF = Individual 

FA particle). 
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Fig. 9. Amount of Si and Al determined by EDX analysis on 50% SG geopolymer specimens 

prepared at different NaOH concentrations and cured at 75 °C for 7 days. 
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Fig. 10. XRD patterns of FA and  SG powders and geopolymer specimens prepared with 50% SG 

and NaOH concentrations of 7.5, 10 and 15 M, respectively, and cured at 75 °C for 7 days: F: 

fayalite (Fe2SiO4), M: magnetite (Fe2O3), U: Mullite (Al6Si2O13), and S: quartz (SiO2). 
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Fig. 11. UCS versus curing temperature for geopolymer specimens prepared with 50% SG and 

NaOH concentration of 5 and 10 M, respectively, and cured for 7 days. 
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Fig. 12. Unit weight (UW) versus curing temperature for geopolymer specimens prepared with 

50% SG and NaOH concentrations of 5 and 10 M, respectively, and cured for 7 days. 
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Fig. 13. UCS versus curing time for geopolymer specimens prepared with 50% SG and NaOH 

concentrations of 7.5, 10 and 15 M, respectively, and cured at 75 C. 
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Fig. 14. Unit weight (UW) versus curing time for geopolymer specimens prepared with 50% SG 

and NaOH concentrations of 7.5, 10 and 15 M, respectively, and cured at 75 °C. 
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APPENDIX B 

EXPERIMENTAL STUDY OF GEOPOLYMER CONCRETE WITH 

INCORPORATED PCM CURED AT AMBIENT TEMPERATURE 

 

This paper is prepared to be submitted to a Journal. 
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Abstract 

The effect of different factors including sodium silicate to sodium hydroxide (SS/SH) ratio, 

aggregate shape, water to fly ash (W/FA) ratio, curing time, water exposure and incorporating 

phase change material (PCM) on the compressive strength of low calcium fly ash (FA) based 

geopolymer concrete (FGC) cured at different ambient temperatures has been experimentally 

studied. The results show that the UCS of the specimens increases with higher SS/SH and W/FA 

ratios up to a certain level and then starts to decrease at higher ratios. The results also indicate that 

a major portion (more than 80%) of the strength of the specimens cured at ambient temperature 

develops within the first four weeks. In addition the strength of the FGC is slightly decreased with 

water exposure and PCM incorporation. 

Key words: Geopolymer concrete, ambient temperature, FA, FGC, PCM. 
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1. Introduction 

Using ordinary Portland cement (OPC) as a binder material for making concrete has been 

questioned due to environmental issues [1-10]. OPC is responsible for the annually carbon dioxide 

(CO2) emission of about 2.8 billion tons to the atmosphere which accounts for about 7% of total 

greenhouse gas emissions [11]. On the other hand, it is predicted that the global demand of OPC 

will be increased by approximately 150% by the year of 2050 compared to the year of 2016 [12]. 

In order to reduce the CO2 emitted from the cement production, several alternatives have been 

suggested in literature such as making concrete with the reduced amount of cement [13], using 

blended cement for making concrete [14, 15], utilizing less natural resources of energy for 

producing cement [16] and decreasing the buildings made by cement concrete [13]. One of the 

alternatives which has attracted a big attention over the last three decades is the use of geopolymer 

instead of cement [17-26]. To produce the geopolymer concrete, the OPC is totally replaced with 

the waste material rich in alumina and silica like fly ash [11, 27-39], bottom ash [38-40], ground 

granulated blast furnace slag (GGBFS) [41-46] and etc. [47-52]. Therefore the use of geopolymer 

concrete can reduce not only the amount of greenhouse gas emissions but also the waste materials. 

Moreover geopolymer concrete can have some additional advantages compared to OPC concrete 

such as less energy usage, small drying shrinkage, higher resistance against fire and acid attack [1, 

53, 54]. Among the waste materials, fly ash has been further used for making the geopolymer 

concrete because of more availability, fine size, glassy contents and its aluminosilicate 

composition [39]. Several studies have been focused on the effect of significant factors on the 

strength of fly ash geopolymer concrete [11, 28, 33-39, 54, 65]. The majority of those studies 

however has been concentrated on oven temperatures of over 40ºC for curing the specimens [11, 

28, 33-38, 65]. To the knowledge of the authors to date, only a few studies have been focused on 



 
 

76 
 

curing the fly ash geopolymer concrete specimens at ambient temperatures [39, 54]. Rangan [54] 

however has just studied the effect of age on the strength of the specimens cured at the laboratory 

ambient conditions not unlimited ambient conditions. Although Xie and Ozbakkaloglu [39] have 

performed more details study on the fly ash geopolymer concrete specimens cured at the ambient 

temperature, they have not considered the effects of water exposure, different ambient conditions 

and PCM incorporation on the compressive strength of their specimens. Therefore this study has 

attempted to investigate the effect of different significant factors including sodium silicate to 

sodium hydroxide (SS/SH) ratio, aggregate shape, water to fly ash (W/FA) ratio, age, water 

exposure and PCM incorporation on the compressive strength of FA-based geopolymer concrete 

cured at different ambient temperatures. 

2. Experimental study 

2.1. Materials 

The materials used in this study for preparing the geopolymer concrete specimens are consist of 

class F fly ash (FA), fine and coarse aggregates (including angular and sub-angular coarse 

aggregates), sodium silicate and sodium hydroxide (NaOH) solution. The FA was obtained from 

Salt River Materials Group (SRMG) in Phoenix, Arizona. The aggregates were provided by 

Arizona Concrete Aggregate in Tucson, Arizona. Table 1 shows the chemical composition of the 

FA and fine aggregate based on XRF analysis. Both FA and fine aggregate consist of mainly SiO2 

and Al2O3. The general properties of fine and coarse aggregates are summarized in Table 2. The 

specific gravity of the FA, fine aggregate, angular and sub-angular coarse aggregates are 1.97, 

2.71, 2.62 and 2.61, respectively. Fig. 1 shows the particle size distribution curves of the FA, fine 

and coarse aggregates using mechanical sieving and hydrometer tests following ASTM D6913 and 

ASTM D422. The sodium hydroxide flakes were purchased from Alfa Aesar in Ward Hill, 
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Massachusetts. The aqueous sodium silicate (SiO2 = 29%, Na2O = 9%, and H2O = 62%) with 

modulus (SiO2/Na2O) of 3.22 was provided from Fisher Scientific in Pittsburgh, Pennsylvania. In 

order to make geopolymer concrete incorporated with PCM, the micro-encapsulated PCM 

(MPCM) was used. MPCM is consist of a core material (PCM) melted at 28 °C and an outer shell 

designed not to melt under normal processing purchased from Microtek Laboratories, Inc. in 

Dayton, Ohio.  

2.2. Preparation of alkaline liquid 

The alkaline liquid used in this study was a mixture of sodium silicate (SS) and sodium hydroxide 

(SH) solutions. The SH flakes were dissolved in distilled water to prepare the alkaline activator 

with the concentration of 10 M and then placed at room temperature for a few hours to cool down. 

The SS solution and the SH solution were then mixed together with the predefined ratios at least 

one day prior to use to prepare the alkaline liquid.  

2.3. Preparation of geopolymer concrete specimens 

On the day of making the geopolymer concrete specimens, followed by ASTM C192, the 

predefined FA and the aggregates were first dry mixed together for about 5 minutes. The already 

prepared alkaline liquid was then added to the dry materials and mixing continued for further about 

5 minutes to prepare the fresh geopolymer concrete. In the case of incorporating PCM, it was 

added as a last component [55] to prevent the damage to the outer shell of PCM. The fresh 

geopolymer concrete was cast into the cylindrical molds of 6 × 3 in immediately after mixing, in 

two layers. For compaction of the specimens, each layer was given 25 manual strokes using a 

rodding bar of 10 mm. The specimens were then sealed in plastic bags and placed at the ambient 

temperature for curing. After about 1 day, the specimens were demolded, resealed in plastic bags 
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and placed back at the ambient temperature until the day of testing. The combination of variables 

considered in this study are summarized in Table 3. Table 4 also summarizes the detail ingredients 

of geopolymer concrete specimens.  

3. Results and discussion 

3.1. Ratio of SS/SH and aggregate shape 

Fig. 2 shows the effect of SS/SH ratio on the compressive strength of geopolymer concrete 

specimens synthesized by angular and sub-angular aggregates. It is seen that as SS/SH ratio 

increases, the UCS increases up to a SS/SH ratio of 1.5 and then decreases. The results confirms 

the finding of other researchers [56, 58, 60]. For instance Ridtirud et al. [56] considered the effect 

of SS/SH ratios of 0.33-3 on the compressive strength of fly ash based geopolymer mortar and 

reported the SS/SH ratio of 1.5 as the optimum ratio. They stated that the increase of compressive 

strength at the first part is mainly due to the increase of Na content in the mixture. The decrease 

of compressive strength at the second part, however, is associated with the excessive silicate in the 

geopolymer system. Notice that the water evaporation as well as the formation of aluminosilicate 

structure of geopolymers and thus the geopolymerization process are negatively affected by excess 

silicate. Salih et al. [57] reported the same reason for the decrease of compressive strength at the 

higher SS/SH ratios. Table 5 compares the optimum SS/SH ratio from other researchers and the 

current study. From Fig. 2, one can also see the effect of aggregate shape on the compressive 

strength of geopolymer concrete specimens. It is seen that the compressive strength of specimens 

made by angular aggregates is higher than that for specimens made by sub-angular aggregates 

simply due to better bond characteristics.  
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3.2. W/FA ratio 

One of the most effective factors on the strength of geopolymer concrete is the water/FA (W/FA) 

ratio. The total weight of water in the mixture of given geopolymer concrete was defined as the 

sum of weight of water for preparing the sodium hydroxide solution and the weight of water in the 

sodium silicate solution. It is worth mentioning that W/FA ratio used in this study for geopolymer 

concrete is more likely similar to W/C (water/cement) ratio used for OPC concrete. Fig. 3. Shows 

the effect of W/FA ratio on the UCS of geopolymer concrete. It is seen that the UCS first improves, 

not too much, up to W/FA ratio of 0.36 and then quickly drops down with higher W/FA ratios. 

The same trend is seen for OPC concrete as W/C ratio gets higher, the compressive strength gets 

lower. The results of other researchers [61, 62] show that in order to form a dense microstructure 

in the geopolymer, the released water during the geopolymerization has to discharge quickly out 

of the system. Once the W/FA ratio increases, it will take a longer time for excessive water to 

discharge out of the system which results in the formation of more micro cracks and thus the 

reduction of the geopolymer strength. 

3.3. Curing time 

The effect of curing time on the UCS of geopolymer concrete specimens cured at ambient 

temperature is shown in Fig. 4. It is seen that the compressive strength of geopolymer concrete 

improves with the time. The results confirms the finding of Rangan [54]. The UCS at the curing 

times of 3 days, 1, 4 and 12 weeks are 7.0, 12.3, 22.3 and 26.8 MPa, respectively.  

The ambient temperatures were recorded during all 12 weeks and instantly saved on a SD memory 

disk every 10 min, so the average of three highest temperatures is also shown in Fig. 4. It is seen 

that the maximum average of three highest temperatures does belong to the specimens at the curing 
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time of 12 weeks that can be likely the reason for geopolymer concrete to have more than 20% 

UCS increase at the age of 12 weeks compared to the UCS at the curing time of 4 weeks. 

3.4. Water exposure 

For this part, 21 geopolymer concrete specimens were made. After making and casting, all the 

specimens were placed at the ambient temperature on May 11-June 8 for 28 days. The UCS tests 

were performed on the three and the remaining 18 were moved to the lab for further investigations. 

9 specimens were immersed into water for 7, 14 and 28 days, and the remaining 9 just placed in 

the lab out of water. The UCS tests were done on all specimens including the specimens in and out 

of water, but water absorption and pH values were just measured for the specimens immersed into 

water. The following results were recorded: 

3.4.1. Compressive strength 

Fig. 5 shows the UCS results performed on all 21 specimens consisting of the specimens in and 

out of water. It is seen that the UCS decreases, less than 10%, up to 14 days of being immersed 

into water and no more reduction in strength afterwards. The strength reduction can be likely 

associated with the loss of cohesion between geopolymer paste and aggregate particles. It is worth 

mentioning that water can enter the pores in the geopolymer paste and even in the aggregate. It 

can be also seen from Fig. 5 that there is no more increase in UCS for the specimens placed out of 

water after 7 days. 

3.4.2. Water absorption 

One of the important factors for a high qualified concrete, in our study geopolymer concrete, is to 

meet the freeze-thaw requirements which is reflected through low water absorption. On the other 

hand, the lower water absorption, the higher performance in meeting the freeze-thaw requirements. 
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Fig. 6 shows the percentage of absorbed water for the geopolymer concrete specimens immersed 

into water. It is seen that the water absorption of specimens increases by less than 4% up to two 

days of being soaked into water and then no more increase afterwards considering the good 

performance of geopolymer concrete against water. 

3.4.3. pH 

pH is an important indicator that shows the acidity/basicness of the water. pH ranges from 0 – 14. 

pH of 7 indicates water to be neutral. Water with a pH of less than 7 is acidic whereas pHs of 

greater than 7 are alkaline (basic).  

After immersing the specimens into water, the pH of the water was measured for several days. As 

shown in Fig. 7, the pH increased up to two days when the specimens were immersed in water 

then, it reached a plateau. The results are consistent with the results of the percentage of water 

absorbed shown in Fig. 6.  

3.5. Ambient conditions 

To investigate the effect of curing in ambient conditions on the UCS, four sets of geopolymer 

concrete specimens with the same components have been made and then placed at four ambient 

conditions of 29 March-26 April, 3 May-31 May, 11 May-8 June and 8 October-5 November for 

curing. The UCS results are shown in Fig. 8. It is seen that the specimens cured at 8 October-5 

November have the lowest strength and the specimens cured at 11 May-8 June have the highest 

strength. The increase in strength can be possibly associated with curing temperature. The redrew 

results plotted in Fig. 9 show that the compressive strength of specimens improves as the average 

of highest curing temperatures increases. 



 
 

82 
 

3.6. PCM incorporation 

The effect of PCM incorporation on the compressive strength of geopolymer concrete is shown in 

Fig. 10. It is seen that the UCS decreases when more PCM is added. For example, the 28 days 

UCS for the specimens with 5% and 10% PCM incorporation are decreased by about 8% and 19% 

compared to the specimens with 0% PCM incorporation. The strength reduction will be simply 

associated with the small strength and stiffness of PCM. These results confirms the findings of 

other researchers [55, 63, 64]. The SEM results of Shadnia et al. [55] showed that as more PCM 

is incorporated in the geopolymer mortar, the number of broken PCM particles increases due to 

easily failing of PCM particles during the loading which results in the strength reduction. Their 

SEM images also showed a good bonding between the geopolyemr binder and PCM particles. 

4. Conclusion 

Systematic experiments were performed to investigate the effect of different factors including 

sodium silicate to sodium hydroxide (SS/SH) ratio, aggregate shape, water to fly ash (W/FA) ratio, 

curing time, water exposure and PCM incorporation on the compressive strength of the FA-based 

geopolymer concrete cured at different ambient temperatures. The results showed that the UCS of 

the specimens increases with higher SS/SH and W/FA ratios up to certain level and then starts to 

decrease. It was also shown that the geopolymer concrete prepared by the angular aggregates has 

higher strength compared to that made by sub-angular aggregates due to better bond 

characteristics. Moreover the results showed that the highest curing temperatures are responsible 

for considering the effects of curing time and ambient conditions on the strength of the specimens. 

In addition, PCM incorporation and water exposure caused a slight reduction on the compressive 

strength of FA-based geopolymer concrete. 
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Table 1. Chemical composition (wt. %) of FA and find aggregate based on XRF analysis. 

 

 

 

 

 

 

 

 

 

Oxides 
Composition 

FA (%) Fine aggregate (%) 

CaO 6.00 2.56 

SiO2 57.50 53.69 

Al2O3 29.30 11.41 

MgO 1.36 1.05 

Fe2O3 2.95 6.25 

Fe3O4 NA NA 

Na2O 2.60 3.14 

SO3 NA NA 

K2O NA 2.89 
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Table 2: Details of aggregate properties. 

Aggregate type 
Unit weight 

(lb/ft3) 

Unit weight 

(Kg/m3) 

Dry bulk 

specific gravity 

Fineness 

modulus 

Absorption 

(%) 

Fine aggregate 92.5 1481.7 2.71 2.57 1.00 

Sub-Angular coarse 

aggregate 
98.0 1569.8 2.61 - 1.45 

Angular course 

aggregate 
100.6 1610.8 2.62 - 1.35 
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Table 3. Summary of specimen characteristics. 

Study 

objective 
Specimen ID 

SS/SH 

ratio 

W/FA 

ratio 

Curing period 

(Date) 

Curing time 

(Day) 

PCM 

(%) 

SS/SH 

ratio 

0.5-0.31-28-0-Mix1 0.5 

0.31 
29Mar.-

26Apr. 
28 0 

1-0.31-28-0-Mix1 1 

1.5-0.31-28-0-Mix1 1.5 

2-0.31-28-0-Mix1 2 

W/FA 

ratio 

1.5-0.31-28-0-Mix2 

1.5 

0.31 

3May-31May 28 0 
1.5-0.36-28-0-Mix2 0.36 

1.5-0.41-28-0-Mix2 0.41 

1.5-0.46-28-0-Mix2 0.46 

Curing 

time 

1.5-0.31-3-0-Mix2 

1.5 0.31 

3May-6May 3 

0 
1.5-0.31-7-0-Mix2 3May-10May 7 

1.5-0.31-28-0-Mix2 3May-31May 28 

1.5-0.31-84-0-Mix2 3May-26July 84 

Water 

expousure 

    
Water expousure 

time (Day) 
 

1.5-0.31-28-W0-Mix3 

1.5 031 11May-8June 

0 

0 
1.5-0.31-28-0-W7-Mix3 7 

1.5-0.31-28-0-W14-Mix3 14 

1.5-0.31-28-0-W28-Mix3 28 

PCM 

1.5-0.31-28-0-Mix4 

1.5 

0.31 

8 Oct.-5 Nov. 28 

0 

1.5-0.32-28-5-Mix4 0.32 5 

1.5-0.33-28-10-Mix4 0.33 10 

Ambient 

temp. 

1.5-0.31-28-0-Mix1 

1.5 0.31 

29Mar.-26Apr. 

28 0 
1.5-0.31-28-0-Mix2 3May-31May 

1.5-0.31-28-0-W0-Mix3 11May-8June 

1.5-0.31-28-0-Mix4 8 Oct.-5 Nov. 
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Table 4. Ingredients of geopolymer concrete specimens. 

Sample ID SS/SH W/FA 
Water 

(gr) 
N(gr) 

SS 

(gr) 

FA 

(gr) 

Fine 

agg. 

(gr) 

Coarse 

agg. 

(gr) 

PCM 

(%) 

PCM 

(gr) 

0.5-0.31-

28-0-Mix1 
0.5 

0.31 

175.2 70.1 122.7 

813.5 1121.1 2587.2 0 0 

1-0.31-28-

0-Mix1 
1 134.3 53.7 188.0 

1.5-0.31-

28-0-Mix1 
1.5 109.5 43.8 230.1 

2-0.31-28-

0-Mix1 
2 91.4 36.6 256 

1.5-0.31-

28-0-Mix2 

1.5 

0.31 109.5 43.8 230.1 

813.5 1121.1 2587.2 0 0 

1.5-0.36-

28-0-Mix2 
0.36 127.2 50.9 267.1 

1.5-0.41-

28-0-Mix2 
0.41 144.9 58.0 304.3 

1.5-0.46-

28-0-Mix2 
0.46 162.6 65.0 341.3 

1.5-0.31-

28-0-Mix4 

1.5 

0.31 109.9 43.8 230.1 

813.5 

1121.1 2587.2 0 0 

1.5-0.31-

28-5-Mix5 
0.32 113.1 45.2 237.5 1065 2457.8 5 58.7 

1.5-0.31-28-

10-Mix5 
0.33 116.6 46.7 244.9 1009 2328.5 10 111.7 
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Table 5. Summary of optimum SS/SH ratio from other researchers and the current study. 

Geopolymer 

type 

NaOH 

concentration (M)  

Curing 

temp. 

(C) 

Heating 

time 

(Hour) 

Curing 

time 

(Day) 

Applied 

SS/SH 

ratio 

Opt. 

SS/SH 

ratio 

Max. 

UCS 

(MPa) 

Ref

. 

FA-based 

geopolymer 

concrete 

14 75 72 28 2, 2.5 2 40 [11] 

FA-based 

geopolymer 

mortar 

10 40 24 28 0.33-3 1.5 45 [56] 

FA-based 

geopolymer 

concrete 

8 60 24 28 0.4-1 0.4 40 [58] 

FA-based 

geopolymer 

concrete 

14 60 24 28 0.4-1 0.4 45 [58] 

FA-based 

geopolymer 

concrete 

16 60 24 28 0.4-1 0.4 54 [58] 

FA-based 

geopolymer 

paste 

10 65 48 28 0.7-2.3 1.5 41 [59] 

Clay-FA 

geopolymer 

paste 

10 75 48 28 0.4-1.5 0.7 14 [59] 

Palm oil 

fuel ash 

geopolymer 

paste 

10 60 2 28 0.5-3 2.5 32 [57] 

lignite 

bottom ash 

geopolymer 

mortar 

10 75 48 7 0.4-2.5 1.5 48 [60] 

FA-based 

geopolymer 

concrete 

10 
Ambient 

temp. 
- 28 0.5-2 1.5 25.8 [CS] 

[CS]: Current study
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Fig. 1. Grading curve of FA, fine and coarse aggregate. 
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Fig. 2. Effect of SS/SH ratio and aggregate shape on UCS cured at ambient temperature on 29 

Mar.-26 Apr. 
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Fig. 3. Effect of Water/FA ratio on the UCS of geopolymer concrete specimens cured at ambient 

temperature on 3 May-31 May. 
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Fig. 4. Effect of curing time on the UCS of geopolymer concrete.
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Fig. 5. UCS versus time for geopolymer concrete specimens in and out of water in the lab. 
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Fig. 6. Percentage of absorbed water for geopolymer concrete specimens immersed in water. 
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Fig. 7. pH of water surrounding of geopolymer concrete specimens. 
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Fig. 8. Effect of ambient conditions on the UCS of geopolymer concrete. 
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Fig. 9. UCS versus average of three highest ambient temperatures. 
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Fig. 10. Effect of PCM incorporation on the UCS of geopolymer concrete. 
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Abstract 

Incorporation of phase change material (PCM) in building materials has been an important 

research topic in recent years. The use of PCM intends to increase the thermal inertia of buildings 

and reduce the consumption of energy for cooling and heating. This paper studies experimentally 

the mechanical and thermal properties of geopolymer mortar synthesized with low calcium fly ash 

and different amount of PCM. First the effect of incorporated PCM on the unit weight and 

compressive strength of geopolymer mortar was evaluated. Then scanning electron microscopy 

(SEM) imaging was performed to identify the change of micro structure of the geopolymer mortar 

after incorporation of PCM. The thermal properties of the geopolymer mortar containing different 

amount of PCM were also characterized using differential scanning calorimetry (DSC) analysis. 

Finally model tests were performed using small cubicles built with geopolymer mortar slabs 

containing different amount of PCM to evaluate the effectiveness of geopolymer mortar wall with 

incorporated PCM in controlling the heat flow and internal temperature. The results indicate that 

both the unit weight and compressive strength of the geopolymer mortar decrease slightly after 

PCM is incorporated, mainly due to the small unit weight and low strength and stiffness of the 

PCM. However, the compressive strength of geopolymer mortar containing up to 20% PCM is still 

sufficiently high for applications in buildings. The results also show that the incorporation of PCM 

leads to substantial increase of heat capacity and decrease of thermal conductivity of the 

geopolymer mortar and is very effective in decreasing the temperature inside the cubicles. 

Therefore, the geopolymer mortar with incorporated PCM can be used as building walls to 

effectively increase the thermal inertia of buildings and reduce the consumption of energy for 

cooling and heating. 

Key words: Phase change material (PCM); geopolymer mortar; mechanical properties; thermal 

properties   
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1. Introduction 

Different techniques have been studied for improving the energy efficiency related to space 

cooling and heating in buildings [1-5]. One of the most effective techniques is to use phase change 

material (PCM) as an additive in the building wall. PCM has high latent heat capacity and can 

absorb or release heat when changing from solid to liquid state or vice-versa [6, 7]. By 

incorporating PCM with a suitable phase transition temperature and enthalpy in the exterior wall 

of a building, on daytime the PCM will prevent too much outside heat from entering the building 

by changing phase to store the extra solar heat as latent heat and at night the PCM will release the 

stored heat into the building if the inside temperature is too low. The results are a more comfortable 

inside environment with fewer temperature peaks and valleys, and a reduction in energy demand 

for cooling and heating. 

Much research has been conducted on utilization of PCM to improve the energy efficiency related 

to cooling and heating in buildings [8, 9]. The PCM has been implemented in plaster, gypsum 

board, concrete and other wall covering materials. Zamalloa et al. [10] studied a new plaster with 

incorporated microencapsulated PCM for indoor application. They characterized the mechanical, 

thermal and fire-resistance properties of the plaster and conducted thermal simulations to study the 

optimal distribution of the plaster inside a building. Then the simulations were validated by 

constructing two real size concrete cubicles (one of them uses the PCM containing material) and 

monitoring their temperature and energy consumption. The results show that the new plaster is 

effective to minimize the thermal fluctuations inside the buildings and reduce the energy needs up 

to 10-15 % in heating and 30% in cooling. To increase the thermal inertia of expanded perlite 

frequently used in modern buildings, Li and Li [11] produced granular phase change composites 

by incorporating PCM into the granular porous material. The measurements of temperatures 
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through panels containing the phase change composite indicated that incorporation of phase 

change composites enhanced the thermal insulation of the panels. Chen et al. [12], using a one-

dimensional non-linear mathematical model, analyzed the heat transfer of a PCM energy-storing 

wallboard and found that applying proper PCM to the inner surface of an ordinary room can not 

only enhance the indoor thermal-comfort dramatically, but also save the energy required for 

heating. 

Shapiro [13, 14] studied the incorporation of several types of PCMs into gypsum wallboard for 

application in the Florida climate. The results indicate that although the PCMs have relatively high 

latent heat capacity, they are not sufficiently applicable in the Florida climate because the 

temperature ranges required for achieving the thermal storage are incompatible with the range of 

comfort temperature for buildings. Since gypsum wallboards have much lower heat capacity than 

concrete, many researchers have selected concrete to incorporate PCM so that the total thermal 

storage capacity can be improved [15-21]. Cabeza et al. [19] constructed two cubicles, one with 

concrete containing PCM with a melting point of 26 C and the other with conventional concrete 

containing no PCM, and then monitored the wall and indoor temperatures. The results indicated 

that the incorporated PCM improved the thermal inertia and lowered the inner temperatures, 

demonstrating a real opportunity for energy savings in buildings.  

Hunger et al. [20] presented a set of experiments on self-compacting concrete containing different 

amount of microencapsulated PCM. The PCM was incorporated into the concrete based on direct 

mixing. The results indicate that the incorporation of PCM leads to decrease of thermal 

conductivity and increase of heat capacity, which both significantly improve the thermal 

performance of the concrete and therefore save energy. The results also show a significant decrease 

in strength of the concrete due to the incorporation of PCM. Meshgin and Xi [21] conducted a 
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more detailed study on the effect of PCM on the mechanical and thermal properties of concrete. 

The results show that the incorporation of PCM leads to significant increase of heat capacity and 

reduction of thermal conductivity of the concrete and thus improves the thermal performance of 

the concrete. In the meantime, however, the incorporated PCM also leads to significant loss of 

compressive strength of the concrete. Eddhahak-Ouni et al. [22] conducted a similar study and 

reported almost the same findings except that their study indicated that the small amount of 

incorporated PCM (up to 5% by total volume of concrete) seems to have no effect on the thermal 

conductivity of the PCM-concrete. 

Although much research has been conducted on concrete with incorporated PCM, it has not been 

applied in practice yet mainly due to the unfavorable characteristics after incorporation of PCM, 

such as loss of strength and uncertain long-term stability [15]. The study by Hawes et al. [17, 18] 

indicated that addition of pozzolans such as silica fume and fly ash can improve the stability of 

concrete containing PCM. The issues related to incorporation of PCM might also be addressed by 

using geopolymer concrete which has special advantages over the conventional concrete as stated 

below.  

Geopolymer is a relatively new material that has the potential for replacing the ordinary Portland 

cement (OPC). Geopolymer is an inorganic material synthesized via alkali activation of amorphous 

aluminosilicates at ambient or slightly increased temperatures, having an amorphous to semi-

crystalline polymeric structure. Various raw materials that contain reactive or amorphous silica 

and alumina, such as metakaolin, fly ash, mine waste, red mud, and blast furnace slag, can be used 

to produce geopolymer. It is noted that most of these raw materials are industrial wastes or 

byproducts, and significant environmental and economic benefits can be achieved if the waste-

based geopolymer is produced and used in practice. Although geopolymer concrete has some 
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limitations such as the difficulty and sensitivity in its making outside of the laboratory and the 

suitable supply of source materials [23-25], it provides not only performance comparable to 

conventional Portland cement concrete, but also additional advantages including rapid 

development of mechanical strength, small drying shrinkage, high fire resistance, superior acid 

resistance, effective immobilization of toxic and hazardous materials, and significantly reduced 

energy usage and greenhouse emissions [26-30].  

Considering the unique characteristics of geopolymer concrete, as a first step, this paper studies 

fly ash-based geopolymer mortar with incorporated PCM. Specifically, geopolymer mortar 

specimens containing different amount of PCM were produced and systematic experiments were 

performed to evaluate the effect of incorporated PCM on the physical, mechanical and thermal 

properties of the geopolymer mortar. Small cubicles were also built with geopolymer mortar slabs 

containing different amount of PCM to evaluate the effectiveness of geopolymer mortar wall with 

incorporated PCM in controlling the heat flow and internal temperature. 

2. Experimental Study 

2.1. Materials 

Class F fly ash, fine aggregate (sand) and sodium hydroxide solution were used to produce the 

geopolymer mortar. The fly ash was provided by Salt River Materials Group in Phoenix, Arizona. 

The fly ash is originated from the San Juan Generating Station in New Mexico. Table 1 shows the 

chemical composition of the fly ash. The sand is natural river quartz sand and was provided by 

Arizona Concrete Aggregate in Tucson, Arizona. Grain size distribution analysis was performed 

for both the fly ash and the sand by mechanical sieving and hydrometer analysis following ASTM 

D6913 and ASTM D422. Fig. 1 shows the particle size distribution curves. The fly ash has a mean 
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particle size about 13.5 μm while the sand has a mean particle size around 400 μm. The specific 

gravity of the fly ash and sand is 1.97 and 2.71, respectively. SEM imaging was performed on fly 

ash powders and Fig. 2a shows the SEM micrograph. The sodium hydroxide solution with a 

concentration of 9 M was used as the alkaline activator and was prepared by dissolving sodium 

hydroxide flakes in distilled water. The sodium hydroxide flakes were obtained from Alfa Aesar 

in Ward Hill, Massachusetts. 

Microencapsulated PCM (MPCM) powder purchased from Microtek Laboratories, Inc. in Dayton, 

Ohio was used in this study. The general properties of the MPCM based on the manufacturer’s 

data sheet are presented in Table 2. The MPCM is bi-component particles including both a core 

material (PCM) and an outer shell or capsule wall. The capsule wall is an inert, stable polymer or 

plastic. The PCM in the capsule melts at 28 °C, but the polymer shell is designed not to melt under 

normal processing and use conditions. Fig. 2b shows the SEM micrograph of the MPCM. It can 

be seen that the fly ash and the MPCM have about the same particle size. 

2.2. Preparation of geopolymer mortar specimens and cubicles 

To produce geopolymer mortar specimens and slabs (for building cubicles) containing different 

amount of PCM (the MPCM will be simply called PCM from now on), a three step mixing process 

was followed: first, the fly ash and the sand were mixed together for 3 minutes using a mixer to 

ensure homogeneity of the mixture; second, the already prepared sodium hydroxide solution was 

added to the mixture and mixing was continued for 5 minutes; and third, the PCM was added to 

the mixture and mixing was continued for 2 more minutes. The PCM as a last component was 

added at the end of the mixing process aiming to reduce the damage to the PCM due to the 
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disturbance during mixing [21]. The mixing was carried out at the room temperature of 

approximately 23 °C. 

The details of the different components for preparing the various geopolymer mortar specimens 

are summarized in Table 3. A sand to fly ash (S/F) weight ratio of 1 was used for the geopolymer 

mortar containing no PCM. There are two ways for including PCM into the concrete mixture: (1) 

the replacement method which uses PCM to replace a certain percentage of sand in the concrete 

mixture, and (2) the additive method which uses PCM as an additive in the concrete mixture [21]. 

In this paper, the demanded volume percentage of PCM was used to replace the same volume 

percentage of sand following the replacement method. The weight of PCM was then determined 

based on the sand to PCM unit weight ratio (see column 7 in Table 3). 

Immediately after mixing, the geopolymer mortar was cast into cylindrical molds with a length to 

diameter ratio of 2. After the molds were filled with geopolymer mortar, they were shaken on a 

vibrating platform for 4 minutes to release the trapped air bubbles. Then all the specimens were 

placed in a 60 C oven for curing. After 6 hours, the specimens were removed from their molds, 

sealed in plastic bags and placed back in the oven for further curing until the day of testing.  

To conduct thermal tests to evaluate the effectiveness of geopolymer mortar wall containing PCM 

in controlling heat flow and internal temperature, three cubicles at a size of 12” × 12” × 12” (305 

mm × 305 mm × 305 mm) were produced. The top of the cubicles was a 2” (50 mm) thick 

geopolymer mortar slab containing 0, 10% and 20% PCM, respectively. The geopolymer mortar 

slab was produced using the same procedure as that for producing the geopolymer mortar 

specimens. The only difference is that a wooden mold at a size of 12” × 12” × 2” (305 mm × 305 

mm × 50 mm) was used. The four sides and the bottom of the cubicles were made of 0.75” (19 
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mm) plywood and were insulated to avoid heat flow through them (see Fig. 3). Three temperature 

sensors (thermocouples type K), with an accuracy of 0.1 °C, were installed on each cubicle, two 

self-adhesive sensors at the center of the top and bottom surfaces of the geopolymer mortar slab 

and another inside the cubicle. These sensors will be simply named top, bottom and inside sensors, 

respectively, in the discussion later.   

2.3. Test methods 

2.3.1. Uniaxial compression strength (UCS) test 

The UCS tests were performed to evaluate the effect of incorporated PCM on the mechanical 

strength of the geopolymer mortar. To consider the effect of temperature, two groups of specimens, 

named hot and cold specimens, were tested. The hot specimens were those taken out of the oven 

and immediately tested. Since the oven temperature was 60 C, the PCM in the hot specimen was 

in the liquid state. The cold specimens were those taken out of the oven, placed at room 

temperature (23 °C) for more than 6 hours, and then tested. So the PCM in the cold specimens was 

in the solid state. 

The UCS tests were performed on geopolymer mortar specimens containing 0, 5, 10 and 20% 

PCM and after 7, 14 and 28 days curing, respectively, with an ELE Tri Flex 2 loading machine at 

a constant loading rate of 0.1 mm/min. For each condition, considering the relatively small 

variance of measurements, three specimens were tested and the average of the measured values 

was used in the analysis. Before conducting the compression test, the end surfaces of the specimens 

were polished to make sure they are accurately flat and parallel. The polished specimens were 

weighed and measured dimensionally so that the unit weight can be determined. In addition, the 

end surfaces were lubricated to minimize the friction between the specimen and the steel platens.  



 
 

114 
 

2.3.2. Scanning electron microscopy (SEM) imaging 

To investigate the effect of incorporated PCM on the microstructure of geopolymer mortar, SEM 

imaging was performed on the UCS tested specimens. The SEM imaging was performed in SE 

conventional mode using the FEI INSPEC-S50/Thermo-Fisher Noran 6 microscope. The freshly 

failed surfaces from the UCS tests, without polishing to keep the fractured surface “un-

contaminated”, were used for the SEM imaging. 

2.3.3. Differential scanning calorimetry (DSC) analysis 

The DSC analysis was performed to measure the specific heat capacity (cp) of the geopolymer 

mortar specimens containing different amount of PCM. DSC is a simple and rapid method for 

determining the heat capacity of small samples over a wide range of temperature and at various 

states (bulk, powder, film, granular, and liquid). In this study, the DSC analysis was carried out on 

9 – 25 mg samples at a scanning rate of 5 °C per minute in the temperature range of 10 to 65 °C.  

2.3.4. Thermal test 

The three cubicles were placed outside at an empty space with no shadows or obstructions on a 

typical summer day (sunny and with a temperature between 24 and 38 °C) in Tucson, Arizona. By 

connecting all the temperature sensors to a data logger system, the temperatures on the top and 

bottom surfaces of the geopolymer mortar slabs, inside the cubicles and in the air outside the 

cubicles were recorded for 24 hours (from 6:00 AM to 6:00 AM). The temperatures were instantly 

measured and saved on a SD memory disk every 10 minutes. 
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3. Results and discussion 

3.1. Physical and mechanical properties 

Fig. 4 shows the variation of unit weight with the content of PCM incorporated in the geopolymer 

mortar. As expected, the unit weight of the geopolymer mortar decreases when more PCM is 

included. For example, compared with the geopolymer mortar with no PCM, the unit weight of 

the geopolymer mortar containing 10 % PCM is 5.2 % lower. This is simply because PCM has a 

much smaller specific gravity than the sand. The lower unit weight after incorporation of PCM 

will lead to decrease of the weight of the geopolymer mortar wall and thus the total weight of the 

building. 

The average 7, 14 and 28 day uniaxial compressive strengths (UCS) of the cold and hot 

geopolymer mortar specimens containing different amount of PCM are summarized in Tables 4 

and 5, respectively. As shown in Fig. 5, the difference between the UCS of the cold and hot 

specimens at the same PCM content and after the same curing time is very small. For the specimens 

containing no PCM, the UCS of hot specimens is slightly (within 5.2%) smaller than that of the 

cold specimens at the same condition. For the specimens containing PCM, however, the UCS of 

hot specimens can be slightly (within 7.4%) smaller or slightly (within 6.3%) larger than that of 

the cold specimens at the same condition. This means the effect of temperature (or the melting of 

PCM) on the strength of geopolymer mortar is negligible, which is good considering that the 

geopolymer mortar will experience temperature changes and the PCM in it will change from solid 

to liquid or vice versa many times.  

As expected, it can also be seen from Fig. 5 that the UCS of geopolymer mortar decreases when 

more PCM is incorporated. For example, when 10% PCM is included, the 28 day UCS is decreased 

by 22% and 25% for the cold and hot specimens, respectively. This is simply because PCM is a 
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material with small shear strength and stiffness and can easily fail when loaded, which will be 

further discussed in the SEM analysis. The inclusion of PCM may have also adversely affected the 

geopolymerization of fly ash and thus the strength of the geopolymer mortar. This will be further 

investigated in the future. The other thing which can be seen from Fig. 5 is the effect of curing 

time on the strength of geopolymer mortar. For all specimens, the average 14 day UCS and 28 day 

UCS are only 8.8% and 14% higher than the average 7 day UCS, respectively. This means a major 

portion of the ultimate strength of geopolymer mortar is gained within the first 7 days, which 

confirms the findings from [27, 32-36]. 

3.2. SEM results 

Fig. 6 shows the SEM images of the failure surface of the UCS tested 28 day geopolymer mortar 

specimens containing 0, 5, 10 and 20% PCM, respectively. One can clearly see the increased 

number of broken particles on the failure surface as the amount of PCM increases. This is simply 

because the PCM has low shear strength and stiffness and some of the PCM particles have failed 

during the shearing. This explains at micro scale why the compressive strength of the geopolymer 

mortar decreases when more PCM is incorporated. It can also be seen from the images that the 

PCM particles are in good bond with the geopolymer binder, which explains why the compressive 

strength of the geopolymer mortar up to 20% PCM incorporation is still sufficiently high.  

3.3. DSC results 

Fig. 7 shows the specific heat capacity versus temperature for the pure PCM. It can be seen that 

the melting point of the PCM is about 28.0°C, which is the same as the value given in the 

manufacturer’s data sheet. The results of specific heat capacity versus temperature for the 

geopolymer mortar specimens containing different amount of PCM are shown in Fig. 8. It can be 
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easily observed that the specific heat curve of the geopolymer mortar specimen containing no PCM 

is just a straight line, while the specific heat curves of the geopolymer mortar specimens containing 

PCM (both 10% and 20%) have endothermic peaks, confirming that phase transition has occurred 

for geopolymer mortar specimens containing PCM. The peaks of the specific heat curves of the 

geopolymer mortar specimens containing PCM are just in the range of the melting point of the 

PCM. The phase change range for the geopolymer mortar containing 10% PCM is approximately 

from 24 to 28 °C while for the geopolymer mortar containing 20% PCM it is approximately 

between 20 and 30 °C.  

The other important observation is the increase of specific heat capacity of the geopolymer mortar 

when more PCM is included. This confirms that PCM has beneficial effects on improving the 

thermal isolation performance of buildings and saving energy consumptions for cooling and 

heating [21, 23]. 

3.4. Thermal test results 

Fig. 9 shows the measured temperatures during 24 hours for all three cubicles, at the top and 

bottom surfaces of the slabs and inside the cubicles. The measured ambient temperature using a 

temperature sensor installed in the air and about 1 ft. (305 mm) from the cubicles is also shown in 

the figure. Because the sensors on the top surface of all slabs were directly exposed to the external 

air, the measured top surface temperatures for all three cubicles are approximately the same.  

Fig. 9b indicates that the temperature on the bottom surface of the two geopolymer mortar slabs 

containing PCM starts to rise substantially about 70 minutes later than that of the geopolymer 

mortar slab containing no PCM. During the temperature rising period (about 6.5 hours), the bottom 
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surface temperature of the 10% PCM slab and the 20% PCM slab is about 3.3 C and 6.2 C lower 

than that of the slab containing no PCM, respectively. Obviously, the time delay of temperature 

rising in the case of 20% PCM is longer than that at 10% PCM. It can also be seen from Fig. 9b 

that after the temperatures peaks, the time when temperature starts to drop is delayed and the 

amount of decrease is smaller if more PCM is included in the geopolymer mortar slab. So the 

included PCM offers the attenuation function to reduce the temperature variation due to the change 

of temperature outside of the cubicle. 

The measured temperatures of air inside the cubicles (Fig. 9c) show similar trends to those on the 

bottom surface of the geopolymer mortar slabs (Fig. 9b). During the temperature rising period 

(about 6.5 hours), the temperature of air inside the cubicles with the 10 and 20% PCM geopolymer 

mortar slabs is about 4.4 C and 5.5 C lower than that inside the cubicle with a slab containing no 

PCM, respectively. Obviously, the less rising of the inside air temperature over a long period of 

time will lead to substantial reduction of energy consumption for cooling of the building. Further 

comparing the results in Figs. 9b and 9c, one can see that the difference between the inside cubicle 

air temperatures at 10 and 20% PCM contents is smaller than that at the slab bottoms, although 

still appreciable. This is possibly because the transfer of heat into the cubicle is influenced by both 

the heat absorption in the PCM within the slab and the natural convection of air inside the cubicle. 

4. Conclusions 

Systematic experiments were carried out to evaluate the effect of incorporated PCM on the 

physical, mechanical and thermal properties of the geopolymer mortar. SEM images were also 

used to identify the change of micro structure of the geopolymer mortar after PCM was 

incorporated. Based on the experimental results, the following conclusions can be drawn: 
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1. The unit weight of the geopolymer mortar decreases after PCM is added, simply because 

PCM has small unit weight. The lower unit weight after incorporation of PCM will lead to 

decrease of the weight of the geopolymer mortar wall and thus the total weight of the 

building, which is beneficial for construction of lightweight buildings.  

2. The addition of PCM also leads to slight decrease of the compressive strength of the 

geopolymer mortar. However, the decrease due to the added PCM is quite small and the 

compressive strength of the geopolymer mortar with up to 20% PCM incorporation is 

sufficiently high for applications in buildings. 

3. The SEM imaging indicates that the number of broken particles on the failure surface of 

UCS tested geopolymer mortar specimens increases as more PCM is incorporated. This 

explains at micros scale why the UCS of geopolymer mortar decreases when more PCM 

which has low strength and stiffness is incorporated. The SEM imaging also indicates that 

the PCM are in good bond with the geopolymer binder, which explains at micros scale why 

the compressive strength of the geopolymer mortar with up to 20% PCM incorporation is 

still sufficiently high. 

4. The specific heat capacity of the geopolymer mortar increases significantly after PCM is 

incorporated, meaning that the incorporated PCM can effectively reduce the transport of 

heat through the geopolymer mortar. 

5. The thermal tests with cubicles further proves that the geopolymer mortar with 

incorporated PCM can be used as building wall to effectively increase the thermal inertia 

of buildings and reduce the energy demand for cooling and heating. 
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Table 1. Chemical composition of fly ash based on XRF analysis. 

Oxides SiO2 Al2O3 CaO Fe2O3 Na2O MgO 

Wt. %  57.5 29.3 6.0 2.95 2.6 1.36 
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Table 2. General properties of MPCM 28-D based on manufacturer’s data sheet. 

Appearance White to slightly off-white color 

Form Dry powder 

Capsule composition 85-90 wt.% PCM, 10-15 wt.% polymer shell 

Core material Paraffin 

Particle size (mean) 17-20 micron 

Melting point 28 ºC (82 ºF) 

Heat of fusion 180-195 J/g 

Specific gravity 0.9 

Temperature stability Extremely stable – less than 1% leakage when heated to 250 ºC 

Thermal cycling  Multiple 
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Table 3. Details of mixtures. 

Specimen 

Number 

PCM 

(%) 

Water 

(g) 

NaOH 

(g) 

Fly ash 

(g) 

Sand 

(g) 

PCM 

(g) 

1 0 120 43.2 400 400 0 

2 5 125 45.0 400 380 6.7 

3 10 130 46.8 400 360 13.3 

4 20 135 48.6 400 320 26.7 
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Table 4. Uniaxial compressive strength (UCS) and unit weight (UW) of cold geopolymer mortar 

specimens containing different amount of PCM and after different curing time. 

PCM 

(%) 

 

Curing Time 

7 days 14 days 28 days 

UCS 

(MPa) 

UW 

(kN/m3) 

UCS 

(MPa) 

UW 

(kN/m3) 

UCS 

(MPa) 

UW 

(kN/m3) 

0 21.3 16.9 25.0 16.9 26.0 17.0 

5 18.8 16.4 18.9 16.5 20.9 16.4 

10 18.3 16.1 18.3 16.1 20.4 16.1 

20 14.2 15.2 16.2 15.2 16.8 15.2 
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Table 5. Uniaxial compressive strength (UCS) and unit weight (UW) of hot geopolymer mortar 

specimens containing different amount of PCM and after different curing time. 

 

PCM 

(%) 

Curing Time 

7 days 14 days 28 days 

UCS 

(MPa) 

UW 

(kN/m3) 

UCS 

(MPa) 

UW 

(kN/m3) 

UCS 

(MPa) 

UW 

(kN/m3) 

0 20.2 16.8 24.0 16.9 25.2 16.9 

5 18.9 16.4 20.1 16.4 20.3 16.5 

10 18.0 16.1 18.7 16.0 18.9 16.1 

20 14.9 15.2 16.3 15.2 16.7 15.2 
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Fig. 1. Particle size distribution curve of fine sand and fly ash used in this study.  
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Fig. 2. SEM image of (a) fly ash, and (b) microencapsulated PCM (MPCM) used in this study.
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Fig. 3. Cubicles during thermal test (The temperature sensor at the center of the bottom of each 

geopolymer mortar slab is not shown in the figure).
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Fig. 4. Unit weight versus PCM content after different curing time for both cold and hot 

geopolymer mortar specimens.  
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Fig. 5. Uniaxial compressive strength (UCS) versus PCM content after different curing time for 

both cold and hot geopolymer mortar specimens (For each condition, three specimens were tested 

and the average and standard deviation of the measured values are shown in the figure). 
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Fig. 6. SEM image of failure surface of UCS tested 28 day geopolymer mortar specimens containing 

(a) 0% PCM, (b) 5% PCM, (c) 10% PCM, and (d) 20% PCM (BP = broken particles). 
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Fig. 7. Specific head capacity versus temperature for pure PCM used in this study. 
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Fig. 8. Specific heat capacity versus temperature for geopolymer mortar specimens containing 

different amount of PCM. 
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Fig. 9. Measured temperature at (a) top and (b) bottom of slabs, and (c) inside cubicles. 
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APPENDIX D 

NUMERICAL STUDY ON THE THERMAL BEHAVIOUR OF 

GEOPOLYMER MORTAR INCORPORATED WITH PCM 
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Abstract 

One important aspect of energy conservation is the thermal storage which can be significantly 

improved by incorporating latent heat storage in building materials. The use of phase change 

material (PCM) which can absorb and release heat much more than conventional building 

materials intends to improve the energy efficiency related to space heating and cooling in 

buildings. This paper conducts the experimental and numerical studies on the thermal performance 

of geopolymer mortar with incorporated PCM (GMP). In order to simulate the heat transfer 

through geopolymer mortar containing PCM, a simplified method was first presented. The 

influence of phase transition was linked to the energy balance equation through variable specific 

heat capacity of PCM-gepolymer. The thermal properties of the geopolymer mortar containing 

PCM for the numerical analysis were determined using differential scanning calorimetry (DSC) 

and guarded heat flow (GHF) tests. The simplified method was validated based on the good 

agreement between the numerical and experimental results.. Furthermore with the validated model, 

the effect of various factors including the specific heat capacity, thermal conductivity and wall 

thickness on the thermal performance of PCM-geopolymer walls was studied. Finally a modified 

numerical method was proposed for simulating the whole thermal transfer processes and the 

simulation results were used to conduct the economic evaluation of PCM-geopolymer walls for 

energy savings in buildings. 

 

Key words: PCM, thermal performance, geopolymer mortar, GMP. 

 



 
 

140 
 

1. Introduction 

Phase Change Materials (PCMs) have been known as thermal storage materials for storing heat in 

building since the 1980s. An ideal PCM material applied in building should have following 

advantages: high heat storage density and delivery in narrow transition zone [1, 2], phase transition 

close to human comfort temperature, high fusion heat and high specific heat capacity [2]. Another 

advantage is that incorporating PCM into energy storage systems would reduce the volume of used 

storage materials. For instance, Kuznik et al. [3] declared that the storage energy of 0.5 cm 

wallboard incorporated 60% micro-encapsulated PCM is the same as the concrete layer of about 

8 cm. Besides these advantages, there are however some challenges when using PCM in buildings 

such as the PCMs diversity, “cost and economic feasibility, design configurations, integration with 

other sustainable energy technologies” [4], severe dependence of PCM to weather conditions and 

building fabric [5]. The issue would be highlighted where all or some of these conditions are taking 

place simultaneously in a special case. As a solution, the necessity of applying computational 

modeling could be significantly felt. Therefore the numerical modeling is a beneficial way to 

quantitatively figure out and optimize the PCM design process. Therefore several research works 

have been conducted using different commercial products such as ESP-r [6-8], TRNSYS [9-12], 

COMSOL [13, 14] and FLUENT [15] to simulate the PCM. Heim and Clarke [6] modeled the 

influence of incorporating PCM into gypsum plasterboard by refining the ESP-r system. They 

considered the phase transition of PCM by adding a latent heat generation term to the energy 

balance equation and compared the resultant temperatures of PCM-impregnated gypsum 

plasterboard with no-PCM case. Their simulation results indicated that PCM-gypsum 

plasterboards can store the solar energy and consequently decrease the heating energy up to 90% 

during the heating season. Ahmad et al. [9] developed a simulation modeling using TRNSYS 
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software to study the efficiency of light wallboards containing PCM applied to different climates. 

The phase transition was taken into account via an equivalent specific heat capacity and then the 

heat transfer equation was solved using a finite difference method and finally was added to 

TRNSYS software. Their simulation results were compared with the experimental results to 

evaluate the performance of the model and a good agreement was showed. 

Commercial simulation products usually have a default melting and solidification model with no 

hysteresis meaning very similar behavior of PCM at melting and freezing processes. At melting 

process PCM absorbs heat as the temperature increases and at freezing process it releases heat as 

temperature decreases. As a consequence melting treats as heat sink and freezing is a heat source. 

Gowreesunker et al. [15] by the use of the heat source/sink method involved the influence of 

hysteresis to overcome the corresponding limitations produced with FLUENT software. They 

wrote a user defined function (UDF) to calculate the stored and released energy directly from the 

temperature. On the other hand they not only defined the heat/sink source term inside the phase 

change temperature range, but also defined it for all other different temperatures. They also 

validated their simulations by doing experimental tests and observed a root mean square (RMS) 

error of 1.3% for melting process and a RMS of 0.5% for freezing process related to the 

experimental results. These errors were associated with getting the specific heat as a constant value. 

This study will include six following steps: 1. Present a simplified numerical method to simulate 

the heat transfer through geopolymer mortar with incorporated PCM (GMP), 2. Measure the 

thermal properties of geopolymer mortar with and without PCM including specific heat capacity 

and thermal conductivity, 3. Validate the simplified method using the experimental results 

measured by thermal model scale tests on the small cubicles synthesized with geopolymer mortar 

slabs with and without PCM, 4. Use the validated model to consider the effect of various factors 
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including the specific heat capacity, thermal conductivity and thickness of GMP layer on the 

thermal performance of GMP, 5. Propose an modified numerical method to simulate the whole 

thermal transfer processes and 6. Use the modified numerical method to perform the economic 

evaluation of PCM-geopolymer walls for energy savings in buildings. 

2. Simplified numerical method 

In order to simulate the heat transfer through geopolymer containing PCM, a simplified method 

was first presented as follows in details: 

2.1. Heat transfer process 

The whole heat transfer processes for the cubicles studied in this research work are shown 

schematically in Fig. 1. Both the temperature at the top surface of geopolymer mortar slab and the 

temperature distribution inside the slab are mainly related to the thermal environmental conditions. 

The exterior top surface of the slab is subject to incident solar radiation, convection to the ambient 

air, thermal radiations between the slab surface and the sky and slab surface and ambient air. As 

shown in Fig. 1, the total heat flux at the top surface of geopolymer slab (𝑞𝑡𝑜𝑡𝑎𝑙) is given by: 

𝑞𝑡𝑜𝑡𝑎𝑙 = 𝑞𝑠𝑢𝑛 − 𝑞𝑐𝑜𝑛𝑣 − 𝑞𝑟𝑎𝑑 (1) 

where 𝑞𝑠𝑢𝑛 (
𝑊

𝑚2) is the incident solar radiation absorbed at the slab surface, 𝑞𝑐𝑜𝑛𝑣 (
𝑊

𝑚2) is the 

convection heat flux and 𝑞𝑟𝑎𝑑 (
𝑊

𝑚2
) is the emitted irradiation. On the other hand, the heat transfer 

through the mass of the geopolymer mortar slab is described by the heat conduction. Furthermore 

as seen in Fig. 1, the heat transfer inside the cubicle will be governed by convection.  
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2.2. Assumptions 

The heat transfer modeling of PCM structures in transition stage is complex due to the fact that 

during the phase transition, PCM can have three states: solid, liquid or two-phase (mushy). In order 

to simplify the mathematical model, five assumptions are made as follows: 

1. The heat transfer through the mass of GMP slab is assumed to be one-dimensional. 

2. The GMP matrix is treated as a uniform body with equivalent physical and thermal properties 

such as density, specific heat capacity, and thermal conductivity. 

3. The density is constant but the specific heat capacity and thermal conductivity of GMP are 

changing with temperature. 

4. The heat transfer through the air inside the cubicles is assumed to be neglected. 

5. To neglect the effect of thermal environmental conditions, instead of using equation number (1) 

as a top surface boundary condition, the top surface temperatures of slabs measured by thermal 

scale model tests are used as the input data. 

Fig. 2 illustrates the schematic structure of simplified heat transfer model simulated in this part of 

the study. 

2.3. Model of conduction thorough the slab 

Within phase transition, GMP absorbs or releases the thermal energy as latent heat. There are two 

methods for this form of energy to be taken into account: 1. By using heat source/sink method [15] 

that assumes the melting process as a heat sink but the freezing process as a heat source and adds 

a source term to energy equation and 2. By using an apparent specific heat capacity [9]. If the 
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mixture components have no influence on the propagation direction of the heat flow, these two 

methods can be linked [16] as follows in details. 

Based on the assumptions above (section 2-2), in order to consider transient conduction for GMP 

slab with variable thermo-physical properties, the energy equation has the following form [17]: 

𝜕

𝜕𝑡
(𝜌𝑒ℎ𝑒) + ∇. ( 𝜗 ⃑⃑⃑⃑  𝜌𝑒ℎ𝑒) = ∇. (𝑘 𝑒∇ 𝑇) + 𝑆ℎ (2) 

where the subscript e refers to the equivalent (PCM + geopolymer mortar) properties, ρ is the 

density, h is the enthalpy, T is the temperature, k is thermal conductivity and Sh is volumetric heat 

source which is equal to 𝜌𝐿
𝜕𝑓

𝜕𝑡
 where f is volume fraction and L is latent heat. It is worth 

mentioning that the second term on the left side of equation (2) represents the convective energy 

transfer due to rotational or translational motion of the solids that is negligible in our case. In 

addition, density is assumed to be constant and thus 
𝜕𝜌

𝜕𝑡
= 0. Furthermore he is equal to ∫ CpedT,

T

Tref
 

where Cpe is equivalent specific heat capacity. As a subsequence the equation (2) can be rearranged 

by:  

𝜌𝑒Cpe

𝜕𝑇

𝜕𝑡
= ∇. (𝑘 𝑒 ∇ 𝑇) + 𝜌𝐿

𝜕𝑓

𝜕𝑡
 (3) 

By defining 𝐶𝑝𝑒
′  that is apparent specific heat capacity [16] as: 

𝐶𝑝𝑒
′ = Cpe ∓

𝜌

𝜌𝑒
𝐿
𝜕𝑓

𝜕𝑇
 (4) 

The differential heat conduction equation can be written by: 

𝜌𝑒𝐶𝑝𝑒
′

𝜕𝑇

𝜕𝑡
= ∇. (𝑘 𝑒 ∇ 𝑇) (5) 
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Equation (5) can be solved by measuring the equivalent density, thermal conductivity and apparent 

specific heat capacity of GMP as well as applying proper boundary.  

3. Validation of simplified numerical method and procedures 

In order to verify the simplified numerical method, the experimental study including the model 

scale tests has been performed. 

3.1. Experimental results 

The experimental results has been already published by current authors [18]. To be clear, a brief 

summary will be given here. The materials for making GMP slabs were fine sand, class F fly ash 

(FA), sodium hydroxide solution and microencapsulated PCM powder (MPCM). The chemical 

composition of FA and find sand based on XRF analysis is presented in Table 1. Fig. 3 also 

illustrates the particle size distribution curves of both fine sand and FA. Table 2 illustrates the 

general properties of PCM. The details of the components for preparing the GMP slabs are 

summarized in Table 3. Two cubicles at the size of 12” × 12” × 12” (305 mm × 305 mm × 305 

mm) were constructed and mounted by the GMP slabs containing 0 and 10% PCM at the top of 

the cubicles as ceiling as seen in Fig. 4. The four sides and the bottom of the cubicles manufactured 

by plywood of 75” (19 mm) thickness were insulated to avoid heat flow through them. The 

temperatures on the top and bottom surfaces of GMP slabs and in the air outside the cubicles were 

recorded for 24 hours (from 6:00 AM to 6:00 AM) and saved instantly on a SD memory disk every 

10 minutes. The measured temperatures during 24 hours for both cubicles, at the top and bottom 

surfaces of the slabs is shown in Fig. 5. 
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3.2. Model inputs 

The main input parameters for the current simulations are consist of the specific heat capacity, 

density, thermal conductivity and measured temperatures on the top surface of GMP slabs. The 

results of specific heat capacity measured by Differential Scanning Calorimetry (DSC) test for the 

geopolymer mortar specimens containing 0% and 10% PCM are shown in Fig. 6. A user defined 

function (UDF) was written to use the measured specific heat capacity of slab incorporated with 

10% PCM as input data. The equation of UDF curve is given by:  

𝐼𝑓 𝑇 < 297°𝐾 (24°𝐶) → 𝐶𝑝 = 0.89 

𝑒𝑙𝑠𝑒 𝐼𝑓 297°𝐾 (24°𝐶) < 𝑇 < 301°𝐾 (28°𝐶) → 𝐶𝑝 = −3.33333333335162E − 03𝑇4  +

 3.97333333335499E + 00𝑇3  − 1.77605916667628E + 03𝑇2  +

 3.52835504168565E + 05T − 2.62853252651405E + 07     (𝑅2 = 1)                         (6) 

𝐸𝑙𝑠𝑒 𝐶𝑝 = 0.88 

 

where 𝐶𝑝  (
𝐽

𝑔𝑟.°𝐾
) is the specific heat capacity and T (°𝐾) is the temperature.  

Table 4 summarizes the equivalent density of GMP slabs. Fig. 7 shows the thermal conductivity 

of GMP slabs measured by Guarded Heat Flow (GHF) Test. It is seen that the thermal conductivity 

decreases as the temperature increases. It is also clear that incorporating PCM in geopolymer 

mortar eventuates in decreasing thermal conductivity and consequently improving the thermal 

property of buildings. The results confirms the findings of other researchers [19, 20]. In addition 

two UDFs were written to use the measured thermal conductivity of slab incorporated with 0% 

and 10% PCM (k) as input data. The equation of UDF curves are given by: 
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𝐹𝑜𝑟 𝑠𝑙𝑎𝑏 𝑜𝑓 0% 𝑃𝐶𝑀: 𝑘 = −3.55𝐸 − 3𝑇 + 1.5602           (𝑅2 = 0.998) 

𝐹𝑜𝑟 𝑠𝑙𝑎𝑏 𝑜𝑓 10% 𝑃𝐶𝑀: 𝑘 = −3.428𝐸 − 3𝑇 + 1.4371           (𝑅2 = 0.989) 

(7) 

(8) 

Furthermore by the use of another UDF, the top surface temperatures measured by the thermal 

model scale tests were used as the input data for the simulation model. The equation of UDF curve 

is given by: 

 

𝐼𝑓 𝑡 ≤ 30611 (𝑆𝑒𝑐𝑜𝑛𝑑) → 𝑇(°𝐾)

= 8.381𝐸 − 25 × 𝑡6 − 1.230𝐸 − 20 × 𝑡5 − 2.513𝐸 − 15 × 𝑡4 + 9.366𝐸 − 11

× 𝑡3 − 8.700𝐸 − 7 × 𝑡2 + 2.030𝐸 − 3 × 𝑡 + 296.750 (𝑅2 = 0.99)               (9) 

𝐸𝑙𝑠𝑒 𝑇(°𝐾) = −2.026𝐸 − 25 × 𝑡6 + 7.449𝐸 − 20 × 𝑡5 − 1.100𝐸 − 14 × 𝑡4 + 8.459𝐸 − 10

× 𝑡3 − 3.553𝐸 − 5 × 𝑡2 + 7.671𝐸 − 1 × 𝑡 − 6.243𝐸 + 3 (𝑅2 = 0.99)       (10) 

where t (Second) is time.  

3.3. Results 

The simulation results of simplified model were performed by a converged time step of 1 second 

so that all simulations were iteratively converged. Fig. 8 shows the simulation results including 

the bottom surface temperatures for both GMP slabs of 0 and 10% PCM. It is seen as expected 

that the temperature on the bottom surface of the geopolymer mortar slab containing 10% PCM 

starts to rise substantially later than that of the geopolymer mortar slab containing no PCM. In 

addition, during the temperature rising period, the bottom surface temperature of the 10% PCM 

slab is lower than that of the slab containing no PCM. It can also be seen that after the temperature 
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peaks, the time when temperature starts to drop is delayed and the amount of decrease is smaller 

if PCM is included in the geopolymer mortar slab. 

Figs. 9a and 9b compare the experimental and the simulation results including the bottom 

temperatures for both cubicles. The results show a reasonable agreement between experimental 

and simulation results. 

4. Effect of various factors on the thermal performance of GMP slabs 

The thermal performance of GMP slab is affected by various factors such as thermal conductivity, 

specific heat capacity and the thickness of GMP slab. In order to optimize the GMP system, using 

the simplified model, the effect of each factor on the thermal performance has been evaluated as 

follows: 

4.1. Thermal conductivity 

In order to consider the effect of thermal conductivity on the thermal performance of GMP slabs, 

the measured thermal conductivity (the measured thermal conductivity will be simply called k 

from now on), half of measured k (0.5k), two times of k (2k) and four times of k (4k) were used for 

simulations. Fig. 10 shows the bottom temperature of GMP slab incorporated with 10% PCM 

versus different thermal conductivities. It is seen that the thermal conductivities of above 2k have 

a small effect on lowering the bottom temperature peaks, but as the thermal conductivity decreases, 

the positive effect on thermal performance improves as summarized in Table 5 and seen in Fig. 10.  

4.2 Specific heat capacity 

Fig. 11 shows the bottom temperature of GMP slab incorporated with 10% PCM versus different 

specific heat capacities including the measured specific heat capacity (the measured specific heat 
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capacity will be simply called cp from now on), half of measured cp (0.5cp), two times of cp (2cp) 

and four times of cp (4cp). It is seen that the slab with higher cp has lower bottom temperature peaks 

and thus greater thermal performance of GMP slabs as presented in Table 5. On the other hand the 

time delay of temperature peaks becomes longer as the specific heat capacity increases as seen in 

Fig. 11. 

4.3 Thickness of GMP slab 

The effect of different thicknesses on the bottom temperature of GMP slab incorporated with 10% 

PCM is shown in Fig. 12. It is seen that the thickness has a main influence on the heat transfer of 

GMP slab meaning that the higher thickness, the greater effect on the bottom temperature of GMP 

slab. 

5. Modified numerical model  

After validating the simplified method, in order to simulate general case including the whole 

thermal transfer processes, a modified numerical method is proposed as follows in details: 

5.1. Heat transfer model 

As already mentioned in section 2.1, in order to simulate the whole heat transfer processes of the 

cubicles studied in this research, shown schematically in Fig. 1, the total heat flux at the top surface 

of geopolymer slab (𝑞𝑡𝑜𝑡𝑎𝑙) is given by: 

𝑞𝑡𝑜𝑡𝑎𝑙 = 𝑞𝑠𝑢𝑛 − 𝑞𝑐𝑜𝑛𝑣 − 𝑞𝑟𝑎𝑑 (1, 𝑟𝑒𝑝𝑒𝑎𝑡𝑒𝑑) 

The incident solar radiation absorbed at the slab surface (𝑞𝑠𝑢𝑛)can be given by: 
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𝑞𝑠𝑢𝑛 = (1 − 𝛾)𝐼 (11) 

where γ is the solar reflectance of the slab surface assumed to be 0.4 and 𝐼 (
𝑊

𝑚2) is the total solar 

radiation incident on the surface. The solar radiation is a function of atmospheric conditions, the 

angle of sun’s ray with relative to slab surface and the time of the day [21]. The solar radiation is 

negligible at night while approximated as a function of sinusoid at daytime. In this study the 

required climate data was acquired from the Typical Meteorological Year (TMY3) weather data 

file including solar radiation incident (I), dry bulb temperature (T∞), dew point temperature (Tdb) 

and wind speed (vwind). The weather data for Tucson in January, 15 and July, 15 was adopted. Figs 

13a and 13b show the total solar radiation incident of Tucson in January, 15 and July, 15 

respectively. It is seen that the total solar radiation incident changes from zero at both sunrise and 

sunset to a maximum value (peak) at about noon. One UDF was written to consider the incident 

solar radiation absorbed at the slab surface (𝑞𝑠𝑢𝑛) as input data. 

The convection heat flux (𝑞𝑐𝑜𝑛𝑣) is given by: 

𝑞𝑐𝑜𝑛𝑣 = ℎ∞(𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇∞) 
(12) 

where ℎ∞ (
𝑊

𝑚2.𝐾
) is the convection coefficient, 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒(°𝐾) is the slab surface temperature and 

𝑇∞(°𝐾) is atmospheric dry-bulb temperature. 

The convection coefficient (ℎ∞) is given by [21]: 

ℎ∞ = 5.6 + 4.0𝑣𝑤𝑖𝑛𝑑 𝑤ℎ𝑒𝑛 𝑣𝑤𝑖𝑛𝑑 ≤ 5
𝑚

𝑠
 (13𝑎) 

ℎ∞ = 7.2 + 𝑣𝑤𝑖𝑛𝑑
0.78  𝑤ℎ𝑒𝑛 𝑣𝑤𝑖𝑛𝑑 > 5

𝑚

𝑠
 

(13b) 



 
 

151 
 

where 𝑣𝑤𝑖𝑛𝑑 is the wind speed and is presented in Figs. 14a and 14b for Tucson, January, 15 and 

July, 15, respectively, using the TMY3 weather data file. The atmospheric dry-bulb temperature 

(𝑇∞) is also given in Figs. 15a and 15b for Tucson, January, 15 and July, 15, respectively, using 

the TMY3. One UDF was written to use the convection heat flux (𝑞𝑐𝑜𝑛𝑣) as input data. 

The emitted irradiation (𝑞𝑟𝑎𝑑) is given by: 

𝑞𝑟𝑎𝑑 = 𝜎𝜀(𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒
4 − 𝑇𝑠𝑘𝑦

4 ) (14) 

where 𝜎 (
𝑊

𝑚2.𝐾4) is the Stefan-Boltzemann constant and equal to 5.669×10-8. ε is the slab surface 

emissivity and is assumed to be 0.9 in this study. Tsky (ºK) is the effective sky temperature which 

can be calculated based on literature [21] by following equation: 

𝑇𝑠𝑘𝑦 = 𝑇∞(0.754 + 0.0044𝑇𝑑𝑏)
0.25 

(15) 

where Tdp (ºC) is dew-point temperature and is presented in Figs. 16a and 16b for Tucson, January, 

15 and July, 15, respectively, using the TMY3. One UDF was written to use the emitted irradiation 

(𝑞𝑟𝑎𝑑) as input data. 

5.2. Assumptions 

Among the five assumptions mentioned in section 2.2 for the simplified model, only the first three 

assumptions were remained. On the other hand the convection inside the cubicle is considered and 

also equation (1) is applied as the boundary condition of the top slab surface. 
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5.3. Results 

The simulation results in this part were performed by a converged time step of 1 second so that all 

simulations were iteratively converged. Figs. 17a and 17b show the simulation results including 

the bottom surface temperatures of geopolymer mortar slabs containing 0 and 10% PCM for 

January, 15 and July, 15, respectively. The positive effect of PCM incorporation on the thermal 

performance of geopolymer mortar slabs is clearly shown in Figs. 17a and 17b. It is seen that 

during the temperature rising period, the bottom surface temperature is lower if PCM is 

incorporated in the geopolymer mortar slab. It can also be seen that after the temperatures peaks, 

the time when temperature starts to drop is delayed and the amount of decrease is smaller if PCM 

is included in the geopolymer mortar slab. 

6. Economic evaluation of geopolymer walls containing PCM 

Different techniques have been studied for improving the energy efficiency related to space heating 

and cooling in buildings. One of the most effective techniques is to use PCM as an additive in the 

building wall. In order to consider the economic evaluation of incorporating PCM into geopolymer 

walls, the modified model was used. Two typical south facing rooms in Tucson, Arizona, one 

made by the ordinary geopolymer walls and ceiling (called OG for simplification) and the other 

one made by geopolymer walls and ceiling incorporated with PCM (called PG for simplification), 

were simulated. Both rooms have the same dimensions of 3m × 3m × 2.7m (9.85ft × 9.85ft × 9ft). 

As shown in Fig. 18, each room has only one exterior wall (south facing) including one window 

which is about 25% of south facing wall. The other north, east and west walls are all interior 

envelopes. Table 6 summarizes the describing areas of the rooms. The thermo-physical properties 

of envelope materials used in the rooms are also listed in Table 7. Regarding the boundary 
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conditions, the total heat flux at the top surface of ceiling as well as south facing wall and window 

(𝑞𝑡𝑜𝑡𝑎𝑙) is given by equation (1) presented in sections 2 and 5. As shown in Fig. 19a, it is seen that 

the temperature of air inside the room with PG between 12 PM and 6 PM is about 4.5 °C less than 

that for OG room. 

To be more accurate, let’s assume to use an AC of 2000 W power to make the temperature inside 

the rooms as 25 °C. The energy saved due to the PCM incorporation in geopolymer walls is then 

calculated. For simplification, the following assumptions are made: 

1. The temperature at everywhere inside the room is constant as 25 °C. 

2. All walls except the south facing wall and window as well as the ceiling are insulated with 

no heat transfer. On the other hand the heat will only transport from the ceiling and south 

facing wall and window. 

3. The free convection inside the rooms is assumed and the corresponding equations for 

steady state condition is applied. 

4. The impact of lights, equipment and occupants on the results is assumed to be neglected. 

The following equation [22] can be used to calculate the heat obtained by free convection that must 

be removed by AC. 

𝑞 = ℎ̅𝐴𝑠(𝑇𝑠 − 𝑇∞)                                                                                                            (16) 

where q is the heat that must be removed by AC, ℎ̅ is the average convection coefficient, 𝐴𝑠 is the 

surface area, 𝑇𝑠 is the surface temperature (Fig. 19b) and 𝑇∞ is the inside room temperature (25 

°C). The average convection coefficient, ℎ̅, is given as: 
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ℎ̅ =
�̅�𝑢𝑙×𝑘

𝐿
           (17) 

where �̅�𝑢𝑙  is the average Nusselt number, 𝑘 is the thermal conductivity of air and L is 
𝐴𝑠

𝑃
 where 

P is the perimeter.  

The average Nusselt number, �̅�𝑢𝑙 is given as: 

�̅�𝑢𝑙 = 0.54*(𝑅𝑎𝐿)
1

4⁄  (104 ≤ 𝑅𝑎𝐿 ≤ 107, 𝑃𝑟 ≥ 0.7)    (18a) 

�̅�𝑢𝑙 = 0.15*(𝑅𝑎𝐿)
1

3⁄  (107 ≤ 𝑅𝑎𝐿 ≤ 1011, 𝑎𝑙𝑙 𝑃𝑟)     (18b) 

where 𝑅𝑎𝐿 is the Rayleigh number and is given as: 

 RaL = GrL ∗ Pr =
gβ(Ts−T∞)L3

ϑα
        (19) 

where 𝐺𝑟𝐿  and 𝑃𝑟  are respectively Grashof and prandlt numbers. α , ϑ  and k are respectively 

22.5 ∗ 10−6 m2

s
, 15.89 ∗ 10−6 m2

s
 and 26.3 ∗ 10−3 𝑊

𝑚.°𝐾
 [22]. 

Using the equations (16-19), the heat produced at the OG and PG rooms that must be removed by 

AC during six hours (from 12 PM to 6 PM) are about 23200 kJ and 16950 kJ, respectively. On the 

other hand, the off time for an AC with the power of 2000 W at the PG room will be about 50 

minutes more than that for the OG room (during this six hours) indicating the energy saved in the 

case of using PCM.  
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7. Conclusion 

The main objective of this study is to numerically and experimentally evaluate the effectiveness 

of PCM incorporation on the thermal performance of geopolymer walls. A simplified method was 

first performed to simulate the heat transfer through geopolymer wall containing PCM. The 

thermal properties of geopolymer incorporated with PCM were measured for the numerical 

analysis. The simulation results were compared with those obtained by experiment to evaluate the 

potential of the method. The experimental study was carried out by measuring the temperatures at 

the top and bottom surfaces of the slabs built with the geopolymer mortar containing 0 and 10% 

PCM. With the validated model r the effect of various factors including the thermal conductivity, 

specific heat capacity and wall thickness on the thermal performance of geopolymer walls 

containing PCM was studied. Finally a modified numerical method was carried out and the 

simulation results were used to perform the economic feasibility evaluation of the geopolymer 

walls incorporated with PCM for energy savings in buildings. Therefore based on numerical and 

experimental results the following conclusions can be drawn: 

1. The incorporating PCM in geopolymer walls results in increasing specific heat capacity 

and decreasing thermal conductivity. 

2. A reasonable agreement was found by comparing the experimental and numerical results. 

3. All three factors including the thermal conductivity, specific heat capacity and wall 

thickness have the crucial effect on the thermal performance of geopolymer walls 

incorporated with PCM. 
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4. The economic evaluation indicates that the geopolymer walls containing PCM can be used 

as building walls to effectively improve the thermal performance of buildings and to reduce 

the energy demand in buildings. 
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Table 1. Chemical composition (wt. %) of FA and find sand based on XRF analysis. 

 

 

 

 

 

 

 

 

 

  

Oxides 
Composition 

FA (%) Fine sand (%) 

CaO 6.00 2.56 

SiO2 57.50 53.69 

Al2O3 29.30 11.41 

MgO 1.36 1.05 

Fe2O3 2.95 6.25 

Fe3O4 NA NA 

Na2O 2.60 3.14 

SO3 NA NA 

K2O NA 2.89 
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Table 2. General properties of MPCM 28 based on manufacturer’s data sheet. 

Appearance White to slightly off-white color 

Form Dry powder 

Capsule composition 85-90 wt.% PCM, 10-15 wt.% polymer shell 

Core material Paraffin 

Particle size (mean) 17-20 micron 

Melting point 28 ºC (82 ºF) 

Heat of fusion 180-195 J/g 

Specific gravity 0.9 

Temperature stability Extremely stable – less than 1% leakage when heated to 250 ºC 

Thermal cycling  Multiple 
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Table 3. Details of mixtures. 

Specimen 

Number 

PCM 

(%) 

Water 

(g) 

NaOH 

(g) 

FA 

(g) 

Fine sand 

(g) 

PCM 

(g) 

  1 0 1350 486 4500 4500 0 

2 10 1462 526 4500 4050 150 
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Table 4. The equivalent density of GMP slabs. 

GMP slab Density (KN/m3) 

0% PCM 16.9 

10% PCM 16.1 
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Table 5: Summary of parametric study on the effect of crucial factors on the thermal performance 

of GMP slabs. 

Studied factor 

Peak 

temperature 

(PT) (˚C) 

Difference 

of PT with 

reference 

(˚C) 

Time of 

PT (TPT) 

occurred 

Difference 

of TPT 

with 

reference 

(minutes) 

Lowest 

temperature 

(LT) at 

cooling part 

Difference 

of LT with 

reference 

Thermal 

conductivity 

0.5k 57.5 
5.3 

(Lower) 
4:49PM 38 (Later) 25.3 

1.1 
(Higher) 

k  62.8 Reference 4:11PM Reference 24.2 Reference 

2k 65.2 
2.4 

(Higher) 
3:38PM 

33 
(Earlier) 

23.9 
0.3 

(Lower) 

4k 66.2 
3.4 

(Higher) 
3:08PM 

63 
(Earlier) 

23.8 
0.4 

(Lower) 

Specific heat 

capacity 

 

0.5cp 65.1 
2.3 

(Higher) 
3:35PM 

36 
(Earlier) 

23.9 
0.3 

(Lower) 

cp  62.8 Reference 4:11PM Reference 24.2 Reference 

2 cp 57.7 
5.1 

(Lower) 
4:53PM 42 (Later) 25.2 1 (Higher) 

4 cp 49.8 
13.0 

(Lower) 
6:19PM 

128 
(Later) 

28.7 
4.5 

(Higher) 

Thickness 

1 in 66.1 
3.3 

(Higher) 
3:10PM 

61 
(Earlier) 

23.8 
0.4 

(Lower) 

2 in 62.8 Reference 4:11PM Reference 24.2 Reference 

3 in 56.4 
6.4 

(Lower) 
5:07PM 56 (Later) 25.6 

1.4 
(Higher) 

4 in 49.8 
13.0 

(Lower) 
6:11PM 

120 
(Later) 

28.7 
4.5 

(Higher) 
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Table 6. Rooms’ description. 

Total volume (m3) 24.30 

South facing wall thickness (m) 0.10 

South facing wall area (m2) 8.10 

South facing window thickness (m) 0.01 

South facing window area (m2) 2.16 

Ceiling area (m2) 9.00 

Ceiling thickness (geopolymer concrete part) (m2) 0.10 
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Table 7. The thermo-physical properties of envelope materials. 

Envelope elements Materials 
Density 

(Kg/m3) 

Specific heat 

capacity 

(KJ/Kg.ºK) 

Thermal 

conductivity 

(W/m. ºK) 

Ceiling and south wall 

facing with no PCM 

Geopolymer concrete 

with no PCM 
1690 0.7 See Fig. 7 

Ceiling and south wall 

facing containing 10%PCM 

Geopolymer concrete 

containing 10% PCM 
1610 See Fig. 6 See Fig. 7 

South window facing Glazed glass 2400 0.84 0.10 
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Convection 

Conduction 

Geopolymer mortar slab 

Solar radiation Convection 
Infrared radiation 

Insulated 

 

  

 

 

 

 

 

 

 

 

   

 

 

 

  

 

Fig. 1. Schematic of whole heat transfer processes. 
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Fig. 2. Schematic of simplified heat transfer model. 
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Fig. 3. Particle size distribution curve of fine sand and FA used in this study. 
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Fig. 4. Cubicles during thermal test (The temperature sensor at the center of the bottom of each 

geopolymer mortar slab is not shown in the figure). 
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Fig. 5. Measured temperature at (a) top and (b) bottom of slabs. 
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Fig. 6. Specific heat capacity versus temperature for geopolymer mortar specimens containing 

0% and 10% PCM. 

. 

0.6

0.7

0.8

0.9

1

10 15 20 25 30 35 40 45 50 55 60 65

Sp
ec

if
ic

 h
ea

t 
ca

p
ac

it
y 

(J
/g

.o
C

)

Temperature (oC)

10%PCM

0% PCM



 
 

173 
 

  

Fig. 7. Thermal conductivity (k) versus temperature for geopolymer mortar specimens containing 

0% and 10% PCM. 
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Fig. 8. Simulated bottom surface temperatures of 0 and 10% GMP slabs. 
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Fig. 9. Comparison of experimental and numerical results for bottom temperature of slab 

containing (a) 0%, and (b) 10% PCM. 
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Fig. 10. Effect of thermal conductivity on the bottom temperature of GMP slab. 
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Fig. 11. Effect of specific heat capacity on the bottom temperature of GMP slab. 
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Fig. 12. Effect of thickness on the bottom temperature of GMP slab. 
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Fig. 13. Total solar radiation incident of Tucson at (a) January, 15 and (b) July, 15. 
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Fig. 14. Wind speed of Tucson at (a) January, 15 and (b) July, 15. 
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Fig. 15. Atmospheric dry bulb temperature of Tucson at (a) January, 15 and (b) July, 15. 
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Fig. 16. Dew-point temperature of Tucson at (a) January, 15 and (b) July, 15. 
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Fig. 17. Simulated bottom surface temperatures of geopolymer mortar slabs containing 0% and 

10% PCM for (a) January, 15 and (b) July, 15.  
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Fig. 18. Simulated rooms (Note: All walls (including east, west and north facing walls as well as 

the floor) except the south facing wall and window as well as the ceiling are insulated with no heat 

transfer). 
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Fig. 19. Simulated temperatures at (a) inside the rooms and (b) bottom surface of the ceiling. 
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