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Abstract 

Magnesium phosphate cements (MPCs) have been used in proprietary 

products for pavement repairs for over 30 years. However, these products 

generally are intended for small repair sections less than 0.5 ft³ due to high 

heat generations and short working times.  

The objective of this research was to develop optimal mixture proportions 

of MPCs for use in pavement applications. Materials used in this research 

included three types of magnesium oxide (MgO), one phosphate salt, two 

types of fly ash, a retarder, two course aggregate gradations, and one sand. 

From these materials, 24 mixture proportions were batched with 

variations including water content, retarder, and fly ash to determine the 

effects on physical and mechanical properties.  

Laboratory testing at various scales was conducted on a mixture consisting 

of a dead-burned MgO, potassium dihydrogen phosphate, Class C fly ash, 

boric acid, and local aggregates. Four variations were developed and 

commercially blended in bulk super sacks. These concrete mixtures met 

the workability, setting time, and strength requirements. A volumetric 

mixer was used to batch 2 yd³ field placements in test sections 8.5 ft wide x 

8.5 ft long x 8 in. deep. This was noteworthy because no literature was 

discovered for MPC concrete placements at this large volume.  

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 

Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 

All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 

be construed as an official Department of the Army position unless so designated by other authorized documents. 

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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 Introduction 

Magnesium phosphate cement (MPC)-based products are increasingly 

being used as a rapid-repair material for highway and airfield pavements. 

There are many advantages of MPCs over conventional ordinary portland 

cements (OPCs) including heat resistance, quick-setting time even at low 

temperatures, high early strength, good bond to existing concretes, acid 

resistance, chemical and mold resistance, durability with respect to 

freezing and thawing, low-drying shrinkage, low coefficient of thermal 

expansion, and reduction of CO2 emissions. Because of these favorable 

properties, MPCs are used on many small-scale concrete repair projects 

for heavily trafficked roads and airfield damage repair. 

Engineering Technical Letter 97-5, Proportioning Concrete Mixtures with 

Graded Aggregates – A Handbook for Rigid Airfield Pavements, is a 

document that guides the production of concrete for use in airfield 

construction (AFCEC 1997). However, this document does not include 

guidance on the MPCs. This research is intended to assist the Air Force 

Civil Engineering Center (AFCEC) in the development of guideline tools to 

better understand the exothermic acid-based reaction mechanism of the 

hydration of MPCs and to control the setting time to provide sufficient 

time for casting and finishing. These guidelines will help engineers and 

scientists in material selection, mixture proportioning, and construction 

techniques that will ensure long-term performance and durability for 

airfield pavement repairs. 

 Problem statement 

MPCs have several limitations for use in pavement repairs.  The driving 

reaction is an acid-base reaction that is highly exothermic and can result in 

short working times. Other disadvantages of MPCs include the emission of 

ammonia gas when an ammonium phosphate is used, lower strengths 

when set-retarders are used, and a reduction in the 28-day material 

strength when water curing is used (Qiao 2012, Qiao et al. 2014). 

Although MPCs have been used for decades as proprietary products, they 

are generally intended for small repair sections less than 0.5 ft³, and the 

mixture proportions of the binders are not completely known due to 

patent and trade secrets. In addition, companies frequently re-formulate 
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their products over the years often under the same brand name. This 

raises the potential of adverse reactions between the repair materials and 

the parent pavement surface.  

 Objective 

The objective of this research was to develop specifications for the use of 

MPCs in pavement applications and to overcome the primary unfavorable 

properties of MPCs, including short working times and high exothermic 

reactions.  The goal was to develop an MPC mixture for large-volume 

concrete placements.  The desired properties included (a) 5,000-psi 

compressive strength at 28 days, (b) 500-psi flexural strength at 28 days, 

(c) 60-min setting time, (d) good bond strength, (e) adequate workability, 

(f) good durability, and (g) wide availability of raw materials.  

 Research approach 

Concrete mixes were designed by selecting the proportions of the raw 

material components to develop the required strength, produce a workable 

consistency concrete that can be handled and placed easily, and attain 

sufficient durability under exposure to in-service environmental 

conditions. Figure 1 illustrates the research approach to develop an MPC 

mixture design for pavements.  

Figure 1. Research approach to develop an MPC mixture design for pavements.  

 

Field Test Placement
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 Literature Review 

A review of literature was conducted pertaining to the use of MPC-based 

repair materials. Research focused on the general mixture constituents 

used to develop the products, test methods used to evaluate the materials, 

and factors that affect their properties. Only fundamental properties 

selected for testing in the present research are briefly summarized in this 

literature review. 

 Introduction 

MPC is a type of cementitious binder formed from an acid-base chemical 

reaction between a type of magnesia and a soluble acid phosphate, such as 

ammonium or potassium phosphate, accompanied by hydration.  MPCs 

can be classified as a chemically bonded ceramic (CBC), which refers to the 

bonding that takes place in a chemical reaction at low temperature as 

opposed to fusion or sintering at elevated temperature (Roy 1987).  Bonds 

in CBC bond are predominately ionic and covalent bonds with some van 

der Walls bonds.  Traditional cement hydration products are 

predominately van der Walls and hydrogen bonds.   

The chemical acid-base reaction of the magnesium oxide and 

monopotassium dihydrogen phosphate in solution is frequently cited as  

MgO + KH2PO4 + 5H2O → MgKPO4 • 6H2O. 

The main hydration product of MPC paste is considered to be struvite 

(MgKPO4 • 6H2O), which has both crystalline and amorphous phases 

(Wilson and Nicholson 1993; Park et. al 2016; Soudee and Pera 2000).  

The amount of unhydrated MgO is most dominant in either early or late 

hydration (Yang and Wu 1999).  Besides struvite, other minerals can form, 

which makes the quantitative analysis of this material complicated. The 

dissolution kinetics of MgO is complicated and depends on factors 

including the extent of dissolution, pH, surface structure, hydration, 

species in solution, and impurity and dopant concentrations.  Because of 

the substantially different chemistry, one cannot directly compare MgO-

based cements to conventional or alternative cements. 
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 Mixture constituents of MPC 

This section briefly describes the mixture constituents identified in the 

reviewed literature including magnesium oxide (MgO), phosphates, 

supplementary cementitious materials (SCM), retarders, aggregates, and 

water. 

 Magnesium oxide 

Magnesium oxide (MgO), also known as magnesia, is produced either 

naturally from the calcination of mined magnesium-based minerals or 

synthetically through treatment of seawater, well and lake brines, and 

britterns.  Magnesium is the eighth most abundant element and 

constitutes about 2% of the Earth's crust (USGS 2016). Although 

magnesium is an element in more than 60 minerals, the main source for 

MgO worldwide is magnesite, or magnesium carbonate (MgCO3).  Other 

mineral sources include dolomite (CaCO3•MgCO3), brucite (Mg(OH)2), 

and olivine (Mg2Fe2SiO4).  Magnesia produced from magnesite can 

contain between 88 and 98% magnesia, with varying quantities of 

alumina, calcium, iron, and silica impurities. Synthetic magnesia normally 

is purer than natural magnesia, containing between 92 and 99.5% 

magnesia, with smaller quantities of other compounds (Kramer 2001).  

In 2019, seawater and natural brines accounted for about 57% of U.S. 

magnesium compound production (USGS 2019).  Magnesium oxide and 

other compounds were recovered from well and lake brines in California, 

Delaware, Michigan, and Utah and from seawater.  Magnesite was mined 

by one company in Nevada. One company in Washington processed 

olivine that had been previously mined.   

MgO is typically classified by calcination temperature, which has resulted 

in varying definitions.  Canterford (1985) defined three forms of magnesia 

and calcination temperatures: caustic-calcined magnesia, 600 to 1300°C; 

dead-burned magnesia, 1600 to 2200°C; and fused magnesia, >2800°C.  

The U.S. Geological Survey (USGS) uses the same terminology to reference 

magnesia products (USGS 2016).  In contrast, a producer of MgO 

commonly cited in much of the technical literature uses the following 

grades and calcination temperatures: light-burned (LB), 700 to 1000°C; 

hard-burned (HB), 1000 to 1500°C; and dead-burned (DB), 1500 to 

2000°C. 
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The reactivity of MgO plays a significant role in the effectiveness of the 

concrete.  Reactivity is a measure of how quickly MgO reacts with the acid 

phosphate. The reactivity of MgO is a result of its chemical composition, 

temperature of calcination, particle size distribution, surface area, and loss 

on ignition specific gravity.  Lower reactivity means more MgO passes 

through the system without having much effect.  In general, the reactivity 

of MgO decreases with increasing calcination temperature. 

  Phosphates 

Phosphates commonly used in reaction with MgO include ammonium 

dihydrogen phosphate (NH4H2PO4 or ADP), potassium dihydrogen 

phosphate (KH2PO4 or KDP), dipotassium hydrogen phosphate (K2HPO4 

or DHP), and sodium dihydrogen phosphate (NaH2PO4 or SDP). The ADP 

and KDP salts were used most frequently among researchers, as shown in 

Table 1. A commonly reported problem with ADP is the release of 

ammonium gas during the hydration process, which creates an unpleasant 

odor and may lead to corrosion.   

Table 1.  Phosphate salts used in various studies. 

Phosphate Salt Reference 

Ammonium Dihydrogen Phosphate  

(NH4H2PO4 or ADP) 

Abdelrazig et al. (1988; 1989); Seehra et al. 

(1993); Yang and Wu (1999); Hall et al. (2001); 

Ding and Li (2005);  Nim et al. (2013); Shijian and 

Bing (2014) 

Potassium Dihydrogen Phosphate  

(KH2PO4 or KDP) 

Qiao et al. (2010);  Ma et al. (2014); Li and Chen 

(2013); Park et al. (2016); Nicu et al. (2016) 

Dipotassium Hydrogen Phosphate  

(K2HPO4 or DHP) 

Shijian and Bing (2014); Gardner et al. (2015); Li 

et al. (2016) 

Sodium Dihydrogen Phosphate  

(NaH2PO4 or SDP) 

Seehra et al. (1993); Nim et al. (2013) 

 

Shijian and Bing (2014) compared MPC mortars made with both ADP and 

KPD and found the exothermic reaction of ADP was stronger than that of 

KDP.  Faster setting times and higher temperatures were attributed to 

solubility. The solubilities (mol./100 g H2O) of ADP and KDP are 0.2484 

and 0.147, respectively. Hence, the higher solubility of ADP is responsible 

for the faster reaction.  Likewise, Ding and Li (2005) documented that 
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KDP has a lower dissociation content and molar solubility that contributes 

to reducing the reaction rate.     

 Supplementary cementitious materials 

Supplementary cementitious materials (SCM) such as fly ash are 

commonly used as fillers with MPCs to control the rate of reaction, reduce 

water demand, enhance physical and mechanical properties, and possibly 

reduce production costs.  The ASTM C618 (2017a) defines two classes of 

fly ash for use in concrete: (1) Class F, usually derived from the burning of 

anthracite or bituminous coal, and (2) Class C, usually derived from the 

burning of lignite or subbituminous coal. ASTM C618 also delineates 

requirements for the physical, chemical, and mechanical properties for 

these two classes of fly ash. Class F fly ash is pozzolanic, with little or no 

cementing ability on its own. Class C fly ash is principally used as a 

pozzolan in cement-based composites but also has self-cementing 

properties. Generally, a Class C fly ash has more than 10% by weight CaO, 

and a Class F has less than 10% by weight of CaO.     

Yang et al. (2000) investigated the effects of fly ash replacement (up to 30 

wt%) of MPC and found at the same water to binder (W/B) ratio the 

fluidity is enhanced with increasing fly ash replacement, but the 

compressive and flexural strengths are reduced.  However, at similar 

fluidity, the strengths increase with fly ash replacement.  On the contrary, 

Ding and Li (2005) reported up to 40% of a Class F fly ash can be added to 

the system without degrading the mechanical properties.   

Another study by Wagh et al. (1997) compared the effects of both a Class F 

and a Class C fly ash on compressive strength at loadings up to 80 wt% 

and found the Class C fly ash produced the highest strengths at a 60 wt% 

optimal loading.  The authors postulate Class C fly ashes are more 

compatible with MPC materials due to higher levels of calcium that may 

react with remaining phosphates in the system. This leads to a denser, 

stronger, less-permeable material.   

Although fly ash was the most common SCM discovered in the reviewed 

literature, other SCMs used with MPC include slag cement, red mud, silica 

fume, and metakaolin.  (Nicu et al. 2016; Gardner et al. 2015; Unluer and 

Al-Tabbaa 2015). 
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 Retarders 

Cements based on MgO are fast-setting materials that generate high 

exothermic heat.  The addition of a retarder is critical to slow the reaction 

rate for sufficient casting and finishing time. Setting times can be extended 

by using suitable retarders such as boric acid (H3BO3), borax 

(Na2B4O7•10H2O), or sodium triphosphate (Na₅P₃O₁₀ or STP).  Borax 

was the most commonly used retarder identified in the reviewed 

publications presented in Table 2.  However, a study by Park et al. (2016) 

found that borax did not always reduce the rate of the hardening process 

and cautioned care be taken using borax to increase the setting time. 

Research using boric acid primarily focused on microstructural 

characterization, and mixture proportioning using boric acid as a retarder 

appeared insufficiently explored. 

Table 2.  Retarders used in various studies. 

Retarder Reference 

Borax 

(Na2B4O7•10H2O) 

Seehra et al. (1993); Yang and Wu (1999);  Hall et al. (2001); 

Ding and Li (2005); Li et al. (2016); Yang et al. (2000); Qiao 

et al. (2010); Yang and Qian (2010);  Yang et al. (2014); 

Shijian and Bing (2014); Park et al. (2016) 

Boric Acid 

(H3BO3) 

Nicu et al. (2016); Soudee and Pera (2000); Hall et al. 

(2001);  Ding and Li (2005); Ribeiro and Morelli (2009); 

Gardner et al. (2015) 

Sodium 

Triphosphate 

(Na₅P₃O₁₀ or STP) 

Abdelrazig et al. (1988, 1989); Seehra et al. (1993); Nicu et 

al. (2016); Hall et al. (2001); Ding and Li (2005);  Ribeiro and 

Morelli (2009) 

 

Hall et al. (2001) investigated the effect of all three retarders and found 

that successive additions of boric acid and borax led to a cumulative 

increase in setting time to a maximum of 1 hr.  Interestingly, the fractional 

mass of boron in boric acid is approximately 0.175, while in borax it is 

0.113.  Therefore, if the effectiveness of these retarders was solely 

dependent on the boron content, then the mass of borax added to MPC 

would need to be a factor of 1.55 greater than that of boric acid in order to 

produce an equivalent retardation effect.  The effect of STP was quite 

different and exhibited poor workability and a maximum set time of only 

15 min.  The authors postulated that the retarding action is limited by the 

solubility of STP and that the stiffening of the wet mix resulted in 

premature setting.  
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In contrast, Abdelrazig et al. (1988) reported a beneficial effect, when STP 

was incorporated, of improving the workability.  However, the authors’ 

primary focus investigation on the STP was not on the time of set but 

rather the influence of the morphology of the hydration products formed 

and porosity and compressive strength of the mortar.   

 Aggregates 

Common fine aggregates identified in previous research include natural 

river sand, magnesia sand, granite sand, and alumina sand. Yang et al. 

(2000) tested five types of fine aggregates for the MPC mortar and found 

the order of strength was quartz sand> granite sand>river 

sand>slag>limestone.  This indicates sands containing minerals with high 

CaO such as CaCO3 are not suitable for MPC mortars. A similar study by 

Chong et al. (2017) found that the addition of limestone aggregate into the 

MPC matrix accelerated the setting time, decreased the total heat 

evolution, and degraded the strengths. The authors concluded the poor 

water stability of MPC with limestone might be caused by the poor 

crystallinity and crystal morphologies of hydration products, worsened 

pore structure, and increased dissolution of hydration products.   

Coarse aggregates can be used with MPCs but literature revealed limited 

research. A pea gravel with a 3/8-in. nominal maximum size aggregate 

(NMSA) was used in a laboratory and field study using proprietary MPC-

based products (Priddy 2011).  Limestone aggregates were eliminated from 

this study based on compatibility and potential expansion.    

 Water 

The cementing process does not proceed without the presence of water. As 

with traditional OPC, increasing the W/B ratio improves the workability 

and increases the setting time, but also decreases the strengths of the 

materials.  Ding and Li (2005) reported that water acts as both solvent and 

component in the formation of the cements.  First, water is a solvent when 

chemical reaction takes place, and the solvent is not merely a passive 

medium in which relevant molecules perform; the solvent itself makes an 

essential contribution to the reaction.  Second, water acts as an important 

component of the hardened cement.  After setting and hardening, part of 

the water becomes one component of the reaction products, which are 

usually salt with crystallized water (Wilson and Nicholson 1993). Potable 

water was the most used source in literature reviewed.  
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 Test methods and factors influencing properties of MPC  

The purpose of this research was to determine whether MPC-binder 

materials could be used to develop a concrete for pavement repairs with 

properties superior to those of portland cement concrete (PCC).  A number 

of sources were reviewed to establish the important properties to consider 

for a successful repair material. In addition to the factors affecting the raw 

material proportioning, there are many parameters such as temperature, 

curing conditions, etc., that have significant influence on a repair material.  

One recurring theme in publications was the need for compatibility 

between the repair material and the parent substrate to form a composite 

system.   Guidance provided in testing criteria for evaluating cementitious 

pavement repair materials (Priddy 2011; Ramsey and Tingle 20181) 

recommends considering the material’s compressive strength, flexural 

strength, bond strength, modulus of elasticity, setting time, length change, 

and coefficient of thermal expansion when choosing a repair material.  

Keeping this in mind, an effort was made to find studies that had tested 

MPC materials in an attempt to identify appropriate laboratory and field 

tests for the given properties.  

Several test methods for MPCs were investigated by Popovics and 

Rajendran (1987) including mixing, flow, setting time, air content, 

compressive strength, flexural strength, shear bond strength, length 

change, specific gravity, absorption, and voids content. It was found that 

strengths were reduced when wet curing was used; therefore, air curing 

was recommended with these materials.  It was also discovered the epoxy 

bond system did not work well with bond strength specimens due to the 

rapid heat generation during setting.  Therefore, composite cylinders were 

prepared without any epoxy bond and tested for shear bond strength.  The 

dry curing and non-epoxy preferences of the MPC materials can be seen as 

a significant advantage for field repair application.  Often, it is difficult to 

ensure adequate access to water and equipment for moist curing 

conventional concrete.  In addition, more time is required to prepare the 

existing concrete substrate with epoxy before applying a repair material.  

                                                                 

1 Ramsey, M. A., and J. S. Tingle. 2018.  Evaluation of rapid-setting cementitious materials and testing 

protocol for airfield spall repair.  ERDC/GSL TR (Draft). Vicksburg, MS: U.S. Army Engineer Research 

and Development Center. 
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Less site preparation and monitoring is required, saving both time and 

money without sacrificing the material’s performance.   

Only a few works in literature demonstrate field applications.  Yang et al. 

(2000) experimentally used MPC mortars for repairs including potholes, 

cracks, surface scaling, and edge spalling on main municipal roads. The 

MPC with a phosphate to magnesia (P/M) ratio of 1:3, sand/MPC ratio of 

1:1, about 15% fly ash, between 5 to 15% borax, and 0.16 W/B ratio had an 

operable time of about 25 min.  The volume of the MPC mortar or batching 

sequence used with the materials was not documented in the report. Field 

observations on the repaired works during three years showed 100%, 

75.4%, and 49.3%, respectively, successful rehabilitations.  The authors 

emphasized defective concrete and chipping must be removed, leaving a 

sound, clean surface for a successful MPC mortar repair.   

Field investigations by Seehra et al. (1993) used an MPC mortar to seal 

cracks, fill potholes, and repair edge spalls in concrete pavements.  

Surfaces were first cleaned out to remove any foreign and loose materials. 

To achieve better bonding with the concrete substrate, all ingredients 

except the sand were mixed and the paste was applied as primer before the 

application of the MPC mortar.  Repair patches were air cured for 4-5 hr 

before being opened to traffic. The successful repairs were attributed to 

good bonding characteristics of the MPC mortar and similar thermal 

coefficient of thermal expansion behavior between the MPC mortar and 

the concrete substrate.       

A study by Qiao et al. (2010) concluded that the properties of MPC are 

affected mainly by the molar ratio of the magnesium/phosphate, the 

addition of retarders, and the water content, as well as the reactivity of the 

magnesia.  Similar findings were reported by Yang and Wu (1999), who 

found the setting time and early age strength were mainly controlled by 

the amount of retarder, the fineness of magnesia, and the temperature.  

The authors reported the retarding action is directed towards the MgO and 

not the phosphate.   

 Conclusions  

Literature research showed a good fundamental concept of the interaction 

of the binders with MPCs. One generalization inferred from the research is 

that if the MgO content is low (i.e., higher phosphate content) an unstable 

matrix is formed due to the unreacted phosphates. Furthermore, an 
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increase in the MgO raises the pH of the reaction environment and 

accelerates the reaction between the MgO and the phosphate. This is 

proven through mechanical testing and verified with the heat generation 

studies of calorimetry. The setting time and decrease of heat generations 

are mitigated best with the addition of SCMs (namely Class C fly ash) and 

set retarders (namely borax or boric acid). However, additional research is 

recommended in the areas of coarse aggregate guidelines and further 

understanding of developing delayed setting time and continued 

understanding of the microstructural characteristics. It is concluded that, 

due to their tremendous advantages, MPCs will continue to be used in 

concrete repair materials for heavily trafficked roads and for airfield 

damage repair. 
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 Materials  

A literature review indicated that most MPC-based binders consist of a 

magnesium oxide (MgO), a phosphate salt, a retarder, and one or more of 

some type of SCM. The flow chart in Figure 2 illustrates the MPC mixture 

design approach with material selection for trial batching for our study.  

Figure 2. Flow chart for development of MPC mixture design.  

 

For this research, the materials listed in Table 3 were proportioned by 

making trial batches based on ranges identified in the literature and were 

verified through the collection of experimental data. The W/B ratio ranged 

from 0.1 to 0.4 for the mixtures in this study. Information about each of 

the materials is provided in Appendix A.  
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Table 3. Summary of raw materials used in MPC mixture proportioning.  

Material Name Source CMB Serial No. 

Magox 93HR 325 

Light-Burned MgO 
Premier Magnesia, LLC 150132 

MagChem 10 

Hard-Burned MgO 
Martin Marietta 150157 

MagChem P98  

Dead-Burned MgO 
Martin Marietta 150156 

Monopotassium Phosphate (MKP) 

KH2PO4 
ICL Premium Fertilizers - Peak  150125 

Boric Acid Searles Valley Minerals 150126 

Class C Fly Ash 
Headwaters Resources, White Bluff 

Plant, Redfield, AR 
140020 

Class F Fly Ash 
Boral Resources 

Bowen Plant, Stilesboro, GA 
140022 

Fine Aggregate 
Green Brothers 

Crystal Springs, MS 
120087 

3/8-in. Pea Gravel Coarse 

Aggregate 

Green Brothers 

Crystal Springs, MS 
120088 

3/8-in. Coarse Aggregate 
Osage River Rock 

Jefferson City, MO 
NA 

3/4-in. Coarse Aggregate 
Osage River Rock 

Wardsville, MO 
NA 

 

 Magnesium oxide (MgO) 

The MgO was selected based on the availability, surface area, temperature 

of calcination, and the rate of reaction. DB MgO was selected due to its 

lower rate of reaction compared to the other MgO forms. The lower rate 

was ascribed as proximal to its very high calcination temperature of over 

1,500°C, which makes the surface of the particles less reactive. However, 

for completeness, three classifications (LB, HB, and DB) were tested to 

gauge their effects on properties such as setting time and workability. 

Additional information on the MgOs tested is provided in Chapter 4, “Trial 

Batching,” of this report.  

 Light-burned (LB) 

LB MgO is a reactive grade of magnesium oxide that has been calcined at 

temperatures ranging from 700–1,000°C. Magox 93HR 325 was the trade 

name of the LB MgO used in this research. This product is a finely ground, 
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chemical grade MgO produced from beneficiated Nevada magnesite ores 

by burning to a moderately high reactivity. 

 Hard-burned (HB) 

HB MgO is a low reactive grade of MgO that has been calcined at 

temperatures ranging from 1,000–1,500°C. MagChem 10 was the trade 

name for HB MgO used in this research. This product is a high-purity, 

low-density, and low-reactivity material that is essentially dust free.  

 Dead-burned (DB) 

DB MgO has been calcined at temperatures ranging from 1,500–2,000°C 

in a high temperature shaft kiln, yielding a material with very little 

reactivity. MagChem P98 was the trade name for DB MgO used in this 

research. This product is a 98% pure MgO product with high density and 

low reactivity produced from magnesium-rich brine and dolomitic lime. 

 Potassium dihydrogen phosphate (KH₂PO₄) 

Potassium dihydrogen phosphate (𝐾𝐻2𝑃𝑂4), known as “KDP” for short, is 

a water soluble material with a solubility limit of 188.6 lb per gallon of 

water. Its molecular weight is 136.09 g, and its density is 2.335 g/cm³. The 

KDP used in this research was produced by ICL fertilizers under the trade 

name monopotassium phosphate (MKP), which is synonymous for this 

phosphate salt.  

 Fly ash 

ASTM C618 (2017a) defines two classes of fly ash for use in concrete: (1) 

Class F, usually derived from the burning of anthracite or bituminous coal, 

and (2) Class C, usually derived from the burning of lignite or 

subbituminous coal. ASTM C618 also delineates requirements for the 

physical, chemical, and mechanical properties for these two classes of fly 

ash. Class F fly ash is pozzolanic with little or no cementing ability on its 

own. Class C fly ash is principally used as a pozzolan in cement-based 

composites but also has self-cementing properties. This research used a 

Class C fly ash sourced from the Headwaters Resources’ White Bluff Plant 

in Redfield, AR, and a Class F fly ash sourced from the Boral Resources’ 

Bowen Plant in Stilesboro, GA. The chemical composition of the fly ashes 

determined by X-ray fluorescence (XRF) elemental analysis are given in 

Table 4.  
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Table 4. Chemical oxides of fly ash materials determined by XRF elemental analysis.  

 Retarder 

MPC is a fast-setting material, and the addition of a retarder was critical to 

slow the reaction rate and increase the working time. Boric acid (H3BO3) 

was selected as a set retarder due to its ability to retard the MPC and its 

wide availability. Other retarders, such as sodium tri-poly phosphate 

(STP), were considered; but due to the significantly higher cost of this 

material, it was eliminated from the testing plan. The granular boric acid 

used in this research was manufactured by Searles Valley Minerals in 

Trona, CA, with a purity of 99.76%. 

 Aggregates  

Only natural, round gravel aggregates were used due to the low water-to 

cement ratios researched in this study. Crushed, angular aggregates were 

not used because of possible loss in workability due to the tight aggregate-

paste bond. Limestone aggregates were eliminated due to reactivity with 

the binder, causing production of gas and expansion of product.  

Three coarse aggregates from two quarries were used in this research.  

Most mixture proportions used a 3/8-in. NMAS pea gravel from a 

Compound Bowen Class F Fly Ash Redfield Class C Fly Ash 

SiO₂ 56.35 39.84 

Al₂O₃ 27.66 21.46 

Fe₂O₃ 6.09 5.73 

CaO 1.15 21.23 

MgO 0.62 4.13 

SO₃ 0.13 1.13 

K₂O 2.33 0.6 

Na₂O 0.31 1.5 

P₂O₅ 0.33 1.34 

TiO₂ 0.87 1.6 

Mn2O₃ 0.02 0.01 

SrO 0.10 0.43 

ZnO 0.004 0.013 

Cr₂O₃ 0.045 0.048 

Loss on Ignition (%) 3.46 0.94 
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Mississippi quarry. Two aggregate gradations from a quarry in Missouri 

were also used in this study.  The fine aggregate was a natural concrete 

sand from a Mississippi source selected due to mass availability.   

Aggregate gradations were measured by sieve analysis according to ASTM 

C136 (ASTM 2014b). The limits for percentages passing certain sieves for 

coarse and fine aggregates followed the guidelines in ASTM C33 (2016b).  

The coarse/fine aggregate bulk specific gravity and water absorption were 

measured according to ASTM C127/C128 (2015b/2015c, respectively). The 

aggregate properties are detailed in Table 5. 

Table 5.  Properties of aggregates tested. 

Source Mississippi Missouri Missouri Mississippi 

Type Pea Gravel Pea Gravel Gravel Sand 

Size Size 89 Size 89 Size 67 Fine Aggregate 

Nominal Size (Sieves 

with Square 

Openings) 

Gradations of aggregates by cumulative % passing 

Test 

Results 

ASTM 

C33 

Limits 

Test 

Results 

ASTM 

C33 

Limits 

Test 

Results 

ASTM 

C33 

Limits 

Test 

Results 

ASTM 

C33 

Limits 

1 in. - - - - 100 100 - - 

¾ in. 100 - 100 100 99 90-100 - - 

½ in. 99 100 99.5 90-100 68    

3/8 in. 76 90-100 79.1 40-70 30 20-44 100 100 

No. 4 4 20-55 4.7 0-15 3 0-10 99 95-100 

No. 8 0.6 5-30 0.2 0-5 0.7 0-5 92 80-100 

No. 16 0.55 0-10 - - 0.4 - 83 50-85 

No. 30 0.53 - - - 0.2 - 63 25-60 

No. 50 0.45 0-5 - - - - 10 5-30 

No. 100 - - - - - - 0 0-10 

No. 200 - - - - - - 0 0-3 

Fineness Modulus 6.18 5.95 6.68 2.52 

Bulk Specific Gravity 2.51 2.54 2.67 2.63 

Absorption (%) 3.2 1.8 0.7 0.4 

Note: All test results are based on an average of two runs. 
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 Trial Batching 

Trial batching, or mixture proportioning, is necessary to assess the quality 

and suitability of the constituent materials to meet performance 

requirements.  This statement is true for OPC concretes and is even more 

important for alternative binders that are not regulated, more 

experimental, and/or of rapid-setting nature. MPCs are both rapid setting 

and unregulated in terms of constituent material guidance for concrete 

design, sampling, casting, curing, and hardened property testing 

procedures. Target performance requirements of the MPC concrete for 

airfield pavements include the following characteristics: (a) minimum 

5,000-psi compressive strength at the age of 28 days, (b) minimum 500-

psi flexural strength at the age of 28 days, (c) at least 60 min of setting 

time, (d) good bond strength, (e) adequate workability, (f) good durability, 

and (g) wide availability of raw materials.  

It is important to conduct a thorough constituent materials identification 

search and mixture proportioning procedure when designing MPCs. Based 

on the literature review, many typical commercially blended MPC-based 

products consist of a mixture of high temperature DB (calcined at 

approximately 1,500°C) MgO, a phosphate salt, a retarder, and various 

SCMs. The ranges of the raw materials selected are based on mixtures 

similar to those found in the literature and verified by experimental data. 

Much of the literature discussed magnesia-to-phosphate (M/P) ratios in 

terms of molar ratios instead of the mass or volume ratios that are 

typically used in ready mix concrete applications. These M/P molar ratios 

typically range from 1.5/1 to 12/1 with no particular ratio being universally 

accepted as the optimum in the literature. The M/P ratio for any MPC 

mixture proportion will need to vary depending on the specific 

constituents being used, W/B ratio, and aggregate-to-binder (A/B) ratio. 

The phosphate salt selected to react with the MgO in the current study is 

potassium dihydrogen phosphate (KH2PO4), or KDP. The molar weights 

of MgO and KH2PO4 are 40.3 and 136.09, respectively.  This means that 

the phosphate content is higher than the magnesia content in the 

cementing system. Table 6 shows the M/P ratio in both a molar ratio and a 

mass ratio.  
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Table 6. Magnesia-to-Phosphate (M/P) ratio conversions. 

Molar Ratio 

 (M/P) 

Mass Ratio 

(M/P) 

2/1 0.592/1 

3.4/1 1/1 

4/1 1.185/1 

6/1 1.777/1 

8/1 2.369/1 

10/1 2.961/1 

12/1 3.554/1 

M=MgO 
P=KH2PO4 

 

A select set of materials and mixture proportioning parameters was 

designed to go outside of the limits seen in the literature in order to better 

understand reaction chemistry and its effects on mechanical properties. 

The W/B ratio for the trial batches ranged from 0.1 to 0.4. The MgO of 

each calcination classification (LB, HB, and DB) was tested for its effects 

on setting time and strength. Both a Class F and a Class C fly ash were 

tested at 50% of binder mass. Although the amount of fly ash was not 

optimized for each mixture, this amount provided good reactivity and 

increased set times. In all mixtures, the aggregate contents were held 

constant. A majority of mixtures contained only a fine aggregate, with a 

coarse aggregate being added later in the mixture proportioning process 

after a good cementitious matrix was established. Boric acid was varied 

between 0 to 5% of total cementitious mass, with most mixtures having a 

dose of 4%. All test specimens were dry-cured in an ambient lab 

environment at 73 ± 2°F. 

 Light-burned MgO, Class C fly ash 

Nine trial batches were made using a LB MgO and a Class C fly ash 

identified LB-C T1-9. Trial mixture proportions are summarized in Table 7.   
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Table 7. Trial batch mixing ratios of LB MgO with class C fly ash. 

Mixture Description 

Mixture ID 

LB -C 

T1 

LB -C 

T2 

LB–C 

T3 

LB –C 

T4 

LB -C 

T5 

LB -C 

T6 

LB -C 

T7 

LB -C 

T8 

LB -C 

T9 

M/P  

(MgO to phosphate) 

molar ratio) 

3.4/

1 

3.4/

1 
2/1 4/1 

3.4/

1 
2/1 4/1 4/1 

3.4/

1 

A/B (aggregate to 

binder) mass ratio 
0 0 0 0 2/1 2/1 2/1 0 2/1 

W/B (water to 

binder) mass ratio 
0.4 0.4 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

Class C Fly Ash  

(% mass of binder) 
0 50 50 50 50 50 50 50 50 

Boric Acid (% total 

of binder mass) 
0 4 4 4 4 4 4 4 4 

Consolidation 

Method  

T=Tamping 

V=Vibration 

T T T T T T T V V 

 

The compressive strength plots determined according to ASTM C109 

(ASTM 2016a) using 2-in. cubes are illustrated in Figure 3.  Trials 8 and 9 

achieved the highest compressive strengths when measured at 28 days. 

These mixtures were duplicates of T4 and T5 with the exception that T8 

and T9 were consolidated by using a vibrating table, whereas all other 

trials were tamped. This indicates that vibration consolidation produces 

higher strengths.  
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Figure 3. Summary of compressive strength of LB MgO trial batch cubes.  

 

Time of setting results provided in Table 8 were determined by ASTM 

C403 (ASTM 2016f).  All batches were cast with 4% boric acid by volume 

of cementitious material with the exception of T1, which had no boric acid. 

The maximum hydration temperature determined with an embedded 

thermometer in the penetrometer sample was measured as the maximum 

temperature from mixing to 1 hr after final set. The higher M/P ratios 

exhibited higher hydration temperatures. 

Table 8. Summary of time of setting for LB mixtures.  

Mixture ID 

Penetrometer Method ASTM C403 Maximum Hydration 

Temperature 

(°F) 

Initial Set  

(minutes) 

Final Set  

(minutes) 

LB - T1 <1 <2 180 

LB - T2 8 13 130 

LB - T3 21 24 120 

LB - T4 26 35 170 

LB - T5 22 27 160 

LB - T6 24 27 110 

LB - T7 14 23 140 

*LB-T8 N.D. N.D. N.D. 

*LB-T9 N.D. N.D. N.D. 

*No Data (N.D.) available for time of set or maximum temperature 
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Overall, the LB mixtures had poor workability and exhibited thixotropic 

behavior by forming a crust on top of the samples before actually setting. 

This possibly affected the accuracy of the set times recorded.  None of the 

LB materials met the target performance criteria.  Based on the testing 

performed, the LB material is not recommended due to poor workability, 

extreme reactivity, and low compressive strengths. 

 Hard-burned MgO, Class F fly ash  

Three trial batches were made using the HB MgO and Class F fly ash 

identified as mixtures HB-F-T1-3. Trial batch mixture proportions are in 

Table 9. Initial plans were to make trial batches with a Class F and a Class 

C fly ash. Initially, the Class F was used due to the fact that an HB MgO 

would have a high reactivity, and a Class F would help lower reactivity as 

compared to that of a Class C fly ash.  

Table 9. Trial batch mixing ratios of HB MgO with class F fly ash. 

Mixture Description 

Mixture ID 

HB-F-T1 HB-F-T2 HB-F-T3 

M/P (MgO to phosphate: molar ratio) 3.4/1 2/1 4/1 

A/B (aggregate to binder: mass ratio) 2/1 2/1 2/1 

W/B (water to binder: mass ratio) 0.30 0.30 0.30 

Class F Fly Ash (mass % volume of binder) 50 50 50 

Boric Acid (mass % volume of binder) 4 4 4 

 

The compressive strengths for HB-F trial mixtures shown in Figure 4 

revealed that the higher the M/P ratio, the lower the compressive strength. 

HB-F-T3 with a 4/1 MgO-to-phosphate ratio exhibited the lowest 

strengths, and HB-F-T2 with a 2/1 MgO-to-phosphate ratio exhibited the 

highest strengths.  However, all strengths were below 1,800 psi, which is 

significantly lower than the target value (5,000 psi).  
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Figure 4. Compressive strength for HB MgO trial mixtures. 

 

The HB trial mixtures resulted in longer setting times and lower 

temperatures than expected, as shown in Table 10. This is possibly due to 

the incorporation of the Class F fly ash and the high dosage of boric acid 

used in the mixtures. No further testing was investigated on the HB MgO 

material, based on low compressive strengths and the material’s exhibiting 

thixotropic behavior, resulting in poor workability and consolidation.   

Table 10. Summary of time of set and maximum observed temperatures for HB 

mixtures. 

Mixture 

Penetrometer Method ASTM C403 
Maximum Temperature 

(°F) Initial Set (minutes) Final (minutes) 

HB-F- T1 140 285 80.9 

HB-F-T2 100 170 86.1 

HB-F-T3 150 180 98.6 

 

 Dead-burned MgO, Class F fly ash 

Six trial batches were made using the DB MgO and Class F fly ash 

identified as mixtures DB-F-T1-6. The mixture proportions used for the 

DB material approximated those of the HB mixtures.  Trial batch mixture 

proportions in Table 11 varied the M/P from 2:1, 3.4:1, and 4:1. These M/P 

ratios were batched at A/B mass ratios of 2:1 and 1:1. Fly ash was held 

constant at a 50% replacement. The 2:1 A/B ratio mixtures had a 0.3 W/B 
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ratio while the 1:1 sand to binder S/B mixtures had a 0.25 W/B ratio. Boric 

acid was held constant at 4% of the mass of the binder. 

Table 11. Trial batch mixing ratios of DB cement with Class F fly ash. 

Mixture Description 
Mixture ID 

DB-F-T1 DB-F-T2 DB-F-T3 DB-F-T4 DB-F-T5 DB-F-T6 

M/P (MgO to phosphate: 

molar ratio) 

3.4/1 2/1 4/1 3.4/1 2/1 4/1 

A/B (aggregate to 

binder: mass ratio) 

2/1 2/1 2/1 1/1 1/1 1/1 

W/B (water to binder: 

mass ratio) 

0.30 0.30 0.30 0.25 0.25 0.25 

Fly Ash (mass % volume 

of binder) 

50 50 50 50 50 50 

Boric Acid (mass % 

volume of binder) 

4 4 4 4 4 4 

 

DB-F-T1, 2, and 3 varied the M/P ratio at a 0.30 W/B ratio. These 

mixtures were almost too fluid; however, the fine aggregate remained in 

solution, so cubes were cast for testing. The compressive strength results 

for DB-F trials are given in Figure 5. Of these three mixtures, the 2:1 M/P 

molar ratio of DB-F-T2 produced the highest 7- and 28-day compressive 

strengths for a 2-in. cube. The summary of the time of set and maximum 

temperature observed for DB, Class F fly ash mixtures is provided in  

Table 12.  
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Figure 5. Unconfined compressive strength of DB Class F fly ash MPC trials. 

 

Table 12. Summary of time of set and maximum temperature observed for DB, Class 

F fly ash mixtures. 

Mixture 

Penetrometer Method ASTM C403 

Maximum Temperature 

(°F) 

Initial Set 

(minutes) 

Final Set 

(minutes) 

DB-F-T1 N.T. N.T. 101.6 

DB-F-T2 100 170 86.1 

DB-F-T3 150 180 98.6 

DB-F-T4 60 150 86.3 

DB-F-T5 80 200 87.7 

DB-F-T6 60 160 86.2 

 N.T.= Not Tested  

 

 Dead-burned MgO, Class C fly ash  

Five trial batches were made using the DB MgO and Class C fly ash 

identified as mixtures DB-C-T4 8. Trial mixture proportions are shown in 

Table 13. Trials 1 through 3 were replicas of DB-F trials 1, 2, and 3. 

Segregation of the sand in these mixtures was observed; therefore, the 

W/B was reduced to 0.20 for trials 4 through 10.  
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Trials DB-C-T4 6 were 0.25-ft3 batches that varied the M/P molar ratio 

and were tested for compressive strength using 2-in. cubes. Trials 7 and 8 

were cast at 0.75 ft3, and 3- x 6-in. cylinders were cast for compressive 

strength testing. Trials 7 and 8 added coarse aggregate at a rate of 50% of 

the mass of the total aggregate. Although the coarse-to-fine aggregate ratio 

was not optimized, it did produce a more fluid, workable mixture. DB-C-

T9 was mixed but not cast, as the mixture was too thick and appeared to 

be at the coarse aggregate volume limit. 

Table 13. Trial batch mixing ratios of DB cement with Class C fly ash.  

Mixture Description 

Mixture ID 

DB-C-T4 DB-C-T5 DB-C-T6 DB-C-T7 DB-C-T8 DB-C-T9 

M/P  

(MgO to phosphate) 

molar ratio 

3.4/1 2/1 4/1 2/1 2/1 2/1 

A/B (aggregate to 

binder) mass ratio 
1/1 1/1 1/1 1/1 1/1 1/1 

W/B (water to binder) 

mass ratio 
0.20 0.20 0.20 0.20 0.20 0.20 

Fly Ash  

(mass % volume of 

binder) 

50 50 50 50 50 50 

Boric Acid  

(mass % of binder) 
4 4 4 4 4 4 

Aggregate Replacement - - - - 50 60 

Batch Volume (ft3 ) 0.25 0.25 0.25 0.75 0.75 0.75 

Compressive Strength 

Specimen Size (in.) 
2x2 2x2 2x2 2x2 3x6 3x6 

 

The compressive strengths for the DB-C trial mixtures are shown in Figure 6. 

Trial 5 with an M/P ratio of 2:1 provided the best 28-day compressive 

strength and was, therefore, selected to be scaled up to a larger batch for Trial 

7. An increase in strength gain from 5,000 to 7,000 psi was observed at the 

28-day age with the larger batch size. This is potentially due to a higher mass 

of phosphates being available in the larger batch for reaction with the fly ash. 

DB-C-T8, with the addition of coarse aggregates, was slightly lower in 

strength but still above the target compressive strength of 5,000 psi at 28 

days. Although the strength dropped in T8 compared to T7 with the addition 
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of coarse aggregate, researchers do not ascribe the loss of strength to that 

addition.  At present, the cause for the loss of strength is unclear. 

A summary of the time of set and maximum temperature observed for DB, 

Class C fly ash mixtures is provided in Table 14. 

Figure 6. Compressive strengths of DB MPC mixtures with Class C fly ash. 

 

Table 14. Summary of time of set and maximum observable temperature for DB MgO, 

Class C fly ash mixtures. 

Mixture 

Penetrometer Method ASTM C403 
Maximum Temperature 

(°F) Initial (minutes) Final (minutes) 

DB-C-T4 35 110 80.9 

DB-C-T5 60 150 84.2 

DB-C-T6 40 90 82.5 

DB-C-T7 35 65 86.0 

DB-C-T8 60 90 76.1 

 

 Trial batching discussion 

As suspected, the LB trials did not fare well due to the highly reactive 

nature of LB MgO, coupled with the thixotropic nature of the mixtures, 

which gave rise to poor workability. The same deficiencies were observed 

for the HB MgO trials, as the poor workability resulted in unfavorable 
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mixture proportions. The HB-F compressive strengths could likely have 

been improved with a slightly lower W/B ratio and incorporation of a 

Class C fly ash, but neither of those changes would have improved the 

workability.  

Figure 7 illustrates the time to set for some of the trial mixtures. Each of 

these trial mixtures contained 50% fly ash, 4% boric acid, and concrete 

sand at an A/B ratio of 1:1. The x-axis is labeled with shorthand 

terminology for mixture types. The first letter denotes the MgO burn 

classification as light (L), hard (H), or dead (D). The second letter denotes 

the fly ash class as C or F, and the number denotes the M/P molar ratio. 

The y-axis labels the time to set in minutes determined by ASTM C403 

(ASTM 2016f). For all MgO classifications, the set time decreased as the 

M/P ratio was increased. A surprising result was the extended set times 

obtained for the HB MgO, and this was accomplished with a 4% boric acid 

dose by weight of binder with a 50% binder replacement of fly ash. 

However, the HB and the LB batches illustrated in the figure have W/B 

ratios of 0.30, while the DB-F mixtures are at 0.25, and the DB-C mixtures 

have a 0.20 W/B. Typically, higher W/B ratios have longer set times. 

The compressive strengths for the DB-F mixtures could be improved upon 

with a lower W/B. A pavement quality 5,000-psi MPC could possibly be 

made with a Class C fly ash, but not all Class F fly ashes. These data do 

corroborate with the theory that the calcium oxide (CaO) in Class C fly 

ashes are reactive with phosphates and form secondary reaction products. 

Class F fly ashes tend to have less CaO and act more as a filler in MPCs 

than their class C counterparts. Therefore, it is recommended that MPCs 

be made with DB MgO and a Class C fly ash. If a Class C is unavailable, a 

Class F can potentially be used, and finding a Class F with a relatively high 

CaO would be beneficial.  

A summary table of all MgO cement-based trial batches is provided in 

Appendix C. 
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Figure 7. Time of setting for light-, hard-, and dead-burned MPC trial mixtures.  

 

 Suggested design ranges 

Below are suggested trial mixture proportion ranges for MPCs. 

 W/B ratio:  0.15 – 0.30 

 MgO-to-KDP (M/P) molar ratio:  2 – 8 

or (o.6 – 2.4 mass ratio) 

 Fly ash: 40 to 60% of the mass of binder 

 A/B ratio: 0.75 – 1.5 

 Coarse-to-Fine aggregate: Proportioning same as OPC concrete  

 Boric acid: 2 to 5% total of cementitious mass 

 

These ranges provide a good basis for MPC pavement design. These ranges 

were sourced from literature and verified during team trial mixture 

proportioning. The suggested W/B range will vary depending on the 

selected constituent materials. The fineness of the MgO and the aggregates 

will dictate the necessary W/B and A/B to provide a workable mixture. 

The M/P range exceeds the range produced in trial mixtures of 2–4 molar 

ratio. There are mixtures in literature that provide adequate strength at 

M/P molar ratios as high as 12. It is important to note that set times 

decrease as the M/P increases. The M/P ratio will need to be adjusted 

based on the reactivity and amount of fly ash in the design. A fly ash 
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content of at least 40% is suggested to increase setting time and drive 

secondary reactions for the unreacted phosphates in the system. The boric 

acid content needs to vary depending on application, required strengths, 

and placement logistics. If borax is used, the range will be slightly higher 

(i.e., between 3 and 7% total of cementitious mass). 
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 Laboratory Testing at Varying Scales 

MPCs are rarely cast in volumes larger than 1 ft3. This is due to the highly 

exothermic, rapid-setting nature, the historically limited application, and 

the commercially available bag sizes of the proprietary materials on the 

market. The potential complications that could arise from large-scale 

MPCs were unknown. Through past experience with calcium 

sulfoaluminate (CSA) cement, another rapid-setting cement type, larger 

batch quantities of a rapid-setting cement produce higher exothermic 

temperatures that reduce setting time. In addition, the retarder dosages 

need to be adjusted based on the outside ambient temperature. Higher 

dosages of boric acid, although decreasing the temperature of the mixture 

and thereby increasing the setting time, have a profound detrimental effect 

on strength. Therefore, incremental steps of increasing batch size were 

taken to alleviate some concerns that are associated with large batches of 

rapid-setting cements. Up to this point, all trial mixtures were batched at 

quantities less than 0.75 ft3 in a high-shear Hobart planetary mixer. 

Limited physical and mechanical property tests served as a screening test 

for the elimination of the materials unsuitable for the fulfillment of the 

objectives. Mixture DB-C-T8 was selected to be batched at incrementally 

larger scales for full mechanical and durability properties testing.  

 Methodology 

In order to evaluate the long-term MPC performance and suitability, 

additional mechanical, volumetric, and durability property testing was 

needed. In addition to the physical testing and compressive and flexural 

strength criteria, the benchmark for additional laboratory testing was 

based on the pending publication of the technical report (TR) entitled 

Evaluation of Rapid-Setting Cementitious Materials and Testing Protocol 

for Airfield Spall Repair (Ramsey and Tingle 20181). This report is an 

update to the test protocol established in ETL 08-02, Testing Protocol for 

Rigid Spall Repair Materials (AFCEC 2008) and ERDC/GSL TR-11-13, 

Development of Laboratory Testing Criteria for Evaluating 

Cementitious, Rapid-Setting Pavement Repair Materials (Priddy 2011). 

The Ramsey and Tingle TR presents the test methods and results of 26 

                                                                 

1 Ramsey, M. A., and J. S. Tingle. 2018.  Evaluation of rapid-setting cementitious materials and testing 

protocol for airfield spall repair.  ERDC/GSL TR (Draft). Vicksburg, MS: U.S. Army Engineer Research 

and Development Center. 
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cementitious rapid-setting repair products tested at the U.S. Army 

Engineer Research and Development Center (ERDC) during 2013 to 2017. 

An evaluation of these test methods and results, along with the historic 

database of products tested, led to the development of an updated testing 

protocol for assessing a material’s suitability for airfield spall repairs. The 

selected tests and requirements from the spall material testing protocol 

applied to the MPC mixture design are shown in Table 15.  

Additional experimental testing included using the MPC material to 

prepare a small test slab in the laboratory and coring the concrete for 

strength determination.  

Table 15. Selected tests and requirements from spall material testing protocol 

applied to MPC mixture design.  

 Materials and mixing 

Two 2.5-ft3 batches of the materials proportioned in Table 16 were cast in 

a 3-ft3 traditional revolving drum mixer illustrated in Figure 8. Two 

batches were made in order to cast compressive strength, flexural 

Test Property Test Method Test Age Test Criteria 

Bond Strength 

Test Material/Test 

Material (TM/TM) 
ASTM C882 

(2013a) 

1 day ≥ 1,000 psi 

7 days ≥ 1,500 psi 

Bond Strength 

Portland Cement 

Mortar/Test Material 

(PCM/TM) 

1 day ≥ 1,000 psi 

7 days ≥ 1,250 psi 

Modulus of Elasticity 
ASTM C469 

(2014d) 
28 days 2 ≤ x ≤ 6 Mpsi 

Slump Flow 

ASTM 

C1611 

(2014c) 

Within 5 min of 

added water 
≥ 9 in. 

Length Change 
ASTM C157 

(2014a) 

28 days 

stored in air 
-0.04% ≤ x ≤ +0.03% 

28 days 

stored in water 

Coefficient of Thermal 

Expansion 

ASTM C531 

(2012) 
- ≤ 7 (in./in./°F × 10−6) 

Freeze-Thaw 

 Procedure A 

ASTM 

666(2015d) 

Based on 300 

cycles 
No established criteria 
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strength, bond strength, splitting tensile, modulus of elasticity, time of set, 

and slump flow. Due to the mixing style and rapid-setting nature, a 

batching sequence was used that mixed all aggregates, KDP, boric acid, fly 

ash, and water prior to adding the MgO at the end. The mixture was then 

mixed for 2 min and 30 sec before discharge and casting. Some minor 

issues with material sticking to the side of the drum for the first batch were 

corrected, and the second batch was successfully cast.  

Table 16. MPC DB-C T8 mix proportions based on binder and aggregate percentage. 

Material Source 

Binder % by 

Volume 

Aggregate % by 

Volume 

MgO Dead-

Burned Cement 

Martin Marietta - P98 

Pulverized Magnesium 

Oxide 

19 - 

Monopotassiu

m Phosphate 

(MKP) 

(KH2PO4) 

ICL Premium Fertilizers - 

Peak  
31 - 

Class C Fly Ash 

Headwaters Resources’  

White Bluff Plant in 

Redfield, AR 

50 - 

Concrete Sand 
Green Brothers’ Concrete 

Sand in Redwood, MS 
- 50 

Pea Gravel 

Green Brothers’ - 3/8-in. 

Pea Gravel, Crystal 

Springs, MS 

- 50 

Boric Acid Searles Valley Minerals 4% of total mass of binder  

Water Tap  0.2 W/B Ratio 
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Figure 8. Worthington 3-ft³ steel drum concrete mixer. 

 

The next batch was an 8-ft3 batch made in a 14-ft3 revolving drum mixer to 

cast a 3-ft x 3-ft x 7.5-in. slab and companion specimens, as shown in 

Figure 9. It was batched in the same manner as the 2.5-ft3 batches. Ice was 

added to the batch water at a rate of 40% of the total weight. The slab was 

cured with a plastic sheet. To reduce chances of dissolving unreacted 

phosphate, no excess water was added; sheeting was placed to help 

prevent drying shrinkage. Cores were taken at 7, 14, and 28 days and 

compared to companion cylinder break strengths.  
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Figure 9. Displacement of MPC designed concrete into slab form.  

 

 Results and discussion 

The results of the MPC mixture DB-C-T8 are in Table 17.  Further 

discussion of each test property follows.  
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Table 17. Summary of test results of MPC DB-C-T8 mixture.  

Property Standard Unit Age 

Results by Batch Volume 

0.75 ft³ 2.5 ft³ 8 ft³ 

Temperature  
ASTM C1064 

(2017d) 
°F - 73 76 

66  

*iced batch  

Unit Weight  
ASTM C138 

(2017c) 
lb/ft³ - 140 140 140 

Air Content   
ASTM C231 

(2017b) 
% - 3.4 3.0 2.8 

Flow  
ASTM C1611 

(2014c) 
inch - 10 10 15 

Time of 

Setting 

ASTM C403 

(2016f) 
minute 

Initial Set 60 48 65 

Final Set 90 70 95 

Compressive 

Strength 

ASTM C39 

(2015a) 
psi 

1-day 1,130 1,610 N.T. 

7-day 4,680 4,980 4,850 

28-day 5,500 5,530 5,380 

Flexural 

Strength 

ASTM C78 

(2016c) 
psi 

1-day N.T. 270 N.T. 

7-day 410 450 430 

28-day 500 510 495 

Bond Strength 

(TM/TM) 

ASTM C882 

(2013a) 
psi 

1-day N.T. 1,170 N.T. 

7-day N.T. 1,790 N.T. 

Bond Strength 

(PCM/TM) 

ASTM C882 

(2013a) 
psi 

1-day N.T. 1,040 N.T. 

7-day N.T. 1,670 N.T. 

Modulus of 

Elasticity 

ASTM C469 

(2014d) 
Mpsi 

1-day N.T. 3,380 N.T. 

7-day N.T. 4,720 N.T. 

28-day N.T. 5,200 N.T. 

Length 

Change 

ASTM C157 

(2014a) 
inch 

28 days 

air cured 
N.T. -0.002 N.T. 

28 days 

water cured 
N.T. 0.025 N.T. 

64 weeks 

 air cured 
N.T. -0.045 N.T. 

64 weeks 

water cured 
N.T. 0.054 N.T. 

Coefficient of 

Thermal 

Expansion 

ASTM C531 

(2012) 
in/in/°F - N.T. 7.3 N.T. 

Freeze-Thaw 

Procedure A 

ASTM C666 

(2015d) 

Durability 

Factor  
43 cycles N.T. 11 N.T. 

Drilled Cores  
ASTM C42 

(2016e) 
psi 

7 days N.T. N.T. 3830 

14 days N.T. N.T. 4550 

28 days N.T. N.T. 4720 

N.T.= Not Tested 
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 Fresh properties 

The 0.75-ft³ and 2.5-ft³ concrete batch temperatures measured in 

accordance with ASTM C1064 (2017d) were 73 and 76°F, respectively. 

These temperatures indicated a favorable concrete condition with an 

exothermic heat generation under 80°F. However, it was unknown 

whether scaling the batch size contributed to the increase in temperature. 

Caution was therefore taken by icing the mix on the larger 8-ft³ batch 

volume. The temperature of the fresh concrete reflected a much lower 

66°F.  

The unit weight measured in accordance to ASTM C138 (2017c) was a 

consistent 140 lb/ft³ for all concrete batch volumes. The air content 

measured in accordance to ASTM C231 (2017b) varied between each 

mixture with a range of 2.8 to 3.4%. The slump flow measured in 

accordance to ASTM C1611 (2014c) was 10 in. for both the 0.75-ft³ and 2.5-

ft³ concrete batches, but increased to 15 in. when measured in the 8-ft³ 
mix. Although time of setting results varied, all batch volumes resulted in 

acceptable setting times for practical applications. The 0.75-ft³ batch 

resulted in an initial set and a final set of 60 and 90 min, respectively. 

Shorter initial and final set times of 48 min and 70 min, respectively, 

resulted with the larger 2.5-ft³ batch. The longest initial and final sets were 

65 and 95 min, respectively, for the 8-ft³ batch. The variations in the air 

content, flow, and time of setting could be attributed to icing the batch 

water for the larger 8-ft³ placement.  

 Compressive strength 

Compressive strength specimens were fabricated in accordance with 

ASTM C192 (2016d) and tested in accordance with ASTM C39 (2015a) 

procedures using 4-in. × 8-in. cylinders. The specimens were removed 

from the molds after 24 hr and air cured under room temperature at 73 ± 

3°F until testing ages of 1, 7, and 28 days. Triplicate cylinders were tested 

at each age at a loading rate of 35 psi/sec until failure. Figure 10 illustrates 

the similar compressive strength results regardless of the batch volume. 

The MPC DB-C-T8 mixture achieved the minimum target compressive 

strength (5,000 psi) at 28 days.  
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Figure 10. Comparison of compressive strength by volume for the  

MPC DB-C-T8 mixture. 

 

 Flexural strength 

Flexural strength specimens were fabricated and tested in accordance with 

ASTM C78 (2016c). The test specimens were rectangular beams with 

dimensions of 3 in. x 3 in. x 12 in., with loading applied at third-points of 

the span. Triplicate beams at each test age were loaded at a specific rate to 

increase a stress of 150 psi/min in the bottom fiber (maximum tension) of 

the beams. The flexural strength trends were similar to the compressive 

strength results. Figure 11 illustrates that the tensile strength measured 

was invariant of the concrete batch size. The MPC DB-C-T8 mixture 

achieved the minimum target flexural strength (500 psi) at 28 days.  
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Figure 11. Comparison of flexural strength by volume for the MPC DB-C-T8 mixture. 

 
 

 Bond strength 

Achieving an adequate bond between repair materials and the existing 

concrete substructure is a key component for all repair materials. Bond 

strength specimens were fabricated and tested in accordance with ASTM 

C882 (2013a) procedures. This slant shear test involved the preparation of 

specimens in 3-in. x 6-in. cylinder molds. A bond line was produced at 

approximately 30 degrees from a vertical angle by first casting wedge-

shaped dummy sections of either portland cement mortar (PCM) or the 

test material (TM) itself. One conditioning modification was made to the 

standard by not soaking the test specimen in water for 24 hr prior to 

bonding.  Dry bonding conditions were used in view of findings by Yang et 

al. (2000) documenting that moist cure conditions negatively impacted 

bond strengths.   

After curing in ambient, dry air conditions, triplicate composite cylinders 

were tested in compression at 1 and 7 days. The bond strengths illustrated 

in Figure 12 were calculated by dividing the load carried by the specimens 

at failure by the area of the elliptical bonding surface. The bond strengths 

of TM/TM at 1 day and 7 days were 1,170 psi and 1,790 psi, respectively.  

The bond strengths of PCM/TM at 1 day and 7 days were 1,040 psi and 



ERDC/GSL TR-20-04  39 

  

1,670 psi, respectively. ASTM C928 (2013b) provides minimum 

performance requirements for this test of 1,000 psi at 1 day and 1,500 psi 

at 7 days for cementitious, rapid-setting materials.  Based on these criteria, 

the results of the MPC concrete indicate this material will bond well to the 

parent substrate and is suitable for repairs and maintenance works. 

Figure 12. Bond strength of TM/TM and PCM/TM at 1 and 7 days.  

 

Under standard bond strength test conditions, the parent concrete 

material is prepared with a wet surface.  Similarly, with most field repair 

applications, the repair surface is dampened during the preparation.  A 

significant advantage of the dry bonding preference of this material is time 

saved by not having to dampen the surface when preparing the repair 

section. The reason theorized by Yang et al. (2000) is that the amount of 

hydration and the W/B ratio are very low; therefore, the shrinkage by 

moisture change is very low, and there is a very low possibility of causing 

cracking at the repaired interface.  This property makes MPC materials 

have very strong adaptability in fields. 

 Modulus of elasticity 

Modulus of elasticity is important because a repair material should not 

have stiffness significantly greater than the parent material. With a higher 

stiffness, the repair material will assume higher stresses under wheel 

loading and pavement movement. Modulus of elasticity testing was 
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accomplished in accordance with ASTM C469 (2014d) procedures. Test 

specimens were 3-in. × 6-in. cylinders instrumented with an unbounded 

sensing device attached to the cylinders at midheight for the purpose of 

measuring vertical deformation. The modulus of elasticity of the DB-C-

T8 mixture, illustrated in Figure 13, was calculated as change in stress 

divided by change in strain, where strain was calculated as vertical 

deformation divided by gauge length. Clearly all modulus of elasticity 

results would meet the 2,000-6,000 ksi criteria established in the protocol 

for cementitious, rapid-setting pavement repair materials (Priddy 2011).  

Figure 13. Modulus of elasticity for DB-C-T8 mixture.  

 

 Length change 

Length change is important because excessive expansion or contraction of 

a spall repair will result in a loss of bond to the parent material. 

Additionally, if the spall repair is large, excessive expansion can result in 

the deterioration of the surrounding pavements. Length change testing 

was accomplished in accordance with ASTM C157 (2014a) procedures with 

both air- and water-storage curing. Test prismatic specimens with 

dimensions of 3 in. × 3 in. × 11.25 in. with embedded gauge studs were 

fabricated from the MPC DB-C-T8 material with readings taken at 4, 7, 14, 

and 28 days and after 8, 16, 32, and 64 weeks by using a length 

comparator. The length change was calculated using the following 

equation: 
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ΔLage= 
𝐿𝑎𝑔𝑒−𝐿𝑜

𝐿0
 

Here, ΔLage is the length change of the specimen at any age, Lage is the 

length of the specimen testing at any age, L0 is the initial length of the 

specimen at 24 hr after casting of the specimen. 

The length change results of the MPC concrete are illustrated in Figure 14 

(a) air-cure environment and (b) water-cure environment.  All of the 

results are an averaged value of three specimens.  Similar values were 

found between the drying shrinkage and expansion results. The 28-day 

length change was 0.025% when cured in water and -0.020% when cured 

in air.  According to the laboratory testing criteria for evaluating 

cementitious, rapid-setting pavement repair materials (Priddy 2011), the 

maximum acceptable length change is ±0.03% at 28 days.  Based on this 

criterion, the MPC concrete material is dimensionally compatible.  At 64 

weeks, the shrinkage and expansion were -0.045% and 0.054%, 

respectively.  No specific criteria at this age were identified in the 

benchmark criteria.   
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Figure 14. Length change over time in (a) air-cure environment and (b) water-cure 

environment. 

 
(a) ASTM C157 (2014a), air cure environment. 

  
(b) ASTM C157 (2014a), water cure environment. 

 Coefficient of thermal expansion  

The coefficient of thermal expansion (CTE) is important for reasons 

similar to those for the modulus of elasticity. A repair material with a CTE 

that is significantly greater than the parent material will experience 

greater volume changes with changes in temperature (volumetric 

expansion due to externally applied forces). The difference in movements 

for the repair versus the parent material tends to deteriorate their bond. 

-0.050

-0.040

-0.030

-0.020

-0.010

0.000

0.010

0.020

0.030

0 100 200 300 400 500

Le
n

gt
h

 C
h

an
ge

 (
%

)

Time, Days

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0 100 200 300 400 500

Le
n

gt
h

 C
h

an
ge

 (
%

)

Time, Days



ERDC/GSL TR-20-04  43 

  

CTE testing was accomplished in accordance with ASTM C531 (2012) 

procedures. Test bar specimens with dimensions of 1-in. x 1-in. x 11.25-in. 

were measured at 24 hr then daily for two weeks to determine linear 

shrinkage. Next, the test specimens cycled between environmental 

conditions of 210°F for 3 days, then 73°F for 24 hr until a constant CTE 

expansion was determined.  

The final CTE of the DB-C-T8 mixture was 7.3 in./in./°F x 10−6.  A similar 

CTE value of 7.8 in./in./°F x 10−6 was reported by Seehra et al. (1993).  

Although the results are slightly higher than the spall repair material 

testing protocol value of ≤ 7 in./in./°F x 10−6, the CTE is similar to typical 

values found in normal weight concrete (between 4.1  in./in./°F x 10−6 and 

7.3 in./in./°F x 10−6).  This indicates thermal compatibility between the 

MPC concrete and the parent concrete material. 

 Freezing and thawing durability 

Freezing and thawing durability testing was accomplished in accordance 

to procedure A of ASTM C666 (2015d). Test prisms with dimensions of 3 

in. x 4 in. x 16 in. were moist-cured for 14 days before being subjected to 

freeze-thaw cycles until failure (60% loss in dynamic modulus) or at a 

maximum of 300 cycles. The specimens were cycled between 4 and -18°C 

in 2 hr, so that 12 freezing and thawing cycles were executed in 24 hr. 

Fundamental transverse frequency was measured approximately every 36 

cycles. Results are reported as the durability factor, which is a function of 

the number of cycles survived by the specimens and the relative dynamic 

modulus of elasticity at the time the test is terminated. 

The relative dynamic modulus of elasticity, 𝑃𝑐, is defined by the equation 

 𝑷𝒄 =
(𝒏𝟏)²

(𝒏)²
 𝐱 𝟏𝟎𝟎 

 

where: 

 𝑃𝑐 = relative dynamic modulus of elasticity after c cycles 

 n  = fundamental transverse frequency at 0 cycles 

 𝑛1 = fundamental transverse frequency after c cycles. 

The durability factor, DF, is defined by the following equation:  
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DF = 
𝐏 𝐱 𝐍

𝐌
 

where: 

 DF  = durability factor of the test specimen 

 P  = relative dynamic modulus of elasticity at N cycles, % 

 N = number of cycles at which P reaches the specified minimum 

value for discontinuing the test or the specified number of 

cycles at which the exposure is to be terminated, whichever is 

less 

 M = specified number of cycles at which the exposure is to be 

terminated (300 cycles in accordance to procedure A). 

The graph in Figure 15 presents the relative dynamic elastic modulus with 

respect to the cumulative number of freeze-thaw cycles. For the tests 

conducted on the specimens for the DB-C-T8 mixture, the DF was 11 at 50 

cycles. However, no surface scaling or spalling was observed on the 

specimens. The early freeze-thaw failure could be attributed to the low air 

content in the mixture.  

Figure 15. Relative dynamic elastic modulus over freeze-thaw cycles. 

 

 Drilled cores of concrete 

Cores were drilled from a 3-ft x 3-ft x 7.5-in. slab of hardened MPC DB-C-

T8 concrete in accordance with ASTM C42 (2016e). Samples were not 

taken until 7 days of curing to ensure the concrete was strong enough to 

permit sample removal without disturbing the bond between the mortar 
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and the coarse aggregate. A core drill with diamond impregnated bits 

attached to a core barrel was used to take specimens of 3.5-in. x 7-in. 

dimensions with the purpose to determine the rate of strength gain. Dry 

coring was attempted due to concerns that excessive water could 

potentially reduce the strength of the cores by reacting with phosphates in 

the material. However, this forced excessive stress and friction on the core 

drill and barrel, so dry coring was not possible. Triplicate cores were 

extracted using the standard equipment water flow rate for each of three 

test ages (7, 14, and 28 days). Figure 16 illustrates the slab before and after 

final coring.  

Figure 16. MPC concrete slab cast from DB-C-T8 mixture.  

 
a) Slab before coring 

 
b) Slab after coring 

 

After coring, all water was wiped from the surface, and the cores with 

unbonded caps were allowed to dry for 1 hr prior to the testing in 

accordance with ASTM C39 (2015a) procedures. Figure 17 illustrates the 

compressive strength of the core specimens compared to companion 

cylinders cast from the same DB-C-T8 material. According to ACI 318 

(2014), the concrete represented by the cores is considered structurally 

adequate if the average strength of three cores is at least 85% of the 

specified strength. The tested core strengths were 21% less than the 

companion cylinders at 7 days and 12% less at 14 and 28 days. Results 

indicate the 14- and 28-day core results are acceptable, but the concrete 

was possibly prematurely cored at 7 days and not strong enough to 

withstand damage during removal.  
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Figure 17. Comparison of cylinder and core specimens from MPC DB-C-T8 mixture. 
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 Field Testing 

Following the full-scale laboratory testing of DB-C-T8, four variations of 

concretes named MPC Mixes 1-4 were developed to blend commercially in 

bulk 2,800-lb super sacks. Prior to field testing the super sack MPC 

materials, a partial sample of the commercially blended materials was 

tested in the laboratory to characterize the products and compare 

mechanical and physical properties to earlier mixes performed in-house.  

Field placement of concretes were conducted in two intervals at the 

Vicksburg, MS, test site to simulate craters in an airfield. Placement of 

MPC Mix 1 occurred in April 2018, and placements of MPC Mixes 2-4 

occurred in May 2018. A volumetric mixer was used to place the 

commercially blended MPC material in slabs constructed 8.5 ft wide x 8.5 

ft long x 8 in. deep with a companion test specimen for each of the four 

mixture designs. 

 Materials 

Batch weights of MPC Mixes 1-4 are provided in Table 18. The raw 

materials were provided to CTS Cement Manufacturing Corp. to 

commercially blend the bulk proportions for uniformity.  MPC Mix 1 was 

scaled up using all original materials in the mixture design DB-C-

T8 detailed in earlier chapters. All aggregates were oven dried in-house 

and stored in barrels before shipment for dry blending of all materials. 

This proportion assumes a zero-% moisture. Mix 2 is a replicate of the 

original mixture design with the exception of using the CTS Cement 

Manufacturing Corp.’s locally sourced coarse aggregate. Mix 3 increases 

the NMAS to ¾ in. Mix 4 increases the A/B ratio from 50/50 to 52/48. 

Mixes 3 and 4 also used the CTS Cement Manufacturing Corp.’s locally 

sourced coarse aggregate. 
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Table 18. Batch weights of MPC mixture designs for super sack proportions.  

Material Source 

Batch Weight (lb) 

MPC Mix 1 

CMB 

#180021 

MPC Mix 2 

CMB 

#180022 

MPC Mix 3 

CMB 

#180022 

MPC Mix 4 

CMB 

#180023 

MgO Dead 

Burned 

Martin Marietta - 

P98 Pulverized 

Magnesium Oxide 

260 285 285 275 

Monopotassium 

Phosphate (MKP) 

(KH2PO4) 

ICL Premium 

Fertilizers  
419 458 458 442 

Class C Fly Ash 

Headwaters 

Resources,  

White Bluff Plant 

Redfield, AR 

679 743 743 716 

Concrete Sand 
Green Brothers  

Crystal Springs, MS 
677 666 666 788 

3/8-in. Coarse 

Aggregate 

Green Brothers   

Crystal Springs, MS 
712 - - - 

3/8-in. Coarse 

Aggregate 

Osage River Rock 

Jefferson City, MO 
- 778 467 829 

3/4-in. Coarse 

Aggregate 

Osage River Rock  

Wardsville, MO 
- - 391 - 

Boric Acid Three Elephants 54 59 59 57 

 

 Characterization and variability testing 

 X-ray Fluorescence 

The bulk chemistry composition for randomly sampled super sacks of the 

MPC commercial blend materials in Mixes 1-4 was characterized by using 

X-ray fluorescence (XRF). The results in Table 19 show the similarity in 

the cementitious chemical compounds.  
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Table 19. Chemical composition of MPC commercial blend mixes. 

Compound 

MPC Mix 1 

CMB 

#180021 

MPC Mix 2 

CMB 

#180022 

MPC Mix 3 

CMB 

#180023 

MPC Mix 4 

CMB 

#180023 

SiO2 (%) 23.15 23.47 24.32 24.32 

Al2O3 (%) 12.3 12.36 12.29 12.3 

Fe2O3 (%) 3.42 3.37 3.58 3.57 

CaO (%) 22.78 22.53 20.76 20.86 

MgO (%) 28.01 27.99 29.13 29.16 

SO3 (%) 2.26 2.27 1.49 1.54 

K2O (%) 1.43 1.37 1.48 1.48 

Na2O (%) 1.48 1.42 1.5 1.51 

P2O5 (%) 2.29 2.24 2.46 2.45 

TiO2 (%) 1.01 0.99 1.02 1.03 

Mn2O3 (%) 0.01 0.01 0.01 0.01 

SrO (%) 0.26 0.26 0.27 0.27 

ZnO (%) 0.002 0.002 0.002 0.001 

Cr2O3 (%) 0.042 0.042 0.042 0.042 

Loss on Ignition (%) 1.65 1.66 1.64 1.45 

 Cement content 

The cement content of the randomly sampled super sacks of the MPC 

commercial blend materials in Mixes 1-4 was analyzed by sieve analysis in 

accordance to the ASTM C136 (2014b). The average percentage of material 

finer than the No. 200 size sieve was taken and reported in Table 20. The 

cement content ranged between 24.7 and 31.05 % with a coefficient of 

variation (COV) between 0.12 and 4.01 %.  

Table 20. Cement content of random samples of the MPC super 

 sack material. 

Sample ID Cement Content (%) Std. Dev. COV (%) 

MPC Mix 1 

CMB #180021 
29.74 0.04 0.12 

MPC Mix 2 

CMB #180022 
31.05 0.86 2.78 

MPC Mix 3 

CMB #180023 
24.7 0.99 4.01 

MPC Mix 4 

CMB #180023 
25.23 0.81 3.20 
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 Laboratory experimental methods 

Approximately 300 lb was sampled from the super sacks of material and 

dry blended in order to obtain a homogeneous material before mixing. A 

volume of 2.5 ft3 was used when batching and mixing the MPC concretes 

with a 0.2 W/B ratio, using the same mixing procedures detailed earlier.  

This batch volume was selected for the best comparison to the original 

laboratory mixtures discussed earlier.  

Mixing was performed for 2½ min in a drum-type mechanical mixer 

apparatus per ASTM C192 (2016d) requirements. After mixing, the 

concrete was tested for physical and fresh properties of temperature, time 

of setting, air content, and unit weight. The fresh concrete was placed in 

forms to produce compressive and flexural test specimens. The forms were 

covered with plastic to prevent moisture loss from specimens for 24 hr 

before being demolded. All samples were kept in a temperature controlled 

room (73 ± 2°F) at 50% relative humidity until the age of testing. Unlike 

traditional concrete, which is moist-cured, these specimens were dry-

cured.   

 Laboratory results of sampled MPC Mixes 1-4 super sacks 

The results of the overall laboratory tests of fresh and hardened properties 

of the sampled super sacks of MPC Mixes 1-4 are summarized in Table 21.  
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Table 21. Results of fresh and hardened properties of sampled MPC super sacks.  

Test Property Specifics 

MPC Mix 1 

CMB #180021 

MPC Mix 2 

CMB #180022 

MPC Mix 3 

CMB #180023 

MPC Mix 4 

CMB #180023 

Unit Weight  

ASTM C138 

C138(201 

(2017c) 

lb/ft³ 140 141 141 142 

Air Content   

ASTM C231 
% 3.3 2.0 2.6 1.2 

Flow  

ASTM C1611 
inch 13 10.5 9 13 

Temperature  

ASTM C1064 
°F 74 75 76 77 

Time of Set 

(minutes) 

ASTM C403 

Initial 35 38 23 45 

Final 45 46 36 65 

Compressive 

Strength (psi) 

ASTM C39 

1-day 1,110 1,130 1,240 950 

7-day 5,340 5,200 5,400 3,900 

28-day 5,420 5,170 5,620 4,650 

Flexural 

Strength (psi) 

ASTM C78 

7-day 445 400 440 350 

28-day 505 500 530 465 

 

 Fresh properties 

For each batch, fresh concrete properties measured included unit weight 

(ASTM 2017c), air content (ASTM 2017b), flow (ASTM 2014c), 

temperature (ASTM 2017d), and time of setting (ASTM 2016f).  The unit 

weight averaged 141 lb/ft³, which is consistent with the original laboratory 

mix result of 140 lb/ft³. The air content varied between each mixture with 

a range of 1.2 to 3.3%. The flow ranged from 9 to 13 in., so workability was 

maintained in each mixture. The flow was also consistent with the 

previously tested flow result of 10 in. The sampled concrete temperature 

ranged from 74 to 77°F when measured with a liquid-in-glass 

thermometer.  The time of setting resulted in the most surprising of the 

fresh properties. All mixtures failed to meet the initial set requirement of 

at least 60 min. The original laboratory mix resulted in an initial set of 60 

min and final set of 90 min. MPC Mix 3 produced the quickest initial and 

final setting times of 23 min and 36 min, respectively. MPC Mix 4 resulted 

in the longest initial and final setting times of 45 min and 65 min, 

respectively.  
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 Compressive strength 

Compressive strengths for the sampled super sacks of MPC Mixes 1-4 

materials at 1, 7, and 28 days are shown in Figure 18. It can be seen from 

Figure 18 that Mix 3 exhibits marginally higher strengths over Mix 1 and 2, 

and Mix 4 resulted in the lowest of the four MPC mixture proportions. As 

expected, Mixes 1 and 2 produced similar strength trends. Only MPC 

Mixes 1, 2, and 3 achieved the minimum 28-day compressive strength 

requirement of 5,000 psi.  

Figure 18. Compressive strength of sampled super sack of MPC Mixes 1-4 materials. 

 

 Flexural strength 

Flexural strengths for the sampled super sacks of MPC Mixes 1-4 materials 

at 7 and 28 days are shown in Figure 19. Similar to trends in the 

compressive strength, Mix 3 exhibits marginally higher strengths over 

Mixes 1 and 2, and Mix 4 results in the lowest strengths of the four MPC 

mixture proportions. Only MPC Mixes 1, 2, and 3 achieved minimum 28-

day flexural strength requirement of 500 psi.  
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Figure 19. Flexural strength of sampled super sack of MPC Mixes 1-4 materials. 

 

 Discussion of sampled super sacks of MPC Mixes 1-4 

Overall, the sampled super sacks of MPC Mixes 1-4 were consistent with 

the full-scale testing results of the original MPC mixture design DB-C-T8. 

All fresh properties were similar to the original laboratory mixture results, 

with the exception of the time of setting, which was much shorter. The 

reduced time of setting could be due to the small sample portion tested 

from the large super sack of material. Variability in the materials, 

including boric acid that slows the time of setting, could have existed. The 

target 28-day compressive and flexural strengths were achieved (5,000 psi 

and 500 psi) on all but Mix 4. 

 Field experimental methods 

For each slab, 2 yd³ (equivalent of two super sacks) of concrete was mixed 

by using ERDC’s portable volumetric mixer, as illustrated in Figure 20,  

and placed in slabs constructed 8.5 ft wide x 8.5 ft long x 8 in. deep for 

each of the four mixture designs.  
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Figure 20. Loading the volumetric mixer for concrete placement of MPC materials. 

 

For each batch, fresh concrete properties measured included unit weight 

(ASTM 2017c), air content (ASTM 2017b), temperature (ASTM 2017d), 

and time of setting (ASTM 2016f). Testing of the fresh properties was 

started within 5 min of obtaining the final portion of the composite 

sample. Figure 21 illustrates the sampling of the freshly mixed concrete. 

Figure 21. Sampling freshly mixed concrete. 
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Twelve 4- x 8-in. concrete cylinder specimens were prepared for 

compressive strength testing at 1, 7, 14, and 28 days (3 cylinders at each 

age). Three 3- x 3- x 11.25-in. beam specimens were also prepared for 

flexural strength at 28 days. Figure 22 illustrates the field specimen 

preparation for mechanical property testing. All specimens were cured 

under plastic at the test site until the testing age.  

Figure 22. Field specimen preparation for compressive and flexural strength. 

 

Each batch of concrete was delivered to the crater from the chute of the 

volumetric mixer after approximately 5 min of mixing. Concrete rakes and 

shovels were used to homogeneously spread the material in the pit. Once 

filled, the cap was struck level and finished with a bull float. Figure 23 and 

Figure 24 illustrate the mixing, placing, and finishing process for the MPC 

Mixes 1-4.  
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Figure 23. Mixing and placing MPC Mixes 1-4 concrete. 

 
(a) MPC Mix 1 

 

 
(b) MPC Mix 2 

 
(c) MPC Mix 3 

 

 
(d) MPC Mix 4 

 

 

 

 

 

 

 



ERDC/GSL TR-20-04  57 

  

Figure 24. Finishing MPC Mixes 1-4 concrete. 

 
(a) MPC Mix 1 

 
(b) MPC Mix 2 

 
(c) MPC Mix 3 

 
(d) MPC Mix 4 

(e) Surface temperature monitoring 
 

(f) Covering test section with plastic 
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 Results and discussion of field testing 

The fresh properties (unit weight, air content, temperature, and time of 

setting) and mechanical properties (compressive and flexural strengths) 

from the field tested MPC Mixes 1-4 are in Table 22.  

Table 22. Results of fresh and hardened properties of field tested MPC super sacks.  

Test Property Specifics 

MPC Mix 1 

CMB 

#180021 

MPC Mix 2 

CMB 

#180022 

MPC Mix 3 

CMB 

#180023 

MPC Mix 4 

CMB 

#180023 

Unit Weight  

ASTM C138 
lb/ft³ 130 136 135 136 

Air Content   

ASTM C231 
% 2.1 2 2 2 

Temperature 

ASTM C1064 
°F 73 71.4 69.6 72.8 

Time of Set 

(minutes) 

ASTM C403 

Initial 70 55 50 60 

Final 90 65 60 80 

Compressive 

Strength (psi) 

ASTM C39 

1-day 180 260 320 240 

7-day 1,215 1,255 1,340 1,150 

14-day 2,380 2,820 3,200 1,780 

28-day 3,550 3,700 4,190 2,800 

Flexural 

Strength (psi) 

ASTM C78 

7-day 125 130 290 110 

28-day 370 370 440 305 

 Fresh properties 

For each batch, measured fresh concrete properties included unit weight 

(ASTM 2017c), air content (ASTM 2017b), temperature (ASTM 2017d), 

and time of setting (ASTM 2016f). The unit weight of the field-mixed 

material ranged from 130-136 lb/ft³ compared to an average 140 lb/ft³ 

unit weight in the laboratory mixture. The air content averaged 2%. This 

could have been caused by placing the material with a more fluid 

consistency than was used in the laboratory mixtures. The temperature 

ranged from 69.6 to 73°F, which was lower than the laboratory 

measurement of 76°F and sampled super sack average ranging from 74 to 

77°F.  This was possibly due to the differences in temperature recording.  

An infrared temperature gun was used to measure the surface temperature 
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of the concrete slab compared to internal immersion of a liquid-in-glass 

thermometer for laboratory mixtures. 

All mixture surface temperatures were monitored by an infrared 

thermometer and stayed below 80°F. The unit weight averaged 141 lb/ft³. 

MPC Mix 3 produced the quickest initial and final setting times of 50 and 

60 min, respectively. MPC Mix 1 resulted in the longest initial and final 

setting times of 70 and 90 min, respectively.  

 Compressive strength 

The comparison of MPC Mixes 1-4 at 1, 7, 14, and 28 days is illustrated in 

Figure 25.  All mixture proportions had low 1- and 7-day strengths. Mix 3 

reached the highest 28-day strength of 4,190 psi.  

Figure 25. Compressive strength of MPC Mixes 1-4 field tested companion 

specimens. 

  

 Flexural strength 

The flexural strengths of MPC Mixes 1-4 at 7 and 28 days are compared in 

Figure 26. Mix 1 and Mix 2 resulted in almost identical results at both 

ages. Mix 4 achieved the lowest strength of 110 psi at 7 days and 305 psi at 

28 days. Mix 3 reached the highest strength of 290 at 7 days and 440 psi at 

28 days.  
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Figure 26. Flexural strength of MPC Mixes 1-4 field tested companion specimens. 

 

 Discussion of field testing 

Some challenges were encountered with the MPC Mix 1 upon opening the 

sealed super sacks of material. Although the product did not appear 

hydrated, the materials were densely compacted solid and had to be 

broken up into powder form before mixing. This was not difficult with the 

laboratory mix since it was only a partial 300-lb sample of the super sack 

material and was easily dry blended in a drum concrete mixer. However, 

this was a major problem for the field testing in preparing the volumetric 

mixer for approximate 2-yd³ yields. Large portions of the product had to 

be physically broken down with hammers, as shown in Figure 27. The 

volumetric mixer still experienced malfunctions during mixing due to the 

compaction of the MPC materials.  
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Figure 27. Large portions of compacted MPC material being broken down. 

  

 

Although the super sacks of MPC Mix 1 materials were tightly sealed and 

lined with foil to minimize exposure to moisture, additional measures 

were needed to reduce potential hydration of the materials. MPC Mixes 2-

4 were designed using local source aggregates, oven dried and blended 

commercially by CTS Cement Manufacturing Corp. This was to ensure no 

moisture was encountered in the shipment of aggregates. Mix 3 increased 

the NMAS to ¾-in., and Mix 4 increased the A/B ratio in attempts to 

reduce the highly compacted material in the super sacks. Additional QA 

measures were taken by the blending company to measure the free 

moistures at multiple intervals during packaging and to “pack set” the bulk 

super sack products. Despite these measures, the material for Mixes 2-4 

still exhibited the same issues as Mix 1, indicating that the size and 

makeup of the dry materials is such that excessive packing can occur 

easily, even when each mix ingredient is sufficiently dry.  

Another challenge encountered during field testing was determining the 

proper mixer settings to produce the target W/B ratio, as shown in Figure 

28.  The volumetric mixer uses a gate to allow more or less dry material to 

enter the mix auger, resulting in a lower or higher W/B ratio, respectively.  

The gate was adjusted at first to achieve a reasonable workable mixture, 

but additional fine adjustments were not conducted so that the required 

sampling could take place.  The proper gate setting could easily be 

determined with additional testing.  
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Figure 28. Excessive water initially delivered from volumetric mixer. 

 

During the placement of MPC Mix 4, segregation of the material was 

observed, and the material appeared more fluid. Strength results were also 

the lowest for Mix 4. This was possibly caused by the lower binder and 

increased aggregate content in the mixture design. Due to the low 

compressive strength results, no field section was trafficked under 

simulated aircraft loading. 
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 Conclusions and Recommendations 

The purpose of this study was to develop optimized MPC concrete mixture 

proportions from raw materials to meet characterization criteria for 

airfield pavements sponsored by the AFCEC. Raw materials used in this 

research included three types of MgO (light-burned [LB], hard-burned 

[HB], and dead-burned [DB]), one phosphate salt (potassium dihydrogen 

phosphate, or KDP), two types of fly ash (Class F and Class C), a retarder 

(boric acid), two gradations of coarse aggregates (3/8 in. and ¾ in.), and 

one natural river sand.  

A total of 24 mixture proportions were trial batched and tested for 

compressive strength and time of setting. Trial batching with the LB and 

HB MgO resulted in high exothermic reactivity, poor thixotropic 

workability, short setting times, and low compressive strengths. Therefore, 

these materials are not recommended. The trial batch named DB-C-T8 

using DB MgO, KDP, Class C fly ash, boric acid, and locally available 

aggregates was selected for full-scale laboratory testing-based target 

accomplishments for the workability, time of setting, and compressive 

strength properties.  

The Class C fly ash performed better than the Class F fly ash for MPC 

during trial batching. This is possibly due to the higher levels of calcium 

reacting with some of the remaining phosphates in the system, which leads 

to a denser, stronger, and more water-resistant material. The Class C fly 

ash slightly increased the set times and improved the workability of the 

MPCs. 

Laboratory test results indicated the commercially blended MPC design is 

a good material for rapid repair of concrete and can be conventionally 

used. Measured engineering properties of compressive, flexural, splitting 

tensile, and bond strengths; modulus of elasticity; time of setting; length 

change; coefficient of thermal expansion; and freeze-thaw durability were 

comparable to the protocol used to evaluate rapid-setting cementitious 

materials for airfield spall repair. 

Following the full-scale laboratory testing of DB-C-T8, four variations of 

the concrete proportions named MPC Mixes 1-4 were developed and 

commercially blended in bulk super sacks. The materials were densely 

compacted; and large, solid portions of the product had to be broken down 
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during the batching of the concrete. Although multiple QA measures were 

taken to reduce the MPC material’s exposure to moisture, further 

investigation is needed for possible improvements in the bulk packaging of 

the MPC material to reduce compaction of the materials.  

Large-scale (2 yd³) placements were achieved using the four specialized 

designs of MPC Mixes 1-4. This is noteworthy since no literature reference 

was discovered for an MPC concrete placement at this large volume. The 

setting time was about 60 min with the temperature under 80°C. Target 

28-day compressive and flexural strengths of 5,000 psi and 500 psi, 

respectively, were accomplished with laboratory mixture proportioning 

but not with field testing. Due to failure to meet the target strengths, 

trafficking using simulated aircraft loads was not administered to the field 

test sections.  

The undesirable mechanical property test results are attributed to the 

excessive water delivered to the material during the batching of the 

concrete. This excess can be overcome in future testing by placing tighter 

controls in operating procedures of the volumetric mixer and adjusting the 

gate settings to reduce the water when batching the MPC material.  

In addition, the lower strengths may be a result of differences in curing 

conditions. The field specimens were not demolded in 24 hr then aged in an 

ambient air environment protected from moisture. Rather, specimens aged 

in their plastic molds on site until the test age. The confined test 

environment possibly sealed in the bleed water and caused any unhydrated 

phosphates to react, leading to lower strengths. The actual test sections 

possibly acquired sufficient strength, but coring was not performed, so a 

definitive statement cannot be made. It is recommended to obtain core 

samples from future slab sections for compressive strength testing to 

compare with comparison cylinder specimens at designated test ages.   
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Appendix A: Material Data Reports 

A.1 Light-burned MgO: Magox 93HR 325 
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A.2 Hard-burned MgO: MagChem 10 
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A.3 Dead-burned MgO: MagChem P98 
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A.4 Potassium dihydrogen phosphate (KH₂PO₄)  
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A.5 Class F fly ash 
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A.6 Class C fly ash 
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A.7 Boric acid 
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A.8 Concrete sand 
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A.9 Three-eighths-inch (3/8-in.) pea gravel 

 

A.10 Three-fourths-inch (3/4-in.) river aggregate  
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Appendix B: Trial Mixture Proportions at SSD 

for 1 Cu Yd 

B.1 HB-F T1 
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B.2 HB-F T2 
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B.3 HB-F T3 
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B.4 DB-C T1 
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B.5 DB-C T2 
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B.6 DB-C T3 
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B.7 DB-C T4 
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B.8 DB-C T5 
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B.9 DB-C T6 
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B.10  DB-C T7 
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B.11 DB-C T8 
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B.12 DB-C T9 

 

 

 

 

 

 

 

 

 



ERDC/GSL TR-20-04  105 

  

B.13 DB-C T10 
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Appendix C: Summary of Trial Batch Results 
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Unit Conversion Factors 

Multiply By To Obtain 

cubic feet 0.02831685 cubic meters 

cubic inches 1.6387064 E-05 cubic meters 

cubic yards 0.7645549 cubic meters 

degrees Fahrenheit (F-32)/1.8 degrees Celsius 

feet 0.3048 meters 

gallons (U.S. liquid) 3.785412 E-03 cubic meters 

inches 0.0254 meters 

ounces (mass) 0.02834952 kilograms 

ounces (U.S. fluid) 2.957353 E-05 cubic meters 

pounds (force) 4.448222 newtons 

pounds (force) per square foot 47.88026 pascals 

pounds (force) per square inch 6.894757 kilopascals 

pounds (mass) 0.45359237 kilograms 

pounds (mass) per cubic foot 16.01846 kilograms per cubic meter 

pounds (mass) per cubic inch 2.757990 E+04 kilograms per cubic meter 

tons (2,000 pounds, mass) 907.1847 kilograms 

tons (2,000 pounds, mass) per square foot 9,764.856 kilograms per square meter 

yards 0.9144 meters 
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