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ABSTRACT OF THE DISSERTATION 

 

Developing Ultralow-Binder-Content Composites as Green Construction Materials 

 

by 

 

Kiwon Oh 

 

Doctor of Philosophy in Materials Science and Engineering 

 

University of California San Diego, 2021 

 

Professor Yu Qiao, Chair 

 

The objective of this research is to develop an environmentally friendly 

construction material, referred to as the ultralow-binder-content (UBC) composite. 

Compared to ordinary portland cement, a UBC composite has a much lower binder 

content, which helps decrease carbon emission, save energy, minimize materials cost, 

and face the challenge of the declining supply of class F fly ash. In general, the UBC 

composites use regular aggregates as the filler, such as sand, crushed limestones, and 



xix 

 

gravels. The binder can be a polymer (e.g., epoxy), a geopolymer, or a combination 

thereof. For special applications, the filler can be carbon powders. The key step in the 

processing procedure is the compaction self-assembly (CSA). It takes advantage of a 

relatively high pressure to compress the filler particles, which promotes the binder 

dispersion and favorably controls the stoichiometry. In a produced UBC composite, the 

binder is not continuous, but aggregated at the most critical load-carrying 

microstructural sites as micro-agglomerations. The CSA operation can be performed 

quasi-statically or dynamically. For large samples, the compaction can be completed 

section by section.  
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Chapter 1 

Introduction 

 

1.1 Background 

Concrete has been the primary construction material for the past 150 years. Each 

year, about 10 billion tons concrete are produced worldwide (Meyer, 2009). The main 

advantages of concrete include the low cost, the high processability, and the acceptable 

structure properties. The structural properties of a concrete are often characterized by 

its flexural strength and compressive strength; the former is usually about 10 to 20 

percent of the latter (Mindess et al., 2003). 

The large consumption of concrete leads to major environmental concerns. To 

manufacture 1 ton ordinary portland cement (OPC), nearly 1 ton carbon dioxide (CO2) 

would be emitted into the atmosphere, responsible for 5-8 % of human-generated CO2 

(Figures 1.1 and 1.2) (CDIAC, 2017; McKinsey, 2017). The processing is energy 

intensive, consuming ~4 GJ energy for each ton of OPC, responsible for more than 5% 

of total industrial energy usage (Figure 1.2) (McKinsey, 2017). 
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Over the years, people studied a number of “green” concepts. Concrete may be 

viewed as a composite material that consists of a filler (i.e., the aggregates) and a binder 

(e.g., the portland cement matrix). To reduce the impact on the environment, one 

approach is to replace a portion of the portland cement by supplementary cementitious 

materials, e.g., by-products from another industry. Commonly used supplementary 

materials include fly ash and ground granulated blast furnace slag (GGBFS) (Meyer, 

2009).   

For a calcium silicate concrete, gaseous CO2 is converted to solid calcium 

carbonates (Shao et al., 2006). Such a CO2 sequestrated concrete may have a higher 

compressive strength than OPC (Kamal et al., 2020). Currently, the CO2 uptake mass 

ratio is 9-16%, representing a 18-32% carbonation efficiency (Shao et al., 2006).    

The binder phase in a concrete may be entirely or partly replaced by a polymer, 

e.g., epoxy or unsaturated polyester resin (UPR) (Barbuta and Harja, 2008; Golestaneh 

et al., 2010; Kumar et al., 2013; Mani et al., 1987). There are mainly three types of 

polymer-containing concrete: polymer cement concretes (PCC), polymer impregnated 

concrete (PIC), and polymer concrete (PC) (Figure 1.3) (The Constructor, 2016). In 

PCC, a polymeric additive (e.g., latex or a pre-polymer) is added into the cement paste 

during the mixing process. In PIC, monomers (such as styrene, methyl-methacrylate, 

and polymethyl methacrylate) are impregnated into the porous microstructure of a 

hardened concrete, thereby filling up the pores and rendering the material impermeable. 

In PC, the polymer is the sole binder in lieu of cement. Table 1.1 shows the mechanical 

properties of typical cement-binder concrete, polyester concrete, and epoxy concrete 

(Mani et al., 1987). The flexural strength could reach ~21 MPa when 12 wt% epoxy was 
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used as the binder. If the filler was a silica fume, with an epoxy resin binder, the flexural 

strength was ~17.6 MPa (Barbuta and Harja, 2008). Silica-filler PC was investigated for 

its enhanced strength and toughness (Golestaneh et al., 2010). In another research, it 

was reported that 35% epoxy resin could be employed for a compound filler (25% fly 

ash and 15% silica fume); the flexural strength was 21.5 MPa (Kumar et al., 2013). 

 

1.2 Ultralow-binder-content (UBC) composites  

A major issue of many green concretes is their high cost, often associated with 

the large amount of binder used to form the continuous matrix (Ohama, 1997). Notice 

that the binder in the interior of the interstitial space among the filler particles 

contributes less to the overall structural integrity, compared to the binder at the contact 

points of the filler particles. Therefore, if the interstitial sites can be strategically left 

empty, the system redundancy may be largely reduced, while the strength of the material 

is not much affected. Such a material will be referred to as ultralow-binder-content 

(UBC) composites (Oh et al., 2020, 2019). In a UBC composite, the binder phase is no 

longer continuous, but concentrated at the most critical microstructure locations.  

Recently, we developed the compaction self-assembly (CSA) technique to 

produce UBC composites (Oh et al., 2019). First, a relatively small amount of binder 

(e.g., 2-4 wt% epoxy or UPR) is premixed with the filler (e.g., sand). The binder forms 

relatively large droplets, and the filler grains cannot be fully wetted. Then, a compaction 

pressure is applied on the mixture. The pressure leads to the rotation and local shearing 

the filler particles, promoting the binder dispersion. More critically, as the filler grains 

are pressed toward each other, a large capillary pressure is developed at the narrowest 
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space, where the particles meet. The capillary pressure spontaneously drives the binder 

to form micro-agglomerations, connecting the filler particles together. More details will 

be presented in Chapter 2.  

 

1.3 Geopolymer binder 

In the past two decades, geopolymer has been extensively investigated as an 

alternative binder material (Davidovits, 2002; Duxson et al., 2007; Hardjito et al., 2004). 

For instance, in Australia, a new airport used approximately 40,000 m3 geopolymer 

concrete (Figure 1.4) (WAGNERS, 2015). Geopolymer is an inorganic alumino-silicate 

network, synthesized from materials of geological origin or by-products of the steel 

industry or coal power plants, such as fly ash, specifically class F fly ash (Komnitsas 

and Zaharaki, 2007). 

Usually, fly ash is activated by an alkaline activator, such as Na2SiO3, NaOH or 

KOH. With the alkaline solution, Al3+ and Si4+ species are released from the –Si–O–Si– 

or the –Si–O–Al– bonds of the aluminosilicate, followed by releasing free [SiO4]− and 

[AlO4]− tetrahedral units. These units are alternatively linked to the sialate network 

(polymeric precursor) consisting of SiO4 and AlO4 tetrahedra, by sharing the oxygen 

atoms (Zhuang et al., 2016). Typical reactions include: 

 

(1.1) 

 

(1.2) 
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Poly(sialate), poly(sialate-siloxo), and poly(sialate-disiloxo) are chain geopolymers 

formed by the precursor, depending on the Si/Al ratio (Figure 1.5) (Komnitsas and 

Zaharaki, 2007).   

The important parameters affecting the properties of the geopolymer binder 

include the SiO2/Al2O3 ratio, the R2O/Al2O3 ratio, the SiO2/R2O ratio (R = Na+ or K+), 

and the liquid–solid ratio (Singh et al., 2015). A high Si/Al ratio can increase the amount 

of the –Si–O–Si– bonds, which tends to improve the mechanical strength and densify 

the microstructure, as the –Si–O–Si– bonds are stronger than the –Si–O–Al– and –Al–

O–Al– bonds (Zhuang et al., 2016). The influence of the concentration of the NaOH 

solution and the Na2SiO3/NaOH solution ratio has been widely analyzed [e.g., (Hardjito 

et al., 2004)]. By using a 14 M NaOH solution, when the Na2SiO3/NaOH solution ratio 

was 2.5, the 7-day compressive strength of a geopolymer concrete could reach 67.6 MPa 

after curing at 60 °C for 24 h. More recently, geopolymer mortars produced with various 

concentration of NaOH solutions and curing temperatures were studied (Görhan and 

Kürklü, 2014). The flexural strength could be slightly increased with a higher 

concentration of NaOH or a higher curing temperature; the maximum value was ~8 MPa. 

The geopolymer binder was produced by using fly ash, a Na2SiO3 solution, and a NaOH 

solution. Another study showed that for an ambient-cured geopolymer concrete, with 

the binder content being 23%, the flexural strength could also be ~8 MPa (Nath and 

Sarker, 2017). Table 1.2 and 1.3 show typical mixture proportion and mechanical 

properties of geopolymer concretes (Diaz-Loya et al., 2011). 

In general, a geopolymer concrete tends to be stronger and more durable than 

OPC; however, its cost may be higher by ~50% (Janardhanan et al., 2016; McLellan et 
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al., 2011). If the amount of binder can be largely reduced, the material cost would be 

much lowered. A low binder content also helps reduce the environmental impact and 

accommodate the fast-declining supply of class F fly ashes (Figure 1.6) (ACAA, 2019). 

 

In Chapter 2 below, we developed the compaction self-assembly (CSA) 

technique to produce ultralow-binder-content (UBC) composites based on sand filler 

and epoxy binder.  In Chapter 3, we investigated the CSA process for geopolymer-

binder concrete. In Chapter 4, we produced low-binder-content geopolymer parts 

through impact self-assembly. In Chapter 5, advanced geopolymer binder using 

thermoset additives was investigated. In Chapter 6, we scaled up the CSA process to 

produce brick-sized samples, through sectioned CSA. In Chapter 7, we applied the CSA 

technique to municipal solid waste incineration (MSWI) ashes. In Chapter 8, by using 

elemental carbon as the filler, we produced and tested a carbon-based epoxy-binder 

UBC “artificial timber”.  
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Table 1.1 Mechanical properties of cement-binder concrete, polyester concrete, and 

epoxy concrete (Mani et al., 1987).  

Property Cement concrete 

A 

Polyester concrete  Epoxy concrete 

B C D  E F 

Compressive strength 

(MPa) 

24.0 41.2 53.0 68.0  71.6 97.7 

Split-tensile strength 

(MPa) 

3.2 10.8 11.8 12.1  13.7 18.9 

Split-tensile/Compressive 

strength ratio 

0.14 0.26 0.22 0.18  0.21 0.19 

Flexural strength (MPa) 3.6 12.2 13.9 19.3  21.0 21.6 

Izod impact strength 

(kg∙cm × cm-2) 

3.3 3.5 4.7 4.3  6.6 7.5 

 

 

 

Table 1.2 Typical mixture proportion of geopolymer concrete (Diaz-Loya et al., 2011).  

 Fly ash Sand Gravel 
Activator 

solution 

Water 

reducer 

Quantity  

(kg/m3) 
494 691 858 198~464 15 

 

 

Table 1.3 Typical mechanical properties of geopolymer concrete (Diaz-Loya et al., 

2011).  

Sample # Concrete 

density 

(kg/m3) 

Compressive 

strength 

(MPa) 

Flexural 

strength 

(MPa) 

Elastic 

modulus 

(MPa) 

Activator 

solution to 

fly ash ratio 

1 2307 40.35 4.14 28599 0.40 

2 2291 47.55 5.58 29475 0.40 

3 2307 46.69 5.30 29358 0.40 

4 2307 46.79 4.61 28517 0.40 

5 2291 46.11 4.71 26455 0.40 

6 2243 47.44 5.12 25635 0.50 

7 1986 12.20 2.24 7040 0.76 

8 1970 12.82 2.38 6812 0.94 

9 1986 20.68 3.50 7960 0.66 

10 1890 10.34 2.74 7460 0.78 

11 2371 46.56 6.31 28744 0.40 

12 1906 49.24 4.66 19278 0.68 

13 2291 43.38 4.24 25607 0.40 

Avergae 2165 36.17 4.27 20842 0.55 

Note: Class F fly ash  
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Figure 1.1 Worldwide carbon emissions from fossil fuel consumption and cement 

production (CDIAC, 2017, https://cdiac.ess-dive.lbl.gov/trends/emis/glo_2014.html).  
 

 

 

Figure 1.2 Energy consumption and CO2 emission from cement manufacturing 

(McKinsey, 2017, https://www.mckinsey.com/industries/chemicals/our-

insights/laying-the-foundation-for-zero-carbon-cement#).  
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Figure 1.3 Polymer concrete composites (The Constructor, 2016, 

https://theconstructor.org/concrete/repair-rehabilitation-concrete-structure-failure-

damage/13870/).  
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Figure 1.4 Geopolymer concrete (WAGNERS, 2015, 

https://www.geopolymer.org/wp-content/uploads/GP-AIRPORT.pdf).  
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Poly(sialate) 

 

Poly(sialate-siloxo) 

 

Poly(sialate-disiloxo) 

 

 

Figure 1.5 Different types of polysialates (Komnitsas and Zaharaki, 2007).  

 

 

 

 
Figure 1.6 Fly ash production and use during 2000 to 2019 in the U.S. (ACAA, 2019, 

https://acaa-usa.org/wp-content/uploads/coal-combustion-products-use/2019-

Charts.pdf). 
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Chapter 2 

Compaction self-assembly 

 

2.1 Introduction 

Processing of particulate composites has been extensively studied for decades 

(Fu et al., 2008). A typical particulate composite comprises two components: the filler 

and the binder. The filler can be particles of carbon black, glass, sand, metals and alloys, 

etc. (Huang, 2002). The binder can be a thermoset, thermoplastic, or elastomer, such as 

epoxy and polyvinyl alcohol (Hsieh et al., 2010b; Oh et al., 2012a). More than 90% of 

present-day composite materials use a thermoset as the binder. A thermoset resin is 

typically used with a curing agent (a hardener or an initiator), which leads to the 

balanced processability and mechanical properties (Hsieh et al., 2010a; Oh et al., 2013). 

Common thermosets include epoxy, unsaturated polyester resin (UPR), and phenolics 

(Marcovich, 1998). A key issue in particulate composite processing is the uniformity of 

binder dispersion. In traditional procedures such as open molding and compression 

molding, the binder content needs to be higher than ~30% (Lee et al., 2013); otherwise, 

the filler particles would be poorly wetted and the binder tends to be aggregated. The 
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major hurdle comes from the relatively high resin viscosity, the complex micro-

configuration, and the difficulty in densification (Verbeek, 2003).  

In recent years, it becomes increasingly important to develop ultralow-binder-

content (UBC) composites, with the binder content (c) less than 10 wt.%. UBC 

composites have critical relevance to advanced pharmaceutical manufacturing (Joneja 

et al., 1999), in-situ resources utilization (Chen et al., 2018, 2017; Chow et al., 2017), 

battery/capacitor electrode production (Bauer and Nötzel, 2014; Choi et al., 2012), to 

name a few. For instance, for manned space exploration missions to Mars and Moon, in 

order to reduce the burden on space transportation, it is desirable to convert martian or 

lunar regolith to structural components, by using less than 5 wt% binder. The developed 

materials may be utilized to construct habitats, outposts, protection walls, floors and 

pavement, waste containers, landing and launch platforms, and bulky parts of research 

facilities and equipment, such as supports of space telescopes. 

In slurry processing of battery electrodes (Le et al., 2017; Noelle et al., 2018; 

Wang et al., 2016), a binder (e.g., polyvinylidene fluoride) is first dissolved in a solvent 

(e.g., N-Methyl-2-pyrrolidone), and then the filler particles (the active material) are 

immersed; after the solvent evaporates, the binder precipitates on the filler surfaces and 

bond them together, as depicted in Figure 2.1(a). Compared with a regular composite 

material wherein the binder fills the gaps among filler particles (Figure 2.1b), slurry 

processing leads to open interstitial sites and hence, the binder content (c) is typically 

only 4~6 wt.%. Yet, a large portion of the binder is at the filler surfaces, not directly 

contributing to the composite strength; moreover, the solvent is relatively expensive and 

has environmental concerns, and weakens the binder phase. Figure 2.1(c) depicts an 
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“ideal” microstructure. All the binder is aggregated at the direct contact points of the 

filler particles, which are the most critical load-carrying locations. The free space among 

the filler particles is minimized. Thus, the binder is fully utilized to achieve a high 

structural integrity. Hereafter, the binder aggregates in Figure 2.1(c) will be referred to 

as the polymer micro-agglomerations (PMA). 

If such UBC composites can be mass-produced, an immediate application would 

be for “green cement”. Currently, 2-4 billion tons ordinary portland cement (OPC) is 

produced each year worldwide (Richardson, 1999). About 1 ton CO2 is released into the 

atmosphere for each ton of OPC, responsible to more than 5% of total human-related 

greenhouse gas emission (CDIAC, 2017; McKinsey, 2017). Cement processing 

involves calcination of mixed limestone and clay at ~1550 oC, accounting for 5-8% of 

entire industrial energy use (Schneider et al., 2011). One method to circumvent the 

problems of OPC production is to use polymer cement (Ohama, 1997), wherein 

sand/soil grains are directly bonded by a polymer resin. Compared with OPC-based 

concrete, polymer cement is stronger, more durable, and much more fast setting. 

However, to uniformly mix the sand/soil filler and the polymer resin, the binder content 

must be greater than 10~15% (Najafpour et al., 2010; Pushpalal et al., 1997). The binder 

content must be reduced to below 5 wt.%, so that the materials cost is comparable with 

that of steel-reinforced concrete.  

In this chapter, we developed the compaction self-assembly (CSA) technique to 

produce UBC particulate composites. In CSA, a high pressure is applied on premixed 

filler and binder. The material is densified, simultaneously as the binder is self-

assembled into PMA. The PMA formation is driven by the compaction force as well as 
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the large local capillary force. CSA can greatly reduce the binder content, and achieve 

satisfactory flexural and compressive strengths, discussed below.      

 

2.2 Processing of UBC composites  

 Quikrete-1152 all-purpose sand was used as the filler. It met the specification of 

ASTM C33 (ASTM C33 / C33M - 13, 2003). The grain size ranged from 75 m to more 

than 2 mm. Two groups of fillers were prepared: Group A and Group B. Group A was 

the as-received material; in Group B, all the grains larger than 1 mm were removed 

through sieve analysis. Both groups were dried in ambient lab air for more than one 

week. The binder was based on 4,4-isopropylidenediphenol-epichlorohydrin copolymer 

resin and poly(oxypropylene) diamine hardener, both obtained from Hexion, with the 

product numbers being Epon-828 and Epikure-3230, respectively. 

The resin and the hardener were vigorously mixed in a disposable 20 ml vial by 

a laboratory spatula for 1 min. The hardener to resin mass ratio was 0.35. A small 

amount of binder was dropped onto ~10 g of filler, followed by thorough mixing by the 

spatula for 5 min. The binder content (c) in the mixture was in the range from 2 wt.% 

to 8 wt.%.  

The sand-binder mixture was transferred to a stainless-steel cylinder. The height, 

inner diameter, and outer diameter of the cylinder were 50.88 mm, 19.1 mm, and 50.3 

mm, respectively. The cylinder was capped by two steel pistons from the top and the 

bottom; the piston diameter was slightly less than 19.1 mm. In an Instron type-5582 

testing machine, the top piston was compressed into the cylinder, until the desired peak 

pressure (Pc) was reached. The peak pressure ranged from 20 MPa to 360 MPa. The 
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loading rate was 6 mm/min. After the peak pressure was maintained for ~1 min, the 

piston was moved back at the same rate. The compacted mixture was removed from the 

cylinder and crushed in a 67 mm-wide weigh boat by a spatula, so that no sand 

aggregates larger than ~2 mm could be observed. The mixture was placed back to the 

steel cylinder, and the compaction was repeated for the second time. Finally, the 

compacted mixture was extracted from the steel cylinder by the bottom steel piston and 

moved to a VWR-1330GM convection oven. The sample was cured at 150 oC for 1 h. 

Figure 2.2(a) depicts the CSA procedure. Figure 2.2(b) shows the materials before 

compaction, after the first compaction, after the second compaction, and after curing.  

 

2.3 Materials Characterization 

Beam specimens were cut from the cured sample by using a MTI SYJ-40-LD 

diamond saw. The beam length (L0), width (b), and height (d) were about 19 mm, 7 mm, 

and 4 mm, respectively. The surface roughness was reduced by using 320-grit 

sandpapers. Three-point bending test was performed in the Instron type-5582 machine, 

with the two ends of the beam specimen being simply supported by 4 mm-diameter steel 

pins. The distance between the two supports (L) was 12.58 mm. A 4 mm-diameter steel 

pin pushed the middle point of the beam specimen downwards, at a constant rate of 6 

mm/min. The flexural stress was calculated as σf = 3FL/2bd2 and the flexural strain was 

ϵf = 6Dd/L2, where F is the force and D is the displacement of the machine crosshead. 

The flexural strength, R, was taken as the maximum flexural stress.  

Compression test was carried out by using the Instron machine to crush the 

specimen along the axial direction, at a constant rate of 6 mm/min. The compressive 
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stress was computed as σc = F/bd, and the compressive strain was ϵc = D/L0. The 

compressive strength, cmax, was taken as the maximum compressive stress. The average 

flexural and compression strengths were calculated from at least three nominally same 

samples. The fracture surfaces of the tested specimens were examined by a FEI Quanta-

FEG-250 Scanning Electron Microscope (SEM).  

 

2.4 Results and Discussion 

2.4.1 Stress-strain curves 

Figure 2.3 shows typical flexural and compressive strength measurement curves 

of the UBC composites with various binder contents (c). The irregular initial sections 

of loading curves should be attributed to the machine compliance and misalignment. In 

general, the material is brittle in flexural test. When the sample is fully loaded, the stress-

strain relation in Figure 2.3(a) is quite linear, until the flexural strength is approached. 

The compression curves in Figure 2.3(b), however, demonstrate characteristics of 

ductile behavior. Extensive nonlinear deformation is observed prior to the peak loading. 

Clearly, the polymer binder is fundamentally different from OPC; specifically, it is 

much more deformable. In flexural test, because of the low binder content, the binder 

ductility does not have much influence on the overall material performance. In 

compression, as the filler grains are adhered to each other upon shearing, the load-

carrying capacity of the material is not immediately lost after the binder begins to fail. 

Bond restoration may also contribute to the nonlinearity of the stress-strain curves. 

 

2.4.2 Effects of the binder content 
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Figure 2.4 and Figure 2.5(a) suggest that both compressive strength (cmax) and 

flexural strength (R) increase with the binder content (c), as they should. When c is as 

low as 2 wt.%, the samples are already structurally integral, as shown by the inset photo 

in Figure 2.4 on the left-hand side; but cmax is only ~10 MPa, a few times less than the 

compressive strength of typical OPC (~40 MPa) (Mindess et al., 2003). When c is 3~4 

wt%, cmax rises to 30~50 MPa, comparable with the compressive strengths of many 

concretes (MacGregor et al., 1997). Beyond 5 wt%, the effect of c is somewhat saturated, 

and from 7 wt% to 8 wt%, the variation in cmax is small. The maximum cmax is ~110 

MPa, on the same scale as the strengths of aluminum alloys (Ashby and Jones, 2012).  

From Figure 2.5(a), it can be seen that the flexural strength of the UBC 

composite is generally less than the compressive strength. The value of R increases 

substantially from ~5 MPa (already stronger than typical OPC (Mindess et al., 2003)) 

to ~25 MPa (much stronger than typical steel-reinforced concrete (Wight and 

Macgregor, 2016)) when c varies from 2 wt% to 4 wt%. As c becomes larger, R 

consistently rises to 40~45 MPa (c = 8 wt%). It is worth noting that R and cmax of Group 

A and Group B fillers are similar, indicating that the filler grain size is only a secondary 

factor. It may be related to the high compression pressure, which crushes the large sand 

grains and therefore, the filler size in a compacted sample is insensitive to the initial 

sand grain size gradation. 

 

2.4.3 Effects of the compaction pressure 
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Figure 2.5(b) demonstrates that increasing the compaction pressure (Pc) has a 

beneficial effect on the flexural strength, especially when Pc < 100 MPa. Once Pc > 100 

MPa, it no longer has a pronounced influence on R. To save energy and to simplify 

machinery, we prefer a relatively low compaction pressure. The optimum range of Pc is 

around 70~100 MPa, below which the material strength may be reduced. When Pc is 50 

MPa, Group B filler leads to a lower strength than Group A filler, implying that the 

largest sand grains tend to improve the structural properties. In Group A samples, if the 

compression stress is lower, more large sand grains remain intact upon compaction, so 

that R is higher.  

SEM microscopy of fracture surfaces is shown in Figure 2.6. The sample in 

Figure 2.6(a) is compacted under a relatively low pressure (Pc = 30 MPa). Separate large 

sand grains can be clearly seen. For the same volume, larger sand grains have a smaller 

surface area, which demands less binder to cover. Thus, when the binder content is low, 

they result in a higher strength, as shown in Figure 2.5(b). In Figure 2.6(b), the same 

material is compressed to 200 MPa. The sand grains are deformed and the large grains 

are crushed, so that the fillers are close-packed, as depicted in Figure 2.1(c). The 

porosity is minimized and the binder is squeezed from the interstitial space to the sand 

grain corners. Probably more importantly, the large capillary force in the small gaps 

spontaneously drive the binder to the narrowest places where the adjacent filler grains 

are in direct contact, forming PMA. Since PMA are at the most critical load-carrying 

locations, the small amount of binder is efficiently utilized to enhance the composite 

strength, by minimizing the system redundancy. The key variable of the CSA process 
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is the peak compaction pressure, Pc, which should be greater than 70~100 MPa to 

densify filler grains and to promote PMA formation.  

Figure 2.6(c) shows that if the binder content is too low, the filler grains cannot 

be well bonded. The loose sand grains form defects, causing the low strength in Figures 

2.4 and 2.5(a). As the binder content is 8 wt% (Figure 2.6d), the filler grains are nearly 

entirely wetted (Chen et al., 2017, 2016), and the strength reaches the maximum value.  

The CSA processing is different from compression molding. The compaction 

pressure is applied not to shape the material, but to disperse the binder and to deform 

the filler grains. The pressure is substantially higher than the regular compression 

molding pressure (3~30 MPa (Strong, 2008)).  In a UBC composite, in different sections 

the binder type and content may vary, to best meet the functional requirements of local 

areas. Large UBC samples may be compacted section by section, in the manner of 

additive manufacturing.  

 

Chapter 2, in part, is a reprint of the material “Compaction self-assembly of 

ultralow-binder-content particulate composites” as it appears in Composites Part B: 

Engineering. Kiwon Oh, Tzehan Chen, Albert Gasser, Rui Kou, Yu Qiao, 175, 107144, 

2019. The dissertation author was the primary investigator and author of this paper.  
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Figure 2.1 Schematics of (a) slurry processing, (b) conventional particulate composite, 

and (c) ultralow-binder-content (UBC) composite. 

 

 

 

Figure 2.2 (a) Schematic of the compaction self-assembly (CSA) procedure. (b) 

Photos of the sand-binder mixture before compaction (upper left), after the first 

compaction (upper right), after the second compaction (lower right), and after curing 

(lower left; the cross section was exposed by a diamond saw). Scale bar: 10 mm. 
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Figure 2.3 (a) Typical flexural strength measurement curves; the inset shows the three-

point bending measurement setup. (b) Typical compressive strength measurement 

curves; the inset shows the compression test setup. The numbers indicate the binder 

content. The initial filler size distribution is random; Pc is 200 MPa. 
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Figure 2.4 Compressive strength as a function of the binder content. The peak 

compaction pressure (Pc) is 200 MPa for all the samples. The two inset photos show 

typical cured samples with 2 wt.% (left) and 8 wt.% (right) binder contents, 

respectively (Scale bar: 5 mm). 

 

 

 

 

Figure 2.5 The flexural strength as a function of (a) the binder content (Pc = 200 MPa) 

and (b) the peak compression pressure (c = 4 wt%). 
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Figure 2.6 SEM images of fracture surfaces of three-point bending samples: (a) c = 4 

wt.%; Pc = 30 MPa; (b) c = 4 wt.%; Pc = 200 MPa; (c) c = 2 wt.%; Pc = 200 MPa; (d) 

c = 8 wt.%; Pc = 200 MPa. The initial filler size distribution is random (Group A). 

Scale bar: 50 m. 
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Chapter 3 

Geopolymer-based composites 

 

3.1 Introduction 

The previous chapter on CSA was focused on organic polymer binders, such as 

epoxy and unsaturated polyester resin. Organic polymers are workable, strong, tacky, 

ductile, and quite durable (Lan and Pinnavaia, 1994; Mishra et al., 2003). However, they 

are relatively expensive (Bader, 2002), and have a certain limitation for high-

temperature or high-moisture applications (Banea et al., 2011). Their pot lives are 

usually only a few hours (Vyazovkin and Sbirrazzuoli, 1996).  

For construction materials, an emerging green binder is geopolymer (Bakharev, 

2005; Komnitsas and Zaharaki, 2007; Zhuang et al., 2016). Geopolymer is viewed as 

an alternative to ordinary portland cement (OPC). Compared to OPC, production of 

geopolymer emits less carbon dioxide. Geopolymer tends to have a high early strength, 

a high workability, an excellent chemical resistance, and an adequate fire resistance 

(Davidovits, 1991). The cost varies from country to country, around 80~200% of the 

OPC cost (Janardhanan et al., 2016; McLellan et al., 2011). To form a geopolymer, an 
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alumino-silicate source, such as a class-F fly ash, is activated by an alkaline activator, 

such as a mixture of sodium hydroxide (NaOH) solution and sodium silicate (water glass) 

solution. As a result, an alumino-silicate network is formed (Figure 3.1) (Davidovits, 

2002; Duxson et al., 2007).  

The details of the geopolymerization process are being extensively studied (De 

Vargas et al., 2011; Dimas et al., 2009; Koumoto, 2019; Silva et al., 2007). It has been 

known that the ratio of alkaline activator to fly ash (𝛼aa) and the ratio of water glass to 

NaOH (𝛼wg) are two critical parameters. They determine the initial molar ratios of 

SiO2/Al2O3, R2O/Al2O3, and SiO2/R2O (R = Na+ or K+), as well as the initial liquid to 

solid ratio (Singh et al., 2015). A lower SiO2/R2O ratio may lead to a higher strength 

(Van Jaarsveld and Van Deventer, 1999; Xu and Van Deventer, 2002). Usually, the 

optimum SiO2/Al2O3 ratio is in the range of 3-3.8 and the optimum Na2O/Al2O3 ratio is 

~1 (De Vargas et al., 2011; Silva et al., 2007). They affect the amorphous phase and the 

porosity (Singh et al., 2015). It has been reported that the liquid to solid ratio could be 

reduced upon compaction (Zivica et al., 2014; Živica et al., 2011). The compacted 

material exhibited a dense microstructure and a high compressive strength. More 

recently, pressurized geopolymer-based engineered stones were studied, with the 

compressive pressure around 50 MPa (Khater and Ezzat, 2018).  

A major issue of geopolymer is that the supply of class-F fly ash is rapidly 

declining, associated with the closure of coal plants (Dudley, 2018; Zhuang et al., 2016). 

Just for the modification of portland cement, each year in the U.S., a few million tons 

of fly ash are required. If geopolymer replaces a large portion of OPC, the demand of 
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fly ash would increase by an order of magnitude. In a regular geopolymer mortar, 25~30% 

of the solid material is fly ash (Görhan and Kürklü, 2014); the other 70~75% is sand. If 

the geopolymer content can be largely reduced to below ~15%, the fly ash shortage may 

be mitigated. A low fly ash content also decreases the use of alkali activator, which 

helps minimize the materials cost and the overall carbon emission.  

 

3.2 Materials and methods 

Class-F fly ash and type-1152 all-purpose sand were respectively obtained from 

Diversified Mineral and Quikrete. Table 3.1 shows the composition and the physical 

properties of the fly ash. The sand met the specification of ASTM C33. Sodium 

hydroxide (NaOH) pellets (Product No. S5881-500G) and sodium silicate solution 

(Product No. 338443-1L) were from Sigma-Aldrich. The sodium silicate solution 

contained 10.6 wt% Na2O and 26.5 wt% SiO2.  

 The fly ash and the sand were oven-dried at 80 C for 1 h in a JeioTech ON-

01E-120 gravity convection oven, followed by air cooling. The dried sand and fly ash 

were ball-milled in a MTI MSK-SFM-14 ball miller for 1 h. The milling rate was 700 

rpm; the steel ball size ranged from 6 to 20 mm; the steel jar size was 2 L. Sieve analysis 

was performed on the sand, to remove the grains larger than 1 mm. According to the 

Brunauer-Emmett-Teller (BET) analysis, upon milling, the specific surface area of the 

fly ash increased from 1.59 m2/g to 1.87 m2/g. X-ray diffraction (XRD) analysis was 

performed by using a Rigaku X-Ray Diffractometer on the fly ash samples before and 

after milling (Figure 3.2).  
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About 4 g of the sand and fly ash were premixed by a lab spatula in a disposable 

20-ml vial, and the alkali activators was added (Figure 3.3a). The alkali activator was 

prepared by mixing an aqueous solution of NaOH and the sodium silicate solution in a 

250-mL beaker. The NaOH concentration was 14 M, prepared one day in advance. The 

mass ratio between the fly ash and the sand (𝛼f) was in the range from 0.1 to 0.25; the 

mass ratio of the alkali activator solution to the fly ash (𝛼aa) was 0.35, 0.5, 0.6, 0.7, 0.8, 

or 0.9; the mass ratio of the water glass solution to the NaOH solution (𝛼wg) was 1.5, 

2.0, or 2.5.  

 The premixed material was moved to a stainless-steel cylinder. The inner 

diameter, the outer diameter, and the height of the cylinder were 18.9 mm, 50.88 mm, 

and 50.3 mm, respectively. The cylinder was capped by two pistons, with the piston 

diameter of 18.8 mm. An Instron type-5582 machine was used to compress the top 

piston into the cylinder (Figure 3.3b). The loading rate was 6 mm/min. The peak 

pressure (𝑃c) ranged from 70 MPa to 200 MPa. After 𝑃c was reached, the pressure was 

maintained for ~5 min, and then removed at the rate of −6 mm/min. The compacted 

mixture was transferred to a 19.1 mm-inner-diameter 50.3 mm-tall steel cylinder. 

Curing was carried out at 85 C for 48 h in the convection oven (Hardjito et al., 2004). 

The cylinder was sealed with Reynolds type-914SC polyvinyl chloride (PVC) cling 

films (Figure 3.3c).  

The cured samples were cut into beam specimens by a MTI SYJ-40-LD diamond 

saw. The specimens were about 18.9 mm in length, 5.5 mm in width (𝑏), and 5.5 mm in 

height (𝑑). The surface roughness was reduced by using 320-grit sandpapers. Three-
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point bending flexural experiment was performed in the Instron machine. The two ends 

of the specimen were supported by two 50 mm-long 4 mm-diameter steel pins, 

respectively. A third steel pin was placed at the middle of the upper surface. The Instron 

machine compressed the middle pin downwards at a constant rate of 6 mm/min, until 

the specimen was broken apart. The peak loading (Pc) was measured, and the flexural 

strength was calculated as 𝑅 =
3

2

𝑃max𝐿0

𝑏𝑑2 , where 𝐿0 is the distance between the support 

pins. For each set of parameters, at least four nominally same specimens were tested. 

All the specimens were tested within 1 h after curing. In a FEI Quanta-FEG-250 

Scanning Electron Microscope, the fracture surfaces were observed, after iridium 

sputter coating.  

 

3.3 Results and discussion 

3.3.1 X-ray diffraction results of the fly ash 

The XRD analysis result (Figure 3.2) fits with the literature data quite well 

(Fernández-Jiménez et al., 2019; Rajak et al., 2017; Tchadjie and Ekolu, 2018).  The 

XRD peaks mainly indicate quartz and mullite. Upon milling, the quartz peaks are 

lowered, associated with the increase in amorphous phase. It is in agreement with the 

BET analysis that the milled fly ash tends to have a smaller average particle size.  

 

3.3.2 Flexural strength  

3.3.2.1 Effects of the fly ash content 
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Figure 3.4(a) shows the measured flexural strength (𝑅) as a function of the fly 

ash content (𝛼f). When the peak compaction pressure (𝑃c) is 70 MPa, with only 10% fly 

ash, the flexural strength is 4 MPa, comparable with that of a typical geopolymer 

concrete (Diaz-Loya et al., 2011). The value of R increases with 𝛼f. When the fly ash 

content is 20%, the flexural strength is more than 11 MPa, on the same order as a regular 

steel-reinforced concrete (Wight and Macgregor, 2016).  

Since the material was not tightly confined during curing, the compaction did 

not affect the geopolymerization process. The high strength should be attributed to the 

efficient dispersion of the binder. Upon premixing, the sand-fly ash mixture is quite dry 

(Figure 3.3a), suggesting that the binder dispersion is nonuniform. As depicted in Figure 

3.3(d), the compaction operation helps disperse the premixed binder droplets to spread 

over the filler grains. The filler grains are densified and deformed (Figure 3.5a), so that 

the gap size is minimized. The grain rotation is also beneficial. More critically, the filler 

grains are directly pressed together at the contact points, where a large capillary pressure 

is developed. The pressurized binder moves to the contact points through capillary flow, 

self-assembled into binder micro-agglomerations (BMA) (Figure 3.5b). Consequently, 

the system redundancy is largely reduced, as most of the binder material is directly 

utilized for load-carrying.  

The BMA formation favors a high compaction pressure. When 𝑃c and 𝛼f are 

relatively low, the filler grains are not fully wetted (Figure 3.5c), leading to a relatively 

high defect density and a relatively low strength.  If the peak compaction pressure is 

200 MPa, the strength largely increases, especially when the fly ash content is low. With 
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a low 𝛼f of 10%, the measured flexural strength is greater than 10 MPa. With 𝛼f = 20%, 

the flexural strength is ~17 MPa.  

 

3.3.2.2 Effects of the compaction pressure 

The compaction pressure effect is also shown in Figure 3.4(b). The flexural 

strength rapidly increases with 𝑃c when it is relatively low. As 𝑃c approaches the upper 

end in our experiment, the slopes of the 𝑅 − 𝑃c curve decreases. In general, the material 

strength is dependent on the binder content (𝛼f), the compaction pressure (𝑃c), the 

characteristic time (∆𝑡), the strength of the binder material (𝜎0), and also the viscosity 

(𝜂). That is, 𝑅 = 𝑓(𝑃c, 𝜎0, 𝛼f, ∆𝑡, 𝜂), where f is a certain function. Through dimensional 

analysis, the relation between 𝑅 and 𝑃c may be written as 
𝑅

𝛼f𝜎0
= 𝑓 (

𝑃c∆𝑡

𝜂
). If 𝑓 is taken 

as a power law,  

𝑅 = 𝛽1𝛼f𝜎0 (
𝑃c∆𝑡

𝜂
)

𝛽2

                                             (3.1) 

where 𝛽1  and 𝛽2  are two system parameters. The strength of the alumino-silicate 

network (𝜎0) is on the order of 20 MPa (Pelisser et al., 2013). The duration of CSA 

operation (∆𝑡) in our tests is around 1 min. The viscosity of alkali activator (𝜂) is about 

0.065 Pasec (Yang et al., 2008). When 𝛽1 =  0.0733 and 𝛽2 =  0.519, Eq.(3.1) 

qualitatively fit with the testing data in Figure 3.4(a,b), with the unit of 𝑅 being Pa. 

Parameter 𝛽1 may be dominated by the filler grain deformation and rotation, as well as 

the wettability between the filler and the binder. Parameter 𝛽2 may be more related to 
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the morphology of BMA. Equation (1) suggests that to maximize the strength, a high 

compaction pressure and a low binder viscosity are preferred.  

 

3.3.2.3 The mass ratio of sodium silicate solution to sodium hydroxide solution 

Figure 3.4(c) shows the effect of the water glass to NaOH solution ratio of the 

alkali activator (𝛼wg).  When 𝛼wg is below 2, its influence on 𝑅 is trivial. When 𝛼wg 

further increases, 𝑅  tends to be lower. This result is consistent with conventional 

geopolymer research (Görhan and Kürklü, 2014; Hardjito et al., 2004), suggesting that 

during CSA, the uniformity of the mixture is adequate. In our system, the sand content 

is high. Since the sand contains silicate, the upper bound of the optimum 𝛼wg range of 

the CSA-formed materials (~2) is less than the literature data (~2.5). 

 

3.3.2.4 Effects of the mass ratio of alkaline activator to fly ash 

In Figure 3.4(d), the total mass of the fly ash and the alkali activator is fixed as 

23.2% of the sand mass, while the alkali activator to fly ash ratio (𝛼aa) is varied in the 

range from 0.3 to 0.9. When 𝛼aa rises from 0.3 to 0.6, the flexural strength is improved 

from ~2 MPa to ~10 MPa, which should be attributed to the completion of the alumino-

silicate network formation. If 𝛼aa is too low, the dissolved ions cannot offer the desired 

SiO2/Na2O ratio (~11) (Van Jaarsveld and Van Deventer, 1999). As 𝛼aa  further 

increases to 0.9, the change in strength is trivial, suggesting that the system has been 

saturated. With the cost being taken into consideration, the optimum 𝛼aa  should be 
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0.5~0.6. Under this condition, the SiO2/Al2O3 molar ratio is ~8.5, the Na2O/Al2O3 molar 

ratio is ~1.1, and the SiO2/Na2O molar ratio is ~7.5. 

 

Chapter 3, in part, is a reprint of the material “Compaction self-assembly of a 

low-binder-content geopolymer material” as it appears in Journal of Materials Science. 

Kiwon Oh, Haozhe Yi, Rui Kou, Yu Qiao, 55, 15397-15404, 2020. The dissertation 

author was the primary investigator and author of this paper.  
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Table 3.1 Composition and physical properties of the fly ash (DMI, 2015).  

Composition (%) Physical properties 

SiO2 59.9 Na2O 0.6 Specific gravity  2.0-2.9 

Al2O3 14.3 SO3 1.1 Bulk density (pcf) 154.2 

Fe2O3 4.8 K2O 0.4 Retained on a 325 sieve (%) 26.6 

CaO 11.5 MC* 0.2 pH value 4-12 

LOI* 2.4     
* MC: Moisture content; LOI: Loss of ignition 

 

 

 

 

Figure 3.1 Schematic of the alumino-silicate network formation. 
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Figure 3.2 X-ray diffraction (XRD) result of the fly ash. 
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Figure 3.3 Photos of (a) premixed sand and fly ash before (left) and after (right) the 

addition of alkali activator, with 𝛼f = 15 wt% and 𝛼aa = 0.65; (b) a typical CSA 

setup; and (c) a typical curing setup. Scale bar: 10 mm. (d) Schematic of the 

mechanism of CSA. 
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Figure 3.4 The flexural strength (𝑅) as a function of the fly ash content (𝛼f). The 

hollow symbols indicate 𝑃c = 70 MPa and the solid symbols indicate 𝑃c = 200 MPa. 

(b) The effect of the peak compaction pressure (𝑃c). (c) The effect of the mass ratio of 

sodium silicate solution to sodium hydroxide solution (𝛼wg). (d) The effect of the 

mass ratio of alkaline activator to fly ash (𝛼aa). The dashed lines in (a,b) are calculated 

from Eq.(3.1). 
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Figure 3.5 Typical SEM images of fracture surfaces: (a,b) 𝛼f = 15 wt% and 𝑃c = 110 

MPa; (c) 𝛼f = 10 wt% and 𝑃c = 70 MPa. For both samples, 𝛼wg = 2 and 𝛼aa = 0.65. 
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Chapter 4 

Impact formation 

 

4.1 Introduction 

Previously, CSA was a quasi-static procedure (Oh et al., 2019). About 96% filler 

and ~4% binder are first pre-mixed and placed in a steel container. A compaction 

pressure is applied, usually 30-100 MPa, exceeding the typical pressure range of 

compression molding (Pinto et al., 1999). The compaction is conducted to promote the 

rotation and shear motion of the filler grains and more importantly, to take advantage 

of the capillary effect. As the filler particles are compressed, deformed, and densified, 

the large capillary pressure in the narrow gaps around their contact points drives the 

binder to form binder micro-agglomerations (BMA). BMA are located at the places 

most critical to structural integrity. That is, the binder is concentrated to efficiently carry 

load.  

 The quasi-static CSA operation is scalable, yet demands heavy-duty machinery. 

It is desirable that a simpler and faster approach can be available. Because the binder 

dispersion in an UBC composite involves only a small binder motion comparable with 
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the filler grain size, under a high pressure it may be completed in a short period of time. 

Hence, it can be feasible to form the BMA microstructure through impact. A schematic 

of the dynamic process is depicted in Figure 4.1. It is somewhat similar to the soil 

compaction or piling, but has a different pressure range and setup. 

 

4.2 Materials preparation 

Class F fly ash was provided by Diversified Mineral. Its chemical composition 

is shown in Table 2.1 (Oh et al., 2020). Type-1152 all-purpose sand (from Quikrete) 

was used as the filler. Sodium silicate solution (10.6% Na2O and 26.5% SiO2 by mass) 

and regent grade sodium hydroxide pellets (NaOH  98% purity) were provided by 

Sigma-Aldrich; their product numbers are 338443-1L and S5881-500G, respectively. 

Aqueous solution of NaOH was prepared one day prior to its use, with the molarity of 

14 M. Alkaline activator was produced by mixing 2 parts of sodium silicate solution 

and 1 part of NaOH solution.  

The fly ash and the sand were dried for 1 h at 80 °C in a JeioTech ON-01E-120 

oven, and ball-milled for 1 h in an MTI MSK-SFM-14 ball miller. The milling was 

performed at 700 rpm, using stainless-steel milling balls (6-20 mm diameter) in a 2-liter 

stainless-steel jar. Table 4.1 shows the physical properties of the fly ash, including the 

Brunauer-Emmett-Teller analysis results of the specific surface area (Oh et al., 2020).  

Sand grains larger than 1 mm were removed by sieve analysis. About 22 g sand 

and fly ash was mixed by a lab spatula in a 50-mL beaker. The sand to fly ash mass ratio 

was 5.67 (Oh et al., 2020). Alkaline activator was added to the mixture, followed by 

manual mixing for another 5 min. The mass ratio between alkaline activator to fly ash 
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was 0.65. The premixed material was transferred to a stainless-steel cylinder. The height 

and the inner and outer diameters of the cylinder were 150 mm, 18.9 mm, and 38 mm, 

respectively. The cylinder was end-capped by two steel pistons. The length of the piston 

was 75 mm and the piston diameter (𝑑) was 18.8 mm.  

 

4.3 Processing procedure  

In an Instron CEAST-9500 Drop Tower, a hammer was dropped onto the upper 

piston. The hammer mass (M) ranged from 2.266 kg to 5.266 kg. The drop distance was 

in the range from 0.2 m to 0.8 m. The impact was measured by a load transducer 

embedded in the hammer. For some samples, the impact operation was repeated twice. 

Then, the sample was pushed out of the cylinder by a press, and placed in a larger steel 

cylinder. The outer diameter, the inner diameter, and the height of the second cylinder 

were 50.88 mm, 19.1 mm, and 50.3 mm, respectively. The cylinder was covered by 

three layers of polyvinyl chloride (PVC) cling films (Reynolds type-914SC), and heated 

at 85 C for 48 h in the JeioTech ON-01E-120 convection oven.  

 

4.4 Materials characterization  

After curing, the material was cut into 6.7 mm  6.7 mm  18.8 mm beam 

specimens. The cutting was performed by a MTI SYJ-40-LD diamond saw. The 

specimen surfaces were polished by 320-grit sandpapers. Three-point bending tests 

were carried out by an Instron type-5582 machine. Both ends of the specimen were 

simply supported by two 50 mm-long 4 mm-diameter stainless steel pins with the span 



42 

 

(𝐿) of 16 mm. The upper surface of the specimen was pressed by a third pin at the middle, 

with the loading rate of 6 mm/min. The maximum loading (𝑃max) that caused specimen 

failure was recorded; the flexural strength was calculated as 𝑅 =  
3

2
 
𝑃max𝐿

𝑏ℎ2 , where 𝑏 and 

ℎ are the width and height, respectively. The flexural strain was calculated as 𝜀f =

6 ℎ/𝐿2, where  is the deflection. The fracture flanks were observed in a FEI Quanta-

FEG-250 scanning electron microscope (SEM), after 8 sec sputter coating of iridium 

with the sputter current of 85 mA.  

 

4.5 Results and discussion 

In typical geopolymer mortar processing, the fly ash content (𝑐) is 25~30% and 

the solid to liquid ratio (𝛼sl) is ~4 (Görhan and Kürklü, 2014). In our experiment, 𝑐 =

15% and 𝛼sl = 12.1, optimized for the cost-performance balance (Oh et al., 2020). As 

shown in the inset in Figure 4.1, because of the relatively small amount of fly ash and 

alkaline activator, the premixed material is dry. Regular mixing would lead to a high 

defect density, and no structurally integral sample can be fabricated. CSA is developed 

specifically to handle the low binder content. It intends not only to largely reduce the 

materials cost and carbon emission associated with the use of the alkaline solution, but 

also to subsist on the decreasing availability of class F fly ash (Zhuang et al., 2016). 

Efficient and highly heterogeneous binder distribution is achieved by the compaction 

operation, through both the squeezing effect and the capillary effect.  

 

4.5.1 SEM images  
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Figure 4.2 shows the SEM images of the fly ash. Compared with the as-received 

material, the particle size of the ball-milled fly ash is smaller, which is also indicated by 

the BET analysis of surface area (Table 4.1). The XRD patterns (Oh et al., 2020) suggest 

that upon milling, the intensity of the crystalline peaks of the quartz phase is 

significantly reduced, along with the increase in amorphous phase. This observation is 

compatible with the literature data (Fernández-Jiménez et al., 2019; Rajak et al., 2017; 

Tchadjie and Ekolu, 2018).    

 

4.5.2 Effects of the impact momentum 

In the current chapter, the compaction is conducted via hammer impact. Figure 

4.3(a) shows the flexural strength (𝑅) averaged from the beam specimens harvested 

from various depths (𝐷). The hammer mass (𝑀) varies, while the drop distance (𝐻) is 

constant ~0.8 m. When 𝑀 =  2.266 kg, with a single impact, 𝑅  is around 2 MPa, 

comparable with OPC with a relatively large water/cement ratio (Popovics, 1969). The 

impact energy is 𝐸 = 𝑀𝑔𝐻 = 18 J, where 𝑔 is the gravitational acceleration; the impact 

velocity (𝑣) is 4.01 m/s; the impact momentum 𝑝 = 𝑀𝑣 = 9.1 kgm/s. The material 

strength increases with the hammer mass. When 𝑀 is 3.766 kg, 𝑝 = 15.1 kgm/s and 𝑅 

becomes ~3.3 MPa; when 𝑀  is 5.266 kg, 𝑝 = 21.1 kgm/s and 𝑅  reaches ~5 MPa, 

comparable with many structural concrete (Diaz-Loya et al., 2011).  

 

4.5.2.1 System parameters 
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Generally, the critical system parameters include the binder content (𝑐), the 

binder strength (𝜎0), the hammer mass and its impact velocity, the sample volume (𝑉), 

as well as the binder viscosity (). That is, 𝑅 = 𝑓(𝑐, 𝜎0, 𝑀, 𝑣, 𝑉,), where 𝑓 is a certain 

function. According to dimensional analysis, we have 
𝑅

𝑐𝜎0
= 𝑓 (

𝑀𝑣

𝑉2 3⁄ 
). If 𝑓 is in a linear 

form,  

𝑅 = 𝛽
𝑐𝜎0𝑝

𝑉2 3⁄ 
                                                     (4.1) 

where 𝛽  is a dimensionless coefficient. In our tests, 𝑐 = 0.15 , the strength of the 

aluminosilicate network (𝜎0) is on the order of 20 MPa (Pelisser et al., 2013), the sample 

volume is 5.61 cm3, and the binder viscosity is around 1 Pasec (Favier et al., 2014). 

When 𝛽 is set to 2.4210-5, Eq.(4.1) fits with the experimental data of 𝑅 quite well 

(Figure 4.3a).  

 

4.5.2.2 Impact energy 

The work consumption associated with the impact process is low. To achieve  

𝑅~5 MPa, the specific impact energy is ~3.5 J/g, or 3.5 kJ/kg. It is orders-of-magnitude 

less than the energy use of OPC production (103~104 kJ/kg) (Hammond and Jones, 

2008). In accordance with Eq.(4.1), to maintain a high energy efficiency and also an 

adequate material strength, the impact momentum should be maximized while the 

impact energy could be relatively low. One method is to use a large hammer mass (𝑀) 

and a reduced drop distance (𝐻), since the impact energy is proportional to 𝐻 while the 

impact momentum is linear to √𝐻. Figure 4.3(c) gives a few typical impact pulses.  

When 𝐻  rises, while the peak compaction pressure is larger, the pulse tends to be 
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narrower. Because the binder dispersion is promoted by the sand grain rotation/sliding 

and the capillary flow tends to be even slower, the short pulse duration has a detrimental 

effect to the BMA formation. If the same impact energy is induced by a heavier hammer, 

the pulse duration would be longer (Luan et al., 2007). 

 

4.5.3 Stress-strain curves 

The impact-formed material is relatively ductile, compared to regular OPC 

concrete. As shown by the stress-strain curves in Figure 4.4, significant nonlinearity can 

be observed before the peak loading is reached. When the impact momentum is 9.1 

kgm/s, the linear compression section ends at ~1.8 MPa, and the peak loading is ~2.2 

MPa. In between, the nonlinear strain is ~0.15%, which is substantial for a brittle 

construction material (Yun, 2013). The post-peak tail is relatively long. The load-

carrying capacity is mostly lost when the strain is ~1%. If the material is produced with 

the impact momentum of 15.1 kgm/s or 21.1 kgm/s, similar characteristics remain. 

There is a ~0.2% nonlinear strain prior to the peak stress, and ~1% post-peak deflection 

strain; the overall failure strain is greater than 2%. The relatively high ductility should 

be related to the BMA microstructure. As shown in Figure 4.5(a), along the main 

fracture flank, there are a large number of widespread microcracks, which is desirable 

to enhance the toughness (Evans et al., 1985). As microcracking takes place near the 

main crack, a large amount of energy is dissipated. The microcracks may be triggered 

by the relatively weakly bonded sections between adjacent BMA. BMA and the firmly 

attached sand grains serve as reinforcing “fibrils”. That is, due to the heterogeneity of 
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the BMA dispersion, the material performance may somewhat similar to a short-fiber-

reinforced composite, in the local area ahead of the main crack tip. 

 

4.5.4 Effects of repeated impact 

Figure 4.3(a,b) indicates the effect of repeated impact. If the material is impacted 

twice with the same hammer mass and drop distance, while the consumed energy and 

time are doubled, the improvement in 𝑅 is incremental. The major change takes place 

in the deeper section. In Figure 4.3(b), it can be seen that for samples formed through a 

single impact, as the harvesting location (𝐷) of the beam specimen is farther away from 

the top, the strength tends to be lower. Clearly, when the stress wave propagates 

downwards, the wave energy keeps decreasing, since it does work to the local material. 

Consequently, the pulse pressure in the far field is less than the peak compaction 

pressure shown in Figure 4.3(c). With the second impact, while the strengthening effect 

near the surface zone is secondary, the material in the interior is better densified and the 

BMA formation is more homogeneous 

 

4.5.5 Microstructure 

The fractography in Figure 4.5 supports the above analysis. When the impact 

momentum increases from 9.1 kgm/s to 21.1 kgm/s, for the single-impact samples near 

the top surface (𝐷/𝑑 ≈ 0.2), the sand grains are better packed and the defect density is 

reduced. It helps improve the strength. At a location relatively far away from the top 

surface (𝐷/𝑑 ≈ 0.9), with the same impact momentum, the defects are more evident, 
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suggesting that the local pulse is less intense. Figure 4.5(c) shows the defects at 𝐷/𝑑 ≈

0.9. Such relatively large defects are rare in the near-surface zone. For samples being 

double-impacted, as indicated by Figure 4.5(g-i), the microstructure is denser, 

especially in the interior. Figure 4.5(f) shows a magnified view for Figure 4.5(i), 

demonstrating that even around an angular sand grain, the BMA network is still well 

developed. It is worth noting that the denser microstructure may suppress microcracking, 

consistent with the general principle that once the strength increases, the toughness 

tends to be lower (Kobayashi, 2012). 

 

Chapter 4, in part, has been submitted for publication of the material “Impact 

Self-Assembly of Low-Binder-Content Geopolymer Parts”. Kiwon Oh, Haozhe Yi, Rui 

Kou, Yu Qiao. The dissertation author was the primary investigator and author of this 

paper.  

 

  



48 

 

Table 4.1 Physical properties of the fly ash. 

Specific 

gravity 

Bulk 

density 

(pcf) 

Retained 

on a 325 

sieve (%) 

pH value 

Specific 

surface 

area, as-

received 

(m2/g) 

Specific 

surface 

area, after 

ball-

milling 

(m2/g) 

2.0-2.9 154.2 26.6 4-12 1.59 1.87 

 

 

 

 

 

Figure 4.1 Schematic of the impact setup. The photo at the bottom-right corner shows 

the premixed sand, fly ash, and alkaline activator. 
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Figure 4.2 SEM images of a) the as-received and b,c) the ball-milled fly ash. 

 

 

 

Figure 4.3 The flexural strength (𝑅) as a function of a) the impact momentum of 

hammer (𝑝), and b) the depth to width ratio (𝐷 𝑑⁄ ), with the drop distance being 0.8 m. 

The dashed line is calculated from Eq.(4.1). c) Typical time profiles of the dynamic 

compaction loading, with the hammer mass being 2.266 kg. 
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Figure 4.4 Typical flexural stress-strain curves. The inset illustrates the three-point 

bending measurement setup. The impact velocity is 4.01 m/s; the hammer mass varies. 
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Figure 4.5 SEM images: (a-e) single-impact samples; (f-i) double-impact samples. (f,i) 

are for 𝐷/𝑑 ≈ 2. (c) and (f) show the magnified views of (b) and (i), respectively. 
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Chapter 5 

Advanced geopolymer binder 

 

5.1 Introduction 

Because geopolymer is inherently more brittle and less workable than polymers, 

in our previous chapter, the fly ash content (𝑐) in sand-filler UBC composites was more 

than 15 wt% (Oh et al., 2020). The relatively large 𝑐 not only is detrimental to the cost-

performance balance, but also faces the tough challenge of the fast declining fly ash 

supply, as the coal plants are being closed worldwide (Yao et al., 2015). In this chapter, 

we investigate whether a small amount of thermoset additive can help achieve an 

adequate strength while decrease the fly ash usage to below 15 wt%. Desirably, the 

thermoset additive should be only ~1% of the total mass.  

 

5.2 Experimental details 

Air-dried Quikrete-1152 all-purpose sand and class-F fly ash from Diversified 

Mineral were employed as the filler material and the binder, respectively. The largest 

sand grain size was 1 mm, controlled by a sieve analysis. For some samples, the particles 
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(fly ash and sand) were dried for 60 min at 80 C in a Jeio ON-01E-120 gravity 

convection oven, and separately ball-milled in a MTI MSK-SFM-14 machine in a 2L 

steel jar for 60 min. The milling rate was kept at 700 rpm; the milling ball weight ranged 

from 2 g to 65 g. The parameters of the ash are given in Table 3.1 and 4.1.  

Sodium hydroxide pellets ( 98% NaOH) and sodium silicate solution (~10.6% 

Na2O and ~26.5% SiO2 by mass) were used to produce the alkaline activator, both from 

Sigma-Aldrich with the product numbers being S5881-500G and 338443-1L, 

respectively. Two thermoset additives were investigated. One was unsaturated polyester 

resin (UPR) (Product Code: 404 Tooling Polyester Resin-Isophthalic), with 2 wt% 

methyl ethyl ketone peroxide (MEKP) initiator; they were provided by US Composites. 

The other was epoxy, formed by 1 part Epon-828 4,4-isopropylidenediphenol-

epichlorohydrin copolymer resin and 0.35 parts Epikure-3230 poly(oxypropylene) 

diamine hardener; they were provided by Hexion.   

About 5~10 g of fly ash and sand were premixed by a glass spatula in a 20-ml 

beaker, and the alkaline activators were gradually added. The alkaline activator 

contained 2 parts sodium silicate solution and 1 part 14 M aqueous solution of NaOH. 

The NaOH solution was obtained by dissolving the NaOH pellets in deionized water 24 

h prior to use. The fly ash content (𝑐) was 10~20 wt%. The alkaline activator to fly ash 

mass ratio was maintained at 0.65. The material was vigorously mixed with 0.8~1.6 wt% 

UPR or epoxy. The composition of geopolymer paste is shown in Table 5.1.  

The premixed paste was transferred to a stainless-steel cylindrical mold. The 

height, inner diameter, and wall thickness of the mold were 50.88 mm, 18.9 mm, and 



54 

 

15.7 mm, respectively. Both ends of the mold was capped by two stainless steel pistons. 

The piston diameter was slightly less than 18.9 mm by ~0.1 mm. The top piston was 

intruded in the mold by an Instron-5582 testing machine, until the desired peak 

compaction pressure (𝑃c) was reached and maintained for ~5 min. The crosshead speed 

was 6 mm/min. The peak pressure ranged from 15 MPa to 200 MPa. Once the 

compaction was completed, the mixture was moved to another steel mold, with the inner 

diameter slightly larger by 0.2 mm. The setup was sealed with Reynolds-914SC 

polyvinyl chloride (PVC) cling films, and cured for 48 h at 85 °C.  

In comparison, we also tested OPC-binder composites. Type II/V CalPortland 

cement was mixed with water and 1 wt% Globmarble Melflux superplasticizer, with the 

water/cement ratio being 0.35. Quikrete-1152 sand was added, with the OPC content 

being 10 wt% or 20 wt%. As 0.4~0.8 wt% epoxy or 1.6 wt% UPR was dropped, the 

material was manually mixed for 5 min. The compaction procedure was similar to that 

of the geopolymer-binder samples, except that the peak compaction pressure was 110 

MPa. The compacted material was rested at ambient temperature for 7 days, with a 

sealing lid. The sample mass was around 10 g. 

The cured samples were either used as compression specimens, or cut into 6 mm 

 6 mm  19 mm beam specimens by a MTI model SYJ-40-LD diamond saw. The beam 

specimen surfaces were polished by a set of 320-grit sandpapers. Three-point bending 

tests were performed on the beam specimens in the Instron type-5582 machine. The two 

ends were respectively supported by two 4 mm-diameter 50 mm-long stainless steel 

cylinders, with the span length (𝐿s) being 16 mm. A third central pin was placed at the 
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upper surface. The Instron testing machine compressed the upper pin downwards at 6 

mm/min, until the specimen fractured. The flexural strength was 𝑅 =
3

2

𝑃max𝐿s

𝑤ℎ2 , where 

𝑃max  is the maximum compression force, and 𝑤  and ℎ  are the specimen size. The 

flexural strain was computed as 𝜀fl = 6𝐷ℎ/𝐿s
2 , where 𝐷  is the deflection. The 

compressive strength was measured as c = 𝐹c/(𝑤ℎ) on the compression specimens, 

where 𝐹c is the maximum force that crushed the specimen along the axial direction. The 

exposed surfaces were observed in a scanning electron microscope (SEM).  

 

5.3 Results and discussion 

The key step of the UBC composite processing is the CSA (Figure 5.1). As the 

filler (the sand) and the binder (the activated fly ash and the thermoset additive) are 

premixed, due to the low binder content, the sand particles cannot be well wetted. Table 

5.2 shows the solid to liquid ratio. A typical geopolymer mortar has a ratio of ~4 

(Görhan and Kürklü, 2014); in our samples, it is in a much higher range from ~9 to ~18. 

In the steel mold, the mixture is compacted at 𝑃c. The filler particles are densified and 

deformed, and their surfaces form narrow confinements. Because the binder is 

intrinsically wettable to the filler material, the large capillary force tugs the binder 

forward, leaving the interstitial sites relatively empty. As a result, the binder phase 

concentrates at the filler contact points as BMA, which efficiently transfer load across 

the sand particles. 

 

5.3.1 System parameters 
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Figure 5.2 shows the flexural strength, which depends on 𝑃c through (Oh et al., 

2020) 

𝑅 = 𝛽1𝑐𝜎as (
𝑃c∆𝑡

𝜂
)

𝛽2

                                            (5.1) 

where 𝛽1  and 𝛽2  are two dimensionless parameters, 𝜎as  is the strength of the binder 

phase, ∆𝑡 is the CSA time, and 𝜂 is the effective binder viscosity. According to the 

literature data, 𝜎as is on the order of 20 MPa (Pelisser et al., 2013) and 𝜂 is around 0.065 

Pasec (Yang et al., 2008). In our tests, ∆𝑡 is ~1 min. When 𝛽1 =  0.073 and 𝛽2 =  0.52, 

Eq.(5.1) qualitatively fit with the testing data of the samples without thermoset additives. 

Clearly, when the peak CSA pressure rises, as the BMA formation is more complete, 

the structural integrity becomes better. With 10% fly ash, when the compaction pressure 

is 70 MPa, 𝑅 is ~4 MPa, similar to the flexural strength of typical structural concrete 

(Diaz-Loya et al., 2011). The strength rises to ~5 MPa when 𝑃c =100 MPa, and to ~8 

MPa when 𝑃c = 200 MPa, stronger than most high-strength concretes (Wight and 

Macgregor, 2016). A better strength is achieved when 𝑐 is increased to 15%. As 𝑃c =70 

MPa, 𝑅  is ~7 MPa; as 𝑃c = 100 MPa, 𝑅  is ~10 MPa, somewhat weaker than but 

comparable with typical steel-reinforced concrete (MacGregor et al., 1997). The value 

of 𝑅 approaches 15 MPa when the compaction pressure is 200 MPa. With even more 

binder, as 𝑐 = 20%, the material is somewhat similar to the conventional geopolymer 

concrete. The compaction operation is still beneficial. When 𝑃c is 70~100 MPa, the 

strength is 10~12 MPa; when 𝑃c rises to 200 MPa, 𝑅 is ~17 MPa, near the upper limit 

of the alumino-silicate network strength (𝜎as).  
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5.3.2 X-ray diffraction analysis  

X-ray diffraction (XRD) analysis was performed on the sand premixed with 10% 

fly ash, by using a Rigaku MiniFlex-II X-ray diffractometer (Figure 5.3). After 

compaction, the main peaks were mostly quartz and albite, which are related to the 

crystalline phase (Ng et al., 2018). CSA helps increase the overall minor crystalline 

peaks, which may be formed by crushing the sand grain along with the amorphous 

geopolymer phase. The increased crystalline phase would improve the strength of the 

composite. The control sample was not compacted; after alkali activation and curing, it 

showed no structural integrity.  

 

5.3.3 Effects of the compaction pressure  

The effects of the compaction pressure can be seen from Figure 5.4(a) and Figure 

5.4(c). The binder phases is 15% fly ash. When 𝑃c =50 MPa, relatively large defects are 

evident, suggesting that the filler particles are not in full contact and the distribution of 

the binder material is imperfect. The defect sites act as stress concentrators, lowering 

the material strength. When 𝑃c =70 MPa, the microstructure is denser. Not only the 

largest defects disappear, but also the small defects are less. The binder micro-

agglomerations can be clearly identified at the boundaries of sand particles.   

 

5.3.4 Effects of thermoset additives  

5.3.4.1 Flexural strength  

The solid symbols in Figure 5.2(a) represent the thermoset-enhanced UBC 

composite samples. The binder contains 1.2% epoxy and 14% fly ash, so that the overall 
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binder amount remains ~15%. Yet, with the same processing pressure, the strength is 

drastically improved. When 𝑃c = 70 MPa, 𝑅 is ~12 MPa, reaching the level of steel-

reinforced concrete. When 𝑃c =200 MPa, 𝑅 is ~18 MPa. The material performance is 

similar to the result of 20% fly ash. 

Figure 5.2(b) is the result of another set of experiments with the UPR additive. 

With 1.2% UPR, the material becomes significantly stronger by 50~80%. The flexural 

strength (R) is higher than 10 MPa. It is worth noting that the processing pressure in 

Figure 5.2(b) is less than in Figure 5.2(a), only 30~50 MPa, which demands simpler and 

more cost-efficient machinery. 

The pretreatment effects of the sand and the fly ash was also investigated. 

Without the ball milling operation, the material strength only decreases slightly, 

suggesting that it may be optional, especially when the strength has been largely 

improved by the thermoset additives.  

 

5.3.4.2 Stress-strain curves 

Figure 5.5 compares the flexural and compressive stress-strain curves. The 

deformability of the material is insensitive to the thermoset additive. Both the flexural 

strength and the compressive strength largely increase by ~50%. Without the epoxy 

additive, c is ~30 MPa, in line with regular structural concretes. The epoxy additive 

raises c  to ~45 MPa, better than many steel-reinforced concretes (Wight and 

Macgregor, 2016). The compressive failure strain is ~2%, much better than regular 

concrete. The high deformability and the reduction in the need of steel reinforcement 
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are beneficial to the long-term durability, since microcracking-induced steel corrosion 

may be prevented (Bertolini et al., 2013).  

 

5.3.4.3 Microstructure 

Figure 5.4(b) and Figure 5.4(d) display the morphology of the thermoset-

modified samples. With the addition of epoxy, the filler particle packing is enhanced, 

and the binder distribution is more uniform. Compared to the control samples without 

epoxy, the average BMA size is reduced, so that there are more bridging points among 

the sand particles. The defect size and the defect density considerably decrease. The 

gain in strength should be related not only to the direct strengthening effect of the 1.2% 

epoxy, but also the improved rheological properties of the binder. As suggested by 

Eq.(5.1), when the effective binder viscosity is lowered, 𝑅  would increase. The 

promoted dispersion of BMA leads to the relatively homogeneous microstructure. The 

epoxy additive may also have a “lubricant” effect that promotes the filler particle 

rotation and sliding, which reduces the chance of formation of excessively large binder 

droplets.  

 

5.3.4.4 Cement-based samples 

If the binder is OPC, however, addition of epoxy or UPR does not result in much 

strength improvement. As shown in Figure 5.6, epoxy marginally increases the strength, 

and UPR hurts the strength. It should be attributed to the disruption of the hydration 

process. Unlike geopolymer, curing of OPC relies on the reaction between water and 

calcium silicate (Bullard et al., 2011). A small amount of organic material may behave 
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as set retardant, so that the calcium silicate hydrate (C-S-H) phase is poorly connected. 

This result is in agreement with the literature data that in polymer-modified OPC 

concrete, usually the polymer content needs to be more than 10% (Ohama, 1995). 

 

Chapter 5, in part, has been submitted for publication of the material 

“Thermoset-Enabled Ultralow-Binder-Content Geopolymer Composites”. Kiwon Oh, 

Haozhe Yi, Rui Kou, Haoren Wang, Yu Qiao. The dissertation author was the primary 

investigator and author of this paper.  
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Table 5.1 Composition of the geopolymer paste. 

Na2O/fly ash ratio SiO2/ Na2O ratio*  Water/fly ash ratio 

11.5 wt% 1 0.42 
* Alkaline activator 

 

Table 5.2 Typical solid to liquid ratios*. 

Fly ash (wt%) Solid/liquid by mass 

10 18.02 

15 12.05 

20 9.08 
* The solid phase contains the sand, the fly ash, and the NaOH pellets; the liquid phase 

contains the sodium silicate solution and the solvent in the NaOH solution 

 

 

Figure 5.1 Schematic of the CSA mechanism. 
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Figure 5.2 Flexural strength (𝑅) as a function of the peak compaction pressure, 𝑃c: (a) 

with epoxy additive and (b) with UPR additive. The dashed lines are calculated from 

Equation (5.1), for samples without epoxy additive. 

 

 

Figure 5.3 Typical XRD curves of the fly ash-sand mixture before and after 

compaction. The fly ash content is 10% and the peak compaction pressure is 100 MPa. 
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Figure 5.4 Typical SEM images of the fracture surfaces of samples with (a) 15% fly 

ash; (b) 14% fly ash and 1.2% epoxy; (c) 20% fly ash; and (d) 19% fly ash and 1.2% 

UPR. The peak compaction pressure is 70 MPa for (a,b) and 50 MPa for (c,d). 

 

 

Figure 5.5 Typical (a) flexural testing and (b) compression testing curves. The arrows 

indicate the binder type; the peak compaction pressure is 70 MPa. 
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Figure 5.6 Compressive strengths of OPC-based samples, with and without thermoset 

additives. The OPC content (𝑐) is either 10% or 20%. The water/cement ratio is 0.4; 

the peak compaction pressure is 110 MPa when 𝑐 = 10%, and 50 MPa when 𝑐 = 20%. 
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Chapter 6 

Multi-step compaction 

 

6.1 Introduction 

In Chapter 2, we developed the compaction self-assembly (CSA) technology, 

which drastically reduced the polymer binder content to ~4 wt%, with a high 

compressive strength (~50 MPa) and a satisfactory flexural strength (20-30 MPa). 

During CSA, the binder resin is driven by the capillary force and is distributed as 

polymer micro-agglomerations (PMA). PMA locate at the contact places of filler 

particles, and the interstitial sites are procedurally left non-wetted. The so-produced 

material was referred to the ultralow-binder-content (UBC) composite. It may be viewed 

as a special polymer cement, having adequate structural properties and a much 

decreased polymer usage. Production of 1 kg of polymer binder, such as epoxy or 

unsaturated polyester resin, emits 2~3 kg CO2 and costs 2~3 US dollars (Ratna, 2009). 

With only ~4% polymer binder, compared to OPC, the overall carbon emission of the 

UBC composite is negligible and the materials cost can be similar or lower. 
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Our previous chapters showed the proof-of-concept study on small-scale 

samples, usually only a few grams. In order to increase the sample size by using a 

regular compaction machine, in this chapter we investigate the technique of sectioned 

compaction self-assembly (CSA). As the sample mass increases to ~1 lb (0.45 kg), the 

product is relevant to many construction applications, such as pavers, bricks, and panel 

connectors.  

 

6.2 Experimental details 

6.2.1 Materials 

Type-1152 all-purpose sand was provided by Quikrete. It was used as the filler. 

The sand grain size ranged from 75 µm to 4.75 mm (ASTM C33 / C33M - 13, 2003).  

Epon-828 epoxy resin and its hardener (Epikure-3230 polyoxypropylene diamine) were 

obtained from Hexion, and were used as the binder. The hardener-to-resin mass ratio 

was 0.35. About 435 g of air-dried sand and 18 g of epoxy-hardener mixture were 

premixed in a container by using a lab spatula for 5 mins, as shown in Figure 6.1(a-c).  

 

6.2.2 Key components of the processing system 

Table 6.1 and Figure 6.2(a) list the key components of the processing system. 

All the components were made from steel. The premixed filler and binder material was 

placed in a steel cylinder. The inner surface of the cylinder was covered by a thin layer 

of aluminum liner. A tooling grease was applied between the steel surface and the liner. 

A steel plate was bolted at the bottom of the cylinder. WD-40 mold release was sprayed 

to all the interfaces and the screw and bolt holes. 
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6.2.3 Materials processing and characterization 

The filler-binder mixture was flattened manually, and covered by a steel cover 

plate. By using an Instron-5582 machine, the cover plate was compressed under 10 MPa, 

with the crosshead speed of 6 mm/min. The peak compression pressure was maintained 

for 1 min. Then, the cover plate was removed, and 9 steel cover blocks were aligned on 

the filler-binder mixture in a 3×3 array (Figure 6.2b). A steel grate braced the cover 

blocks from the top, so that the cover blocks could only move vertically (Figure 6.2c). 

The steel grate was affixed onto the cylinder wall by screws. Through a steel loading 

rod, the Instron machine compressed the cover blocks one by one, as shown in Figure 

6.2(d) and Figure 6.3. The sectioned compaction started from the middle block, and 

moved to the outer blocks clockwise. The peak compaction pressure on each cover block 

was 40 MPa, with the crosshead speed being 6 mm/min. The peak compression pressure 

was maintained for 1 min. When one block was being compressed, the other eight blocks 

were secured on the steel grate by a set of screws and bolts. After the first round of 

sectioned compaction, the cover blocks and the grate were rotated by 45o, and a similar 

compression process was repeated, with the peak compaction pressure on each cover 

block (𝑃c) being increased to 100 MPa.  

The grate and the bottom plate were removed. The compacted filler-binder 

mixture was gently pushed out of the cylinder, and moved into a VWR-1330 GM 

convection oven. The material was cured at 150 °C for 1h in lab air. Figure 6.1(d) is a 

cured sample, and Figure 6.1(e) shows the exposed interior. 
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Beam specimens were harvested from various locations of the cured sample: the 

upper part closer to the cover blocks, the lower part closer to the bottom plate, the 

interior under a cover block, and the boundary area between two cover blocks. The 

specimen height, width, and length were about 6.5 mm, 6.5 mm, and 20 mm, 

respectively. The specimens were cut by a MTI SYJ-40-LD diamond saw, and the cut 

surfaces were polished by 320-grit sandpapers. Five nominally same specimens from 

each type of locations were tested through three-point bending. A beam specimen was 

simply supported at the two ends by 4 mm-diameter steel pins, with the span (𝐿) being 

16 mm. In the type-5582 Instron machine, a 4 mm-diameter steel pin was pressed onto 

the middle point of the top side of the beam specimen, until the specimen failed. The 

flexure strength was calculated as 𝑅 =
3

2

𝑃max𝐿

𝑏𝑑2 , where 𝑃max is the peak loading, 𝑏 and 𝑑 

are the width and the height of the specimen, respectively. The flexure stress was 

calculated as 𝜀f =
6𝐷𝑑

𝐿2 , where 𝐷  is the deflection at the center point. The fractured 

surfaces of the specimens were observed by a Quanta-FEG-250 scanning electron 

microscope (SEM), after sputter coating of iridium. Figure 4 summarizes the 

measurement results, and Figure 5 shows typical SEM images. 

 

6.3 Results and discussion 

The content of binder of the UBC composite is low (Figure 6.1b). The nominal 

amount of the added epoxy-hardener mixture was only ~4% of the total solid mass. The 

premixed filler and binder was dry and sandy (Figure 6.1c). If the material was cured 

without the CSA operation, the final sample would be poorly formed. The strength was 
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effectively zero, as no three-point bending test could be performed. The low strength 

should be attributed to that 4% epoxy binder was insufficient to cover all the sand filler 

surfaces.  

Upon compaction, as illustrated in Figure 6.3, the sand grains are close-packed, 

and the interstitial gaps are squeezed. The premixed epoxy droplets are forced to spread. 

Because of the reduction in free space, more sand surfaces are wetted. As the overall 

volume decreases, the sand grains rotate and slide against each other, promoting the 

local binder dispersion. In addition, a large capillary force is generated between the sand 

surfaces near the contact points, which drives the binder to concentrate at these locations 

and forms polymer micro-agglomerations (PMA). The discontinuous PMA network 

holds the filler grains into a solid. Hence, with a minimized system redundancy, as the 

mechanical load is well transferred inside the material, the ultralow binder content can 

lead to a relatively high strength.  

In the current chapter, to produce the brick-sized UBC composite sample, CSA 

is carried out section by section on the premixed filler and binder. As each cover block 

is subjected to the external loading, the material underneath it is compressed along the 

vertical direction, and confined by the surrounding sand in the lateral direction. Other 

cover blocks are affixed on the steel grate and cannot move back, so that the 

confinement effect would not be relaxed. 

While the material at the interior of each compaction section is under a 

somewhat equal-axial stress condition, the local area at the section boundary is 

subjected to shear stresses, which may not directly contribute to the PMA formation. In 

our experiment, the sectioned CSA is completed in two steps. In the first step, the cover 
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blocks are compressed at 45 MPa. In the second step, the cover blocks are rotated by 

45o (Figure 6.2b), and the peak compaction pressure is raised to 100 MPa. Firstly, by 

breaking down the compaction procedure to two steps, the material deformation in each 

step is nearly halved, so that the shear motion at the boundary section is relatively mild. 

Secondly, as the cover blocks compact different areas, all the material is well 

compressed, which smoothens the transition zones in the first step.  

 

6.3.1 Flexural strength 

From Figure 6.4(a), it can be seen that the measured flexural strength (𝑅) is quite 

uniform in the entire sample, around 23.53.5 MPa. This value is higher than the 

flexural strength of typical unreinforced OPC by one order of magnitude, nearly two 

times of the flexural strength of typical steel-reinforced OPC concrete (Lok and Pei, 

1998). There is no evidence that the section boundaries are weaker than the interior, 

suggesting that the stepped compaction is effective. 

 

6.3.2 Stress-strain curves 

Figure 6.4(b) is a typical stress-strain curve of the flexural strength measurement. 

It demonstrates characteristics of a brittle material, similar to a regular concrete. As the 

loading becomes larger, the specimen deflection increases linearly. When the load-

carrying capacity is reached, abrupt failure takes place.  

 

6.3.3 Microstructure 
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The fracture surfaces were observed through SEM. Figure 6.5(a-d) confirms that 

the PMA structure and the filler grain distribution are relatively homogeneous. In terms 

of the average size, spacing, and configuration of PMA and sand grains, the upper and 

the lower parts and the interior and the section boundary do not exhibit much difference. 

Figure 6.5(e) is a magnified view. The sand grains are fractured and deformed in the 

dense microstructure. The free space among the sand grains is much less than in a 

regular OPC mortar. At the angular corners where multiple sand grains meet, PMA 

connect them together. The PMA are well bonded with the filler surfaces, thanks to the 

high wettability of the sand. The PMA size is 100~200 m, smaller than the sand 

particles.  

 

Chapter 6, in part, is a reprint of the material “Sectioned processing of 

compaction self-assembly of an ultralow-binder-content particulate composite” as it 

appears in Composites Communications. Kiwon Oh, Haozhe Yi, Rui Kou, Yu Qiao, 23, 

100588, 2021. The dissertation author was the primary investigator and author of this 

paper.  
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Table 6.1 Key components of the processing system. 

Component Quantity Dimensions 

Cylinder 1 Inner diameter: ~79 mm; wall thickness: ~19 mm; 

height: ~89 mm 

Compressing 

piston 

1 Diameter: ~10 mm; length: ~135 mm  

Screws for cover 

blocks 

8 Diameter: ~16 mm; length: ~103 mm 

Screws for edge 

covers 

4 Diameter: ~8 mm; length: 103 mm 

Cover blocks  9 Length: ~19 mm; width: ~19 mm; height: ~19 mm  

Edge covers 4 Length: ~57 mm; width: ~20 mm, height: ~19 mm  

Grate 1 Diameter: ~117 mm; height: ~13 mm 

Liner 1 Length: ~250 mm; height: ~80 mm; thickness: ~0.13 

mm   

Bottom plate  1 Diameter: ~117 mm; height: ~10 mm 

Cover plate 1 Diameter: ~79 mm; height: ~3 mm 
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Figure 6.1 Photos of (a) the air-dried sand, (b) addition of 4 wt% epoxy binder, (c) the 

premixed sand and epoxy, (d) a cured UBC composite sample, and (e) the exposed 

interior. Scale bar: 20 mm. 
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Figure 6.2 Photos of (a) the main components of processing system, (b) the steel 

cylinder mold, (c) the assembled CSA system, and (d) the compaction set up. Scale 

bar: 20 mm. The arrows in (b) indicate the rotation direction of the cover blocks in 

step 2. 
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Figure 6.3 Schematic of the sectioned CSA procedure. 

 

 

Figure 6.4 a) The measurement results of the flexural strength for various locations 

(upper or lower part; interior or section boundary). b) A typical testing curve. 
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Figure 6.5 SEM images of materials from (a) the upper part in the interior, (b) the 

lower part in the interior, (c) the upper part at the section boundary, and (d) the lower 

part of the section boundary. (e) A magnified view of the local area in (d). 
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Chapter 7 

Municipal solid waste incineration ashes 

 

7.1 Introduction 

According to the EPA statistics (EPA, 2017), in 2017, 267.8 million tons (or 4.5 

pounds per capita per day) of municipal solid waste (MSW) is generated in the U.S., of 

which 35.2% is recycled or composted, 12.7% is consumed in the waste-to-energy (WtE) 

plants, and 52.1% is landfilled. Some independent studies [e.g., (Powell et al., 2016)] 

even reported a much larger annual tonnage of landfilled MSW. It not only leads to the 

exhaustion of space for landfilling and the increased pollution of water and soils, but 

also contributes significantly to global greenhouse gas emission.  

There is thus a burgeoning interest to divert MSW from landfills. Because of the 

socioeconomical, technical, and ecological limitations of recycling and composting 

(Brooks et al., 2018), extracting energy from MSW and subsequently converting the 

residue to value-adding products has been considered as a promising strategy. 

Technologies of combusting MSW and extracting thermal and electrical energies have 

been relatively mature. Hundreds of WtE plants have been running for several decades 
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throughout the world. The WtE process can reduce the MSW mass by 70% and volume 

by up to 90% (Lam et al., 2010). However, reusing/upcycling the residue, namely, MSW 

incineration (MSWI) ashes, remains a great challenge. Landfilling the ashes may 

impose a higher risk than landfilling the MSW, due to the more concentrated toxic 

substances (Luo et al., 2019). 

The present-day resource recovering practices are focused on the recovery of 

ferrous and non-ferrous metals from the MSWI bottom ash (Dou et al., 2017; Joseph et 

al., 2018). However, the main composition of the MSWI ashes are nonmetallic 

compounds, such as CaO, SiO2, Al2O3, and Fe2O3. The chemical composition is 

somewhat similar to that of ordinary portland cements (OPC) and supplementary 

cementitious materials (SCM). There have been a number of studies on using MSWI 

ashes in cementitious materials, e.g., portland cement clinker, blended cements, 

sulfoaluminate cement, Eco cement, aggregates, road base, and ceramic tiles/pavers 

(RUWI, 2020). Construction materials form one of few sufficiently large markets (a few 

billion tons per year worldwide (Ramage et al., 2017)), relevant to the MSWI ashes. Yet, 

the ash uptake rates are low.  

In a typical MSWI plant, among the produced MSWI ashes, about 3/4 is bottom 

ash (BA) and 1/4 is fly ash (FA) (Luo et al., 2019). The uptaking rates of BA in cement 

clinker production, SCMs, and concrete aggregate have been limited to <50%, 15%, and 

50%, respectively; and that of FA in cement clinker production has been limited to an 

even much lower level [i.e., 0.33%-10% (Clavier et al., 2020; Sarmiento et al., 2019)]. 

One major limiting factor is the relatively poor reactivity of the MSWI ashes, especially 

the BA. Compared to the regular OPC and geopolymer processing, additional 
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thermodynamic driving forces (TDF) must be applied to convert the MSWI ashes to a 

structurally integral solid.  

One possible TDF is a strong alkaline activator (AA), widely used for the 

geopolymer production (Ivan Diaz-Loya et al., 2012). It is known that AA, such as alkali 

hydroxide/alkali silicate, reacts with aluminosilicate source materials such as coal fly 

ash (CFA). The reaction consists of dissolution of aluminate and silicate species, 

transportation, and condensation. Because the toxic substances in MSWI fly ash could 

be immobilized in geopolymerization, alkali-activated mixture of MSWI fly ashes and 

CFA have been extensively studied (Ivan Diaz-Loya et al., 2012; Tian et al., 2020; 

Zheng et al., 2010). However, as will be discussed later, AA alone is insufficient to 

handle the low reactivity of MSWI BA and FA, as well as the large variation in the 

MSWI ash composition. The produced materials are often of a low strength, 

considerably limiting the possible applications. At least one more TDF is needed to 

drastically improve the stoichiometry.  

In the current chapter, we investigate pressurized formation of structural parts 

from MSWI ashes. Two TDFs (i.e., mechanical pressure and AA) are used 

simultaneously. The result is quite encouraging: with a general-purpose AA, upon 

compaction, strong solids can be produced from the otherwise non-reactive MSWI 

ashes, including the BA.  

 

7.2 Materials and methods 

MSWI BA fines and FA powders were obtained from the York County Solid 

Waste and Refuse Authority. Table 7.1 shows their compositions. The BA fines were 
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collected by using cyclones from the rinse water of the metallic pieces, large aggregates, 

and chars (VanDeMierden, 2017). Sodium silicate (Na2SiO3) solution (Sigma-Aldrich 

338443-1L) and sodium hydroxide (NaOH) pellets (Sigma-Aldrich S5881-500G) were 

used to prepare the AA. The NaOH pellets were dissolved in deionized (DI) water 1 day 

in advance. The concentration of the NaOH solution was 14 M. The mass ratio of the 

Na2SiO3 solution (Na2O: 10.6 wt% and SiO2: 26.5 wt%) to the NaOH solution (Na2O: 

31.9 wt%) was 2.  

The BA was dried at 85 ºC for 1 day in a Jeio ON-01E-120 gravity convection 

oven. A sieve analysis was performed to remove the particles larger than 1.18 mm. 

About 6 g of BA and FA were mixed manually by a lab spatula for 1 min, followed by 

the addition of the AA and manual mixing for other 5 mins (Figure 7.1a). The BA 

content ranged from 50-80 wt%; the FA content ranged from 0 to 25%; the AA amount 

ranged from 13 to 30 wt%. For some samples, 5 wt% Class-C CFA from the Boral 

Resources, 5 wt% Class-F FA from the Diversified Mineral, and/or 1 wt% epoxy were 

used as additives. The epoxy (Epon 828) and its hardener (Epikure 3230) were provided 

by Hexion; the hardener-resin ratio was 0.35.    

The premixed BA, FA, and AA was compacted in a stainless-steel cylinder. The 

inner diameter of the cylinder was 18.9 mm; the outer diameter was 38.2 mm; the height 

was 38 mm. Two stainless-steel pistons (diameter: 18.8 mm; height: 25.44 mm) end-

capped the cylinder. In an Instron type-5582 testing machine, with the loading rate of 6 

mm/min, the top piston was intruded into the cylinder, until the peak compaction 

pressure (𝑃c) was reached. 𝑃c ranged from 50 MPa to 200 MPa. The peak compaction 
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pressure was maintained for 5 min, and the compaction force was decreased to zero at 

the unloading rate of -6 mm/min. 

The compacted material remained in the steel cylinder, sealed by 3 layers of 

polyvinyl chloride (PVC) cling film (Reynolds-914SC). The two pistons were firmly 

affixed by a C-clamp. Curing was performed in the Jeio ON-01E-120 oven at 85 ºC for 

24 h.  

A typical cured sample is shown in Figure 7.1(b). It was cut into 19  6.3  6.3 

mm beam specimens or 6 mm large cubic specimens by a MTI SYJ-40-LD saw. The 

surfaces were flattened by a set of 320-grit sandpaper. The beam specimens were tested 

in a three-point bending setup. The specimen was simply supported at the two ends, and 

the span (𝐿) was 16 mm. In the Instron machine, a steel pin was pressed onto the middle 

line of the upper surface, until the final failure took place. The diameter of the steel pin 

was 4 mm. The flexure strength was 𝜎f = 3𝐹f𝐿 (2𝑏𝑑2)⁄ , where 𝐹f is the peak loading, 

and 𝑏  and 𝑑  are the width and height, respectively. The flexural strain was 𝜀f =

6𝐷𝑑 𝐿2⁄ , where 𝐷 is a displacement of the Instron crosshead. The cubic specimens were 

crushed in simple compression tests. The compressive strength was calculated as 𝜎c =

𝐹c (𝑎𝑤)⁄ , where 𝐹c is the peak loading force, a is the length, and w is the width. The 

compressive strain was calculated as 𝜀c = 𝐷 𝐿0⁄ , where 𝐿0  is the initial height. The 

loading speed was 6 mm/min. For each parameter setting, 4 nominally same specimens 

were produced and tested. Fractured surfaces were examined in a FEI Quanta-FEG-250 

Scanning Electron Microscope (SEM), after iridium sputter coating.  
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7.3 Results and discussion 

As shown in Figure 7.1(a), the premixed BA, FA, and AA is quite dry, which is 

consistent with the reported works of MSWI ashes (Ivan Diaz-Loya et al., 2012). As 

indicated in Table 7.1, in general, the aluminosilicates content in FA is much less than 

in BA. However, the small particle size of FA and the relatively activated surfaces 

render it more reactive than BA (Lam et al., 2010). 

 

7.3.1 Flexural strength 

7.3.1.1 Effects of the compaction pressure 

The AA used in the current research was a general-purpose solution, commonly 

employed in geopolymer processing [e.g., (Dimas et al., 2009; Silva et al., 2007; Van 

Jaarsveld and Van Deventer, 1999)]. Figure 7.2 shows clearly that, without the second 

TDF, i.e., the compaction pressure (𝑃c), the AA-activated material would be weak and 

the strength was effectively zero. No structurally integral beam or cubic specimens 

could be produced. In Figure 7.2, the AA amount was 15~30 wt%, sufficient for FA 

reactions, if the ash reactivity were satisfactory (Bakharev, 2005). As a compaction 

pressure is applied prior to the thermal curing step, the strength and the surface finishing 

are greatly improved (Figure 7.1b). In Figure 7.2(a), the FA/AA ratio is fixed at 1. When 

the FA amount is ~21.4% of the BA amount, as 𝑃c = 50 MPa, the flexural strength (𝜎f) 

is more than 4 MPa, on the same scale as that of typical ordinary portland cement (OPC) 

(2.5~5 MPa) (Mindess et al., 2003). As 𝑃c > 50 MPa, the strength increases with the 

compaction pressure quite linearly. When 𝑃c = 200 MPa, 𝜎f reaches ~5 MPa, at the 
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high end of the range of typical OPC. Using more FA has a beneficial effect. With 𝑃c =

200 MPa, when the FA/BA ratio is raised to 1/2, the flexural strength rises to ~8 MPa; 

when the FA/BA ratio is 1/3, the flexural strength is ~9 MPa, somewhat comparable 

with typical steel-reinforced concrete (Wight and Macgregor, 2016).  

When more AA is added, from Figure 7.2(b) where the AA/FA mass ratio is 1.5, 

a similar effect of compaction is observed when 𝑃c < 50~100 MPa. In the range of the 

FA/BA ratio under investigation, as 𝑃c = 100 MPa, the flexural strength is 6~8 MPa, at 

the same level as Figure 7.2(a). That is, addition of redundant AA does not lead to a 

higher strength, as the redundant liquid phase is removed during the high-pressure 

compression operation. Moreover, as 𝑃c further increases from 100 MPa, its effect is 

saturated. When 𝑃c = 200 MPa, the flexural strength remains similar as 𝑃c = 100 MPa, 

and the influence of the FA/BA ratio is reduced. That is, the fine FA powders not only 

play an important role to enhance the strength, but also help optimize the AA content, 

as the crosslinking reactions may be carried out smoothly. By considering both the final 

strength and the processability, we recommend that the optimum compaction pressure 

may be 50~100 MPa. 

 

7.3.1.2 Effects of the mass ratio of alkaline activator to fly ash  

Figure 7.3(a) indicates the effect of the AA/FA mass ratio (𝛼AA). When the FA 

amount is insufficient, e.g., as 𝛼AA = 0.5, the strength is considerably lower than when 

𝛼AA = 1 by nearly 20%. However, when the AA usage is further increased to 𝛼AA =
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1.5 or 2, f remains at the same level. With the environmental and economic factors 

being taken into account, the optimum value of the AA/FA ratio is around 1. 

 

7.3.1.3 Effects of the mass ratio of fly ash to bottom ash 

Figure 7.3(b) is focused on the influence of the FA/BA mass ratio (𝛼FA). It is 

interesting that even without any FA, i.e., when 𝛼FA = 0, relatively strong samples can 

still be obtained, with the flexural strength ~5 MPa. It supports our hypothesis that the 

compaction pressure, as the second TDF, can largely promote the aluminosilicate 

crosslink formation, even for the relatively unreactive BA particles. With the addition 

of FA, the strength is enhanced. When 𝛼FA = 0.2, f rises by ~15%; when 𝛼FA = 0.33, 

f rises by ~35%. Further raising the FA amount does not have a significantly effect on 

f. In terms of the sample strength, the optimum FA/BA ratio should be around 0.3~0.4.  

 

7.3.1.4 Effects of additives 

 Figure 7.4 presents the results of the materials containing 5~6 wt% additives. 

The additives are either 5 wt% class-C FA or class-F FA, 1 wt% epoxy, or a combination 

thereof. For all the samples, the AA/FA ratio is constant 1. Using more MSWI FA would 

consistently help increase the strength, compatible with the results in Figures 7.2 and 

7.3. Addition of class-C or class-F FA would lead to a higher f, as it should, since these 

FA additives are more reactive than the MSWI ashes. Similar phenomena have been 

reported in the solidification and stabilization studies on the mixture of MSWI ashes 

and CFA (Ivan Diaz-Loya et al., 2012). It is interesting that compared to class-F FA, 
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class-C FA results in a better strength, probably due to the matching Si/Al ratio (Singh 

et al., 2015). Remarkably, 1 wt% epoxy is more effective than 5 wt% FA additives. It 

enhances the flexural strength from ~5 MPa to ~8 MPa, by ~60%. When epoxy is used, 

the influence of FA addition becomes secondary. This beneficial effect should be related 

to the compaction self-assembly (CSA) of binder micro-agglomeration (BMA) (Oh et 

al., 2020, 2019). Upon compaction, the large capillary force at the contact points of the 

solid particles pull the premixed epoxy droplets to these locations, so that the epoxy 

phase is more efficiently utilized for the internal load transfer.   

 

7.3.2 Compressive strength 

The compressive strength of the cured materials is measured from the cubic 

specimens. The results are presented in Figure 7.5(a). Similar to Figure 7.2, without 

compaction, sheer AA activation would not lead to an adequate solid formation. The 

compressive strength (c) is effectively zero. When 𝑃c is ~100 MPa, it drastically helps 

raise c to ~23 MPa, acceptable for many applications of OPC (Mindess et al., 2003). 

Further increasing 𝑃c does not cause any evident improvement in c. With 1 wt% epoxy, 

the saturation 𝑃c is below 50 MPa. The compressive strength is ~27 MPa, higher by ~15% 

than without epoxy. When 𝑃c is raised to 200 MPa, c reaches ~35 MPa, comparable 

with typical OPC. Figure 7.5(b) suggests that in terms of the compressive strength, the 

influence of the FA/BA ratio is mild. While there is a weak trend that c rises with the 

FA/BA ratio, the difference is within the data scatter. It implies that the BA particles 

have a similar capability for an interlocked structure, compared to the FA powders.  



86 

 

 

7.3.3 Stress-strain curves 

The cured materials are brittle (Figure 7.6), like typical OPC and geopolymer. 

In the flexural strength measurement experiment, abrupt cracking happens immediately 

once the maximum loading is reached. In the compressive strength measurement 

experiment, a crushing tail is observed, after the main failure event.  

 

7.3.4 Microstructure 

Typical SEM images are given in Figure 7.7. The materials are quite dense. No 

large pores can be observed, thanks to the high-pressure compaction process. The ash 

particles are crushed and form a close-packed microstructure. It is clear that as the 

compaction pressure rises from 50 MPa to 200 MPa, the material becomes denser and 

more uniform. Comparison between Figure 7.7(b) and Figure 7.7(d) suggests that using 

FA helps avoid vacancies.  

 

Chapter 7, in part, has been submitted for publication of the material “Structural 

Parts based on Municipal-Solid-Waste Incineration Ashes”. Kiwon Oh, Hongyan Ma, 

Haozhe Yi, Rui Kou, David Vollero, David Schmidenberg, Yu Qiao. The dissertation 

author was the primary investigator and author of this paper.  
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Table 7.1 Oxide composition in the MSWI ashes. 

Oxide (wt%) MSWI  

bottom ash 

(BA) 

MSWI 

fly ash 

(FA) 

SiO2 40.176 13.328 

Al2O3 10.789 5.191 

CaO 21.164 50.296 

Fe2O3 9.468 2.18 

MgO 3.612 2.256 

K2O 1.458 2.164 

Na2O 3.066 0.385 

SO3 2.568 9.416 

P2O5 3.06 1.622 

TiO2 1.925 1.893 

Cr2O3 0.107 0.607 

Mn2O3 0.194 0.123 

ZnO 0.966 3.417 

SrO 0.055 0.064 
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Figure 7.1 Photos of a) BA and FA before (left) and after (middle) premixing, and 

after the addition of AA (right); b) top view (left) and a cross section (right) of a cured 

sample. Scale bar: 5 mm. 
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Figure 7.2 Flexural strength as a function of the compaction pressure (Pc). The AA/FA 

mass ratio is either a) 1 or b) 1.5. The BA/FA/AA mass ratio is shown in the legend. 

 

 

 

 
Figure 7.3 Flexural strength as a function of a) the AA/FA mass ratio and b) the 

FA/BA mass ratio. The legend shows the BA content (𝛼BA), the AA content (𝛼AA), 

and the compaction pressure (𝑃c). 
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Figure 7.4 Effects of the additives on the flexural strength (F: 5 wt% class-F FA; C: 5 

wt% class-C CFA; E: 1 wt% epoxy). The legend shows the BA/FA/AA mass ratio; Pc 

is 100 MPa. 
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Figure 7.5 The compressive strength as a function of a) Pc and b) the FA/BA mass 

ratio. In (a), the BA/FA/AA mass ratio is 60/20/20; in (b), no epoxy is added. 
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Figure 7.6 Typical stress-strain curves of a) flexural and b) compression tests. The 

BA/FA/AA mass ratio is 60/20/20; Pc is 100~150 MPa, as indicated by the arrows. 
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Figure 7.7 Typical SEM images of fractured surfaces: a) Pc = 50 MPa, b) Pc = 100 

MPa, and c) Pc = 200 MPa; the BA/FA/AA mass ratio is 60/20/20. d) Pc = 100 MPa; 

the BA/FA/AA mass ratio is 80/0/20. Scale bar: 100 µm. 
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Chapter 8  

Carbon-based composites 

 

8.1 Introduction 

The technique of ultralow-binder-content (UBC) composite has broader 

applications beyond green concrete. One example is carbon-based “artificial timber”, 

partly inspired by the recent progress in methane cracking. 

Methane cracking has been an active research area for a decade (Abbas and 

Daud, 2010; Muradov, 1993). Methane (CH4) is the main component of natural gas. 

Natural gas is one of the most important fuels worldwide (Krichene, 2002). In the U.S., 

it provides ~30% of the total energy, yet is also responsible for ~25% of human-related 

carbon emission (Simon, 2016). A promising approach to minimize the carbon emission 

is to decompose CH4 into elemental carbon (C) and hydrogen gas (H2). Hydrogen is a 

clean fuel and an important industrial material, while the elemental carbon is often 

viewed as a waste byproduct.  

A major hurdle of methane cracking is its relatively high cost (Abanades et al., 

2012). In theory, to process 1 mole CH4, 74.8 kJ energy must be consumed (Amin et al., 
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2011), and ~1 US$ per kg of hydrogen would be added (Muradov, 2000). To achieve 

an appreciable impact on the CO2 concentration in the atmosphere, more than 108 tons 

of methane needs to be processed every year. Handling, transportation, temporary 

storage, and permanent disposal of the solid carbon impose tough obstacles. An 

attractive method to solve these problems is to use the solid C to manufacture useful 

parts. One of the few sufficiently large markets is the construction industry. Each year 

in the world, a few billion tons concrete and more than 1 billion tons timber are used 

(Ramage et al., 2017). It is desirable that the waste C from methane cracking can be 

processed into structural components to replace a portion of the concrete and/or timber.  

Carbon powders are inherently non-cohesive. In order to form structurally 

integral solid parts, a binder material is required (Ganguli et al., 2008). In a particulate 

composite, usually the binder content is 20~30% (Fu et al., 2008), to balance the 

workability and the strength. The binder is often a thermoset, such as epoxy or 

unsaturated polyester resin (Oh et al., 2012b). For the application of construction 

materials, such a high binder content not only causes a poor cost-performance balance, 

but also involves tremendous CO2 emission, defying the original purpose of methane 

cracking. The product must have an ultralow binder content, desirably less than 5% (Oh 

et al., 2019). 

In the previous chapters, when the filler is sand particles, the binder viscosity is 

adequate for the formation of binder micro-agglomerations (BMA). With only 2.5-4 wt.% 

epoxy binder, the flexural strength of the sand-filler ultralow-binder-content (UBC) 

composites can be more than 20 MPa. In this chapter for carbon fillers, however, the 

same approach led to a much lower strength, since the carbon powders had an irregular 
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shape and a large surface area. The processing technique must be modified, to improve 

the resin rheology and to identify the adequate filler morphology.  

 

8.2 Experiments 

Carbon-filler UBC composites are fabricated through compaction self-assembly 

(CSA). In the discussion below, the produced materials are referred to as “artificial 

timber”, since the major component is carbon and the main application is for 

construction.  

Three types of carbon fillers were investigated: graphite powders (GP) obtained 

from Sigma-Aldrich (product number 496588; particle size ≤ 150 µm); type-205 

amorphous graphite powders (AG) (particle size ≤ 44 µm) from Asbury Carbons; and 

type-AGM99MF0150 carbon microfibers (CF) from Asbury Carbons. The average 

length and diameter of CF were 150 µm and 8 µm, respectively. The binder was chosen 

as Hexion Epon-828 4,4-isopropylidenediphenol-epichlorohydrin copolymer resin, 

with the hardener being either Hexion Epikure-3115 fatty acid polyamide or Sigma-

Aldrich X1202 m-Xylylenediamine. Isopropyl alcohol (IPA) from Fisher Scientific was 

used as the diluent for the polyamide-hardener binder. 

Figure 8.1 shows the processing procedure. The as-received GP, AG, or CF were 

dried in a gravity convection oven (VWR-1330GM) at 100 ºC for 1 h. The mass ratio 

of the epoxy resin and the hardener was 0.83 (for the polyamide hardener) or 5 (for the 

m-Xylylenediamine hardener). When the hardener was polyamide, IPA diluent was 

added, with the resin/hardener-diluent mass ratio being 0.2. The binder was dropped 

onto the carbon filler in a disposable 20-mL vial, followed by vigorous mixing with a 
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lab spatula for 2 mins. The mass ratio of resin/hardener to filler (𝑐) was 2-6%. For the 

IPA-modified samples, after premixing of filler and binder, IPA was removed in 

vacuum for 1.5 h at ambient temperature. The material was then moved to a stainless-

steel cylinder (50.88 mm in height, 19.1 mm inner diameter, and 50.3 mm outer 

diameter), and compressed by a steel piston. The piston diameter and length were 19 

mm and 25.4 mm, respectively. An Instron type-5582 tester intruded the piston into the 

cylinder, with the loading rate of 0.1 mm/sec. The peak compaction pressure (Pc) was 

350 MPa. The compaction duration was about 10 sec. After the first compression, the 

mixture was broken into small aggregates by a lab spatula, after which the material was 

placed back into the cylinder and the compression operation was repeated. It offered a 

second chance for the binder to disperse more uniformly. The second compaction 

duration was about 5 min. The compacted material was secured by a C-clamp in the 

cylinder, and cured in the gravity convection oven at 120 ºC for 1 h.  

The cured sample was air cooled, and cut into prismatic specimens. For each 

parameter setting, at least 4 specimens were produced and tested. The beam thickness 

(𝑑), width (𝑏), and length (𝐿0) were respectively 4.5 mm, 4.5 mm, and 19 mm. The 

surfaces of the specimens were smoothened by a 320-grit sandpaper. The specimen was 

broken apart through three-point bending by the Instron machine, as it was placed on 

two supporting steel pins (4 mm in diameter). The distance between the supporting pins 

(𝐿) was 12.58 mm. Another 4 mm-diameter steel pin pressed the center point of the top 

surface, with the loading rate of 0.6 mm/min. The flexural stress was computed as 𝜎f =

3

2

𝐹𝐿

𝑏𝑑2 and the flexural strain was 𝜀f =
6𝐷𝑑

𝐿2  , where 𝐷 is the center-point deflection and 𝐹 
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is the compression force. The maximum flexural stress was taken as the flexural strength 

(𝑅). Cross sections of the fractured specimens were examined in a scanning electron 

microscopy (SEM). 

 

8.3 Results and discussion  

If no IPA diluent was used, when the binder content (c) was 4%, the cured 

samples disintegrated immediately after removal from the mold, and no strength 

measurement could be conducted. As shown by the dashed curve in Figure 8.2(a), when 

𝑐 is 6 wt%, the flexural strength was ~5 MPa. While such a strength was better than 

regular unreinforced concrete (Mindess et al., 2003), it was insufficient for lumber 

applications (Song and Hwang, 2004). Moreover, the binder content exceeded the target 

range (<5 wt%). The poor performance should be associated with the angular 

configuration of the carbon particles, as shown in Figure 8.3(a) and 8.3(d). Compared 

to the sand filler grains, the carbon particles have a much more irregular shape. The 

sharp corners and the relatively large aspect ratio would lead to a significant interlocking 

effect, so that the filler particle rotation and sliding became difficult, and the efficiency 

of premixing was reduced. 

In order to circumvent these issues, we used isopropyl alcohol (IPA) diluent to 

improve the binder rheology. As shown in Figure 8.1(b), after adding IPA into the resin-

hardener mixture, the binder became much less viscous. The IPA additive also increased 

the wettability between the binder phase and the carbon surfaces (Ralston et al., 2008). 

After the IPA-modified binder was premixed with the binder, because of the ultralow 

binder content, the filler surfaces could not be evenly wetted, and the mixture was quite 
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dry (Figure 8.1c). During CSA, as the pressure was applied, the carbon filler was 

densified, forcing the binder toward the angular points. As a result, when the filler is 

amorphous graphite (AG) particles, a BMA network was well formed, as demonstrated 

in Figure 8.3(e) and 8.3(f). If the filler was carbon microfibers (CF), because the fibers 

obstructed each other and hindered the binder motion along the axial directions, the 

binder could not be aggregated to the contact points of adjacent CF. The CF were 

relatively loosely bundled together, and the defect density was high (Figure 8.3b and 

8.3c). Figure 8.1(d) shows an AG-filler “artificial timber” sample. Its surface was 

smooth and no evident flaws could be visually detected.  

Figure 8.2(a) indicates that the material strength is much enhanced by IPA. 

Without IPA, when 𝒄 = 6 wt%, the flexural strength (𝑹) is ~5 MPa. With the addition 

of IPA, while the binder content is largely reduced to 4 wt% by 50%, 𝑹 is improved to 

~17 MPa by more than 3 times. Such a strength is higher than that of typical high-

strength concrete or steel-reinforced concrete (10-15 MPa) (MacGregor et al., 1997). It 

is interesting that the failure strain is insensitive to the large variation of 𝑹. The IPA-

enhanced sample has a much higher stiffness than the non-IPA sample, probably 

because the non-IPA sample has a large porosity.  

Figure 8.2(b) compares the strengths of the IPA-enhanced samples, showing the 

effects of the filler type as well as the binder content. Among the 3 fillers under 

investigation, graphite powders (GP) and AG give satisfactory flexural strengths, while 

CF results in a low strength less than ~4 MPa, even with a relatively high binder content 

~6 wt%. As discussed above, the large aspect ratio of CF has a detrimental effect on the 

BMA formation. Moreover, CF may be broken apart during compaction (Figure 8.3b 
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and 8.3c), which tends to further increase the defect amount. For both AG and GP, 𝑹 

increases with 𝒄. With only 2 wt% binder, GP-filler samples exhibit a ~4 MPa flexural 

strength, similar to typical unreinforced concrete (3-5 MPa) (Mindess et al., 2003). 

When 𝒄  rises to 4 wt%, 𝑹  increases to ~15 MPa. When 𝒄  = 6 wt%, 𝑹  is slightly 

increased to ~17 MPa. This result is consistent with our previous observation of sand-

filler UBC materials (Oh et al., 2019). The benefit of a higher binder content is most 

pronounced when 𝒄 is small. It saturates when 𝒄 exceeds ~6% (Chen et al., 2015), as 

the filler particles are densified by the CSA operation. Compared to GP, the AG filler 

leads to a ~4 MPa higher strength when 𝒄 is 2~4 wt%. With 4 wt% binder, the flexural 

strength is as high as ~18 MPa. When 𝒄 is 6 wt%, the strengths of the AG-filler samples 

and the GP-filler samples converge, as the binder fills most of the free space. 

 

Chapter 8, in part, has been submitted for publication of the material “Ultralow-

Binder-Content Carbon-Based Artificial Timber”. Kiwon Oh, Haozhe Yi, Rui Kou, Yu 

Qiao. The dissertation author was the primary investigator and author of this paper.  
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Figure 8.1 Schematics and photos of the processing procedure: a) compaction self-

assembly (CSA), b) the epoxy-hardener mixture before (left) and after (right) addition 

of the IPA diluent, c) premixed graphite and epoxy, and d) an “artificial timber” 

sample (scale bar: 10 mm). 
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Figure 8.2 a) Typical flexural stress-strain curves of AG-based samples. The arrows 

show the binder types. b) The flexural strength (𝑅) of the IPA-enhanced samples, as a 

function of the binder content. 
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Figure 8.3 SEM images of a) pristine CF and d) pristine AG; “artificial timber” 

samples based on b) CF and e) AG, with the epoxy content of 4 wt% (scale bar: 100 

µm). c) and f) show magnified views of b) and e), respectively (scale bar: 5 µm). 
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Chapter 9 

Conclusions  

 

In the current project, ultralow-binder-content (UBC) particulate composites 

were developed to serve as green construction materials. The compaction self-assembly 

(CSA) technique was first investigated for epoxy binders. With standard sand as the 

filler, when the binder content was as low as 4 wt%, the UBC composite could be 

stronger than or comparable with typical steel-reinforced concrete in both flexural and 

compression tests. CSA involves compressing pre-mixed filler and binder at a 

sufficiently high pressure. The high pressure crushes the filler grains and densifies the 

material, so that the free space is minimized. The large capillary force drives the binder 

to the narrowest contact points between adjacent filler grains. As binder micro-

agglomerations are formed, the system redundancy is minimum and most of binder is 

distributed to the critical load-carrying microstructural locations. For the sand-epoxy 

UBC composites, the optimum CSA pressure is 70~100 MPa. The strength of the UBC 

composite increases with the binder content, and is saturated when the binder content 

exceeds ~8 wt%.  
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Geopolymer-based low-binder-content composites was successfully produced 

through CSA. When the compaction pressure is 70 MPa, using 10 wt% fly ash is 

sufficient to reach a flexural strength ~4 MPa, comparable with typical unreinforced 

concrete. When the compaction pressure is 200 MPa, the flexural strength is ~10 MPa, 

comparable with typical steel-reinforced concrete. To optimize the CSA efficiency, the 

compaction pressure should be 70~110 MPa and the fly ash amount should be 10~15%. 

The effect of the water glass to NaOH solution ratio is secondary; if it is more than 2.0, 

the material strength would be reduced. The optimum alkali activator to fly ash ratio is 

~0.6.  

Addition of ~1.2% epoxy or unsaturated polyester resin (UPR) can efficiently 

increase the strength. When the compaction pressure is 70 MPa, with ~14% fly ash, the 

flexural strength and the compressive strength are comparable with or higher than those 

of typical steel-reinforced concrete. The beneficial effects of the thermoset additives 

should be associated with the reinforcing effect as well as the change in binder rheology. 

The effect of ball milling of sand and fly ash is secondary. If the binder is OPC-based, 

the thermoset additives do not help increase the strength, as the hydration process is 

interrupted. 

We also investigated the impact formation technology of low-binder-content 

geopolymer composites. With ~15% binder, a single impact leads to a flexural strength 

~5 MPa. Double-impact formation results in an improved strength and a more uniform 

microstructure. The specific processing energy is only a few kJ/kg. The strength is 

nearly linear to the impact momentum and therefore, using a heavy hammer is beneficial 
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to the energy efficiency. The material is relatively ductile, thanks to the network of 

binder micro-agglomerations. 

With the compaction pressure as the second thermodynamic driving force, 

municipal solid waste incineration (MSWI) ashes can be activated by a general-purpose 

alkaline activator to form strong solids. The flexural strength can be 8~9 MPa; the 

compressive strength can be 25~35 MPa. The optimum compaction pressure range is 

50~100 MPa. The optimum mass ratio of alkaline activator to MSWI fly ash is ~1; the 

MSWI fly ash to bottom ash mass ratio should be 0.3~0.4. With the compaction 

operation, even without using any MSWI fly ash, MSWI bottom ash can still form 

relatively strong samples. Addition of 5 wt% class-C or class-F fly ash can enhance the 

flexural strength, between which class-C fly ash is more effective. A more efficient 

additive is epoxy; ~1 wt% epoxy can significantly improve both the flexural strength 

and the compressive strength. The produced solid is brittle, with a dense microstructure. 

Using more MSWI fly ash or increasing compaction pressure help avoid vacancy 

formation. 

Ultralow-binder-content “artificial timber” was produced, using carbon particles 

as the filler and epoxy as the binder. With only 4 wt.% binder, the flexural strength can 

be ~18 MPa, stronger than typical steel-reinforced concrete. The binder phase is diluted 

by isopropyl alcohol, which enhances the rheological properties. Among the three 

carbon fillers under investigation, carbon microfibers do not lead to a high strength. 

Amorphous graphite results in the strongest samples. This technique may be important 

to methane cracking, specifically for the utilization of waste solid carbon.   
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We scaled up the CSA process and produced brick-sized UBC composite 

samples. The filler was ~96 wt% standard sand; the binder was ~4 wt% epoxy. The CSA 

was performed section by section through nine cover blocks on the premixed filler and 

binder. The peak compaction pressure was 100 MPa. The produced material was quite 

uniform. The specimens harvested from various locations consistently had a high 

flexural strength around 23.5 MPa, much stronger than ordinary portland cement and 

steel-reinforced concrete.  

In summary, our investigation on the compaction self-assembly technique 

demonstrated that the ultralow-binder-content composites may be used as green 

construction materials. Compared with ordinary portland cement, a UBC composite has 

an excellent cost-performance balance, and much lower carbon emission and energy 

consumption. The CSA process can be applied to a wide variety of filler and binder 

materials. Future research topics include scaling up of the processing system and 

detailed characterization of fire resistance, durability, creep, among others.     
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