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OVERVIEW 

The OBG part of Ramboll and UWM collaborative research team is developing 

innovative approaches for the utilization of large volumes of coal combustion by-

products (CCP) such as “off-spec” ash material that typically do not meet current 

standards for concrete. Specifically, the proposed technical approach addresses the 

performance issues affecting the long-term durability (dimensional stability, sulfate 

attack, and freeze-thaw resistance) of concrete produced with spray dryer absorber ash 

(SDA) material containing elevated levels of different forms of calcium sulfate 

compounds and harvested fly ash from landfills and impoundments with high pozzolanic 

potential. 

Innovative cementitious binder systems are presented that include combining two off-
spec CCPs with portland cement to overcome previous performance issues to achieve 
durable, dimensionally stable, and sulfate resistant concrete compositions with 
significant reduction in portland cement content.  
 
BACKGROUND 

The amount of coal ash annually generated by power utilities exceeds 140 million tons 

and, therefore, is considered as one of the largest types of industrial byproducts 

generated in the United States. Nowadays, more than 60% of all generated CCPs are 

being beneficially utilized in concrete applications. These consist primarily of fly ash 

(Class C or F) that is commercially used in a variety of concrete applications to improve 

performance. However, more than 30% of the CCPs are considered “off-spec” because 

they do not meet ASTM standards. These CCPs include millions of tons of potentially 

beneficially usable landfilled or impounded CCP materials [1-2]. Landfilled or 

impoundment fly ash with high carbon content and spray dryer absorber ash (SDA) 

containing high concentrations of sulphates represent two major off-spec CCP materials 

that need to be addressed. 



 

 
 

Despite significant advancements in developing beneficiation programs to process off-
spec CCP materials to meet ASTM requirements for use in commercial concrete 
applications, a significant amount of material cannot be effectively processed that pose 
a continuing technical challenge for recycling. About 6 million metric tons of SDA are 
generated annually with less than 1% beneficially used in the agricultural sector and the 
remainder landfilled. This is not an insignificant amount of material that poses long term 
economic and potential environmental liabilities. Development of innovative binders 
using off-spec fly ash is represents an important opportunity for efficient and sustainable 
utilization industrial of by-products as alternative cementitious materials that opens the 
doors for new market opportunities in the cement production sector, plus helps meet 
utility strategic objectives to reduce their overall carbon footprint. The use of alternative 
cementitious material can substantially replace portland cement that accounts for up to 
10% of total global carbon dioxide emissions to produce.  
 
ORGANIZATION 

This paper provides an introduction on innovative ternary cementitious systems; covers 
the main definitions and theoretical aspects of ternary cementitious systems; the 
complimentary effect of blended cementitious materials; and, describes the destruction 
mechanisms of sulphate attack in concrete materials. The experimental part of the 
paper summarizes the testing methods, chemical characterization techniques and 
materials analyses used to evaluate the chemical composition, strength and long-term 
performance for cementitious powders, mortars and concrete samples with different 
proportions of CCP materials. A discussion is included of the obtained experimental 
results and conclusions. 
 
SULFATE ATTACK AND THE CASE FOR TERNARY CEMENTITIOUS SYSTEMS 

A ternary cementitious system consists of three component binders, where the 

properties of each in combination provide a beneficial synergetic effect. The proposed 

cementitious system discussed herein is based on spray dry absorber ash (SDA) with 

high amounts of sulphate phases in combination with harvested ash as a pozzolanic 

component and portland cement. 

SDA, with high amounts of sulphate compounds, combined with portland cement alone 

initiates production of a high pH sulfate-rich solution that is the precursor for ettringite 

formation. Continued availability of “free” sulphate compounds leads to expanded 

ettringite formation that can result in loss of durability and dimensional instability of the 

cement matrix due to expansion and cracking known as sulfate attack  

Sulfate attack of concrete is a deleterious process occurring in cementitious matrix 

caused by chemical reactions between sulphate ions (SO4
2-) and products of portland 

cement hydration such as hydrates of calcium silicates, calcium aluminates, and 

calcium aluminate ferrites. These chemical reactions usually result in mainly three 

compounds ettringite (Ca6(Al, Fe)2(SO4)3·H2O), gypsum (CaSO4 ·2H2O) and thaumasite 

(CaCO3·CaSO4·CaSiO3·15H2O) eventually leading to serious deterioration of concrete 

structure. The sources of SO4
-2 can initially be inserted as part of cement mix or can be 



 

 
 

a result of external ingress in form of water solutions presented in soils and ground 

water. 

Ettringite forms in the presence of sulfates and aluminates. The formation of ettringite is 

also seen as a precursor to the formation of thaumasite in that it prepares the conditions 

suitable for formation through carbonation. Thaumasite formation can lead to a special 

form of sulfate attack where its formation is dependent on the reaction with calcium 

carbonate (due to carbonation), portlandite Ca(OH)2, (a product of portland cement 

hydration and, also a considerable portion of SDA)) and calcium-silicate hydrate (C-S-

H), the primary skeleton of the cement paste. Whereas ettringite formation is limited by 

the presence of aluminates, thaumasite formation is essentially unlimited and can lead 

to complete destruction of the C-S-H. Ideal conditions for thaumasite attack include high 

humidity and low ambient temperatures. 

The incorporation of a pozzolan with high content of amorphous silicon dioxide (SiO2) 
such as a “model” silica fume component or harvested fly ash is capable of binding with 
portlandite leads to a reduction of interpore water pH that prevents the formation of 
ettringite and thaumasite causing sulfate attack and ultimately failure.  
 
Pozzolans with High SiO2 Amorphous Content 

Pozzolans are a class of naturally available and technogenic silicate-based inorganic 

materials such as volcanic ash and pumice and low calcium fly ash, silica fume, rice 

husk ash etc. Natural pozzolans are not reactive in ambient conditions and reveal 

cementitious properties when exposed to alkaline media. Chemical reactivity and the 

potential cementitious properties of pozzolan materials are determined by the amount of 

SiO2 content in amorphous state. So, the higher the content of amorphous SiO2 

available, the higher the potential for pozzolanic activity. Most of the sources of fly ash 

and bottom ash content have up to 70% of amorphous phase [3], and, therefore can be 

used as pozzolanic constituents. 

 
Calcium Sulphates and Sulfites 

Calcium sulphates are the inorganic compounds which exist in the form of dihydrates 

represented by natural gypsum, hemihydrates (mostly known as plaster of Paris) and 

anhydrates. The last two forms are chemically reactive and represent gypsum binders. 

These are hydraulic binders and react in contact with water. However traditionally, 

hemihydrates and anhydrous forms of calcium sulphates are produced by a process of 

dehydration of natural gypsum at different temperatures, where conditions of the 

dehydration reaction are well controlled. At the same time, calcium sulfite hemihydrate 

(CaSO3·0.5H2O) or hannebachite mineral, the calcium sulphates hemihydrates (CaSO4 

·0.6H2O) or bassanite and anhydrous forms of calcium sulphates (CaSO4) are usually 

formed in various proportions as products of flu-gas desulfurization process and 

comprise a considerable portion of spay dry absorber ash (SDA). It is known, that 



 

 
 

solubility of calcium sulfite is much lower than that of calcium sulfate compounds, and, 

therefore, its chemical reactivity with cement phases is lower.  

 
LITERATURE REVIEW 

The demand for sustainable and eco-friendly materials based on off-spec industrial 

CCP by-products such as SDA containing high amounts of calcium sulphate 

compounds and harvested ash characterized by high contents of unburned carbon is 

increasing. When used alone these off-spec materials have a number of limitations 

related to strength development and long-term performance. 

Earlier studies confirmed that combining Class F fly ash with by-products containing 

calcium sulphates favorably affects durability performance [4-6]. The obtained blended 

materials demonstrated a very low degree of deterioration after long term exposure in 

sea water environment. Furthermore, the composites with 62% waste gypsum, 3% 

portland cement, and 35% fly ash had the lowest cost required for manufacturing the 

blocks for artificial reefs and oyster substrates. A feasibility study of calcium sulphate 

contained CCP based material utilization in road construction using Roller - Compacted 

Concrete (RCC) demonstrated improved workability and strength performance of the 

concrete [7]. The study indicated that the durability of calcium sulphate based RCC can 

be ensured with a proper proportion of gypsum and control of the C3A content of 

cement.  

A recent development involves the application of sulfate, alkali, or slag activators or 

systems based on pozzolanic additive – gypsum – portland cement (PGC) ternary 

mixtures [4-8]. Such material formulations are not entirely new; one of the first patents 

on slag – gypsum – cement binder was issued back in 1918 [9]. Moreover, these 

materials (known as “gypsum – cement – pozzolan binders" or GCPV) were intensively 

investigated and widely used in the former USSR [10]. One early study has 

demonstrated that in contrast to binary gypsum - portland cement mixtures, the 

pozzolanic component – gypsum – portland cement (PGC) ternary mixtures had 

excellent strength and durability performance [11]. The positive effect of a pozzolanic 

materials in PGC is attributed to its ability to bind the excessive quantities of portlandite, 

Ca(OH)2 leading to a consequent reduction of interpore water pH. Such a 

transformation prevents the formation of ettringite and thaumasite at later stages and 

results in a very stable and durable systems.  

The PGC materials are hydraulic binders, which require moist curing to develop the 
hydrated structure and strength. These materials are perfectly appropriate for any 
humid environments, including exterior and seawater applications. In addition to virtually 
any natural pozzolanic material, fly ash, and blast furnace slag which were proposed 
and investigated from 1950’s, some high-performance additives, such as silica fume 
and metakaolin were tested and recommended for application in PGC [11]. The right 
amount of pozzolanic material depends on the content of SiO2 and the its ability to 
control the pH. It has been demonstrated that the application of pozzolanic additive - 
gypsum - portland cement ternary binders allows the production of water-resistant PGC 



 

 
 

binders with portland cement content of only 25% [6-11]. Obviously, the binders with 
larger quantities of portland cement are characterized by better early strength; however, 
PGC binders based on hemihydrate and anhydrite gypsum and produced at very low 
(25%) quantities of portland cement, had demonstrated a very high 90-day compressive 
strength of up to 100 Megapascals (MPa) that is comparable to “pure” portland cement 
and portland-pozzolan cements.  

Regardless of significant research achievement in this direction [4-11], the proposed 
alternative cementitious systems based on off-spec CCPs are considered to be fairly 
new materials and, therefore, require substantial efforts to evaluate these products in 
terms of their acceptance for large-scale commercial applications in construction 
practice. 

 
EXPERIMENTAL STUDY 

Characterization of Portland Cement and Studied Off-Spec CCP Materials 

The experimental study included a series of tests on chemical and physical 
characterization of two off-spec coal combustion by-products (CCP), which are freshly 
collected spray dryer absorber (SDA) ash and harvested ash (HA) from landfills 
provided by We Energies power utility. Silica fume (SF) supplied from Elkem Microsilica 
was used as a model pozzolan material in this study. Portland cement (PC) Type I/II 
supplied by LafargeHolcim, as well as chemical amendments were used for innovative 
cementitious systems design and optimization study. Chemical compositions and 
physical properties of the PC, SDA and HA samples were determined by X-ray 
fluorescence (XRF), and the results are shown in Table 1. 
 
Chemical composition and physical properties 

The oxide composition showed that the amount of SO3 in the spray dry absorber ash 

sample (SDA) is 12.6% which is almost double of that accepted by ASTM C618 for coal 

ash and recommended for use in commercial concrete applications. The percentage of 

unburned carbon represented as LOI content is 10.4% which is considerably higher 

than 6% limit recommended by the ASTM C618. 

Table 1. The chemical composition and physical properties of portland cement and off-

spec CCP materials 

Sample 

ID 

Oxides composition, % Sp. 

gravity, 

g/cm3 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O Other LOI 

PC 19.6 4.6 3.0 64.2 2.5 2.7 0.2 3.2 1.8 3.13 

SDA 28.9 15.3 4.7 26.9 3.4 12.6 1 7.2 1.8 2.63 

HA 48.3 18.6 17.8 5.1 2.0 2.1 0.6 6.0 10.4 2.50 

SF 96.0 0.4 1 0.3 0.6 0.3 0.4 1 2 2.23 



 

 
 

Granulometric characteristics  

For the assessment of granulometric characteristics, a sample of HA was selected 

containing substantially coarser fractions (i.e., containing bottom ash) for comparison of 

the gradation characteristics with PC and SDA. Note HA used for the mortar cubes and 

concrete mix testing consisted primarily of materials smaller than 0.75 µm. The coarser 

HA material will be further evaluated as part of future concrete mix design testing.  

The cumulative curves of the particle size distribution (Fig. 1) demonstrate the fine 

fraction of particles in the PC sample, where 90% of total volume represented by the 

particles with less than 37 µm and 50% of the volume, showed particles with diameters 

less than 15 µm. For the SDA sample represented by slightly larger particles, where 

90% of total volume are less than 75 µm and about 22% comprises particles with a 

diameter less than 10 µm. At the same time, the curve for a harvested ash sample 

shifted towards particles of a larger diameter indicates sizes mostly distributed within 

the range of 23 µm to 200 µm and only 8% of the volume contains the particles with the 

diameter less than 10 µm. Nevertheless, more than 85% of the total harvested ash 

particles volume is passing the standard sieve #100 with the mesh size of 150 µm and 

therefore is considered fine fraction and, therefore, can be used as a cementitious 

constituent. 

 

Figure 1. Cumulative particles volume of portland cement and off-spec CCP materials 

Structural characteristics  

SEM images show various types of particles and their agglomerates. The harvested ash 

sample (Fig. 2 a) represented by large chunks of irregularly shaped particle 

agglomerations of unburned carbon and iron oxide that could be in different forms such 

as hematite (Fe2O3) and magnetite (Fe3O4). A significant portion of HA is comprised of 
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hollow spherical particles from a few microns to 200 µm in diameter. The particles have 

irregular spherical shapes with a smooth glassy surface. The spray dry absorber ash 

(Fig.2 b) consists of spherical particles of fly ash of smaller size and tabular and 

prismatic particles of calcium sulfates and sulfites represented by minerals of bassanite 

(CaSO4·0.6H2O), anhydrate (CaSO4) and hannebachite (CaSO3·0.5H2O) respectively. 

Also, the hexagonal flake-like particles of portlandite (Ca (OH)2) is in smaller amount, 

but can be easily identified on Figure 2 b. 

  
a b 

 

Figure 2. SEM images of: a) harvested ash and b) spray dry absorber ash 
 

RESULTS AND DISCUSSION 

Mortars Study 

Compressive Strength  

For the compressive strength investigation, cube mortar samples with the size of 50 × 

50 × 50 mm (2 × 2 × 2 in.) were cast and cured in accordance with ASTM C 109 and 

ASTM C305. Test samples were removed from the molds after 24 hours of curing, 

immersed in a lime water, cured at a temperature of 23±2Cº, and then tested at the 

ages of 3, 7 and 28 days. The compressive strength of the mortar samples was 

determined using a pace rate of 0.9 kN/s. The compositions of ternary cementitious 

system in mortars are presented in Table 2. W/C and S/C ration kept constant for all 

mixes. 

Table 2. The compositions of ternary cementitious system with PC and off-spec CCP 

materials 

Mix ID 
Cementitious components Amount of 

SO3, % PC SDA HA SF 

M1 +    2.7 

M2 + +   7.6 

M3 + + +  3.8 



 

 
 

M4 + +  + 6.7 

M5 + +   6.6 

 

The effect of partially replacing of PC with a combination of SDA and HA or SF in 

different proportions on compressive strength of mortar cubes is depicted in Figure 3 at 

ages of 7, 28 and 90 days. The results obtained for all tested samples showed a 

positive trend of strength development. Although, the compressive strength for 

reference samples M1 developed steadily with time, as expected based on portland 

cement hydration kinetics, all the samples (M2-M5) with replacement of 40% and 50% 

of PC with SDA showed up to 12% the reduction of strength at all ages .vs conventional 

PC mix. However, at the age of 7 days the samples M2 and M3 had only slight drop in 

strength of about vs M1 with 100% of PC, that can be explained by ettringite formation 

at early ages, which contributes to structure formation and, therefore, strength 

development.  

 

Figure 3. The compressive strength of the mortars 

The mortars M4 and M5 with addition of a pozzolan component showed considerably 

lower strength at early age, but after 28 days gained a decent strength of 83.5 MPa and 

the M4 with SF addition reaches maximum values of 106 MPa among all tested 

mortars. The pozzolanic reaction between amorphous SiO2 in HA and SF and 

portlandite Ca(OH)2 is responsible for the strength boost at later ages.  

Sulphate Resistance 

For the sulphate resistance study, prism mortar samples with the size of 25 × 25 × 285 

mm (1 × 1 ×11.25 in) were used. The prisms were cast and cured using the same 

standard procedure as for mortar cubes. The length change measurement to determine 

a sulphate expansion was performed for the test samples at the age of 7, 28, 90 and 

200 days (Fig. 4, Table 3). 



 

 
 

 

Figure 4. Sulphate expansion in progress of the mortars based on developed ternary 

binders exposed to 30% solution of NaSO4 media 

In accordance to the ASTM C1210 limits, mortars, after 180 days submersion in 

sulphate solution that have less than 0.05% expansion are acceptable for use in a 

severe sulphate environment; those that expanded in the range of 0.05-0.1% meet the 

requirements for moderate sulphate environment; mortars with expansion higher than 

0.1% can be accepted for mild sulphate environment conditions. 

Table 3. The expansion of mortars based on developed ternary binders subjected to a 

sulphate environment 

Mix ID Average 200-day expansion, %  

M1 PC100 0.043 

M2 PC50:SDA50 0.054 

M3 PC50: (SDA+HA)50 0.020 

M4 PC50:(SDA+SF)50 0.028 

M5 PC60:SDA40 0.040 

 

The length change of investigated mortars due to expansion was measured and 

calculated according to ASTM C157 Standard Test Method for Length Change of 

Hardened Hydraulic-Cement Mortar and Concrete and ASTM C1012 Standard Test 

Method for Length Change of Hydraulic Cement Mortars Exposed to a Sulphate 
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Solution. The first readings were made at the age of 7 days of curing. Three-time 

intervals (in days): 7-28; 28-90 and 90-200 were used to evaluated for length change, 

and the expansion was calculated as a difference between two points of an interval. The 

evaluation data of expansion of the mortar prisms (Table 3) with time showed a positive 

trend for all experimental mortars. The samples M3 and M4 with 3-component 

cementitious systems showed the minimal total expansion (0.020% and 0.028%, 

respectively) vs reference sample with 0.043% of total expansion during the tested 

period. It was observed, that the Mix 5 with 40% of SDA in the mix demonstrated 

0.040% expansion, which is very close to that the reference Mix 1. On the contrary, the 

highest expansion was observed for the M2 mortar prism with the value 0.054%. All the 

tested mortars by the age of 200-days stayed in the zone for severe sulphate 

environment, except for the sample M2, which, at the age of 150-days of the test 

passed the minimal acceptance base line for moderate sulphate environment.  

 
Concrete Study 

Compressive Strength 

In order to evaluate concrete strength performance, several mixes of roller-compacted 

concrete (RCC) with different proportions of two off-spec CCP materials used in the 

experimental study were developed (Table 4). The cementitious content for the concrete 

mixes was 278 kg/m3 (470lb/yd3). All concrete mixes were prepared with very low or 

zero slumps and a Vee Bee (VB) vibro-compacting apparatus (Fig. 5) was adopted for 

compaction of the concrete under laboratory conditions to simulate use of full scale 

compaction equipment. The was VB apparatus used to measure the consistency and 

density of RCC in accordance with ASTM C1176.  

Table 4. Roller-compacted concrete (RCC) mix designs  

Materials C1 C2 C3 C4 C5 C6 

PC 100 50 50 50 50 50 

SDA - 30 30 20 30 40 

HA - 20 20 30 20 10 

W/C 0.5 0.5 0.46 0.46 0.46 0.46 

 

Compressive strength tests for concrete samples were performed on cubes with the 

size of 100 × 100 × 100 mm (3.9 × 3.9 × 3.9 in.) and cylinders with a diameter of 102 

mm (4-in.) and height of 203 mm (8-in) according to ASTM C39. These specimens were 

tested with an ADR-Auto ELE compression machine at a loading rate of 3.0 kN/s and 

2.4 kN/s, respectively. The maximum load and maximum compressive stress were 

recorded. The test was performed at the ages of 7 and 28 days of normal curing and the 

results are showed on Figure 5. 



 

 
 

 

Figure 5. The compressive strength of roller-compacted concrete based on the 

developed ternary cementitious systems 

All the concrete samples were prepared with 50% replacement of PC by the 

combination of two off-spec CCP materials SDA and HA in various proportions 

(samples C2-C6) and compared with reference concrete mix C1. All tested samples 

developed strengths higher than 20.6 MPa (or 3,000 psi) at the age of 7 days and by 

the age of 28 days the strength values increased by a factor of 2 for all concrete 

samples except for the reference C1. 

 

Figure 6. The VB apparatus used for compaction of RCC in laboratory conditions 
 
Chloride permeability 



 

 
 

Preparation and testing for rapid chloride permeability followed the procedures 

described in the Standard Test Method for Electrical Indication of Concrete’s Ability to 

Resist Chloride Ion Penetration ASTM C1202 (equivalent AASHTO T259). From each 

batch of concrete, there were two 102 mm (4-in) cylinders, one for 90-day testing and 

the other for 180-day testing. The cylinders were moist-cured in a wet room under 

temperature of 23±2°C prior to their testing dates. For this study the cylinders were 

prepared and cured using the same standard procedure described in the section for 

concrete compressive strength testing. 

The Giatec SurfTM laboratory device as shown on Figure 7 was used to measure 

surface electrical resistivity using the Wenner Four-Electrode method in accordance 

with AASHTO TP 95-11, and ASTM C1202 Rapid Chloride Permeability. The obtained 

data of surface resistivity was then correlated with corresponding range of electric 

charge values representing the degree of chloride penetration (Table 5). 

Table 5. Correlation between surface resistivity and chloride permeability 

Sample ID 

After 90-day curing After 180-day curing 

Surface 

resistivity, 

kΩ·cm 

Chloride 

permeability, 

Coulombs 

Surface 

resistivity, 

kΩ·cm 

Chloride 

permeability, 

Coulombs 

C1 28 
100-1,000 

(very low) 

22 1,000-2,000 (low) 

C5 55 50 
100-1,000 (very low) 

C6 65 63 

*Chloride permeability acceptance baseline for concrete has to be below 2,500 Coulombs that is 

considered a moderate chloride penetration  

The studied concrete mixes based on 100% portland cement and with 50% portland 

cement replacement with off-spec CCP materials at the age of 90 days and 180 days 

showed a very close reading data and were in the range of 100-1,000 Coulombs (for 

25-200 kΩ.cm) and 1,000-2,000 (for 15-25 kΩ.cm) and considered as Very Low and 

Low chloride penetration, which is lower than the recommended standard acceptance 

baseline. 

 

Figure 7. The Surface electrical resistivity laboratory test device 
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CONCLUSIONS 

The experimental results of the study demonstrate a high-potential for large scale 

application of two main off-spec coal combustion by-products (CCP) spray dry absorber 

fly ash and harvested ash combined with portland cement for development of innovative 

cementitious systems with equivalent strength and long-term durability performance 

characteristics compared to conventional applications. The strength data and promising 

results for sulphate resistance support the concept that combining these two off-spec 

materials (SDA and a pozzolan) may help to offset the unfavorable effects of high 

concentrations of calcium sulphates and sulfite compounds and unprocessed harvested 

fly ash from landfills and impoundments.  

The developed ternary cementitious systems suggest that a considerable reduction in 

portland cement content by up to 50% with replacement using off-spec CCP materials 

can be made without compromise in strength or durability. Further bench and pilot scale 

studies are underway to assess longer term durability with respect sulfate resistance, 

freeze-thaw resistance and field trials in RCC for pavement applications. Bench scale 

test results also provide strong support for the application of these ternary binder 

systems using conventional construction techniques that could streamline large scale 

applications in areas such as transportation, building materials and environmental 

applications. 

Key objectives for these binder systems is to reduce the need for landfilling of off-spec 
CCP materials and turn them into a commercially viable product. The opportunity for 
significant replacement of portland cement in concrete applications offers real benefits 
for reductions in carbon emissions and efficient industrial waste utilization, which makes 
this approach green and sustainable. The replacement of portland cement could also 
have a significant economic benefit because of the high cost of portland cement that 
would be supplemented by lower cost CCP materials.   
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