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1. INTRODUCTION 

1.1 Background 

The Pavement Condition Index (PCI) procedure is the standard used by the aviation industry to 
visually assess pavement condition.  In fact, the U.S. Federal Aviation Administration’s (FAA’s) 
Advisory Circular (AC) 150/5380-6B, Guidelines and Procedures for Maintenance of Airport 
Pavements “recommends that airports follow American Society for Testing Materials (ASTM) D 
5340, Standard Test Method for Airport Pavement Condition Index Surveys when conducting 
preventive maintenance inspections,” which employs the PCI procedure.  
 
During a PCI survey, visible signs of deterioration within a selected sample unit are observed 
and recorded by distress type, severity, and quantity.  The results of the PCI survey, aggregated 
into a score from 100 to 0 with 100 being a pavement that is distress free, provide engineers with 
a consistent, objective, and repeatable tool to represent and communicate the overall condition of 
a pavement.   
 
However, it has been noted that the PCI procedure does not adequately address materials-related 
distress (MRD).  Van Dam et al. (2002) refer to MRD as “pavement distresses that are directly 
related to the interaction between the concrete materials used to construct the pavement and the 
environment.”  MRDs are further broken down by their primary cause: MRD due to physical 
mechanisms include freeze-thaw deterioration, deicer scaling/deterioration, and freeze-thaw 
deterioration of aggregate, and MRD due to chemical mechanisms include alkali-silica reactivity 
(ASR), alkali-carbonate reactivity (ACR), external sulfate attack, internal sulfate attack, and 
corrosion of embedded steel.  Recent interest has focused on the role deicers may play, both 
physically and chemically, in the development and progression of MRD (Van Dam et al. 2006; 
Rangaraju and Olek 2007; Sutter et al. 2008).   
 
Regardless of the primary mechanism at work, manifestations of MRD do not correspond well to 
the identification of distresses in the PCI procedure for PCC pavements, where there are three 
primary distress calls that may be related to MRD: “D” cracking; Scaling, Map Cracking, and 
Crazing; and Shrinkage Cracks.  Furthermore, other PCI distresses may reflect the presence of 
MRD (such as blowups, patching, and spalling), but the distinct characteristics of MRD are not 
specifically called out.  For this reason, a complementary survey procedure is needed to note the 
emergence and progression of MRD to assist airfields in planning for future maintenance and 
rehabilitation needs. 
 
1.2 Project Objectives 

The primary general objective of this project is to develop a pavement survey procedure to 
complement the PCI, focusing on the unique manifestations of MRD.  The procedure developed 
is based on current knowledge of the development and progression of MRD and, if incorporated 
into a pavement management tool, can be used to support decisions regarding the maintenance, 
rehabilitation, and replacement of pavements in much the same manner that the PCI currently 
supports these decisions as part of the pavement management process.   
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From its inception, it has been understood that this project was to focus exclusively on the 
development of the MRD rating (MRDR) protocol.  It was further understood that the primary 
sources of information were two air carrier airports, located in close geographic proximity to 
each other, that were suffering various manifestations of MRD.  As such, the MRDR protocol 
developed in the course of this study requires further validation before being generally 
applicable. 
 
The MRDR protocol is designed to be used for the identification of pavement repair/ 
rehabilitation decision points consistent with surface conditions that dictate pavement 
management actions intended to minimize the potential for the generation of foreign objects and 
debris (FOD) that could damage aircraft operating on the pavement.   Specific objectives of this 
study include the following: 
 

• Development of the MRDR tool for assessing the presence and severity of MRD.  This 
tool must be able to be used to track progression of MRD over time through repeated 
applications of the procedure.   

 
• Develop an understanding of the risk associated with MRD development and progression 

and subsequently use this understanding to make recommendations for the timing of 
strategies intended to minimize the rate of FOD generation. The risk assessment must 
include the identification of MRDR decision points that are timely with respect to the 
budget process. 

 
• The MRDR must possess the sensitivity necessary to thoroughly define the various MRD 

manifestations, including what observable or measurable features constitute the initial 
signs of MRD, what manifestations of MRD result in the worst “rate of surface 
deterioration,” and how the owner can predict the time between the initial identification 
of MRD and the decision point when mitigation must be employed. 

 
• Define how “risk” is assigned and “unacceptable risk” judged.  Risk association must be 

based upon an empirical knowledge of the pavements that are the subject of this study.  
 
1.3 Research Approach 

To meet the project objectives, the following nine tasks were completed: 
 
Task 1 – Literature Review and Information Gathering.  The first task was to perform a literature 
review and collect information related to MRDs, airfield pavement evaluation, condition indices, 
and pavement management 
 
Task 2 – Preliminary Development of MRDR Tool .  Based partially on the results of Task 1, the 
research team drafted a revised research plan and schedule.  A preliminary version of the MRDR 
tool was developed with input from the IPRF panel.  
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Task 3 – Visit One Airport.  The draft MRDR tool was applied at a single airport as part of the 
development of the MRDR methodology.  The PCI methodology was also applied.  Results from 
this survey were used to substantially modify the draft MRDR tool. 
 
Task 4 – Develop a Protocol and Realistic Concept of an MRD Management Tool.  Based on the 
results of Task 3, the MRDR tool was thoroughly revised and expanded to create a functional 
tool for use in managing airport pavements exhibiting MRD. 
 
Task 5 – MRD Distress Development and Prediction.  Using the information gathered at the first 
airport, and ultimately a second airport as well, airport engineering and maintenance personnel 
were surveyed with regards to distress development and progression.  Survey results were used 
to establish distress progression sequences based on the two airports investigated, establishing a 
broad time line modeling distress development from inception to the point when immediate 
repair is needed. 
 
Task 6 – Perform an Evaluation of Pavements at a Second Airport.  The revised MRDR tool was 
successfully applied at a second airport.   
 
Task 7 – Provide a Written Summary to the IPRF on the Results of Tasks 1 Through 6.  The 
results of Tasks 1 through 6 were presented to the IPRF panel.  Recognizing the need for 
additional data, the project scope was revised to include re-inspection of the first airport, and 
then a second application of the MRDR tool at each of the two airports after another winter to 
better understand distress progression.  Throughout this task, minor improvements were made to 
finalize the MRDR tool. 
 
Task 8 – Prepare Draft Final Report.  The draft final report was prepared incorporating the 
literature review, development of the MRDR tool, development of the distress propagation 
sequences, and the results of the various field applications of the MRDR tool at the two airports.  
The MRDR inspection manual was also prepared as a separate document. 
 
Task 9 – Final Report.  A desk-top review will result in final comments and recommendations 
for revision to the report.  In this task the project team will make all corrections to the 90% 
document and submit the final documents to the IPRF.  The project team will also be available to 
assist the IPRF with publication-related editing.  
 
1.4 Research Products 

The two primary research products of this effort are as follows: 
 

• A stand-alone MRD inspection manual, analogous to the PCI inspection manual, that 
includes field inspection procedures, illustrates how the MRDR is calculated, and 
presents MRDR trigger points identifying when various repair/rehabilitation actions 
should occur. 

 
• This IPRF report that documents the results of the research. 
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Chapter 2 of this report summarizes the results of the literature review.  Chapter 3 presents MRD 
manifestations and progression, Chapter 4 describes the development of the field inspection 
procedures, and Chapter 5 discusses the application of the MRDR tool at the two airports.  
Chapter 6 describes establishing maintenance and repair/rehabilitation strategies.  Chapter 7 
presents conclusions and recommendations for future work. 
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2. LITERATURE REVIEW 

2.1 Introduction 

The available literature on different types of MRD and airfield pavement evaluation procedures 
was reviewed.  The review of types of MRD presented herein is largely based on work by Van 
Dam et al. (2003) for the FHWA.  Additional resources are cited to supplement this work and 
extend it to airfield pavement applications. 
 
2.2 Types of MRD 

Distresses that are directly related to the interaction between the materials used to construct a 
concrete pavement and the environment are referred to as MRD.  The development of MRD can 
be attributed to either physical or chemical mechanisms, although the two types of mechanisms 
often act together to bring about the development of distress.  Furthermore, MRD due to multiple 
causes may develop simultaneously, thereby complicating the determination of the exact cause(s) 
of material failure.  
 
MRD generally first appears on a pavement surface as fine cracking or as material degradation 
such as scaling or spalling.  The distress may be isolated in the vicinity of joints or cracks or 
distributed over the pavement surface.   Discoloration of the concrete, sometimes referred to as 
staining, is also a common feature of MRD, as is the observation of exudates (material deposits 
that are being exuded) in cracks.  In some instances, concrete expansion may occur, resulting in 
blowups at joints and displacement of fixed structures.  Depending upon the type of distress and 
the environment to which the pavement is exposed, these distresses may occur as soon as a few 
years following construction.  In other cases, noticeable pavement deterioration will not be 
observed until much later in the pavement’s service life. 
 
MRD on airfield pavements has received widespread attention in recent years, in large part 
because of a number of well publicized projects in which MRDs have been identified as the 
cause of accelerated deterioration.  There is also a general recognition of the importance of 
material durability in the performance of concrete pavements.  Whereas previously it was 
commonly assumed that sufficient concrete strength ensured durability and long-term 
performance, it is now recognized that concrete mixtures must be designed for both strength and 
durability.  Although airfield PCC pavements are typically designed for 20 years, it is common 
to expect these pavements to provide many more years of satisfactory service, which is only 
possible with durable PCC.   
 
The following MRD types are generally recognized: 
 

• Freeze-thaw deterioration of hardened cement paste. 
• Deicer scaling/deterioration. 
• Freeze-thaw deterioration of aggregate. 
• Alkali–silica reactivity (ASR). 
• Alkali–carbonate reactivity (ACR). 
• Sulfate attack.  
• Corrosion of embedded steel. 
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The first three MRD types listed have been categorized as being caused by physical mechanisms 
and the remaining four by chemical mechanisms.  As is discussed, this simple classification is 
not wholly accurate when considering deicer deterioration.  Although this list presents seven 
distinct MRD types, the complexity of the physical and chemical interactions involved in the 
development and manifestations of some types of MRD, as well as current gaps in what is 
known about MRD, often prevent absolute identification of the primary mechanism of distress.  
Also, the fact that more than one distress mechanism may be at work at the same time further 
complicates the identification process.  Finally, it is noted that there are less common 
occurrences of other types of MRD that are not listed, but may also play a role in concrete 
pavement deterioration. 
 
Table 1 summarizes these distresses, along with general information on their causes, appearance, 
and prevention; a brief description of these distresses is provided below. 
 
2.2.1. Deterioration Due to Physical Mechanisms 

2.2.1.1. Freeze-Thaw Deterioration of Hardened Cement Paste 

Freeze-thaw deterioration of hardened cement paste is caused by the deterioration of saturated 
cement paste under repeated freeze-thaw cycles. Currently, there is no consensus on the exact 
mechanisms responsible for internal damage resulting from freeze-thaw action.  The most widely 
accepted theories consider the development of internal tensile stress as a result of either 
hydraulic pressures, osmotic pressures, or a combination of the two during freezing. 
In early efforts to understand freeze-thaw action in concrete, Powers (1945) attributed freeze-
thaw damage to excessive hydraulic pressures produced from the expansion of ice.  It was 
proposed that as ice formed in the pore system, the resulting 9 percent volume expansion caused 
the surrounding unfrozen water to be expelled under great pressure from the freezing sites.  
Depending on the nature of the pore system, excessive internal stresses could develop from the 
hydraulic pressures incurred due to resistance to this flow.  If the stresses exceeded the strength 
of the paste, fracturing occurred resulting in scaling of the concrete surface and/or joint 
deterioration. 
 
More recent theories (Powers 1975) consider osmotic potential to be the primary cause of excess 
internal stress.  As pure water in the larger pores freeze, the liquid remaining in the pores 
becomes a more concentrated ionic solution.  To maintain thermodynamic equilibrium, the less 
concentrated solution in the surrounding paste is drawn to the freezing sites.  If adequate air-void 
space is available, all of the freezable water will eventually diffuse to the freezing sites inside the 
air voids, reaching a state of equilibrium.  If the air-void space is inadequate, equilibrium cannot 
be reached and osmotic pressures sufficient to fracture the paste can result.  Most recently, work 
suggests the freezing sites are inside the entrained air-voids themselves. 
 
Deterioration of the cement paste due to freeze-thaw damage manifests itself in the form of 
scaling, pattern cracking, or severe cracking, spalling, and deterioration, commonly initiating at 
joints and free edges where moisture is more readily available.  Localized surface damage in the 
form of scaling can occur due to poor finishing.  The addition of an air-entraining agent (an 
admixture that stabilizes a system of microscopic bubbles in the concrete) is an effective means 
of preventing this deterioration.  This is commonly a top-down distress with fractures running 
nominally parallel with the pavement surface, decreasing in number with depth. 
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Table 1.  Summary of key MRDs in concrete pavements (based on Van Dam et al. 2003). 

 
Type of 
MRD 

Surface Distress 
Manifestations and 

Locations 

 
Causes/ 

Mechanisms 

 
Time of 

Appearance 
 

Prevention or Reduction 

MRD Due to Physical Mechanisms 

Freeze-Thaw 
Deterioration of 

Hardened 
Cement Paste 

Scaling, spalling or 
pattern cracking, 

generally initiating near 
joints or cracks; possible 

internal disruption of 
concrete matrix. 

Deterioration of saturated 
cement paste due to 
repeated freeze-thaw 

cycles.  

 
1 to 5 years 

Addition of air-entraining 
agent to establish 

protective air void system. 

Deicer 
Scaling/ 

Deterioration 
 

Pattern cracking, scaling 
or crazing of the slab 
surface with possible 

alteration of the concrete 
pore system and/or the 
hydrated cement paste 
leading to staining at 

joints/cracks. 

Deicing chemicals can 
amplify freeze-thaw 

deterioration and may 
interact chemically with 

cement hydration 
products. 

1 to 5 years Provide minimum cement 
content of 335 kg/m3, limit 
water–cement ratio to no 

more than 0.45, and 
provide a minimum 30-day 

“drying” period after 
curing before allowing the 

use of deicers. 

Freeze-Thaw 
Deterioration of 

Aggregate 

Cracking parallel to 
joints and cracks and 
later spalling; may be 

accompanied by surface 
staining. 

Freezing and thawing of 
susceptible coarse 

aggregates results in 
fracturing and/or 

excessive dilation of 
aggregate. 

10 to 15 
years 

Use of non-susceptible 
aggregates or reduction in 

maximum coarse 
aggregate size. 

MRD Due to Chemical Mechanisms 

Alkali–Silica 
Reactivity 

(ASR) 

Pattern cracking over 
entire slab area and 

accompanying 
expansion-related 

distresses (joint closure, 
spalling, blowups). 

Exudate is often present. 

Reaction between alkalis 
in the pore solution and 

reactive silica in aggregate 
resulting in the formation 
of an expansive gel and 
the degradation of the 

aggregate particle. 

5 to 15 years Use of non-susceptible 
aggregates, addition of 

pozzolans to mix, limiting 
total alkalis in concrete, 
minimizing exposure to 

moisture, addition of 
lithium compounds. 

Alkali–
Carbonate 
Reactivity 

(ACR) 

Pattern cracking over 
entire slab area and 

accompanying pressure-
related distresses 

(spalling, blowups). 
Exudate is often absent. 

Expansive reaction 
between alkalis in pore 

solution and certain 
carbonate/dolomitic 
aggregates which 

commonly involves 
dedolomitization and 

brucite formation.  

5 to 15 years Avoid susceptible 
aggregates, significantly 

limit total alkalis in 
concrete, blend susceptible 

aggregate with quality 
aggregate or reduce size of 

reactive aggregate. 

Sulfate Attack 

Fine cracking near joints 
and slab edges or pattern 
cracking over entire slab 
area, ultimately resulting 

in joint or surface 
deterioration. 

Expansive formation of 
ettringite that occurs when 

external or internal 
sources of sulfate (e.g., 
groundwater, deicing 

chemicals) react with the 
calcium sulfoaluminates. 

1 to 5 years Use w/c below 0.45, 
minimize tricalcium 
aluminate content in 
cement, use blended 

cements, use pozzolans, 
avoid high curing 

temperatures. 

Corrosion of 
Embedded Steel 

Spalling, cracking, and 
deterioration at areas 
above or surrounding 

embedded steel. 

Chloride ions penetrate 
concrete, resulting in 

corrosion of embedded 
steel, which in turn results 

in expansion. 

3 to 10 years Reduce the permeability of 
the concrete, provide 

adequate concrete cover, 
protect steel, or use 
corrosion inhibitor. 
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2.2.1.2. Deicer Scaling/Deterioration 

Deicer scaling/deterioration is typically observed as scaling or crazing of the slab surface due to 
the repeated application of deicing chemicals.  Although the exact causes of deicer scaling are 
not known, it is commonly believed to be primarily a physical attack.  The primary mechanisms 
considered in the physical deterioration models are high thermal strains produced when a deicer 
melts ice and/or high osmotic pressures induced when relatively pure surface water attempts to 
equalize highly concentrated salt solutions present in the concrete (Pigeon and Plateau 1995; 
Mindess et al. 2003).  It has also been speculated that pressure exerted by salt crystallization in 
voids is a contributing factor (Hansen 1963).  Once crystallization begins, salt molecules are 
drawn out of smaller pores into the larger pores, inducing potentially harmful crystallization 
pressures (Ghafoori 1997).  Recent studies suggest that chemical alteration of the cement paste 
may also be occurring, resulting in dissolution of calcium hydroxide, coarsening of the concrete 
pore system and, potentially, the formation of deleteriously expansive compounds (Sutter et al 
2006; Sutter et al. 2008; Rangaraju and Olek 2007).  This occurrence is commonly observed as 
staining and deterioration in the vicinity of joints.  
 
Deicer scaling/deterioration is more likely to occur in concrete that has been over-vibrated or 
improperly finished, actions that create a weak layer of paste or mortar either at or just below the 
surface (Mindess and Young 1981).  This weakened layer is more permeable and more 
susceptible to hydraulic pressures.  Even adequately air-entrained concrete can be susceptible to 
the development of deicer scaling.  Recommendations for the prevention of deicer scaling 
include providing a minimum cement content of 335 kg/m3, limiting the water–cement ratio 
(w/c) to a maximum of 0.45, providing adequate curing, and providing an absolute minimum of 
30 days of environmental exposure before allowing the application of deicing chemicals (ACPA 
1992).  Chemical deicer attack has been mitigated in the laboratory through the use of slag 
cement and penetrating sealants (Sutter et al. 2008). 
 
2.2.1.3. Freeze-Thaw Deterioration of Aggregate 

Freeze-thaw deterioration of aggregate is a distress associated with the freezing and thawing of 
susceptible coarse aggregate particles in the concrete.  This phenomenon is commonly referred to 
as D-cracking in pavements (SHRP 1993), and aggregates are typically identified as being D-
cracking susceptible.  Such aggregates fracture and/or dilate as they freeze, resulting in cracking 
of the surrounding mortar.  It has also been hypothesized in some cases that the expulsion of 
water during freezing contributes to dissolution of soluble paste components, such as calcium 
hydroxide, in the interfacial zone.  Key aggregate properties related to D-cracking susceptibility 
are mineral composition, pore structure, sorption, and size (Schwartz 1987).  Most susceptible 
aggregates are of sedimentary origin and are most commonly composed of limestone, dolomite, 
or chert (Stark 1976). 
 
Freeze-thaw deterioration of aggregate is initially visible as a series of fine cracks generally 
running parallel to joints, cracks, or free edges in the slab.  Deterioration commonly starts at 
these locations near the bottom of the concrete slab where excess moisture accumulates.  As the 
number of freeze-thaw cycles increases, spalling and deterioration of the cracks will occur.  A 
dark staining due to calcium hydroxide or calcium carbonate residue generally precedes and 
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accompanies the cracking, often in an hourglass shape on the pavement surface at affected joints 
and cracks. 
 
Air entrainment of the cement paste does not prevent the development of D-cracking.  The best 
means of preventing this distress is by prohibiting the use of susceptible aggregate.  Reducing the 
maximum size of the susceptible coarse aggregate has been shown to be effective in reducing 
freeze-thaw deterioration of aggregate in many instances, although this will increase paste 
demand unless a non-susceptible larger aggregate is added to the blend. 
 
2.2.2. Deterioration Due to Chemical Mechanisms 

2.2.2.1. Alkali–Silica Reactivity 

Alkali–silica reactivity is most commonly associated with undesirable chemical reactions 
between alkalis in the cement paste (commonly reported as percent Na2O plus 0.658 x percent 
K2O) and the reactive siliceous components of susceptible aggregates.  It is the concentration of 
the hydroxyl ion in the concrete pore solution that is of interest, which is related to the alkali-
content (ACI 1998).  As the pH of the concrete pore solution increases, the silica present in the 
aggregate becomes increasingly soluble, ultimately reacting with the alkalis. The product of the 
reaction is an alkali-silica gel that significantly expands in the presence of moisture.  Calcium 
interacts with the gel, thickening it, and thus generating pressure as the gel continues to imbibe 
water and expand.  As stress increases, the integrity of the weakened aggregate particles and the 
surrounding cement paste is compromised and cracking results.  An irregular pattern cracking 
ultimately develops on the pavement surface, most often over the entire slab area, although 
generally it is more severe at joints.  The surface cracks, which are perpendicular to the surface, 
are normally less than 50 mm deep.  Below these cracks are very fine cracks that run parallel to 
the surface.  Upon continued expansion, joint spalling, blowups, shoving of fixed structures, and 
other pressure-related distresses in the pavement can occur.  A handbook depicting ASR distress 
in pavements and highway structures is available to aid in its identification (FAA 2004).  Recent 
work suggest that the use of alkali-acetate and alkali-formate based airfield pavement deicers 
may accelerate ASR (Rangaraju and Olek, 2005; Rangaraju et al., 2005; Rangaraju et al. 2006: 
Rangaraju and Olek 2007) 
 
The chemical reactions occurring during the development of ASR are very complex, but three 
basic conditions are needed in order for ASR to occur (Farny and Kosmatka 1997): 
 

• Reactive forms of silica in the aggregate. 
• High-alkali concrete pore solution. 
• Sufficient moisture. 

 
Concrete pore solution is primarily alkali hydroxide solution of high concentration, which reacts 
readily with reactive forms of silica (Stark et al. 1993).  As the aggregate reactivity increases, 
reaction products can be formed with lesser concentrations of alkali (Farny and Kosmatka 1997).  
As the alkalinity (and the pH) of the pore solution increases, the potential for ASR increases as 
more stable forms of silica become susceptible to attack.  The presence of moisture allows 
migration of alkali ions to reaction sites and as the resulting reaction products absorb moisture, 
expansion occurs (Stark et al. 1993).  Relative humidity levels above 80 percent provide 
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sufficient moisture for absorption by ASR gel, and research has shown that pavement concrete in 
all climates likely will be sufficiently damp to continuously support expansive ASR (Stark et al. 
1993). 
 
Other factors influencing the development of ASR include the total alkali content of the 
concrete, the presence of external sources of alkalis (e.g., chemical deicers), repeated cycles of 
wetting and drying, and temperature (Farny and Kosmatka 1997, ACI 1998).  A more detailed 
description of the ASR reaction process is provided by Helmuth (1993). 
 
The reaction product that is produced appears as a glassy-clear or white powdery deposit within 
and around reacted aggregate particles, although it is not always visible to the naked eye (Stark 
et al. 1993).   The presence of the reaction product (which is an alkali–calcium–silica–hydrate 
gel) does not always coincide with distress, and thus the presence of gel by itself does not 
necessarily indicate destructive ASR (Farny and Kosmatka 1997).  Instead, a petrographic 
analysis conducted in accordance with ASTM C856 is required to confirm that the observed 
microstructural damage is linked to the formation of the ASR reaction product. 
 
Common aggregate types containing reactive silica components include opaline or chalcedonic 
cherts, siliceous limestones, rhyolites and rhyolitic tuffs, dacites and dacite tuffs, andesites and 
andesite tuffs, and phyllites (Dolar-Mantuani 1982; Neville 1996).  An excellent summary of 
alkali-silica reactive aggregates is presented in the ACI State-of-the-Art Report on Alkali-
Aggregate Reactivity (ACI 1998).  The rate of the reaction will vary considerably among 
aggregates, with some undergoing a complete reaction within a matter of weeks and others 
requiring many years to produce noticeable effects (Helmuth 1993). 
 
A variety of approaches has been tried to prevent or minimize the development of ASR, with 
mixed success.  In new concrete designs, the use of low-alkali portland cement (with an alkali 
content less than 0.60 percent Na2O equivalent) has been used successfully on slightly to 
moderately reactive aggregates (Farny and Kosmatka 1997).  A limit on the total alkali content 
of the concrete, accounting for the cement factor and other internal sources of alkalis, is used by 
some international agencies and is the approach described in new FHWA recommendations (ACI 
1998; Thomas et al. 2008A).  The addition of fly ash has also been shown to control ASR, 
although this is strongly dependent upon the type of fly ash, its alkali content, chemical 
composition, and dosage rate (Farny and Kosmatka 1997).  In general, fly ash classified 
according to ASTM C618 as Class F is considered to be most effective, particularly if the 
percent CaO is less than 10%.  ASTM C618 Class C fly ashes may be effective or actually may 
make ASR worse.  Other types of finely divided materials, including silica fume (ASTM 
C1240), slag cement (ASTM C989), and natural pozzolans (ASTM C618), can also be effective 
in reducing reactivity (ACI 1998; Thomas et al. 2008).  Finally, the addition of ASR-inhibiting 
admixtures (e.g., lithium nitrate) has been shown to be effective in mitigating ASR, as the 
lithium reacts with reactive silica and moisture in a manner similar to other alkalis, but unlike 
ASR, the gel formed by this product does not absorb an excess amount of moisture, so harmful 
expansion is avoided (Stark et al. 1993; Boudreau et al. 2006). 
 
For in-service concrete displaying ASR, no definitive method has been identified that is 
completely successful in stopping the distress mechanisms.  The application of methacrylate and 
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lithium-compounds have all been tried, but with varying reported degrees of success  (Stark et al. 
1993; Adams and Stokes 2002, Kelly and Tuan 2006, Folliard et al. 2009). 
 
The available literature specifically directed toward concrete airfield pavements and ASR is 
fairly limited.  There is a handbook available from the FAA that describes the underlying 
mechanisms of ASR and outlines ways to mitigate or prevent the reaction (FAA 2004).  A step-
by-step approach for the identification of ASR is presented in order to help determine the 
severity of the reaction.  No single field observation can completely distinguish ASR, however, 
and materials investigation must be used in conjunction with field surveys to confirm the 
presence and full extent of ASR.  
  
The U.S. Air Force recently published a document that discusses the risks of recycling ASR 
affected pavements for use as base or fill materials (AFCESA 2007).  It assigns certain risk 
factors associated with the extent of ASR on the existing pavement being considered for 
recycling.  This was developed because the Air Force has observed heaving and faulting 
problems with asphalt overlays over ASR affected concrete pavements.  The risk factors account 
for environment, age, and distress levels. 
 
There are also past and continuing studies conducted for the IPRF by a team from Clemson 
University and Purdue University that are specifically focused on the role alkali-acetate and 
alkali-formate pavement deicers may play in the initiation and progression of ASR and in 
strategies to mitigate it (Rangaraju and Olek, 2005; Rangaraju et al., 2005; Rangaraju et al. 2006: 
Rangaraju and Olek 2007). 
 
2.2.2.2. Alkali–Carbonate Reactivity (ACR) 

Alkali–carbonate reactivity (ACR) is another distress caused by an undesirable chemical reaction 
between the pore solution and aggregate; in this case, the reaction is between the alkalis in the 
pore solution and certain dolomitic carbonate aggregates containing a characteristic reactive 
texture of dolomitic rhombs in a clayey fine-grained matrix.  Although the mechanisms for ACR 
are not as well understood as those for ASR, it has been established that dedolomization (the 
decomposition of dolomite into calcium carbonate and magnesium hydroxide) occurs, which is 
accompanied by expansion.  This expansion may be due to one or more of the following: 1) 
migration of alkali ions and water molecules into the restricted space of the fine-grained matrix 
surrounding the dolomite crystal, 2) migration of alkali ions and water molecules into the 
dolomite crystal, and/or 3) the growth and arrangement of the dedolomitization products, 
especially brucite (Farny and Kosmatka 1997, ACI 1998).  Other factors influencing the 
development of ACR include maximum size of the reactive aggregate (rate/degree of expansion 
decreases with decreasing aggregate size) and pore solution alkalinity (increasing pH levels 
increase the potential for alkali–carbonate reactions) (Farny and Kosmatka 1997; ACI 1998). 
Similar to the expansive pressures that are developed in ASR distress, the expansive pressures 
developed by ACR also result in pattern cracking on the pavement surface and significant 
accompanying expansion-related distresses (e.g., spalling, blowups).  In contrast to ASR, there is 
little to no gel/reaction product observed with ACR.  
 
Avoiding the use of susceptible aggregates is the one sure way of avoiding ACR (Thomas et al. 
2008A), but either diluting susceptible aggregates with non-susceptible aggregates or reducing 
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the maximum size of susceptible aggregates can minimize the deleterious effect of the reaction 
(ACI 1998).  Limiting the alkali content in the cement is another method employed to prevent 
ACR, but the alkali content must be lower than that typically used to prevent ASR (ACI 1998).  
However, unlike ASR, pozzolans are not effective in controlling the alkali–carbonate reaction 
(Farny and Kosmatka 1997; ACI 1998). 
 
2.2.2.3. Sulfate Attack 

Sulfate attack is most commonly thought to result from chemical reactions that occur when 
concrete is exposed to penetrating external sulfate ions (present in groundwater, soil, deicing 
chemicals, and so on).  Although the mechanism of sulfate attack is complex, it is primarily 
thought to be caused by two chemical reactions: 1) the formation of gypsum through the 
combination of sulfate and calcium ions, and/or 2) the formation of ettringite through the 
combination of sulfate ions and hydrated calcium aluminate (DePuy 1994; ACI 2008).  In either 
case, the formation of the reaction product leads to an increase in solid volume.  In the former 
case, expansion due to gypsum formation may not be destructive, but gypsum has few cementing 
properties and thus the concrete loses integrity (DePuy 1994).  In the latter case, the expansive 
pressures exerted by ettringite formation can be very destructive.  Mitigation involves the use of 
a combination of reduced water-to-cementitious material ratio (making the concrete less 
permeable) and using less susceptible cements (by reducing the tricalcium aluminate phase in the 
portland cement and by using pozzolans and/or slag cement). 
 
A special case of sulfate attack is known as internal sulfate attack (ISA) where, as the name 
implies, the source of the sulfate ions is internal.  Internal sulfate attack continues to elicit 
considerable debate among concrete material experts regarding the specific mechanisms of 
distress and the precise role of ettringite in its development.  Sometimes called secondary 
ettringite formation (SEF) or delayed ettringite formation (DEF), it is referred to here as ISA to 
distinguish the source of sulfate ions.   
 
In actuality, SEF and DEF are distinctly different.  Small signs of SEF are common in even 
healthy concrete.  Substantial infilling of air voids and cracks with SEF is a symptom of concrete 
degradation, characterized by the dissolution and subsequent precipitation of ettringite into 
available void space and in pre-existing microcracks.  SEF can occur in concrete that is 
sufficiently permeable and saturated, allowing the dissolution and precipitation process to occur.  
Although most experts agree that SEF will not generate sufficient expansive pressures to fracture 
healthy cement paste or mortar, its presence in the air-void structure may limit the ability of the 
paste to resist freeze-thaw deterioration (Ouyang and Lane 1999; Olek and Whiting 2009).  Thus, 
concrete that appears to be suffering paste freeze-thaw deterioration may have originally had an 
adequate air-void system that has been compromised by SEF.  Yet others strongly believe that 
SEF cannot sufficiently compromise an adequate air-void system, making what was once a 
durable concrete non-durable; instead, they argue that the SEF is not the cause of distress, but 
only a symptom of another deterioration mechanism that disrupted the paste sufficiently to 
encourage dissolution and precipitation of the ettringite (Detwiler and Powers-Couche 1999). 
 
DEF, on the other hand, can lead to destructive expansion within the paste, resulting in 
microcracking and separation of the paste from aggregate particles. DEF is most often associated 
with curing concrete at elevated temperatures, such as when it is steam cured.  Research suggests 



Materials-Related Distress and Projected Pavement Life Chapter 2 

Applied Pavement Technology, Inc.  13 

a minimum temperature of 160 °F to 175 °F is necessary for DEF to occur as primary ettringite 
will not form properly (Scrivener 1996; Thaulow et al. 1996a; Klemm and Miller 1999; Thomas 
et al. 2008B).  After the concrete has cured and temperatures are reduced to ambient conditions, 
sulfates and aluminate phases in the paste may then react to form expansive ettringite, disrupting 
the concrete matrix.  Because this phenomenon is most closely associated with steam curing or 
mass placements of concrete, it is still speculative whether cast-in-place pavements can 
experience the high temperatures during curing that are necessary to produce DEF.   
 
Another potential internal source of sulfates might be from aggregates (Johansen and Thaulow 
1999).  In these cases, the internal sulfate attack is not from DEF, but instead from excess 
sulfates in the concrete mixture, which result in paste expansion along similar lines as external 
sulfate attack.  For example, occurrences of SEF have been linked to sulfur dissolved from air-
cooled iron blast furnace slag (Hammerling et al. 2000). 
 
In concrete pavements, deterioration due to external sulfate attack typically first appears as 
cracking near joints and slab edges, generally within a few years of construction.  Fine 
longitudinal cracking may also occur parallel to longitudinal joints.  Steps taken to prevent the 
development of distress due to external sulfate attack include minimizing the tricalcium 
aluminate content in the cement or reducing the quantity of calcium hydroxide in the hydrated 
cement paste through the use of pozzolanic materials.  It is also recommended that a w/c ratio 
less than 0.45 will help mitigate external sulfate attack (ACI 2008).  
 
Complicating the understanding of sulfate attack is the occurrence of physical salt attack.  
Although related to the presence of sulfates in the soil (sodium or magnesium sulfates), it is 
primarily believed to be related to salt crystallization pressures at the evaporative front just 
below the concrete surface, and is thus not a chemical attack (Haynes and O’Neil 1994; Haynes 
et al. 1996; Haynes et al. 2008).  Damage will typically occur at exposed concrete surfaces just 
above the soil where the ions concentrate and precipitate (ACI 2008).  The scaling that ensues 
looks similar to that caused by freeze-thaw deterioration. 
 
2.2.2.4. Corrosion of Embedded Steel 

Corrosion of embedded steel appears as rust-colored staining, spalling, cracking, and associated 
deterioration of the concrete above or surrounding the steel affected by active corrosion.  Steel 
corrosion is accelerated in the presence of chloride ions (which can come from a chloride-based 
accelerator added to the mix, deicing salts, or seawater) that break down the passivity film that 
protects steel embedded in concrete from corrosion. 
 
Corrosion of embedded steel is controlled by prohibiting chloride additions to fresh concrete, 
decreasing permeability of the concrete, providing adequate concrete cover over the steel, 
coating steel with a protective layer, application of a protective coating on the concrete surface to 
prevent penetration of chlorides and moisture, and suppression of the electrochemical process at 
the steel surface.  It is not a common problem in airfield PCC pavements because chlorides are 
already restricted to protect aircraft metal. 
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2.3 Pavement Evaluation Procedures 

A standard airport pavement evaluation includes visual inspection and, perhaps, non-destructive 
testing.  Using objective and repeatable visual surveys to rate the existing pavement condition is 
a valuable tool for identifying deficiencies and prioritizing airport maintenance and rehabilitation 
activities.  The standard procedure for performing these visual surveys is described below, along 
with how MRDs are accounted for in this procedure.  A few other condition indices are also 
described, including how they assist in determining maintenance protocols along with the 
standard visual inspection. 
 
2.3.1. Pavement Condition Index (PCI) 

Most airfield pavement condition surveys are conducted using the PCI survey procedure 
documented in the following two publications: 
 

• The U.S. Federal Aviation Administration’s (FAA’s) Advisory Circular 150/5380-6B, 
Guidelines and Procedures for Maintenance of Airport Pavements. 

• ASTM’s Standard D5340, Standard Test Method for Airport Pavement Condition Index 
Surveys. 

 
These procedures, originally developed for the Air Force in the 1970s and in use today around 
the world, provide a consistent and systematic methodology for measuring and communicating 
the condition of a pavement.        
 
The PCI procedure is the standard used by the aviation industry to visually assess pavement 
condition, providing engineers, planners, and others with a consistent, objective, and repeatable 
tool to represent the overall pavement condition.  During a PCI survey, visible signs of 
deterioration within a selected sample unit are recorded and analyzed, as are distress type, 
severity, and quantity.  Figure 1 shows an inspector equipped with a measuring wheel conducting 
a PCI survey, manually recording observed distress on a standardized form. 
 

 

Figure 1.  PCI survey. 
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In conducting PCI surveys, each facility (runway, taxiway, apron, shoulder, and blast pad) is 
divided into discrete sections based on construction history, performance, traffic use, and loads.  
Each section is then subdivided into sample units, from which a subset of sample units is 
randomly selected for detailed inspection. 
 
The PCI rating is a numerical measure of the existing condition of the pavement based on the 
distresses observed and measured on the pavement surface.  The results provide an indication of 
the structural integrity and functional capabilities of the pavement, yet are only an indirect 
indicator of the overall condition of the pavement because only the surface of the pavement is 
examined.  Nevertheless, the PCI does provide an objective basis for determining maintenance 
and rehabilitation needs and for establishing priorities in the face of constraints.   
 
The PCI scale ranges from 0 (representing a pavement in failed condition) to 100 (representing a 
pavement in excellent condition).  In general, pavements with PCIs between 71 and 100 are 
candidates for routine maintenance and restoration activities, pavements with PCIs between 41 
and 70 are more likely to be candidates for major rehabilitation activities (such as a structural 
overlay), and pavements with PCIs below 40 are most likely candidates for reconstruction.  
Furthermore, the results of repeated PCI monitoring over time can be used to determine the rate 
of deterioration and to estimate the time at which certain rehabilitation measures may be needed.  
Pavements that are exhibiting high deterioration rates are of special concern and warrant further 
investigation to identify the causes. 
 
Although PCI ratings can be used as a general guideline for identifying an appropriate type of 
repair for a pavement, examining the individual distresses measured during the survey is often 
more useful in assessing the cause(s) of deterioration.  The PCI procedure divides distresses into 
three categories based on the expected cause of the distress: load-related (such as linear cracking 
and shattered slabs on PCC pavements), climate-related (such as D-cracking on PCC 
pavements), and other (which include man-made distresses such as patches and utility cuts).  
Load-related distresses are caused by aircraft or vehicular traffic and are indicative of a structural 
deficiency.  Climate-related distresses often signify the presence of materials that are susceptible 
to temperature changes or excessive moisture, and include durability-related distresses such as 
D-cracking and ASR.  By knowing the cause(s) of the pavement deterioration, appropriate repair 
and rehabilitation alternatives can be identified.  The distresses for each pavement surface type 
are categorized by distress type in table 2. 
 
The PCI may also be evaluated in terms of the percent of deducts (from a perfect score of 100) 
that are due to structural distresses (defined as those distresses caused by traffic loading) and 
those that are due to climate and materials distresses.  For example, consider a pavement section 
that has a PCI of 60 (i.e., 40 deduct points); if 30 of those deduct points are due to load, then 75 
percent of the deduct points are due to load, suggesting that traffic loading is strongly affecting 
the performance of the pavement.   
 
While the PCI does provide a general indication of the overall condition of the pavement, the 
specific maintenance or rehabilitation needs of a pavement are often obscured in the application 
of such an index. 
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Table 2.  Distress types and primary distress categories for PCC pavements. 

Pavement Distress Category 

Load-Related Climate-Related Other 

• Corner Break 
• Linear 

Cracking 
• Pumping 
• Shattered Slab 

• Blow-up 
• Durability Cracking 
• Joint Seal Damage 

• Faulting/Settlement 
• Small Patch 
• Large Patch 
• Popouts 
• Scaling, Map Cracking, and Crazing 
• Shrinkage Cracking 
• Spalling, Joint 
• Spalling, Corner 

 
 
2.3.2. MRDs and the PCI Procedure 

The PCI procedure handles MRD in a combination of ways that, in light of what is known today 
about MRDs, are not entirely accurate.  As identified in table 2, there are two distress types that 
are directly related to MRD: D-cracking and scaling, map cracking, and crazing.  Currently, 
these distress types are only counted in the PCI at a point where significant progression of the 
material problem is readily observed on the pavement surface.  Even if a potential material 
problem could be an issue in the future, unless it is identified by the following criteria, it is not 
counted as a pavement distress in the PCI survey.  Further, identifying a distress as “D-cracking” 
is also assigning a cause, since D-cracking is related to the F-T deterioration of the coarse 
aggregate.  Such a diagnosis cannot be made visually.  Assigning cause based on a visual 
manifestation of distress should not be done and is a limitation of the PCI procedure. 
 
2.3.2.1. Durability D-Cracking 

The mechanisms of D-cracking are described in the preceding section under Freeze-Thaw 
Deterioration of Aggregate.  Within the PCI procedure, D-cracking is recorded on a per slab 
basis.  If more than one severity exists in a slab, the highest severity is recorded.  According to 
the PCI procedure, if D-cracking is identified and recorded in a slab, scaling should not be 
recorded.  Additionally, if D-cracking is recorded in a slab, spalling should not be recorded 
unless an inspector is absolutely sure that the spalling is not caused by the presence of D-
cracking. 
 
Low-severity D-cracking is defined by hairline cracks occurring in a limited area of the slab, 
such as one or two corners or along one joint as shown in figure 2.  Little or no disintegration has 
occurred, and no FOD potential currently exists.  In an effort to refine the definition of low-
severity D-cracking, the distress is recorded at low severity once it is identified anywhere in the 
slab as long as the cracking covers less than 5 percent of the slab’s surface (ASTM 2005). 
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Figure 2.  Low-severity D-cracking. 
 

Medium-severity D-cracking is recorded when cracking has developed over a considerable area 
of a slab with little or no disintegration or FOD potential; or D-cracking has occurred in a limited 
area of the slab, such as one or two corners or along one joint, but pieces are missing and 
disintegration has occurred and some FOD potential exists, as shown in figure 3.  To refine this 
definition, medium-severity D-cracking is recorded where pattern cracking covers more than 5 
percent, but less than 25 percent, of the slab’s surface; or if there is evidence of material loss due 
to deterioration where the area affected by the loss is less than 5 percent of the slab’s surface 
(ASTM 2005).  
 
High-severity D-cracking is recorded when cracking has developed over a considerable area of 
the slab surface, with disintegration or FOD potential as shown in figure 4.  This definition is 
refined by recording high-severity D-cracking when pattern cracking appears over more than 25 
percent of the slab’s surface, and/or material loss and disintegration covers more than 5 percent 
of the slab’s surface (ASTM 2005). 
 
2.3.2.2. Scaling, Map Cracking, and Crazing 

ASTM D5340 defines scaling, map cracking, and crazing as a network of shallow, fine, or 
hairline cracks that extend only through the upper surface of the concrete.  It is usually caused by 
over-finishing of the concrete surface during construction.  The cracks tend to intersect at an 
angle of 120º.  Map cracking and crazing may eventually lead to scaling, which is the breakdown 
of the slab surface to a depth of approximately ¼ to ½ in.  Scaling appears as a flaking away of 
the pavement’s surface and presents a FOD potential.  Other causes of scaling include improper 
construction, reactions to deicing salts, aggregate deterioration, and the impact of multiple 
freeze-thaw cycles.  
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Figure 3.  Medium-severity D-cracking. 
 

 

 

Figure 4.  High-severity D-cracking. 
 

 
It is important during a survey that crack patterns in the slab be closely examined to determine 
whether D-cracking is present or there is a different type of reaction that would be recorded as 
scaling, map cracking, or crazing.  Scaling, map cracking, and crazing is recorded on a slab-by-
slab basis.  If more than one severity level is observed over the surface of a slab, only the highest 
severity level present is recorded.  If D-cracking is identified and recorded, scaling is not 
counted. 
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Low-severity crazing or map cracking is recorded when it exists over a significant area of the 
slab.  The surface of the pavement must still be in good condition with no scaling.  The crack 
pattern must be well defined and easily recognized, as shown in figure 5.  Individual cracks 
should show some evidence of wear, and very early stages are not counted as a distress.  When 
the presence of crazing or map cracking is observed in a slab, determining whether or not it is 
“easily recognized” may be difficult.  If an inspector can stand in an adjacent slab and easily 
identify the cracking over half the surface of the slab, then low-severity should be recorded.  
Although not stated in these terms in ASTM D5340, this approach is consistent with the 
definition and improves consistency between multiple inspectors and surveys. 
 

 

Figure 5.  Low-severity scaling, map cracking, and crazing. 
 

Medium-severity is recorded when a slab is scaled over approximately 5 percent or less of the 
surface with some FOD potential, as shown in figure 6.  It is important to note that if scaling or 
the flaking away of the surface is observed, the distress should be recorded at least at medium-
severity (ASTM 2005). 
 
 High-severity exists when a slab is severely scaled causing a high FOD potential, as shown in 
figure 7.  Usually more than 5 percent of the surface is affected (ASTM 2005). 
 
2.3.2.3. Proposed ASR Distress Type for PCI Procedure 

Recognizing that the current version of the PCI procedure inadequately characterizes pavements 
affected by ASR, efforts are underway to add ASR as a distinct PCI distress type (Shahin 2008).  
The proposed methodology, which is currently being balloted by ASTM, recognizes some 
distinct phases in the manifestation of deleterious ASR in pavements.  Low-severity, as shown in 
figure 8, has tight cracks (less than 0.04 in wide), minimal to no FOD potential, and little to no 
evidence of movement in the pavement or adjacent structures. 
 



Materials-Related Distress and Projected Pavement Life Chapter 2 

Applied Pavement Technology, Inc.  20 

 

Figure 6.  Medium-severity scaling, map cracking, and crazing.  
 

 

Figure 7.  High-severity scaling, map cracking, crazing. 
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Figure 8. Proposed low-severity ASR distress (note cracks perpendicular to joint with staining) 
(Shahin 2008). 

 
 
The proposed medium-severity ASR distress has some FOD potential, cracks wider than 0.04 in, 
and some fragments along cracks or at crack intersections, as shown in figure 9.  There may also 
be evidence of slab movement or damage to adjacent structures. 
 
 

 

 Figure 9. Proposed medium-severity ASR distress (Shahin 2008). 
 
 
The proposed high-severity ASR distress is characterized by high FOD potential with loose or 
missing concrete fragments and loss of slab surface integrity requiring immediate repair.  
Damage to adjacent structures is also likely.  Figure 10 illustrates the proposed high-severity 
ASR distress. 
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Figure 10. Proposed high-severity ASR distress (Shahin 2008). 
 
It is noted that linking the name of this distress type (ASR distress) to its underlying mechanism 
on the basis of a visual survey is problematic, just as it is with other distress types including D-
cracking and shrinkage cracking.  It is well known that the manifestations of many MRDs look 
very similar and it is only through petrographic analysis that a reasonable estimate of causation 
can be established (Van Dam et al. 2002).   
 
2.3.3. Other Condition Indices 

The PCI rating describes the overall condition of an airport’s pavements.  Although it is made up 
of individual measures of distress, the PCI itself does not assign causes to the distresses 
identified nor call for specific maintenance and rehabilitation actions.  While the distress data 
that go into the PCI can be broken out to identify general causes of deterioration (such as load 
and environment/materials), usually other analyses and additional testing are required to identify 
required actions.  Two indices have been developed as supplements to the PCI to assist in 
making maintenance and rehabilitation: the FOD Index and the Structural Condition Index (SCI).   

 
2.3.3.1. FOD Index 

Foreign objects and debris that are loose on the airfield are defined as FOD because they can 
potentially enter aircraft engines or become airborne and cause physical damage to the exterior 
of an aircraft.  Objects that are ingested into airplane engines cause expensive repairs and create 
a safety hazard.  These loose objects may be litter, construction debris, or pieces of pavement 
generated by a pavement distress that has not been properly maintained.  As such, an owner 
considering FOD as a trigger for certain maintenance and rehabilitation activities might want to 
know what the potential is for FOD to develop.  Therefore, an index was developed that uses the 
results of a PCI survey, but limits the PCC pavement distresses in the calculation to those in table 
3 (Greene, Shahin, and Alexander 2004).  In addition, the deduct values for joint seal damage are 
multiplied by 4.0.  The FOD potential rating scale ranges from 0 to 100, with 0 being no FOD 
potential and 100 being unusable.  For PCC pavements, the FOD rating is determined on the 
basis of the calculated FOD index and aircraft type.  This scale is used in concert with the PCI to 
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help aid airport managers, engineers, and maintenance personnel to select pavements for 
maintenance needs.  
 

Table 3.  PCI and FOD distress lists for PCC airfield pavements. 

PCI and FOD Distress List1 

Distress Type Severity Levels2 

Blow Up L, M, H 

Corner Break L, M, H 

Linear Cracking L, M, H 

Durability Cracking L, M, H 

Joint Seal Damage L, M, H 

Small Patching L, M, H 

Large Patching L, M, H 

Popouts N/A 

Pumping N/A 

Scaling, Map Cracking L, M, H 

Settlement L, M, H 

Shattered Slab L, M, H 

Shrinkage Cracking L, M, H 

Joint Spalling L, M, H 

Corner Spalling L, M, H 
1  FOD distresses are in bold (joint seal damage – 4.0) 
2  Severity levels are defined as ((L)ow, (M)edium, 

(H)igh, and N/A 
 

2.3.3.2. Structural Index (SI) 

The SI is calculated based on non-destructive testing (NDT) results performed on pavements 
with a falling weight deflectometer (FWD).  The FWD measures the pavement responses to a 
weight dropped on the surface in certain locations along a pavement section.  These responses 
are then analyzed to determine the structural properties of the pavement layer.  Unlike the FOD 
index or the PCI, the SI does not use pavement distresses in its rating system.  However, it is 
used to help identify sections that are rated by the PCI for maintenance priorities.   
 
While the PCI is a visual tool, the SI quantifies actual physical properties through analysis.  The 
procedure for analyzing the FWD results is based on a linear-elastic model and is calculated by 
using a set of programs known as PCASE (pavement-transportation computer-assisted structural 
engineering).  PCASE programs were developed and are continually being updated by the United 
States Army Corps of Engineers for use on military bases.  One output of the software program 
is the pavement classification number (PCN).  The SI is normally reported as the ratio of 
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ACN/PCN, where ACN is the aircraft classification number which represents the impact an 
aircraft will have on a pavement.  PCN represents the capability of a pavement to support 
aircraft.  ACN data are obtained from a number of sources, but can easily be found in the FAA 
Advisory Circular 150/5335.  The U.S. military quantify the SI rating by the following 
ACN/PCN ratios: 
 

• Good: < 1.1 
• Fair: 1.1 to 1.4 
• Poor: > 1.4 

 
2.3.3.3. Structural Condition Index (SCI) 

The SCI, which is derived from the PCI, was developed through reanalysis of Corps of 
Engineers accelerated traffic tests data (Rollings and Witczak 1990).  The SCI is the structural 
component of the pavement condition index (PCI), and varies from 0 to 100.   As only the load-
related distress types are used to compute the SCI, it is always equal to or higher than the PCI for 
the same pavement feature.  The distresses included in the SCI calculations are corner breaks, 
linear cracking (longitudinal/transverse/diagonal), shattered slabs, shrinkage cracks that are 
thought to be related to load-induced linear cracks that do not extend all the way across the slab, 
and joint and corner spalls.   
 
2.3.3.4. Protocol B – Diagnosis, Prognosis, and Mitigation of Alkali-Silica Reaction 
(ASR) in Transportation Structures (Fournier et al. 2008) 

The protocol described by Fournier et al. is designed for the evaluation of structural concrete.  
This protocol includes the development of a cracking index (CI), which is used to quantitatively 
estimate the rate of expansion in the concrete.  The process includes marking out squares and 
mapping every crack with its associated width within the squares.  Measurements of the widths 
and number of cracks are tallied in a table to produce the CI, which is reported in terms of 
mm/m.  Results of the CI help determine the risk of ASR expansion in the concrete: values of CI 
> 0.15 mm/m indicate a potential risk with further evaluations to monitor expansion 
recommended, while CI > 0.5 mm/m indicate expansions are likely present with further testing to 
determine their full extent recommended.  Guidelines for testing frequency and further 
evaluation methods are also discussed in this protocol.   
 
2.4 Summary 

There are a number of different PCC deterioration mechanisms that are grouped under the 
general heading of MRD.  The various distress manifestations and causes are reviewed.  Of 
particular interest in this project is how MRDs manifestations are identified and addressed in the 
airport pavement environment.  Neither the PCI nor other available indices adequately or 
accurately identify the presence of MRD in a manner that is useful for monitoring its 
progression, especially in its early phases of development.  Without such monitoring, it is 
impossible to implement strategies to anticipate future condition and address MRD at early 
stages in a cost-effective manner. 
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3. MRD DISTRESS MANIFESTATIONS AND PROGRESSION 

The review of MRD types and inspection procedures in the previous chapter reveals the 
difficulty inherent in using a method such as the PCI to track the initiation and propagation of 
MRD.  The visual cues that initially indicate an MRD may present are often subtle (e.g. fine 
cracking, staining) and look very similar to far more innocuous distresses (e.g. shrinkage 
cracking, crazing).  Further, MRD can progress rapidly from initiation into a FOD risk, leaving 
airports scrambling to apply unplanned repair and rehabilitation to restore serviceability.  This 
chapter will first describe common physical manifestation of MRD, avoiding the use of causation 
in the name.  It will then discuss how these manifestations progress from barely noticeable 
discoloration and cracking to a serious FOD problem. 
 
3.1 MRD Distress Manifestations 

Common manifestations of MRD include: 
 

• Staining of the concrete, often near joints and/or cracks. 
• Pattern cracking. 
• Perpendicular cracking. 
• Parallel cracking. 
• Exudate in cracks.  
• Signs of expansion. 
• Joint disintegration and scaling. 

3.1.1. Staining 

One of the most common first signs of MRD is “staining” of the concrete, most often in the 
vicinity of joints and/or cracks, as seen in figure 11.  The appearance of the staining is often 
subtle, being described as “shadowing” in its early stages.  As it becomes more obvious, it can 
extend over 1 ft to either side of the joint or crack.   It is commonly associated with the 
dissolution of cement hydration products, most notably calcium hydroxide, which is then leached 
to the concrete surface where it reacts with atmospheric carbon dioxide to create calcium 
carbonate, or calcite (primary mineral in limestone).  Staining is indicative of moisture moving 
through the concrete, resulting from high permeability and/or the presence of cracking. 
 
Staining is not always associated with MRD, and at times appears early in a pavement’s life, 
never becoming more severe.  But often it is a precursor to the pattern, parallel, and/or 
perpendicular cracking shown in figure 12.  The use of pavement deicing chemicals is thought to 
play a role in the occurrence of staining, as the solubility of calcium hydroxide increases as 
temperature decreases.  Thus, calcium hydroxide depletion in concrete subjected to chemical 
deicing solutions is not uncommon (Sutter et al. 2008). 
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Figure 11.  Stained areas along joints and corners.  

 

 

 

Figure 12. Perpendicular and parallel cracking associated with staining of the joints. 
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3.1.2. Pattern Cracking 

As shown in figures 13 and 14, pattern cracking is a network of interconnected cracks, each 
enclosing an area of several square inches up to a square foot.  Pattern cracking is synonymous 
with map cracking in the PCI procedure, and may result from the construction process that left 
the plastic surface concrete susceptible to drying and cracking: this is likely what occurred in 
figure 13.  It may also be a manifestation of MRD, most notably ASR, ACR, paste freeze-thaw 
damage, deicer distress, or sulfate attack, as is probably the case in figure 14. 
 
It is noted that the MRD mechanism responsible for the pattern cracking cannot be determined 
without a thorough investigation that must include petrographic analysis; thus the distress is 
named based on its physical appearance, not on a presumption of cause.  The presence of exudate 
(a material being exuded from the crack) or other discoloration directly associated with the crack 
are strong indicators that the concrete is affected by MRD. 
 

 
 

 

Figure 13. Very fine pattern cracking that is barely visible and may only be seen when wetted. 
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Figure 14. Well-defined pattern cracking in which some of the cracks have opened. 
Discoloration due to the presence of exudate in the cracks is also visible. 

 
 
3.1.3. Perpendicular Cracking 

As seen in figures 15 and 16, perpendicular cracking propagates at right angles outward from 
either longitudinal or transverse joints.  Perpendicular cracking may be a result of plastic 
shrinkage, poor consolidation, settlement, or restrained movement.  This cracking pattern is also 
a common early sign of MRD, particularly ASR or ACR (Fournier et al. 2008).  As with other 
types of cracking, exudates and/or discoloration of the crack may be present, increasing the 
likelihood that an MRD is affecting the concrete pavement. 
 
3.1.4. Parallel Cracking 

Parallel cracking, as shown in figures 17 and 18, is another common manifestation of various 
types of MRDs, including paste freeze-thaw damage, freeze-thaw deterioration of aggregate, 
deicer distress, ASR, or sulfate attack.  In the PCI method, it is called D-cracking once it reaches 
a threshold level where it is noted as described previously.  At this juncture, damage may already 
be well advanced if the cause is an aggressive MRD such as ASR or deicer distress.  Figure 19 
shows a severely distressed slab corner, with advanced stages of parallel and perpendicular 
cracking, which are often found together as severity of the distress increases. 
 



Materials-Related Distress and Projected Pavement Life Chapter 3 

Applied Pavement Technology, Inc.  29 

 

 
 

Figure 15. Perpendicular cracking consisting of fine cracks perpendicular to a joint.  Note 
staining along the joint and crack discoloration, likely due to exudate. 

 
 

 

 
 

Figure 16. Perpendicular cracking consisting of fine cracks perpendicular to a joint.  Note that 
the cracks are discolored, likely from exudate. 
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Figure 17. Fine cracking oriented parallel to the joint. Note discoloration of cracks, likely due to 
exudates. 

 

 

Figure 18. Parallel cracking with open cracks oriented parallel to joint and around corner. 
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Figure 19. Advanced stages of parallel and perpendicular cracking.  Note staining near joint and 
the presence of exudates, discoloring cracks.   

 
 
3.1.5. Exudate in Cracks 

As discussed previously, in the case of chemical attack including ASR,ACR, sulfate attack, and 
possibly deicer distress, it is the formation and expansion of reaction products that results in 
fracturing of the concrete matrix.  ASR in particular is known to produce copious quantities of 
reaction product that imbibe water and swell, fracturing the aggregate particle and surrounding 
paste.  As expansion continues, the reaction product is exuded out of cracks, eventually 
appearing on the concrete surface as exudate.  Figure 20 shows such an example of exudate in 
parallel cracks.  
 
3.1.6. Signs of Expansion 

Signs of expansion, including shoving of pavement shoulders, movement and damage to fixed 
structures (figure 21), and blow ups (figure 2) are common with certain MRDs, most notably 
ASR and ACR.  In some cases, pavements have been known to “grow” by feet as a result of 
aggressive expansive forces.  Signs of expansion are a strong indicator that an MRD may be 
affecting the pavement. 
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Figure 20. Exudate (arrows) in parallel cracks.  Also note staining in vicinity of joint. 
 
 

 

 

Figure 21. Expansion has shoved the lighting fixture and damaged the surrounding pavement. 
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Figure 22. Expansion caused adjacent slabs to push against each other, causing this blow-up. 
 
 
3.1.7. Joint Disintegration and Scaling 

As an MRD progresses, cracking at joints will become more severe, and ultimately may result in 
joint disintegration, as shown in figure 23.Similarly, albeit more slowly, pattern cracking has the 
potential to result in scaling, such as that pictured in figure 24.  In either case, a serious risk of 
FOD exists.  The sequence and rate of progression is thus of keen interest to airports responsible 
for maintaining MRD-affected pavements. 
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Figure 23. Joint disintegration progressing from parallel cracking. 

 

 

 

Figure 24. Scaling in a runway touchdown area in a pattern-cracked area. 
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3.2 MRD Progression 

Verbal and written surveys of airfield maintenance and pavement engineering staff and repeated 
field inspections were used to develop an understanding of the sequence and rate of progression 
for the various manifestations of MRD observed at the two airports evaluated in this study.  
Airport A was visited in April 2008.  At the time of this visit, the research team had developed 
the first draft of the MRDR protocols based on a general understanding of the types of pavement 
distress they would encounter.  As a result of this visit, the inspection protocol was substantially 
altered to reflect the actual observed distresses.  The revised procedure was then applied to  
Airport B in July 2008.  Minor adjustments to the procedure were made and Airport A was re-
inspected in October 2008.  Both Airports A and B were inspected again in the spring of 2009 to 
help establish deterioration rates.  This section of the report presents the observed progression 
sequence followed by a discussion of progression rates for the two airports. 
 
3.2.1. Progression Sequence 

The progression of distress at the two airports occurred in three distinct slab locations: corner, 
joint, and interior, as illustrated in figure 25.  As can be seen, each location is numbered, a 
system adopted for use in the MRDR protocol discussed in the next chapter. 
 
 

 

Figure 25. Locations where distress was observed (1: corner, 2: joint, and 3: interior). 
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Grouping distresses into these locations not only simplifies the data collection process, it 
provides additional information that can be used to more accurately develop repair strategies; it 
also helped determine the progression of distress. 
 
The primary distress progression sequences in the corner location, as shown in figure 26, and 
along a joint, as shown in figure 27, are as follows: 
 
Staining            Tight Parallel/Perpendicular Cracking            

Open Parallel/Perpendicular Cracking           Joint Disintegration  
 
Although the sequence is the same, it was observed that progression rate differed between the 
airports. In both cases, it was the joint disintegration, whether at a corner or joint, that ultimately 
leads to the highest level of FOD risk. 
 

 

Figure 26. Illustration of MRD progression sequence for corner location.  
 

 

 

Figure 27. Illustration of MRD progression sequence for joint location. 
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A secondary distress progression sequence, illustrated in figure 28, was identified for the interior 
locations as follows: 
 
Staining            Tight Pattern Cracking           Open Pattern Cracking           Scaling 
 
In the pavements evaluated, staining of the slab interior was not always a precursor to pattern 
cracking.  Further, interior slab staining was a readily observable feature at Airport A, but not at 
Airport B.  As a result, although staining is illustrated in the progression sequence, the role it 
plays is unclear.  This MRD sequence is considered secondary as it is occurs more slowly and is 
typically less severe than MRD occurring at corners and joints.  But as it advances it will create 
FOD risk, as evidenced by the scaling shown in figure 28. 
 
 

 

Figure 28. Illustration of MRD progression sequence for interior location.  
 
 
Other MRD progression sequences that were observed, but which played a lesser role, included 
surface deterioration in areas with surface honeycombing, deterioration of patches that had been 
used to repair disintegrated and scaled areas, and expansion which was responsible for shoving 
fixtures, closing and misaligning joints, and causing blow ups. 
 
3.3 MRD Progression Rate at Two Airports 

After establishing the MRD progression sequences, the rate of progression was estimated.  
Interviews were conducted and questionnaires distributed to maintenance and engineering 
personnel at both airports.  Each individual was asked to independently assess the progression 
sequence and estimate the transition time between condition states.  Participants were asked to 
estimate the number of years expected before a given distress required repair (the choices were 
Now, 1 to 3 years, 4 to 6 years, or within 10 years) and how long it would take for the distress to 
progress from one severity state to the next (e.g. tight pattern cracking to open pattern cracking, 
joint staining to tight perpendicular/parallel cracking, and so on).  In total, six individuals 
participated from Airport A and eight from Airport B. 
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There was considerable variability in the information collected in the questionnaires.   This is 
reflected in the data presented in tables 4 and 5 and plotted in figure 29, which shows the range 
and average estimated years before repair is required for various distress manifestations for 
Airport A and Airport B, respectively.  For example, when shown a picture of corner staining, 
individuals from Airport A estimated it would require repair in 1 to 3 years (on average in 2.0 
years) before repair was necessary.  In contrast, of the eight individuals at Airport B who 
evaluated the same photograph, two answered it would require repair in 1 to 3 years, three 4 to 6 
years, and three within 10 years, averaging to 6.8 years.   
 
Table 6 shows the results to questions in which respondents were asked to estimate the time it 
would take for the distress to go from one severity state to the next.  For example, when shown 
photographs of tight pattern cracking and open pattern cracking, respondents from Airport A 
estimated on average it would take 2.0 years whereas respondents from Airport B estimated it 
would take 5.2 years.  For each location (corner, joint, or interior), the total time for MRD to 
progress from staining to repair (needed when joint deterioration/scaling occurred) is determined 
by summing the time for each transition.  For Airport A, for example, these are 8.6, 9.6, and 8.3 
years for corner, joint, and interior locations, respectively. 
 
 

Table 4. Estimated years to required repair for Airport A. 

Years Before Repair Required 
Distress Description Worst Case Average Best Case 

Staining (Corner) N/A 1 to 3 2.0 1 to 3 

Tight Now 1.8 4 to 6 Parallel/Perpendicular 
Cracking (Corner) Open Now 0.3 1 to 3 

Joint Disintegration (Corner) N/A Now 0 Now 

Staining (Joint) N/A Now 1.75 1 to 3 

Tight Now 2.2 4 to 6 Parallel/Perpendicular 
Cracking (Joint) Open Now 1.8 4 to 6 

Joint Disintegration (Joint) N/A Now 0.3 1 to 3 

Staining (Interior) N/A Now 4.0 Within 10 

Tight 1 to 3 5.7 Within 10 Pattern Cracking (Interior) 

Open 1 to 3 3.9 4 to 6 

Scaling N/A Now 1.3 1 to 3 
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Table 5. Estimated years to required repair for Airport B. 

Years Before Repair Required 
Distress Description Worst Case Average Best Case 

Staining (Corner) N/A 1 to 3 6.8 Within 10 

Tight Now 4.9 Within 10 Parallel/Perpendicular 
Cracking (Corner) Open Now 3.3 Within 10 

Joint Disintegration (Corner) N/A Now 1.8 Within 10 

Staining (Joint) N/A 1 to 3 7.4 Within 10 

Tight Now 4.0 Within 10 Parallel/Perpendicular 
Cracking (Joint) Open Now 2.0 4 to 6 

Joint Disintegration (Joint) N/A Now 2.8 Within 10 

Staining (Interior) N/A 4 to 6 8.3 Within 10 

Tight 1 to 3 6.4 Within 10 Pattern Cracking (Interior) 

Open 1 to 3 5.5 Within 10 

Scaling N/A Now 1.6 4 to 6 

 
 

Table 6. Average years for transition from one severity state to next for Airports A and B. 

Average Years 
Location Sequence 

Airport A  Airport B  

Staining to parallel/perpendicular cracking (tight) 3.5 4.9 

Parallel/perpendicular cracking (tight) to 
parallel/perpendicular cracking (open) 

2.6 4.0 

Parallel/perpendicular cracking (open) to joint disintegration 2.5 3.1 

Corner 

Estimated time from staining to repair 8.6 12.0 

Staining to parallel/Perpendicular cracking (tight) 4.0 2.0 

Parallel/perpendicular cracking (tight) to 
parallel/perpendicular cracking (open) 

3.0 2.0 

Parallel/perpendicular cracking (open) to joint disintegration 2.6 2.1 

Joint 

Estimated time from staining to repair 9.6 6.1 

Staining to pattern cracking (tight) 3.5 3.5 

Pattern cracking (tight) to pattern cracking (open) 2 5.2 

Pattern cracking (open) to joint disintegration 2.8 5.4 
Interior 

Estimated time from staining to repair 8.3 14.1 
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Even considering the variability, some interesting trends are observed between the MRD 
manifestations at the two airports.  In general, the MRD at Airport A as reported by the airport 
personnel is more aggressive than at Airport B, with the time to repair being shorter for every 
MRD manifestation shown in figure 29.   The results in table 6 are consistent with this 
observation except at the joint location, where the MRD progression from staining to repair was 
more aggressive at Airport B than Airport A.  
 
Evaluating the data in table 6, it appears that for Airport B distress progression at the joint 
location is the most critical, progressing from staining to repair required in 6.1 years.  This 
conclusion is not as strongly drawn from the data plotted in figure 29, which suggests that the 
corner and joint locations are both of similar concern for Airport B.  Regardless, interior 
manifestations of MRD are not considered as critical as signs of MRD which occur at corners 
and joints for Airport B. 
 

0

1

2

3

4

5

6

7

8

9

Y
e

a
rs

 t
o

 R
e

p
a

ir

MRD Manifestation

Airport A

Airport B

 

Figure 29. Estimated time to repair for various MRD manifestations at Airports A and B. 
 
 
The data for Airport A is less clear, other than the previously stated observation that the MRD is 
perceived to be more aggressive than that occurring at Airport B.  Figure 29 suggests that the 
corner location is the most critical, followed by the joint location.  The progression from staining 
to repair and tight cracking to repair is almost identical for the corner location, suggesting that 
there is little time between the occurrence of staining and cracking (it is possible that some of the 
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subtleties may have been lost in the photographs included in the survey, and thus respondents 
assumed that the cracking was present with the staining).  It is even more ambivalent for the joint 
and interior locations, as in both instances the time to repair from staining was actually rated as 
being shorter than from tight cracking to repair.  Again, difficulty in interpreting the photographs 
in the questionnaire is likely responsible for some of this confusion.  But when comparing the 
results in figure 29 to those presented in table 6, it is seen that the time from staining to repair is 
estimated to be roughly 9 years regardless of the location for Airport A.  
 
In addition to difficulties in interpreting photographs, the variability in the survey results is also 
at least partially the result of the differing experiences of each respondent, as some are field 
maintenance personnel responsible for conducting the repairs whereas others are engineers 
working primarily in the design office.  Thus, for the same distress, it was common for one 
respondent to say it should be repaired now whereas another stated the same distress wouldn’t 
require repair for 10 years.   
 
Quite possibly the single largest factor contributing to the variability in the survey results is the 
lack of a standardized method to identify and quantify this type of distress data.  Simply looking 
at photographs of a distress provides only a snapshot of what is occurring, as there is no basis to 
actually measure the rate of progression from year to year.  In addition, there is no repeatable and 
objective method for field personnel to adequately communicate to those in the office the type of 
distress present, nor its severity and extent.  Without such a methodology, it is impossible to 
adequately describe current conditions, let alone project those conditions into the future to assist 
in the development of a maintenance/rehabilitation plan based on MRD manifestations.  
Addressing this limitation is at the center of this project and the focus of the next chapter. 
 
3.4 Summary   

Manifestations that are common to MRDs are identified and described in some detail.  These 
form the basis for the field manual that is used in the proposed MRDR protocol.  The progression 
of MRD is also examined, first as a sequence of manifestations that become increasingly more 
severe and then, based on discussion with two airports, as the time between each of the stages in 
the MRD progression.  This information is essential to understanding rates of deterioration and 
timing of intervention. 
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4. THE MRDR PROTOCOL 

As discussed in Chapter 3, a definitive progression of MRD manifestation was observed at the 
two airports under study.  Although the rate of progression varied at the two airports, the basic 
sequence of events that ultimately resulted in a high risk of FOD started with staining that over 
time resulted in cracking of increasing severity, and ultimately progressed into dislodging of 
pieces of concrete.  Three slab locations (corners, joints, and interior) were associated with the 
occurrence of MRD manifestations.  Other distresses and/or defects in the concrete were also 
observed to contribute to the increasing risk of FOD.  The MRDR protocol presented in this 
chapter is based on these observations.  The MRDR protocol is presented in its entirety in a 
separate stand-alone document: Guide to Field Evaluation of MRD-Affected Concrete Pavements 
(Van Dam et al. 2009).  
 
4.1 Background 

The MRDR protocol is a stand-alone pavement evaluation procedure that is similar in 
application to the PCI procedure described in ASTM D5340 (ASTM 2005).  The procedure can 
be conducted at both the project and the network level, and it can either be used independently to 
specifically evaluate an MRD problem or as a supplement to the conventional PCI pavement 
survey.  As a supplement to a conventional PCI survey, the MRDR procedure is only “triggered” 
when certain observations indicate that the potential for MRD exists.  As discussed in Chapter 3, 
these triggers include the following: 
 

• Perpendicular cracking along joints. 
• Parallel cracking along joints and corners. 
• Crack or joint staining. 
• Pattern cracking. 
• Visible exudate in or around cracks. 
• Signs of expansion 

 
The MRDR protocol calls for the identification and close examination of sample units that are 
considered representative of the overall pavement being inspected.  An additional MRDR form, 
presented later in this chapter, is used to identify and record the type, severity, and location of 
MRD-associated distress and indicators.   
 
4.2 Field Application of the MRDR Protocol 

The PCI is a valuable tool to support the management of airfield pavements.  In the application 
of the PCI, all airfield pavements being managed (defined as the network) must be subdivided 
into identifiable parts called branches (referred to as facilities for military airfields) that are a 
single entity and perform a distinct function (e.g., runways, taxiways, aprons, and so on are 
separate branches).  Each branch is further subdivided into manageable units called sections 
(referred to as features for military airfields) that are distinct and uniform areas of the branch that 
have common construction, maintenance, condition, and use.  For example, a taxiway may be 
divided into numerous sections if parts of it were constructed at different times or with different 
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materials or cross sections, or are exposed to different traffic patterns, or if the condition is 
dramatically different from one part to the next.   
 
Each section is then subdivided into individual sample units that consist of 20 ± 8 slabs.  It is 
these individual sample units that are inspected at a statistically-based inspection frequency to 
draw conclusions regarding the overall condition of the section.  For large areas of pavement 
being inspected for network-level analysis, the sampling rate is reduced to as low as 10 percent 
of the sample units. 
 
The network definition maps that already exist for airfields for conducting PCI surveys should be 
used in conducting the MRDR inspection.  An example of such a network definition map is 
shown in figure 30.  Individual branches (apron, runway, taxiways) are clearly shown on this 
network definition map, as are the various sections demarcated in red (for example, the apron has 
been divided into four distinct sections – APRON-10, APRON-20, APRON-30, and APRON-
40).  Additionally, each section has been further sub-divided into individual sample units shown 
in blue. 
 
During subsequent PCI surveys, every attempt is made to resurvey sample units that have been 
surveyed in the past.  This assists in tracking the progression of deterioration over time and in 
identifying the risks associated with worsening performance.  Similarly, the same sample units 
should be inspected in subsequent MRDR inspections to establish an MRD progression rate.  If 
distinct differences in performance, material changes, or traffic patterns are evident in a section, 
it should be separated into two or more “new” sections, permitting a more specific assessment of 
risk and repair strategies. 
 
During an inspection, the data are collected manually, with the inspector simply recording 
distress observed in a select number of slabs in the sample unit.  PCI and MRDR inspection 
forms, such as those shown in figures 31 and 32, respectively, are used to facilitate the conduct 
of the surveys.  It is recommended that the PCI form be printed on one side and the MRDR form 
on the reverse side so that the form can simply be turned over once the PCI survey is complete to 
continue the survey using the MRDR protocol.   
 
A supplemental MRDR form, shown in figure 33, is based on a checklist style.  This form can be 
easily adapted to a data entry form for a handheld computing device if desired.  A step-by-step 
outline of the procedure is included in the next section of this chapter. 
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Figure 30.  Example of network definition map with selected sample units. 
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Figure 31. PCI inspection form with MRD indicator checklist at bottom (Van Dam et al. 2009). 
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Figure 32. MRDR inspection form (Van Dam et al. 2009). 



Materials-Related Distress and Projected Pavement Life Chapter 4 

Applied Pavement Technology, Inc.  47 

 

 

Figure 33. MRDR inspection form using checklist format (Van Dam et al. 2009). 
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4.3 MRDR Inspection Procedure 

4.3.1. General Process 

The following steps should be taken to complete the MRDR inspection: 
 

1. Conduct a PCI survey, either as part of a network-level inspection or as a stand-alone 
(project-level) survey. 

2. Determine if an MRDR inspection is warranted based upon the observed distress. 

3. If an MRDR inspection is warranted, determine the number of sample units that need to 
be surveyed. 

4. Conduct the MRDR inspection. 
 
The first step in the MRDR inspection procedure is to conduct a PCI survey of the sample unit in 
accordance with ASTM D5340.  Conducting the PCI survey allows the progression of PCI 
distress to be calculated from information collected during previous PCI surveys.  It also allows 
the inspector to scan the slabs within the sample unit for signs of MRD.   
 
The second step is to determine if an MRDR inspection is warranted.  In the course of 
conducting the PCI survey, the inspector should record whether potential MRD indicators are 
evident.  These are listed on the bottom of the PCI data collection form in figure 31, and include 
these previously described conditions: 
 

• Staining near joints and/or cracks. 
• Pattern cracking. 
• Perpendicular cracking. 
• Parallel cracking. 
• Exudate in cracks.  
• Signs of expansion.  

If one or more of the indicators are observed in the sample unit during the PCI survey, it is 
recommended that the MRDR inspection be conducted using the MRDR inspection form 
provided in figure 32.  As previously described, the PCI form and the MRDR form can be 
printed two-sided on a single piece of paper, greatly simplifying the management of paper forms 
in the field and ensuring that the sample unit PCI data on one side corresponds to the same 
sample unit MRDR data on the other side. 
 

The third step in the process is to calculate the number of sample units within a section (feature) 
to be inspected using the MRDR procedure.  If the MRDR inspection is being conducted as part 
of a network-level PCI survey, it is recommended that the same sampling rate used for the PCI 
network-level survey be used for the MRDR procedure.  Recommended sampling rates, shown 
in table 7 (where N is the total number of sample units within the section and n is the number of 
sample units to survey), are based on the ASTM D5340 network-level survey procedure.  It is 
also recommended that the same network definition be used and sample units inspected as for the 
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PCI survey.  The benefit of this is two-fold: it avoids confusion and expedites the survey 
procedure, and it provides a convenient way to track the progression of MRD over time and 
identify how this progression impacts the PCI on a sample unit basis.  This will prove to be 
useful in the development of improved MRD prediction models.  
 
 

Table 7.  Recommended MRDR network-level sampling rates. 

N n 

1 – 3 all 

4 3 

5 – 7 4 

8 - 10 5 

11 - 16 6 

17 - 28 7 

29 - 64 8 

65 - 90 9 

> 90 10%, but < 32 

 
 
Although the MRDR protocol has been developed specifically for network-level analysis, there 
is benefit in applying this tool to support a project-level analysis as well, particularly if details 
regarding the type, severity, and extent of MRD are being used to formulate a repair or 
rehabilitation plan.  In such cases, the sampling rate must be increased significantly from what is 
used at the network level, and may often require that all (100 percent) of the sample units be 
inspected; however, the actual sampling rate for this application will be set by the project 
manager.  All other aspects of the inspection will remain the same. 
 
The fourth and final step of the process is to conduct the MRDR inspection on slabs within the 
selected sample units.  A typical concrete sample unit consists of 20 slabs, but sample units 
containing between 12 and 28 slabs are allowed.  In the course of this study, every slab was 
inspected within each sample unit.  Inspecting 100 percent of the slabs yielded the greatest 
accuracy, but was also very time consuming, adding up to 15 minutes per inspected sample unit.  
For a network-level analysis, this more than doubles the inspection time compared to a PCI 
survey alone, which in most cases is not practical. 
 
Therefore, an in-depth analysis was conducted using all the data obtained in the final inspection 
cycle at both airports in order to determine how many slabs in a sample unit needed to be 
inspected.  Data from 748 slabs in 38 sample units were analyzed and the following observations 
were made from this analysis: 
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• On average, there is a lot of variation from slab to slab within each sample unit.  This 
reflects the actual variability in performance, and is often driven by the presence of 
severe MRD manifestations in only one or two slabs.  The average coefficient of 
variation (CV) between slabs within a sample unit for all sample units is 60 percent, 
ranging from a low of 7 percent to a high of 142 percent.  This indicates that each sample 
unit has a unique variation associated with it and thus a single standard deviation for the 
feature will not accurately represent the variation of the slabs within the individual 
sample units. 

 
• The MRD manifestations within the sample unit are not random.  If “columns” are 

assumed to be in the longitudinal direction (along paving lanes) and rows are assumed to 
be in the horizontal direction across the paving lanes, the typical 20-slab sample unit in a 
runway or taxiway has four columns and five rows.  When evaluating all the slabs in each 
sample unit, it is observed that the variation is greater across rows than along columns, 
meaning there is increased consistency in performance along paving lanes than across 
paving lanes.  This makes sense as there will be more similarities in materials and 
construction-related factors (e.g. temperature) in a paving lane than between paving 
lanes.  The variation ((CV columns – CV rows) for all sample units is -18.2 percent, 
meaning roughly that the variation between paving lanes is 20 percent greater than within 
paving lanes.  This difference is far more pronounced at Airport B than Airport A, with 
the variations being -2.9 percent and -35.6 percent, respectively.  Thus this observation is 
almost non-existent at Airport A while being very important at Airport B.  This means 
that the MRD distribution within a sample unit is not randomly distributed as it has a bias 
by paving lane, and thus “random’ sampling to select slabs within the sample unit to 
represent the performance of the sample unit as a whole cannot be used. 

 
• Taking the first two points into account, field implementable inspection patterns were 

investigated.  The sampling patterns were established to draw equal numbers of slabs 
from each paving lane.  Thus, for a typical 20-slab sample unit having four paving lanes, 
the sample size had to be a multiple of four slabs (four, eight, and so on).  There were 
also two sample units with three paving lanes (18 slabs total) and one sample unit with 
two paving lanes (12 slabs total), so sample sizes of multiples of three and two slabs were 
evaluated, respectively.  The sampling pattern was so that the slabs were staggered from 
paving lane to paving lane, minimizing (to the degree possible) selecting slabs in adjacent 
paving lanes in the same row.  It is emphasized that this is purposefully not random 
sampling since it has already been demonstrated that the MRD manifestations within the 
slabs within the sample unit are not randomly distributed.  Instead, a systematic slab 
inspection procedure was selected to ensure the variability between paving lanes would 
be captured.  In addition, by setting a pattern in advance, the job of the inspectors is 
simplified and less open to bias since they will not have to “choose” which slabs to 
inspect. 

 
• Applying this sampling approach to the data yielded some interesting results.  There were 

insufficient data to draw strong conclusions from the 12-slab and 18-slab sample units, so 
the analysis focused only on the 20-slab sample units.  For each sample unit, the data 
from the 20 slabs were analyzed to determine the 95 percent confidence interval (CI) 
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using the actual standard deviation for that sample unit.  This was then compared to the 
calculated MRDR based on four slabs and eight slabs to determine if the calculated 
MRDR fell within the CI.  In 25 percent of the sample units, the MRDR calculated from 
four slabs fell outside the CI whereas the MRDR calculated from eight slabs always fell 
within the CI.  Comparing the MRDR deviation (absolute value of the actual based on all 
20 slabs minus the MRDR calculated from the sample divided by the actual MRDR) for 
each sample unit and found that this was on average 15 percent for four slabs and 9 
percent for eight slabs.   

 
Based on this analysis, it is recommended that inspecting 8 slabs out of a 20-slab sample unit (a 
40 percent inspection rate) provides an acceptable estimate for network-level analysis as long as 
the inspection pattern shown in figure 34 is used. 
 
For sample units with more or less than 20 slabs, roughly 40 percent of the slabs within each 
sample unit should be inspected with the caveat that due to potential variations in materials and 
construction used in individual paving lanes, at least two slabs should be inspected in each 
identified paving lane in an alternating staggered pattern.  
 
If the MRDR is being conducted for project-level assessment, unless otherwise directed by 
the project manager, all the slabs within the sample unit should be inspected. 
 
The remaining discussion focuses on the inspection of an individual slab, a process that is 
repeated for all slabs inspected in the sample unit and in all subsequent sample units. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 34.  Recommended slab locations for inspection (network-level analysis) in a typical 20-

slab sample unit. 
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4.3.2. MRDR Inspection Procedure for a Given Slab 

The MRDR inspection form is similar to the PCI survey form, having a project identification 
area and a list of distress manifestations near the top, a 7 by 5 grid representing up to 35 slabs 
within the sample unit covering most of the page, and a summary table along the right side to 
“tally” the inspection results.  However, there are two important differences between the MRDR 
and the PCI rating forms.  The first is the MRD distress manifestations listed are consistent with 
the development of materials-related distress, being labeled alphabetically “A” through “K” to 
avoid confusion with the numerically labeled PCI distresses.  The second difference is that each 
of the cells representing individual slabs within the 7 by 5 grid is subdivided into the following 
nine sub-areas corresponding to specific locations where signs of MRD may appear: 
 

• Corners (four positions): Location 1. 
• Joints (four positions): Location 2. 
• Interior (one position): Location 3. 

  
The corner location is defined as a 2-ft square at each corner, while the joint location lies 2 ft 
inward from the joint and along its length.  The remaining slab area is defined as the interior 
location.  Figure 35 illustrates how a typical slab is subdivided into the three locations. 
 
As previously mentioned, each type of MRD indicator has a letter designation and many are 
further defined by their observed severity level.  When conducting the survey, the type and 
severity of each MRD indicator is recorded within the nine slab locations, or may be indicated as 
“not present” using a dash.  Cracking with discoloration (staining and/or exudates) is further 
identified with a “(D)” designation.   
 
The MRDR procedure should be repeated for the remaining slabs in the sample unit that are to 
be inspected and then repeated as needed for the remainder of the sample units within the section 
being surveyed in accordance with the sampling rate previously discussed. 
 

 

Figure 35. Typical slab layout showing the three locations (1: corner, 2: joint, and 3: interior). 
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4.4 MRD Definitions 

As discussed in the previous chapter, the lack of a systematic and objective protocol to visually 
assess pavements affected by MRD makes it impossible to adequately represent the current 
pavement condition, let alone develop maintenance and rehabilitation plans for the future.  As a 
result, the MRDR protocol developed as part of this study precisely identifies observable surface 
characteristics that are indicative of MRD.  The major focus of this effort was to identify MRD 
manifestation that will produce, or have the potential over time to produce, FOD that may pose a 
threat to aircraft.  The most significant and commonly observed signs of MRD in concrete 
airfield pavements are listed below, presented by the location within the slab illustrated in figure 
35. 
 
Interior Locations 

A. Pattern Cracking (with or without discoloration). 
B. Scaling. 
C. Popouts. 
D. Surface Honeycombing. 

 
Joint and Corner Locations 

E. Sliver Spalling 
F. Perpendicular Cracking (with or without discoloration). 
G. Parallel Cracking (with or without discoloration). 
H. Joint Disintegration. 

 
Any Location 

I. Staining. 
J. Patching. 
K. Expansion. 

 
MRD indicators A through D are recorded exclusively at interior locations (location 3), 
indicators E through H are recorded exclusively at corner (location 1) and joint (location 2) 
locations, and indicators I and J can be recorded at any of the three locations.  Indicator K 
(expansion) is a unique manifestation in that it is not rated on a slab-by-slab basis, but instead is 
made as a single assessment for the entire sample unit.  In order to make this assessment, the 
inspector must not only examine all slabs within the sample unit, but also must inspect the slabs 
immediately adjacent to the sample unit, and must review the condition of the abutting shoulders 
to identify any signs of expansion (such as joint misalignment, joint closure, shoved fixtures, or 
blow-ups).  If any of these signs of expansion are observed, this should be noted in the separate 
box included on the inspection form. 
 
Although MRD indicators A through D are only recorded for interior locations, it is known that 
they can occur over the entire slab area, including corners and joints.  For example, popouts and 
pattern cracking are likely to be distributed randomly over the entire slab surface whereas scaling 
and surface honeycombing could occur within 2 ft of a joint.  These MRD indicators are only 
identified for the slab interior to clearly demarcate those distresses that are observed over the 
entire slab surface from those that are isolated to corner and joint locations.  Popouts and surface 
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honeycombing that occur within 2 ft of corners and joints are considered together with those 
same distresses occurring in the slab interior, and are only recorded for the slab interior.  On the 
other hand, what appears to be pattern cracking that occurs within 2 ft of corners and joints is 
identified as perpendicular cracking and/or parallel cracking, as appropriate.  Similarly, what 
appears to be “scaling” that occurs within 2 ft of the joint or corner is recorded as joint 
disintegration.   
 
MRD indicators A, C, D, F, G and J are further described with low- (L) and medium- (M) 
severity ratings, while indicators C, D, and J also have a high- (H) severity rating associated with 
them.  And, as previously mentioned, distresses characterized by cracking (that is, A, F, and G) 
should be further described with a “(D)” if discoloration (either staining and/or exudate) is 
present.  For example, low-severity parallel cracking with discoloration is noted as G-L(D), 
whereas medium-severity perpendicular cracking without discoloration is noted as F-M. 
    
Often multiple indicators occur simultaneously in the same location.  For example, perpendicular 
cracking and parallel cracking often occur together along joints and corners.  For low and 
medium severity, only the highest severity of each indicator should be recorded.  There is no 
high severity rating for perpendicular cracking or parallel cracking, as they progress into joint 
disintegration once FOD exists.  As such, if joint disintegration is present, no other distress is 
recorded for that specific location except patching.  Similarly, there is no high-severity rating for 
pattern cracking, as it progresses into scaling once FOD exists and thus no other distress is 
recorded for that specific location except patching.   
 
Table 8 summarizes the slab locations, severity levels, and specific comments used to define 
each MRD indicator.  Each indicator is described in more detail in Appendix A, along with 
photographs illustrating various conditions and/or levels of severity, as appropriate.  In general, 
the MRD manifestations listed correspond to the distress progression presented in Chapter 3, 
with staining (I) leading to cracking (A, F, and G) which ultimately causes FOD producing 
distress (B and H).  Severity levels are used to differentiate tight cracks (low-severity) from open 
cracks (medium-severity).  Signs of expansion (K) are recorded because they are a direct result 
of many MRDs and patching (J) is noted as repairs are an indication of what has been done to 
maintain serviceability.   
 
The remaining indicators (C, D, and E) might not be directly linked to an MRD, but at least 
contribute indirectly.  Surface honeycombing (D) was clearly associated with the occurrence of 
cracking and deterioration, and in one case, required patching to eliminate a FOD risk.  Popouts 
(C) are recognized in the PCI procedure as being potentially problematic, but the MRDR 
protocol records popouts at a much lower threshold than the PCI method, with high-severity 
being equivalent to low-severity in the PCI.  This was done to allow tracking of the progression 
of popouts from a very early stage.  The final MRD indicator, sliver spalling (E), is the minor 
break up of concrete along the joint.  Such spalling is not recorded in the PCI method but is 
thought to possibly be significant as an indicator of weak and/or damaged concrete and by 
recording it at an early stage, progression can be monitored. 
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Table 8.  Summary of MRDR distress types. 

Distress 
Code Distress Type Location1 Severity2 Comments 

A. 
Pattern 

cracking 
3 L, M 

There is no high severity pattern cracking, as it 
progresses into scaling.  Designated with a (D) 
if discoloration is present. 

B. Scaling 3 N/A 
The end result of pattern cracking.  When 
recorded, no other distress is recorded for that 
slab location except patching. 

C. Popouts 3 L, M, H 
High-severity popouts in this procedure are 
equal to low-severity popouts in the PCI 
procedure. 

D. 
Surface 

honeycombing 
3 L, M, H 

Reflects how open the surface is to ingress of 
water and deicers. 

E. Sliver spalling 1, 2 N/A 

The presence of sliver spalling is noted if 
greater than 1 ft in length. Sliver spalling is not 
recorded if perpendicular cracking or parallel 
cracking is present. 

F. 
Perpendicular 

cracking 
1, 2 L, M 

There is no high-severity perpendicular 
cracking, as it progresses into joint 
disintegration. Designated with a (D) if 
discoloration is present. 

G. 
Parallel 
cracking 

1, 2 L, M 

There is no high-severity parallel cracking; it 
progresses into joint disintegration.  
Designated with a (D) if discoloration is 
present. 

H. 
Joint 

disintegration 
1, 2 N/A 

The end result of perpendicular and/or parallel 
cracking. When recorded, no other distress is 
recorded for that slab location except patching. 

I. Staining 1, 2, 3 N/A 

Staining is not recorded in a location where 
pattern cracking, parallel cracking, or 
perpendicular cracking has progressed to 
medium severity or if scaling or joint 
disintegration is recorded. 

J. Patching 1, 2, 3 L, M, H 
Severity is assigned to patch only.  Adjacent 
distress is recorded appropriately and 
separately. 

K. Expansion N/A N/A 
A single rating is given for the entire sample 
unit based on observations within and 
immediately outside the sample unit. 

1 Location: 1 = Corner   2 = Joint   3 = Interior. 
2 Severity: L = Low   M = Medium   H = High 
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4.5 Conducting an MRDR Inspection 

In this section, five examples are presented to illustrate how the MRDR inspection protocol is 
conducted.  Due to limitations imposed by the use of photographs, only the MRD indicators 
captured in the image are evaluated and thus it is assumed that these are representative of the 
entire location.  However, in the field, observed MRD indicators are recorded for each slab 
location and for approximately 40 percent of the slabs in each sample unit for a network-level 
analysis (although more slabs or all the slabs within a sample unit can be inspected for project-
level analysis).   
 
Appendix B presents three sample MRDR Inspection Forms that have been filled out to illustrate 
how the MRD indicators observed over an entire sample unit are recorded and tabulated.   The 
examples in Appendix B are used in the next section to illustrate the calculation of the MRDR.   
 
4.5.1 Example 1: Interior Location 

Figure 36 is a photograph of an interior slab location.  As an interior location, the MRD 
indicators specifically applicable to this location are A through D (pattern cracking, scaling, 
popouts, and honeycombing); distresses I through K (staining, patching, and expansion) would 
also be considered.  The only MRD indicator observed is pattern cracking (MRD Indicator A).  
Although many of the cracks are fine and closed, some cracks are observed to be open; therefore 
this is considered medium-severity pattern cracking.  Further, there is noticeable discoloration 
associated with the cracking.  Thus, the observed pattern cracking is recorded as A-M(D). 
 

 

Figure 36.  Example 1: interior slab location. 

Open, discolored 
crack 

6-inch ruler 
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4.5.2. Example 2: Interior Location 

Figure 37 shows a section of runway with the touchdown zone blackened from tire rubber.  
Concentrating on the interior of the slab enclosed by the red lines, the MRD indicators 
specifically applicable to this location are A through D (pattern cracking, scaling, popouts, and 
honeycombing); distresses I through K (staining, patching, and expansion) would also be 
considered.   
 
The MRD indicator that is clearly visible, as illustrated with the white arrows, is scaling (MRD 
indicator B).  Even though pattern cracking (MRD Indicator A) is present (although not readily 
visible in figure 37), it would not be recorded since scaling is observed.  The patch (MRD 
Indicator J) seen as the white rectangle on the right side of the figure is free of distress.  Thus, the 
distresses recorded for this slab interior are B and J-L.  It is worth noting that “scaling” is also 
visible in some joint locations, such as that identified by the cross-hatched arrow  In this case, 
the inspector would identify joint disintegration (MRD Indicator H) for that joint location if the 
“scaling” was within 2 ft of the joint.  This would be in addition to the scaling recorded for the 
slab interior.    
 

 

Figure 37.  Example 2: interior of slab on runway touchdown zone blackened with tire rubber.  
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4.5.3. Example 3: Joint Location 

Figure 38 shows tightly closed cracking along a joint.  The MRD indicators specifically 
applicable to the joint location are E through H (sliver spalling, perpendicular cracking, parallel 
cracking, and joint disintegration); distresses I through K (staining, patching, and expansion) 
would also be considered.  The cracking present is fine and closed, running both parallel and 
perpendicular to the joint.  Therefore this is low-severity perpendicular cracking (MRD Indicator 
F) and low-severity parallel cracking (MRD Indicator G).  The cracks also appear to be 
discolored, so the distresses observed are identified as F-L(D) and G-L(D).  The inspector would 
have to determine whether staining (MRD indicator I) is present as well by looking at the joint 
from different angles. 
 

 

Figure 38.  Example 3: tightly closed cracking along joint. 
 

4.5.4. Example 4: Joint Location 

Figure 39 shows open cracking along a joint.  The MRD indicators specifically applicable to this 
location are E through H (sliver spalling, perpendicular cracking, parallel cracking, and joint 
disintegration); distresses I through K (staining, patching, and expansion) would also be 
considered.  The cracking present is open, running parallel to the joint, and is discolored.  
Therefore this is medium-severity parallel cracking (MRD Indicator G) and is identified as G-
M(D).  Staining (MRD Indicator I) of the joint is also clearly visible, but because the parallel 
cracking has progressed to medium-severity, staining is not recorded.  Further, popouts (MRD 

Parallel, 
discolored crack 

Perpendicular, 
discolored crack 
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Indicator C) are visible.  These are not identified for a joint location; instead, the number of 
popouts observed over the entire slab surface is assessed and the observation is recorded for the 
slab interior location, with severity assigned based on the overall density of popouts observed. 
 
 

 

Figure 39.  Example 4: opened cracking along joint. 
 

4.5.5. Example 5: Corner Location 

Figure 40 shows cracking at four adjacent corners, illustrating how pavement condition can be 
highly variable even within a small area, especially between adjacent paving lanes.  The distress 
types specifically applicable to a corner location are E through H (sliver spalling, perpendicular 
cracking, parallel cracking, and joint disintegration); distresses I through K (staining, patching, 
and expansion) would also be considered.  The cracking present at corners #1 and #2 is very fine 
and closed, and is both perpendicular and parallel to the joint, pointing to both perpendicular 
cracking (MRD Indicator F) and parallel cracking (MRD Indicator G).  No discoloration is 
associated with the cracking, but the concrete is obviously stained.  The condition is therefore 
identified as low-severity perpendicular cracking (F-L), low-severity parallel cracking (G-L), and 
staining (I). 

 
Corner #3 has more severe cracking than corners #1 or #2, with the perpendicular and parallel 
cracks having opened and appearing discolored (white exudates).  The distress at Corner #3 is 
thus identified as F-M(D) and G-M(D).  Although staining is also apparent, it is not recorded due 
to the presence of medium-severity cracking.  Corner #4 is similar to Corner #3, having open 
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cracks running perpendicular and parallel to the joints, and also is discolored.  More 
significantly, it poses an immediate FOD risk, with pieces missing from the corner.  Therefore it 
is identified as joint disintegration (MRD Indicator H).  No other distress is recorded. 
 
 

 

Figure 40.  Example 5: cracking at slab corner with each corner numbered. 
 

4.6 Calculating a Materials-Related Distress Rating  (MRDR) 

Once the MRD indicators are recorded and tabulated, the MRDR is calculated for the sample 
unit, and the average MRDR for all sample units is computed for the section.  The MRDR starts 
at 0 (no MRD indicators recorded) and increases as the amount and severity of distress increases, 
with no specified upper limit (although 3000 is the practical upper limit).   
 
Thus a new pavement that is completely free of distress would have a PCI of 100 and an MRDR 
of 0.  Over time and as distresses develop, the PCI would decrease through the application of 
deduct values.  If MRD is present and becoming more prevalent and/or of higher severity with 
time, the MRDR would increase.  Conceptually, for pavements with MRD, the relationship 
between the two ratings is illustrated in figure 41 for a pavement exhibiting progressive MRD. 
 
What is also illustrated in figure 41 is that if MRD is the predominant distress present, the 
MRDR will be more sensitive to the development of MRD than the PCI.  As previously 
discussed, early manifestations of MRD, especially staining and fine cracking, are either not 
noted in the PCI method or have very low deduct values associated with them.  The MRDR 

#1 #2 

#3 #4 

Open, 
discolored crack 

Spalling, FOD 
potential 
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procedure has been developed to capture these early signs of MRD using the weighting factors 
presented in table 9.  For each sample unit, the percent of locations affected (density) by an 
MRD indicator of a given severity is calculated and multiplied by the appropriate weighting 
factor.  These values are tallied to derive the MRDR for that sample unit, and the MRDR of all 
sample units surveyed within a given section are averaged to determine the section MRDR.  In 
addition, the MRDR is computed separately for each slab location, meaning it is possible to 
determine which part of the slab is most severely affected. 
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Figure 41.  Conceptualization of relationship between PCI and MRDR. 

 
 
The weighting factors in table 9 reflect the risk posed by a given MRD indicator of a given 
severity level to produce FOD over time.  In general, indicators with low weighting factors (e.g. 
staining (I), low-severity pattern cracking (A-L), and so on) have little risk of producing FOD, 
but are a possible harbinger of future problems if they continue to progress.  They typically have 
weighting factors between 5 and 10.  The weighting factors for MRD indicators of medium-
severity are significantly higher, commonly lying between 50 and 100, signifying that although 
little FOD potential exists at the moment, a significant risk of FOD exists in the near future (1 to 
2 years).  The high weighting factors (500) for MRD indicators characterized by loose or missing 
concrete (e.g. scaling (B), joint disintegration (H), high-severity patching (J-H), and so on), 
reflect the high risk of FOD that currently exists.   
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Table 9.  MRD indicator weighting factors used to calculate MRDR. 

Distress Severity   
MRD Indicator 

 
Location Low Medium High 

A: Pattern Cracking Interior (3) 10 50  

A-D: Discoloration Interior (3) 10   

B: Scaling Interior (3)   500 

C: Popouts Interior (3) 5 20 40 

D: Surface Honeycombing Interior (3) 10 50 250 

E: Sliver Spalling Corner (1) 25   

  Joint (2) 25   

F: Perpendicular Cracking Corner (1) 5 50  

  Joint (2) 5 50  

F-D: Discoloration Corner (1) 5 50  

  Joint (2) 5 50  

G: Parallel Cracking Corner (1) 10 100  

  Joint (2) 10 100  

G-D: Discoloration Corner (1) 10 100  

  Joint (2) 10 100  

H: Joint Disintegration Corner (1)   500 

  Joint (2)   500 

I: Staining Corner (1) 10   

  Joint (2) 10   

  Interior (3) 5   

J: Patching Corner (1) 25 50 500 

  Joint (2) 25 50 500 

  Interior (3) 25 50 500 

K: Expansion N/A   200 

 
The practical application of this is that if every joint and every corner of every slab in a sample 
unit is stained (MRD Indicator I), the MRDR would be 20 (joint density (1) x weighting factor 
(10) + corner density (1) x weighting factor (10) is 20).  Similarly, if all joints and corners had 
low severity parallel cracking (MRD Indicator G-L) and no other distress, the MRDR would also 
be 20 and if they are suffering both staining and low-severity parallel cracking, the MRDR 
would be 40.  On the other hand, if even 5 percent of the joints (4 joints in a 20-slab sample unit) 
had joint deterioration (MRD Indicator H), the MRDR would be 25 (density (0.05) x weighting 
factor (500) is 25). 
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The MRDR weighting factors have been calibrated, setting a “trigger” point of 25 for the 
initiation of maintenance activities to preserve the pavement in a low FOD risk condition.  A 
second “trigger” point of 100 has been established to indicate that significant action (such as 
major repair or rehabilitation) is warranted because of the increased risk from FOD.  These two 
points are illustrated in figure 42, which also shows a typical PCI performance history as well as 
the traditional PCI decision point. 
 
Thus, going back to the earlier examples, pavement with few MRD indicators of low-severity 
have MRDRs below 25.  The fact that the MRDR is not zero indicates that signs of MRD exist, 
but are not significant enough to warrant any action other than continued monitoring.  As the 
MRD progresses in extent and severity, the MRDR will climb past 25 and maintenance strategies 
will be needed to maintain serviceability, keeping the risk of FOD low.  As the number of MRD 
indicators increase, becoming more severe and of greater extent, the MRDR will eventually pass 
100, at which point major repair or rehabilitation will be required. 
 
The following examples, based on the data in the forms provided in Appendix B, are used to 
illustrate the calculation of the MRDR. 
 

 

Figure 42.  Illustration of trigger points for PCI and MRDR. 
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4.6.1. Calculating the MRDR: Example 1 

Example 1 in Appendix B presents the MRDR form recorded for a sample unit (R/W 14R, 
Section 2, SU #26 consisting of 20 slabs).  For a network-level MRDR survey, 40 percent of the 
20 slabs are inspected.  The 8 slabs (0.4 x 20) that were inspected are demarcated on the grid, 
and the codes for each MRD indicator are written into the appropriate locations as shown.  Only 
two MRD indicators were observed: staining (I) of the joints and corners and low-severity 
pattern cracking (A-L) over the slab interiors.  The results are tallied under the table labeled 
“TOTALS” on the right side of the form.   
 
To calculate the MRDR, the density of the MRD indicators must first be determined.  As 8 slabs 
were inspected, the total number of slab interiors (location 3) is 8.  All of these slab interiors 
were affected by low-severity pattern cracking (A-L) as tallied under the “Totals” column on the 
right-side of the MRDR inspection form.  Thus the “density” of the low-severity pattern cracking 
(A-L) is 1.0 (8 slabs affected divided by 8 slab interiors total).  The total number of slab corners 
(location 1) and joints (location 2) is 32 each (8 slabs each with 4 corners and 4 joints).  Thus the 
density of the staining (I), which was observed at every corner and joint as indicated in the tally 
on the right-side of the MRDR inspection form, is also 1.0.  The weighting factor in table 9 for 
staining (I) at joints and corners is 10 and for low-severity pattern cracking (A-L) it is also 10.  
The calculation of the MRDR is as follows: 

 

  (Equation 1) 
 
Using this approach, the results shown in table 10 are obtained, for a total MRDR of 30.0.  The 
overall MRDR suggests that this pavement should be evaluated for feasible maintenance 
activities that will slow the rate of deterioration and the progression of MRD. 
 
 

Table 10.  Summary of MRDR calculation for Example 1. 

Distress Type Location Density Weighting MRDR 

A-L 3 1.0 10 10.0 

1 1.0 10 10.0 
I 

2 1.0 10 10.0 

Total MRDR 30.0 

 
 
4.6.2. Calculating the MRDR: Example 2 

Example 2 in Appendix B is hypothetically from the same branch and section as Example 1, only 
it is a different sample unit (SU #36).  In this example, the MRD indicators observed are more 
serious, both in their type and their severity.  As in the previous example, all MRD indicators are 
recorded on the form and the totals are tallied.  The following notes are provided to help 
understand how the distresses were recorded: 
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• Note that if the cracking observed (whether A, F, or G) is medium severity, staining (I) is 
not recorded. 

• Note that if joint disintegration (H) is observed, no other MRD indicator is recorded in 
that location (unless there happens to be patching (J)). 

• Practically speaking, three MRD indicators are near the maximum that can be manually 
entered into the spaces for the corner location.  If more indicators are present than can be 
easily recorded, the supplemental checklist-style MRDR form illustrated in Example 3 
should be used. 

 
Using the same approach to calculate the MRDR described in Example 1, the occurrence of each 
MRD indicator has been tallied on the right-side of the MRDR inspection form.  For example, 27 
corners (location 1) were observed to have staining (I).  Since a total of 32 corners (8 slabs with 
4 corners each) were inspected, the density of staining (I) is 27 divided by 32, or 0.84.  Similar 
density calculations are made for all observances of MRD indicators and the results shown in 
table 11 are obtained.  The total MRDR is 69.3.  The data can be broken down by location, 
indicating that approximately 56 percent (39.0) of the MRDR is associated with the corners, 15 
percent (10.3) with the joints, and 29 percent (20.0) with the slab interiors.  Looking at the 
distribution of distress in the form in Appendix B also shows that most of the distress is 
associated with the first column, which represents the paving lane directly to the right of the 
centerline of the runway.  
 
The overall MRDR of this pavement indicates that routine maintenance and repair should be 
underway to keep this pavement in serviceable condition.  The occurrence of joint deterioration 
(H) in one corner demands immediate treatment as this distress indicator poses an immediate 
FOD risk.  If this sample unit is representative, and depending on the performance history of the 
pavement, the airport should begin the process of programming this facility for major 
repair/rehabilitation in the next few years. 
 

Table 11.  Summary of MRDR calculation for Example 2. 

Distress Type Location Density Weighting MRDR 

A-L 3 0.75 10 7.5 

A-M 3 0.25 50 12.5 

1 0.0625 5 0.3 
F-L 

2 0.0625 5 0.3 

F-M 1 0.0313 50 1.6 

G-L 1 0.0625 10 0.6 

G-M 1 0.125 100 12.5 

1 0.84 10 8.4 
I 

2 1.0 10 10.0 

H 1 0.0313 500 15.6 

Total MRDR 69.3 
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4.6.3.  Calculating the MRDR: Example 3 

Example 3 in Appendix B is for a sample unit in an advanced stage of joint/corner deterioration 
due to MRD.  The survey conducted was in support of a project to restore serviceability, and thus 
all of the slabs were inspected for the project-level analysis.  It is readily apparent that the 
supplemental MRDR checklist form will be required, as the amount of observed distress exceeds 
that which can legibly be recorded within the space available on the regular form.  Thus, for 
Example 3, in the upper right-hand corner of the regular form, the question “Supplemental Form 
Used?” is answered “Yes.”  For this case, one supplemental form was used as indicated. 
 
As before, the sample unit is drawn in the grid provided on the regular form, but it can be further 
subdivided to indicate which slabs are recorded on which supplemental form.  The supplemental 
forms only have a 20-slab capacity (4 slabs x 5 slabs), and thus sometimes two or more 
supplemental forms must be used to represent each sample unit.  Clearly indicating this on the 
regular form will avoid confusion in subsequent data analysis.  Also note that the regular form is 
used to tabulate the MRD indicators recorded on the supplemental forms. 
 
As shown in Example 3 in Appendix B, data are recorded on the supplemental form simply by 
checking boxes that represent each appropriate MRD indicator and severity level.  Further, a “D” 
check box is provided for pattern cracking (A), perpendicular cracking (F), and parallel cracking 
(G) to note whether discoloration is present.  As indicated previously, the MRD indicators from 
the two supplemental forms are tallied and listed on the regular MRDR form.   
 
Using the same approach to calculate the MRDR as described in Examples 1 and 2, the results 
shown in table 12 are obtained.  As a severely distressed sample unit, the total MRDR is 141.7.  
The data can be broken down by location, indicating that approximately 85 percent (119.8) of the 
MRDR is associated with the corners, 15 percent (21.9) with the joints, and 0 percent (0) with 
the slab interiors. 
 
 

Table 12.  Summary of MRDR calculation for Example 3. 

Distress Type Location Density Weighting MRDR 
F-L 1 0.5375 5 2.7 

F-M 1 0.15 50 7.5 

1 0.45 10 4.5 
G-L 

2 0.35 10 3.5 

1 0.4375 100 43.8 
G-M 

2 0.15 100 15.0 

H 1 0.1125 500 56.2 

1 0.425 10 4.2 
I 

2 0.3375 10 3.4 

J-L 1 0.0375 25 0.9 

Total MRDR 141.7 
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The overall MRDR of this pavement indicates that a project to repair or rehabilitate this 
pavement section is justified, with the risk of FOD currently present at 11 percent of the corners 
(joint disintegration [H]).  Another 44 percent of the corners will pose a FOD risk in the near 
future, having medium-severity parallel cracking (G).  In this case, the high level of distress 
suggests that a pavement rehabilitation project will be carried out to restore serviceability and 
maintain safety.  
 

4.7 Summary 

This chapter discusses the development and methodology used to collect MRD data and 
calculate the MRDR.  Examples have been presented to illustrate how the data is collected as 
well as how the calculation of the MRDR is performed.  The use of weighting factors has been 
discussed, as well as the calibration of the protocol to relate established “Trigger” points to 
maintenance and rehabilitation activities.   
 
In performing the MRDR protocol in the course of this study, it was found that when performed 
as a supplement to a network-level PCI survey, the MRDR procedure typically added 5 to 10 
minutes to the evaluation time for each sample unit.  If all of the slabs within the sample unit are 
to be assessed such as is common for a project-level survey, an additional 10 to 15 minutes 
should be allotted for each sample unit inspected. 
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5. APPLICATION OF THE MRDR PROTOCOL AT TWO AIRPORTS  

The previous chapter presents the final version of the MRDR protocol as described in the Guide 
to Field Evaluation of MRD-Affected Concrete Pavements (Van Dam et al. 2009).  As discussed, 
this protocol was developed based on observations made at two airports.  This chapter presents 
the results of the application of the MRDR protocol at the two airports, comparing evaluations 
conducted in the fall 2008 to those conducted in the spring 2009. 
 
5.1 Project Descriptions 

The two air-carrier airports (designated Airport A and Airport B) that are the basis for this study 
are located in relative close geographic proximity to each other, sharing similar climate and 
environment, design, and materials characteristics.  All of the pavements compared were 
constructed within two years of each other, being approximately 16 years old at the time of 
inspection.  Pavements at both airports exhibited signs of MRD, although local differences in 
materials and construction have led to differing MRD progression sequences for each.  As part of 
this research, selected pavement branches were identified to capture a range of conditions 
throughout each airport.  Each branch was divided into sample units, and a sample unit sampling 
rate was chosen that was consistent with a network-level survey (in the case of Airport A, the 
sample units inspected are the same ones inspected during the airport’s normal PCI inspections).  
As part of the MRDR development process, each slab within a sample unit was inspected.  Table 
13 summarizes the branch, sections, and the number of sample units inspected.  
 
 

Table 13. Summary of branch, sections, and sample units surveyed. 

Airport Branch Section 
No. SU’s 
Inspected Slabs/SU 

TW E 02 7 20 

02 5 20 
TW F 

04 2 18 

TW G 01 4 20(121) 

A 

TW N 01 2 20 

RW 17R 01 6 20 

TW L 01 2 20 

01 3 20 
TW M 

04 3 20 

04 2 20 

B 

TW R 
08 2 20 

1 One sample unit had 12 slabs. 
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5.2 Survey Results 

The Airport A survey data for the fall 2008 and spring 2009 inspections is in tables 14 and 15, 
respectively, and the data for Airport B for the fall 2008 and spring 2009 inspections is in tables 
16 and 17, respectively.  As can be seen, the tables present both the PCI data (in columns 3 and 
4) and the MRDR data for each sample unit evaluated.  The MRDR data is separated by slab 
location (i.e. corner, joint, interior) and also expansion (which is an overall rating).  PCI and 
MRDR values are calculated for each section by averaging the values for each sample unit. 

 

Table 14. Summary of inspection result for Airport A in fall 2008. 

PCI MRDR 

Corner Joint Interior Expansion Branch 
ID 

SU 
ID PCI AVG Sum % Sum % Sum % Sum % Sum AVG 

55 74  42.25 52.1 28.31 34.9 10.50 13.0 0.00 0.0 81.06  

72 86  12.88 29.5 13.31 30.5 17.50 40.1 0.00 0.0 43.69  

81 80  25.50 42.4 11.88 19.8 22.75 37.8 0.00 0.0 60.13  

90 83  14.44 25.4 14.50 25.5 28.00 49.2 0.00 0.0 56.94  

108 84  26.75 57.8 13.06 28.2 6.50 14.0 0.00 0.0 46.31  

117 79  53.94 63.5 16.06 18.9 15.00 17.6 0.00 0.0 85.00  

TW E 
02 

126 84 81.4 45.31 62.3 13.88 19.1 13.50 18.6 0.00 0.0 72.69 63.69 

3 91  11.94 40.3 12.19 41.1 5.50 18.6 0.00 0.0 29.63  

7 93  10.63 38.8 11.75 42.9 5.00 18.3 0.00 0.0 27.38  

11 86  11.06 35.0 12.50 39.6 8.00 25.3 0.00 0.0 31.56  

15 86  11.19 32.1 13.63 39.1 10.00 28.7 0.00 0.0 34.81  

TW F 
02 

20 83 87.8 14.50 35.1 15.56 37.7 11.25 27.2 0.00 0.0 41.31 32.94 

8 55  235.83 45.0 81.04 15.5 6.67 1.3 200.00 38.2 523.54  TW F 
04 9 59 57.0 126.88 69.2 54.24 29.6 2.22 1.2 0.00 0.0 183.33 353.44 

15 68  131.06 81.1 19.06 11.8 11.50 7.1 0.00 0.0 161.63  

19 69  105.94 75.8 19.31 13.8 14.50 10.4 0.00 0.0 139.75  

22 67  85.81 71.2 18.19 15.1 16.50 13.7 0.00 0.0 120.50  

TW G 
01 

30 70 68.5 80.42 66.0 28.13 23.1 13.33 10.9 0.00 0.0 121.88 135.94 

14 77  44.13 60.0 21.88 29.8 7.50 10.2 0.00 0.0 73.50  TW N 
01 

17 78 77.5 39.44 47.9 29.94 36.3 13.00 15.8 0.00 0.0 82.38 77.94 

 All 74.4  51.5%  27.6%  19.0  1.9%  132.79 
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Table 15. Summary of inspection result for Airport A in spring 2009. 

PCI MRDR 

Corner Joints Interior Expansion Branch 
ID 

SU 
ID PCI AVG Sum % Sum % Sum % Sum % Sum AVG 

55 71  81.31 54.0 48.81 32.4 20.50 13.6 0.00 0.0 150.63  

72 84  19.56 37.0 15.13 28.6 18.25 34.5 0.00 0.0 52.94  

81 77  48.56 58.8 15.56 18.8 18.50 22.4 0.00 0.0 82.63  

90 82  26.38 43.0 18.19 29.7 16.75 27.3 0.00 0.0 61.31  

108 82  43.56 54.3 19.94 24.8 16.75 20.9 0.00 0.0 80.25  

117 80  25.56 25.5 29.63 29.6 45.00 44.9 0.00 0.0 100.19  

TW E 02 

126 81 79.6 58.69 62.7 16.88 18.0 18.00 19.2 0.00 0.0 93.56 88.79 

3 89  16.50 44.9 15.25 41.5 5.00 13.6 0.00 0.0 36.75  

7 93  10.88 38.2 12.63 44.3 5.00 17.5 0.00 0.0 28.50  

11 86  13.44 37.2 14.69 40.7 8.00 22.1 0.00 0.0 36.13  

15 86  15.88 38.3 15.56 37.6 10.00 24.1 0.00 0.0 41.44  

TW F 02 

20 83 87.4 20.31 41.7 17.19 35.3 11.25 23.1 0.00 0.0 48.75 38.31 

8 41  244.93 46.5 74.24 14.1 7.22 1.4 200.00 38.0 526.39  
TW F 04 

9 59 50.0 143.96 69.8 56.11 27.2 6.11 3.0 0.00 0.0 206.18 366.28 

15 64  114.94 64.5 46.38 26.0 17.00 9.5 0.00 0.0 178.31  

19 67  122.63 65.4 47.81 25.5 17.00 9.1 0.00 0.0 187.44  

22 63  96.75 63.0 38.31 24.9 18.50 12.0 0.00 0.0 153.56  
TW G 01 

30 65 64.8 78.75 57.8 43.33 31.8 14.17 10.4 0.00 0.0 136.25 163.89 

14 72  47.31 57.1 28.50 34.4 7.00 8.5 0.00 0.0 82.81  
TW N 01 

17 80 76.0 44.63 52.4 30.06 35.3 10.50 12.3 0.00 0.0 85.19 84.00 

 All 71.6  50.6%  30.0%  17.5%  1.9%  148.30 
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Table 16. Summary of inspection result for Airport B in fall 2008. 

PCI MRDR 

Corner Joints Interior Expansion Branch 
ID 

SU 
ID PCI AVG Sum % Sum % Sum % Sum % Sum AVG 

140 88  10.94 25.8 16.13 38.1 15.25 36.0 0.00 0.0 42.31  

159 83  1.75 4.9 13.31 37.2 20.75 57.9 0.00 0.0 35.81  

180 92  6.63 16.8 17.81 45.2 15.00 38.0 0.00 0.0 39.44  

199 83  0.00 0.0 4.69 28.5 11.75 71.5 0.00 0.0 16.44  

220 100  3.25 27.4 3.63 30.5 5.00 42.1 0.00 0.0 11.88  

RW 17R 

236 87 88.8 6.81 13.5 19.81 39.1 24.00 47.4 0.00 0.0 50.63 32.75 

2 94  0.25 4.7 4.06 76.5 1.00 18.8 0.00 0.0 5.31  TW L 
01 5 97 95.5 0.44 2.0 9.38 42.0 12.50 56.0 0.00 0.0 22.31 13.81 

1 69  9.00 18.0 11.25 22.5 29.75 59.5 0.00 0.0 50.00  

10 84  6.56 25.2 6.69 25.7 12.75 49.0 0.00 0.0 26.00  

19 84  3.75 11.3 7.13 21.5 22.25 67.2 0.00 0.0 33.13  

TW M 
01 

24 89 81.5 1.56 9.1 6.13 35.6 9.50 55.3 0.00 0.0 17.19 31.58 

11 100  8.25 34.7 9.00 37.9 6.50 27.4 0.00 0.0 23.75  

19 94  9.19 36.6 9.19 36.6 6.75 26.9 0.00 0.0 25.13  
TW M 

04 

25 100 98 11.81 47.0 8.56 34.1 4.75 18.9 0.00 0.0 25.13 24.67 

1 89  40.88 53.8 30.13 39.6 5.00 6.6 0.00 0.0 76.00  TW R 
04 2 98 93.5 22.19 43.2 19.19 37.3 10.00 19.5 0.00 0.0 51.38 63.69 

1 86  72.56 46.0 75.06 47.6 10.00 6.3 0.00 0.0 157.63  TW R 
08 2 82 84 109.06 47.9 108.63 47.7 10.00 4.4 0.00 0.0 227.69 192.66 

 All 90.2  24.6%  38.1%  37.3%  0.0%  59.86 
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Table 17. Summary of inspection result for Airport B in spring 2009. 

PCI MRDR 

Corner Joints Interior Expansion Branch 
ID 

SU 
ID PCI AVG Sum % Sum % Sum % Sum % Sum AVG 

140 84  30.25 29.9 45.63 45.1 25.25 25.0 0.00 0.0 101.13  

159 83  29.88 29.1 40.63 39.6 32.00 31.2 0.00 0.0 102.50  

180 87  39.44 33.2 48.94 41.2 30.50 25.7 0.00 0.0 118.88  

199 82  8.50 17.4 17.06 35.0 23.25 47.6 0.00 0.0 48.81  

220 88  6.94 29.4 10.88 46.2 5.75 24.4 0.00 0.0 23.56  

RW 17R 

236 84 84.7 25.81 27.2 38.94 41.1 30.00 31.7 0.00 0.0 94.75 81.60 

2 93  1.81 21.2 4.25 49.6 2.50 29.2 0.00 0.0 8.56  TW L 
01 5 95 94.0 2.63 14.1 3.25 17.4 12.75 68.5 0.00 0.0 18.63 13.59 

1 NA1            

10 81  21.25 24.2 33.81 38.5 32.75 37.3 0.00 0.0 87.81  

19 84  11.13 18.7 20.50 34.4 28.00 47.0 0.00 0.0 59.63  

TW M 
01 

24 83 82.7 13.50 17.3 42.63 54.6 22.00 28.2 0.00 0.0 78.13 75.19 

11 96  27.31 40.8 28.63 42.8 11.00 16.4 0.00 0.0 66.94  

19 87  22.31 35.2 27.38 43.2 13.75 21.7 0.00 0.0 63.44  
TW M 

04 

25 99 94.0 11.50 39.1 13.13 44.7 4.75 16.2 0.00 0.0 29.38 53.25 

1 70  92.00 49.9 66.31 36.0 26.00 14.1 0.00 0.0 184.31  TW R 
04 2 81 75.5 59.19 47.4 60.19 48.2 5.50 4.4 0.00 0.0 124.88 154.59 

1 84  76.88 49.8 67.38 43.7 10.00 6.5 0.00 0.0 154.25  TW R 
08 2 79 81.5 104.69 43.7 103.63 43.3 31.00 13.0 0.00 0.0 239.31 196.78 

 Total 85.4  31.5%  41.4%  27.1%  0.0%  95.84 
1 A section of TW M was reconstructed in spring 2009, so SU 1 ceased to exist. 
 
 
The five sections inspected at Airport A in the fall of 2008 had PCI values ranging from 57.0 to 
87.8, with an average of 74.4.  These PCI values are indicative of pavements that are generally 
accepted to be in good to excellent condition.  On the other hand, the MRDR values vary from 
32.9 to 353.4, with an average of 132.8.  In contrast to the PCI results, the MRDR values indicate 
that the section in the poorest condition with a MRDR of 353.4 is likely in need of major repair 
or possibly even rehabilitation, whereas even the best performing section requires close 
monitoring and possible routine maintenance.  This data strongly indicates, as suggested by 
airport personnel, that the PCI method is insensitive to the early signs of MRD, only recording it 
once it is has advanced significantly. 
 
Similar results are observed at Airport B, where the fall 2008 PCI values range from 84.0 to 
95.5, with an average of 90.2, whereas the MRDR values for the same sections vary from 24.7 to 
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192.7, with an average of 59.9.  Once again, the PCI values indicate that these pavement sections 
are in very good to excellent condition while the MRDR values indicated close monitoring is 
required for the “better” pavements and major repair and rehabilitation may be required in the 
worst case.  It is emphasized that the MRDR results are consistent with the airport personnel’s 
perception. 
 
Another readily observable trend is that roughly half (50 percent) of the MRD at Airport A is 
concentrated at corners, with approximately 30 percent at joints and 20 percent at the interior 
location.  At Airport B, there is less corner deterioration (roughly 28 percent) with 40 and 32 
percent being at joints and the interior location, respectively. Using the MRDR, it is possible to 
plot this type of data (e.g. figure 43) to help determine where problem areas lie. 
 
Figures 44 through 47 are plots of the PCI versus MRDR for each sample unit for the two 
inspections at the two airports.  Linear trendlines have been used to illustrate the relationship 
between the PCI and MRDR for each section at each inspection.  Figure 48 shows the combined 
data presented on one chart with logarithmic trendlines illustrating the PCI versus MRDR 
relationship for all sections at each airport.  Both the PCI and MRDR qualitative limits are 
illustrated with horizontal and vertical dashed lines, respectively. 
 
Examining figure 44, a clear relationship is observed between the PCI and MRDR, with the 
MRDR increasing in a non-linear fashion.  This trend is true for every section except TW N 01, 
in which the two sample units have almost the same PCI and MRDR values. The trends observed 
in figure 44 largely remain in the data collected in the second inspection as shown in figure 45, 
overall becoming more linear as the MRDR has increased between the two inspections faster 
than the PCI decreased, as discussed previously. 
 
The trends are not as pronounced in figures 46 and 47, which represent the data collected from 
the two inspections at Airport B.  One of the reasons for this is the generally overall better 
condition of the pavements at Airport B, which all have PCI values exceeding 80 and all but one 
branch (TW R 08) with MRDR values less than 100 in the fall 2008.  This situation changed 
markedly as observed in the spring 2009 inspection, with the PCI dropping and MRDR 
increasing dramatically for some branches (e.g. TW R 04, RW 17R 01, TW M 01).  As a result, 
the same PCI versus MRDR trend starts to emerge in figure 47 as was seen for Airport A. 
 
Figure 48 illustrates these trends, with a logarithmic trendline for Airport A showing a very clear 
relationship between the PCI and MRDR for this airport.  Given that the pavements at the two 
airports are of the approximate same age, it can be seen that those at Airport B appear to be 
deteriorating more slowly based on the PCI data, with all of the pavement sections having an 
average PCI greater than 80 even in the spring 2009 survey.  Figure 49 presents the section PCI 
and MRDR data for both airports, separating the data further based on time of inspection.  The 
decrease in condition is observed for both airports, illustrated by the logarithmic trendlines for 
the second inspection lying beneath those for the first inspection.  
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Figure 43. Distribution of MRDR distress among various slab locations for RW 17R at Airport B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 44. PCI versus MRDR for Airport A, fall 2008. 
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Figure 45. PCI versus MRDR for Airport A, spring 2009. 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 46. PCI versus MRDR for Airport B, fall 2008. 
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Figure 47. PCI versus MRDR for Airport B, spring 2009. 
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Figure 48. Combined PCI versus MRDR for both airports and both inspections. Both PCI 
(horizontal dashed lines) and MRDR (vertical dashed lines) qualitative limits are shown. 
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Figure 49. Section PCI versus MRDR for each airport showing the results of both inspections. 
 
 
At the same time, the MRDR data presented in tables 14 through 17 suggest that the 
deterioration is accelerating at Airport B even more quickly than at Airport A.  The second 
inspection conducted at Airport A saw the average PCI decrease from 74.4 to 71.6 and the 
average MRDR increase from 132.8 to 148.3 for all sections.  The change in PCI was roughly 4 
percent compared to a change in MRDR of close to 12 percent.  At Airport B, the average PCI 
dropped from 90.2 to 85.4, a decrease of 5 percent, which is similar to the drop in PCI observed 
over the same timeframe at Airport A.  Thus, based on PCI, the average condition of the 
pavements at Airport B is still classified as excellent.  In contrast, the MRDR increased almost 
60 percent, jumping from 59.9 to 95.8.  According to the MRDR qualitative limits, the 
pavements inspected at Airport B are approaching a point where major repair or rehabilitation 
will be needed to maintain serviceability. 
 
Table 18 breaks this data down even further, calculating deterioration rates for the PCI and 
MRDR for the various pavement sections between the two inspections.  The deterioration rate is 
an important concept that can be used to monitor past deterioration between inspections and 
project anticipated deterioration into the future to estimate the future timing of maintenance and 
major repair/rehabilitation (Van Dam and Bildili 1996).  Unfortunately, only two inspection 
cycles could be completed within this project and they were only separated by one winter.  
Nonetheless, for some pavement sections the deterioration rates for the PCI exceeded 5 percent 
(Airport A: TW F 04, TW G 01; Airport B: TW R 04).  The deterioration rates were much higher 
for the MRDR, with a number of sections exceeding 25 percent (Airport A: TW F02; Airport B: 
RW 17R 01, TW M 01, TW M 04, and TW R 04).   
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Table 18. Change in PCI and MRDR between two inspections. 
Deterioration Rate Percent Change Airport Branch Section SU 
PCI MRDR PCI MRDR 

55 3.00 -69.56 4.05% 85.81% 
72 2.00 -9.25 2.33% 21.17% 
81 3.00 -22.50 3.75% 37.42% 
90 1.00 -4.38 1.20% 7.68% 
108 2.00 -33.94 2.38% 73.28% 
117 -1.00 -15.19 -1.27% 17.87% 

02 

126 3.00 -20.88 3.57% 28.72% 

TW E 

Average 1.86 -25.10 2.29% 38.85% 
3 2.00 -7.13 2.20% 24.05% 
7 0.00 -1.13 0.00% 4.11% 
11 0.00 -4.56 0.00% 14.46% 
15 0.00 -6.63 0.00% 19.03% 

02 

20 0.00 -7.44 0.00% 18.00% 
Average 0.40 -5.38 0.44% 15.93% 

8 14.00 -2.85 25.45% 0.54% 
04 

9 0.00 -22.85 0.00% 12.46% 

TW F 

Average 7.00 -12.85 12.73% -6.50% 
15 4.00 -16.69 5.88% 10.32% 
19 2.00 -47.69 2.90% 34.12% 
22 4.00 -33.06 5.97% 27.44% 

01 

30 5.00 -14.38 7.14% 11.79% 
TW G 

Average 3.75 -27.95 5.47% 20.92% 
14 5.00 -9.31 6.49% 12.67% 

01 
17 -2.00 -2.81 -2.56% 3.41% 

A 

TW N 
Average 1.50 -6.06 1.96% 8.04% 

140 4.00 -58.81 4.55% 139.00% 
159 0.00 -66.69 0.00% 186.21% 
180 5.00 -79.44 5.43% 201.43% 
199 1.00 -32.38 1.20% 196.96% 
220 12.00 -11.69 12.00% 98.42% 

01 

236 3.00 -44.13 3.45% 87.16% 

RW 17R 

Average 4.17 -48.85 4.44% 151.53% 
2 1.00 -3.25 1.06% 61.18% 

01 
5 2.00 3.69 2.06% -16.53% TW L 

Average 1.50 0.22 1.56% -22.32% 
1 N/A 
10 3.00 -61.81 3.57% 237.74% 
19 0.00 -26.50 0.00% 80.00% 

01 

24 6.00 -60.94 6.74% 354.55% 
Average 3.00 -49.75 3.44% 224.10% 

11 4.00 -43.19 4.00% 181.84% 
19 7.00 -38.31 7.45% 152.49% 04 
25 1.00 -4.25 1.00% 16.92% 

TW M 

Average 4.00 -28.58 4.15% 117.08% 
1 19.00 -108.31 21.35% 142.52% 

04 
2 17.00 -73.50 17.35% 143.07% 

Average 18.00 -90.91 19.35% 142.79% 
1 2.00 3.38 2.33% -2.14% 

08 
2 3.00 -11.63 3.66% 5.11% 

B 

TW R 

Average 2.50 -4.13 2.99% 1.48% 
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Over time, this type of information can be used to develop performance curves for each 
pavement section within the network, allowing effective management that considers 
deterioration resulting from MRD.  Developing performance curves will take time and is not 
possible to do with the limited data collected in the development of the MRDR protocol.  Further 
complicating this is that all the pavements investigated were constructed within a year or two of 
each other, so there is no effective way to accurately estimate when the MRD initiated.  The only 
information that can assist in predicting future conditions has been presented previously in 
chapter 3, such as in table 6. 
 
A final illustration of the value of the MRDR over the PCI when used to inspect concrete 
pavements suffering MRD is highlighted in the oval surrounding data points in figure 48.  The 
pavement sections represented by these data points are all in good to very good condition based 
on their PCI values and yet have MRDR values in excess of 100, meaning they are likely in need 
of repair or even rehabilitation to restore serviceability by reducing the risk of FOD.  There are 
also a number of pavement sections, predominantly from Airport B, that have PCI values still in 
the 90s yet have MRDR values exceeding 25.  Based on PCI alone, no action is warranted to 
maintain these pavement sections, yet the MRDR suggests maintenance activities should be 
enacted now to avoid more significant repairs in the near future. 
 
5.3 Summary 

The results from the two surveys conducted at the two airports demonstrate the repeatability of 
the PCI and MRDR protocols.  At the same time, the MRDR protocol was significantly more 
sensitive to the progression of MRD than the PCI protocol.  Although a perfect relationship 
between the PCI and MRDR does not exist, clear trends were observed between the two indices 
for the sections studied, all of which exhibited MRD.  It should be expected that if a pavement 
never suffers MRD, the PCI can be used to effectively track the performance of the pavement 
over time to adequately plan future maintenance and repair/rehabilitation treatments.  The 
MRDR protocol becomes useful once MRD is present, especially in the early years before the 
MRD manifestations become so severe that they are recorded in the PCI method.  During those 
years, an airport solely dependent upon the PCI for planning purposes will believe that their 
pavements are in excellent condition even though distress is developing that will soon 
dramatically impact serviceability by increasing the risk of FOD.  The results presented in this 
chapter have shown that the MRDR protocol provides a valuable tool to airports having concrete 
pavements affected by MRD: a tool that possesses both the repeatability and sensitivity required 
to establish performance trends as the basis for planning future maintenance and 
repair/rehabilitation strategies.  These strategies are discussed in the next chapter. 
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6. MRDR AND THE SELECTION OF MAINTENANCE AND 
REHABILITATION STRATEGIES 

6.1 Introduction 

The MRDR is a quantitative measure of the presence and severity of MRD on an existing 
concrete pavement.  As such, it represents a “snapshot” of the current pavement condition.  For 
example, for the two airports discussed in the previous chapter, two snapshots were taken of 
each, one in the fall 2008 and another in the spring 2009.  In this application, the MRDR 
provides an indicator of the current types, severity, and extent of MRD.  The calculated MRDR 
can be used to indicate whether normal maintenance or repair may be needed, or whether more 
substantial rehabilitation (or perhaps even reconstruction) may be required.  An additional use of 
this information is to combine these snapshots over time to track the MRDR results to help 
identify the deterioration rate, as discussed in the latter part of chapter 5.  Monitoring the 
progression of MRD through changes in MRDR over time will allow future pavement conditions 
to be projected to aid in the planning and programming of maintenance and capital improvement 
expenditures.  This chapter briefly describes the use of the MRDR protocol as a tool to assist in 
planning and programming and provides an overview of some of the treatments that may be used 
to address MRD. 
 
As noted, MRDs are driven by the materials, environment, and other external factors, and as 
such, the rate of deterioration is bound to be different for each type of MRD.  Further, even 
subtle differences in the as-placed material can result in changes in the rate of MRD 
development and progress leading to difference from project to project and even within a project 
for the same type of MRD.  The sequence of distress progression will also differ, and there may 
even be different indicators that are not covered in this report or in the guidelines.  This is 
discussed in chapter 7 under Recommendations for Future Work. 
 
6.2 Interpreting the MRDR 

As described in chapter 4, the MRDR is computed for individual sample units and then the 
average MRDR for the section is computed.  The MRDR scale starts at 0 (representing a 
pavement free of any signs of MRD) and increases with increasing quantities and severities of 
MRD.  Although there is no upper limit for the MRDR, a practical upper limit may be taken as 
3000.  The weighting factors presented in table 9 were selected to create a narrow range of 
values occurring at the lower end of the scale that are indicative of MRD problems and, 
consequently, are useful in managing pavement sections affected by MRD.  To recap, MRDR 
values less than 25 are not of critical concern, yet pavement sections in this range should be 
closely monitored to detect changes in condition that suggest the MRD is progressing.  MRDR 
values between 25 and 100 suggest that routine maintenance may be needed to prevent the MRD 
from posing a FOD risk in the near future.  And MRDR values greater than 100 indicate that the 
risk of FOD is currently high and major repair or even rehabilitation is needed to address it.  
Thus, MRDR values of 200, 500, 1000, or even 2000 indicate pavements with increasing levels 
of distress corresponding to increase risk of FOD, yet each is probably in need of major repair or 
rehabilitation.  Figure 50 illustrates the interpretation of MRDR values. 
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Figure 50.  Interpretation of MRDR values. 
 
Taken a step further, table 19 summarizes possible treatments associated with the range of 
MRDR values shown in figure 50.  For each primary MRDR range category, possible or typical 
signs of MRDR are noted, the interpretation of the MRDR is provided, and some of the possible 
treatments are listed.  These treatments vary in magnitude and intrusiveness from preventive 
measures (such as joint sealing or surface sealers) to reactive repair techniques (full- and partial-
depth) to structural overlays and reconstruction.  The preventive measures seek to eliminate or 
reduce the rate of deterioration on pavements that are not exhibiting severe levels of 
deterioration.  Reactive repair techniques are intended to address specific areas of deterioration 
(cracking/spalling) that compromise the integrity of the pavement or present a major FOD issue.  
Overlays and reconstruction options may be most appropriate where widespread deterioration is 
present and no other approach is available to address the performance problems. 
 
The type and severity of MRD will in large part drive the type of treatment that will be required, 
but other factors—such as the type of facility and the potential FOD hazard—must also be 
considered.  However, the resultant MRDR value itself does not identify the specific type of 
MRD or the actual distress manifestations, meaning that a separate project-level survey is 
required to identify specific repair activities, repair areas, and quantities, and a petrographic 
analysis would be required to identify the specific type of MRD (Van Dam et al. 2002, Walker et 
al. 2006). 
 
Detailed information on the design, materials, and installation/construction of the different 
treatments are found in a number of references (Van Dam et al. 2002; UFC 2001a: UFC 2001b; 
FAA 2007).  A brief summary of some of these treatments is provided in the next section.
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Table 19.  Summary of possible treatments for MRDR categories. 

MRDR Possible Signs 
of MRDR 

Interpretation Possible 
Treatment(s) 

0 to 10 

• None 
• Slight staining of 

corners 
• Low-severity 

perpendicular cracking 

No Action Required • None 

10 to 25 

• Staining of 
joints/corners 

• Low-severity pattern 
cracking 

• Low- to medium-
severity popouts 

• Low-severity 
perpendicular cracking 

• Low-severity parallel 
cracking 

Monitor Condition 
• None 
• Joint sealing 
• Surface sealers 

25 to 100 

• Medium-severity 
pattern cracking 

• High-severity popouts 
• Medium-severity 

perpendicular cracking 
• Medium-severity 

parallel cracking 
• Medium-severity 

patching 

Maintenance Expected in 
Next 5 Years 

• Joint sealing 
• Surface sealers 
• Partial-depth repairs 
• Full-depth repairs 
 

> 100 

• Scaling 
• Joint disintegration 
• High-severity patching 
• Expansion 

 

Major 
Repair/Rehabilitation or 
Reconstruction 

• Partial-depth repairs 
• Full-depth repairs 
• Structural HMA 

overlay 
• Unbonded PCC 

overlay 
• Reconstruction 
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6.3 Overview of Maintenance/Repair/Rehabilitation T reatments 

6.3.1. Joint/Crack Sealing 

Excess moisture feeds the adverse reactions that result in the development of MRD in concrete 
pavements.  This is a primary reason why many MRDs first appear at joints and cracks, where 
moisture has ready access to penetrate the concrete.  The sealing of joints and cracks, typically 
using either a hot-poured bituminous sealant or a silicone sealant, is one way of reducing the 
amount of surface water that can infiltrate the pavement.  However, joint and crack sealing will 
have little or no effect if the source of the moisture is from beneath the pavement. 
 
Joint and crack sealing will be most effective when performed on pavements that exhibit 
primarily staining distress and have little to no spalling due to MRD.  Joint and crack sealing 
typically has a service life of 3 to 10 years, depending on the type of sealant and the quality of 
the installation procedures.  Figure 51 shows an airport joint resealing project using a silicone 
sealant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 51.  Joint resealing with silicone sealant (courtesy John Roberts, IGGA). 

 
6.3.2. Surface Sealers 

Surface sealers include a range of materials that are placed to reduce or prevent the ingress of 
moisture, deicers, chloride ions, sulfate ions, and other constituents that may contribute to 
damaging reactions in the concrete (Sutter et al. 2008).  Concrete surface sealers may be divided 
into the following families: 
 

• Water repellants, which penetrate concrete pores to some degree and coat pore walls 
rendering them hydrophobic (e.g., silanes, siloxanes). 
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• Pore blockers, which have sufficiently low viscosity to penetrate and seal the pores in 
concrete while leaving little or no measurable coating on the surface of the concrete (e.g., 
resins, linseed oil). 

• Barrier coatings, which are too viscous to penetrate pores to measurable depths but form 
surfacing coatings of significant thickness and block the pores (e.g., epoxies, urethanes, 
and acrylics). 

 
Although all surface sealers can slow the penetration of water and deicing chemicals, one recent 
study indicated that siloxane sealants were particularly effective at slowing the ingress of deicing 
chemicals into concrete or mortar; silane sealants were also effective, but to a lesser extent 
(Sutter et al. 2008). 
 
The application of any surface sealer should be done only on concrete that is clean and allowed 
to dry for at least 24 hours at temperatures above 60 oF.  Application rates and traffic opening 
times should be in accordance with manufacturers’ recommendations.  The effectiveness of 
surface sealers is lost after they are exposed to traffic and environmental forces, and they may 
need to be reapplied after 3 to 5 years (Sutter et al. 2008).  However, surface sealers may also 
temporarily reduce the pavement surface friction, so their use should be carefully considered 
depending on the need to maintain a high level of surface friction on a given pavement facility. 
 
6.3.3. Partial-Depth Repairs 

Partial-depth repairs are intended to address localized areas of deterioration that are limited to the 
upper one-third of the slab.  These repairs consist of removing the deteriorated concrete and then 
replacing it with an approved patching material, achieving a strong bond between the existing 
pavement and the new patch material.  Partial-depth repairs are most commonly performed along 
transverse and longitudinal joints, although they can be placed in slab interior locations as well. 
 
Partial-depth repairs may not be an ideal repair for many MRDs because they are intended to 
address deterioration limited to the upper one-third of the slab, and in many cases the 
deterioration goes deeper.  In addition, if the MRD continues to progress, it can compromise the 
repair, as shown in figure 52.  If that is the case, the placement of a full-depth repair may be 
more appropriate.  Additionally, partial-depth repairs are sensitive to proper construction and 
installation procedures, and may quickly exhibit cracking and debonding if not properly 
constructed, including establishing good bond between the patching material and the substrate 
and ensuring that the joint is properly formed and sealed.  The result of not properly forming the 
joint is shown in figure 53.  When placed adjacent to pavement exhibiting MRD, it is less likely 
that the patch will remain in place over time. 
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Figure 52. Parallel cracking from underlying MRD is beginning to reflect  
through the partial-depth repair 

 

 

Figure 53. Joints were sawcut once the concrete had set, after the underlying joints reflected 
through.  Joints should be formed in partial-depth repairs during construction. 
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A wide variety of materials are available for use in partial-depth repairs.  These include 
conventional cementitious materials as well as many proprietary rapid-setting and high-early 
strength materials designed to reduce closure times.  Material selection depends on available 
curing time, ambient temperature, cost, and size of the repairs.  Figure 54 shows the placement of 
a partial-depth repair on a concrete airfield pavement with both the longitudinal and transverse 
joint being properly formed through the use of inserts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 54.  Partial-depth repair placement (courtesy Gary Mitchell, ACPA). 

 

6.3.4. Full-Depth Repairs and Slab Replacement 

Full-depth repairs address more severe pavement deterioration than partial-depth repairs, and 
also are more reliable repairs that exhibit better long-term performance.  These repairs consist of 
the removal of isolated deteriorated areas of concrete through the entire depth of the slab and 
replacement with a high-quality repair material.  
 
Full-depth repairs are a widely used means of repairing localized deterioration at joints or cracks, 
but for larger areas of deterioration, complete slab replacement may be a more cost-effective 
option.  However, it should be recognized that either full-depth repairs or slab replacements do 
not directly address the original MRD problem.  Continued deterioration is likely to occur in the 
original concrete along the newly formed joints at the edge of the repair.  In the case where a 
full-depth repair has been used to replace a joint, this means that two additional future repairs 
might be required at each repair edge as the abutting original concrete undergoes MRD. 
 
The joints in full-depth repairs should generally match those that are present in the original 
pavement; in other words, if dowel bars or tiebars were used at the transverse or longitudinal 
joints, then they should also be used in the same joints making up the full-depth repair or slab 
replacement.  In some cases, a full-depth repair that is smaller than the original panel size may be 
constructed using tiebars to tie the repair slab to the existing panel, as illustrated in figure 55. 
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Figure 55.  General jointing schematic for full-depth repairs on airfield pavements. 
 
 
Cementitious patching materials are commonly used for full-depth repairs, and these can be 
modified to meet virtually any opening time requirement.  Many full-depth repairs are opened to 
traffic in as little as 4 to 8 hours (Van Dam et al. 2005). 
 
Some agencies have been experimenting with precast full-depth repairs.  These are panels that 
are cast and cured off-site and then transported to the project and placed at pre-determined 
locations.  The advantages of precast repairs include greater control over the concrete and its 
curing, minimal weather restrictions on placement, and reduced closures and delay times (since 
no on-site curing of the concrete is required).  Precast panels have been used in some areas where 
very short work windows are available, and in some cases a cracked or damaged slab has been 
replaced with a precast panel in as little as 4 hours.   Figure 56 shows a conventional full-depth 
repair operation and figure 57 illustrates the placement of precast slabs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 56.  Conventional full-depth repair. 
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Figure 57.  Precast full-depth slab replacement (courtesy Shiraz Tayabji). 
 
 
6.3.5. Overlays 

Overlays—either hot-mix asphalt (HMA) or unbonded PCC—may be effective rehabilitation 
options for concrete pavements severely affected by MRD.  Either overlay type can provide 
immediate improvements in serviceability and potentially enhanced long-term performance, but 
HMA overlays are more susceptible to reflection cracking and their performance is more 
dependent on the type and amount of pre-overlay repair work that is performed.  Specifically, the 
performance of an HMA overlay requires that all badly deteriorated areas (generally moderate- 
and high-severity distresses) be repaired, which could become very costly in the case of MRD.  
In severe cases of MRD, fracturing of the slabs prior to overlay may help achieve increased 
levels of performance. 
Unbonded PCC overlays are less sensitive to the underlying pavement conditions and can be an 
effective rehabilitation method for concrete pavements with MRD.  Moreover, because they 
eliminate the need for pavement breakup, removal, disposal, and reworking of the foundation 
materials, they are an attractive alternative to complete reconstruction of the pavement facility.  
However, they are more expensive and will significantly raise the grade, which will affect 
shoulders, sideslopes, and elevations with other adjacent or intersecting pavements.  Bonded 
PCC overlays are not recommended for concrete pavements exhibiting MRD. 
 
The ultimate performance of an MRD-affected PCC pavement that is overlaid should be 
carefully considered before an overlay is selected as a repair or rehabilitation alternative.  In 
certain scenarios an overlay may trap moisture inside the pavement structure, perhaps 
accelerating the deterioration of distresses driven by available moisture. 
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6.3.6. Reconstruction 

In severe cases of MRD, the pavement may ultimately reach a condition in which total 
reconstruction is the most appropriate rehabilitation option.  This is the only solution that directly 
addresses the MRD problem in the pavement, provided that a durable concrete mix and effective 
construction methods are used in the new pavement.  In this process, it is imperative that the 
causes of the original MRD deterioration be identified and avoided in the new pavement.  
Critical information on mix design procedures and recommended construction practices are 
provided elsewhere (Van Dam et al. 2002; Kosmatka, Kerkhoff, and Panarese 2002; Kohn et al. 
2003; Taylor et al. 2006). 
 
When the existing pavement is reconstructed, the material from the old pavement can be 
recycled and used in a number of different construction applications, such as fill, granular base 
or subbase, and even in the new concrete if the initial causes of the MRD deterioration are 
identified and addressed.  New construction technology allows for much of the concrete 
recycling process to be done on grade, reducing costs and environmental impact. 
 
6.4 Summary 

This chapter provides information on the application of the MRDR as a tool for planning and 
programming future pavement maintenance, repair, and rehabilitation treatments for MRD-
affected concrete pavements.  Suggested treatment methods associated with different MRDR 
levels are provided, and may include routine or preventive maintenance activities (such as joint 
sealing) to more substantial repair, overlay, or reconstruction activities.  A general overview of 
several of the treatment methods is provided. 
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7. SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK 

The primary objective of this study was to develop a visual assessment tool to complement the 
PCI protocol when inspecting concrete pavements affected by MRD.  The tool, named the 
MRDR protocol, is repeatable and objective, allowing field inspectors to quickly and accurately 
describe characteristics indicative of MRD for use in immediately assessing the pavement 
condition with respect to MRD-related risk of FOD and in planning and programming future 
maintenance, repair, and rehabilitation treatments as part of a program of managing a pavement 
network.  The MRDR has been developed from observations of the MRD occurring at two air-
carrier airports located in close geographic proximity and sharing similar climatic conditions, 
design, and materials.  Further, all the pavements analyzed were constructed within two years of 
each other.  As such, further work is needed to validate the MRDR for airports that do not share 
the same geographic proximity, climatic conditions, design, or materials, and that represent a 
range of ages. 
 
The bulk of this report addresses the two project objectives associated with the development of 
the MRDR.  However, as noted previously, another project objective is the development of a 
better understanding of the risks associated with the initiation and progression of MRD in 
concrete airfield pavements and the use of this understanding to recommend the timing of 
appropriate strategies that will minimize the rate of FOD generation (and hence minimize risk). 
Related to this is a further objective to define how “risk” is assigned and “unacceptable risk” 
judged based upon an empirical knowledge of the pavements that are the subject of this study.  
 
In order to show how the project objectives addressing risk have been met, it is instructive to 
begin with a definition of risk.  In the glossary to the FAA’s System Safety Handbook (FAA 
2000), risk is defined as follows: 
 

The expression of possible loss over a specific period of time or number of operational 
cycles. It may be indicated by the probability of an accident times the damage in dollars, 
lives, and/or operating units.   
 

The glossary goes on to explain several other aspects of risk, including identified and 
unidentified risk, unacceptable and acceptable risk, and residual risk (the sum of acceptable risk 
and unidentified risk).  
 
Applying the FAA’s concept of risk, these two objectives have been at the very heart of this 
project.  In the first case, an understanding of the risks associated with MRD development and 
progression were considered throughout the development of the MRD rating procedure.  In 
identifying indicators of MRD the research team targeted both early and advanced signs of MRD 
and the associated pavement deterioration and generation of FOD.  It is noted that, where 
appropriate, the descriptions of the distresses discuss FOD generation potential and actual FOD 
generation.  The risks associated with MRD progression are considered in the progression of 
each distress from low to medium to high severity (again, where appropriate).   
 
The MRD rating, or MRDR, is a single value that combines the various MRD distresses for a 
section of pavement.  The calculation of an MRDR is the first step in the process of addressing 
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the second risk-related objective.  Each distress type and severity level has an associated value, 
or weighting factor, reflective of the associated risk.  As an example, the weighting associated 
with popouts varies from 5 to 20 to 40 as this distress progresses from low to medium to high 
severity.  This can be contrasted with patching, which varies from 25 to 50 to 500 for the same 
progression, reflecting the perceived higher risk of damaging FOD associated with high severity 
patching, which is characterized by the disintegration of the concrete patch.  Risk is assigned by 
calculating the overall MRDR, which is the sum of the weighted densities of each distress 
type/severity level combination and the associated weighting factors.   
  
Since the MRDR was developed based on both observation of the progression of distresses at the 
subject airports and through interviews and discussions with personnel familiar with the 
historical performance of these pavements, the MRDR is clearly a product of the empirical 
knowledge of the pavements included in this study, which is how the assignation of both risk and 
unacceptable risk is demonstrably based on an empirical knowledge of the pavements that are the 
subject of this study.  As has already been discussed, risk is assigned to a pavement in the form 
of an MRDR.  Three levels of risk, associated with two trigger values, are identified in this 
project.  The first level of risk is associated with an MRDR less than 25.  At low MRDR values 
there is unlikely to be any signs of FOD or FOD potential associated with MRD, and any MRDs 
that are present are likely to be of low severity.  Therefore the risk associated with this low 
MRDR is also low and the recommendation is to monitor conditions: no action is required.  The 
second level, between 25 and 100, identifies a condition of increasing risk.  It is expected that 
pavements exhibiting an MRDR in this range are candidates for increased levels of maintenance, 
depending upon the specific types of distresses that are present.  Because of the potential 
increasing risk, they should also be monitored more frequently, such as through routine MRD 
surveys.   
 
The third level of the MRDR is at or above 100.  Pavements with an MRDR greater than 100 are 
likely to exhibit unacceptable risk, in that there is either high FOD potential or actual FOD 
present.  Pavements with an MRDR are recommended for major repair or rehabilitation, and 
until such work can be completed are likely to be candidates for frequent maintenance.    
 
The concept of risk associated with the MRDR is not a static target.  The very definition of risk, 
combined as it is with the probability of damage and the magnitude of loss, will vary from 
location to location.  An airport with a well-staffed maintenance force may find it more 
economical to constantly manage FOD than to undertake a costly capital project to eliminate it.  
That decision may be further modified by the frequency or criticality of aircraft operations: with 
airports having a very high frequency of operations or the operation are highly critical having a 
low tolerance to even a very small amount of FOD (or possibly not tolerating even a potential for 
FOD).  The MRDR is an essential tool in the overall process of risk identification and 
management, but it is only a part of the process.  The FAA identifies six process steps to 
operational risk management (ORM), as shown in figure 58.  Application of the MRDR 
addresses the first two steps, but it is up to each agency to complete the process by analyzing 
appropriate control measures, making control decisions, implementing controls, and monitoring 
and revising the process as necessary. 
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Figure 58. Operational Risk Management’s six process steps (FAA 2000). 
 
7.1 Summary 

Overall, the following summarizes the finding of this study: 
 

• Based on a review of the literature, there are numerous MRDs that can affect concrete 
airfield pavements.  Although their underlying mechanisms differ, the physical 
manifestations are often similar, and include staining of the joints, cracking that runs 
parallel and perpendicular to the joints ultimately leading to joint disintegration, pattern 
cracking over the slab surface that can progress into scaling, and signs of expansion.  
Although the PCI has proven to be a useful tool to assist in planning and programming 
pavement maintenance, repair, and rehabilitation, it is not well suited to identify or track 
the subtle signs of MRD that can quickly create FOD risk.  Furthermore, the PCI goes 
back and forth between the potential identification of actual MRDs (e.g., D-Cracking) 
and the identification of symptoms of MRDs (e.g., scaling, map cracking, and crazing; 
popouts; and spalling).  The addition of a new PCI distress—ASR—does not appear to 
change this.  As such, a new tool is required that considers both the unique manifestations 
of MRD and the locations on the slab surface where MRDs occur. 

 
• Two airports affected by MRD were studied to develop the materials-related distress 

rating protocol introduced in this report.  These airports are within close geographic 
proximity and their pavements share similar construction, ages, and designs and 
materials.  MRD progression sequences were identified at the two airports for slab 
corner, joint, and interior locations.  For these airports, MRD initiated with staining, 
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followed by tight cracking which progressed to open cracking, and ultimately joint 
disintegration of slab scaling resulted leading to a high risk of FOD.  Other MRD 
progression sequences are observed, but play a lesser role.  These include surface 
deterioration in areas with surface honeycombing, deterioration of patches that had been 
used to repair disintegrated and scaled areas, and expansion which has shoved fixtures, 
closed and misaligned joints, and caused blow ups.  The proximity and similarity of these 
two airports, along with the limit of two airports, suggest there are many opportunities to 
expand the applicability of this procedure. 

 
• Surveys of 14 maintenance and engineering personnel at the two airports confirmed the 

MRD distress sequence.  The MRD at Airport A is perceived by airport personnel to be 
more aggressive than at Airport B, with the time before repair is required being shorter 
for the MRD manifestations at corner and interior locations, and with MRD progression 
at the joint location being more aggressive at Airport B than Airport A.  On average, it is 
estimated that MRD would progress from staining to repair at Airport A in 8.6, 9.6, and 
8.3 years for corner, joint, and interior locations, respectively.  This is compared to 12.0, 
6.1, and 14.1 years for corner, joint, and interior locations, respectively, at Airport B.  
There was considerable variability in the survey responses, at least partially the result of 
the lack of a standardized method to gather and discuss MRD manifestation data.  A 
larger sample size and a more rigorous sampling tool would help to further refine this 
important aspect of the MRDR. 

 
• In response to the shortcomings noted with regards to the PCI method and to address the 

needs of airport personnel to collect condition data on MRD-affected pavements in a 
repeatable manner, the MRDR was developed.  Inspected slabs were divided into three 
locations (corner, joint, and interior) and eleven MRD indicators were identified and 
severities assigned.  The indicators were purposefully named to be descriptive of the 
manifestation without linking it to cause to avoid misdiagnosis of the underlying 
mechanism in the field (cause can only be determined through petrographic analysis 
conducted in the laboratory).  The method establishes a sampling rate of 40 percent of the 
slabs within a given sample unit for network-level analysis, balancing the need for 
accuracy with timeliness.  These slabs must be equally distributed among the paving 
lanes, as the condition of paving lanes clearly demonstrated bias in the pavements 
studied.  

 
• The collected field data is combined into a single MRDR value for each sample unit 

using weighting factors.  The MRDR values for each sample unit are then averaged to 
determine the MRDR for the pavement section.  If no MRD is present, the MRDR would 
be 0 (zero).  There is no upward boundary to the MRDR, but a practical limit is 
approximately 3000.  The weighting factors have been established so that an MRDR 
below 25 indicates that the pavement section should be monitored, but no immediate 
maintenance, repair, or rehabilitation activity is required.  Once the MRDR increases to 
between 25 and 100, it is expected that routine maintenance activities will be required to 
minimize the risk of FOD.  For pavement sections with MRDR values in excess of 100, 
major repair or rehabilitation is likely needed to correct an impending or existing FOD 
risk. 
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• The MRDR protocol was applied to the two airports in fall 2008 and again in spring 

2009.  The results of these surveys demonstrated that the method is implementable and 
repeatable.  In all cases, the MRDR was determined to be far more sensitive to MRD than 
the PCI method.  Relationships were determined between the PCI and the MRDR, with 
the best correspondence existing for Airport A.  A key finding is that in some cases the 
PCI classifies pavement sections as very good to excellent while the MRDR indicates that 
immediate repair or rehabilitation is needed to address a high risk of MRD-associated 
FOD. 

 
• Although the time between the surveys was approximately 6 months, deterioration rates 

were determined both for the PCI and MRDR.  Although both indices measured a 
decrease in pavement condition, the MRDR again proved to be much more sensitive to 
changes in pavement condition than the PCI.  In some cases, a dramatic increase in the 
MRDR was observed, suggesting that a pavement section is rapidly moving towards a 
high FOD risk condition.  Unfortunately, the time between inspections was too short to 
determine any long-term trend and since all the pavements were constructed at about the 
same time, no performance curves could be established. 

 
In the future, the MRDR protocol will play an important part in the evaluation of concrete 
pavements affected by MRD.  As is current practice, the network-level PCI surveys will help 
establish future maintenance, repair, and rehabilitation priorities.  If in the course of the PCI 
survey signs of MRD are observed, the MRDR protocol will be triggered.  The resulting MRDR 
values indicate whether continued monitoring, maintenance, or more extensive repair or 
rehabilitation is warranted.  The cause of the MRD should also be determined through a forensic 
investigation that includes petrographic analysis (Van Dam et al 2002).  Over time, the use of the 
MRDR protocol will allow airports to track the progression of MRD distress and the future risk 
of FOD, allowing them to cost-effectively apply treatments to maintain serviceability. 
 
In summary, the development of the MRDR addresses a definite gap that exists in current visual 
inspection indices for airfield pavements.  The MRDR protocol has proven to be repeatable and 
implementable, and to have the increased sensitivity necessary to detect subtle manifestation of 
MRD in affected concrete pavements.  Once validated and implemented, the MRDR will become 
an important tool in the process for planning future pavement maintenance, repair, and 
rehabilitation activities for MRD-affected pavements.   
 
7.2 Recommendations for Future Work 

This research was limited both by its relatively brief duration and by its lack of geographic, 
environmental, and materials diversity.  MRD is a problem across the country, and there is an 
urgent need for a widely applicable procedure that can help pavement managers to address the 
presence of MRD on their PCC pavements.  The following additional activities are 
recommended to complete the MRDR protocol validation and implementation process: 
 

• The MRDR protocol was developed primarily by observing MRD at only two airports 
that were in close geographical proximity one to another.  The pavements studied were of 
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similar age and shared similar design, materials, and construction.  Thus, although the 
MRDR is well calibrated for application on these two airports, it has not been validated 
beyond this narrow set of conditions.  Full validation requires applying the MRDR at a 
larger group of geographically distributed airports representing various climatic zones.  
Pavements to be included in the validation study should have a broad range of ages, 
materials, and MRD manifestations. 

 
• The pavements surveyed in this study are close to the same age and the time between the 

two surveys was less than a year.  Thus, the MRDR values represent two snapshots of 
condition closely spaced in time, providing little insight regarding the progression of 
MRD.  To complete the validation process, in addition to evaluating more airports it is 
also important that the surveys be repeated on the same sample units over a longer time, 
perhaps 3 to 4 years.   
 

• Once these additional data are collected, it is recommended that the distress definitions, 
progression sequences, weighting factors, and trigger values be re-evaluated.  These will 
either result in a revised procedure that is broadly applicable in an extended range of 
conditions or in additional guidelines for customizing a procedure for local application. 
 

• A training workshop, ideally sponsored by the FAA, should be developed and taught to 
familiarize airports and consultants with the new protocol.  Without such training it is 
unlikely that the MRDR will gain widespread acceptance. 
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A. Pattern Cracking 

Description 
Pattern cracking (see figure 59) is a network 
of interconnected cracks, each enclosing an 
area of several square inches up to a square 
foot. 
 
Possible Causes 
Pattern cracking may be a manifestation of 
MRD, but may also be a remnant of plastic 
shrinkage or poor consolidation. 
 
Link to MRD 
The appearance of pattern cracking on the 
surface of a pavement could be the result of 
materials-related chemical reactions causing 
expansion within the pavement, which could 
lead to further cracking and/or scaling. 
 
Progression and Severity Levels 
The severity levels are defined as follows: 

• Low-severity is very fine to fine, tightly 
closed cracking that is visible when the 
pavement is wetted (figure 59(a)) or dry 
(figure 59(b)).   

• Medium-severity is a well-defined pattern 
and some of the cracks have opened as 
shown in figure 59(c) 

 
Note that there is no high-severity pattern 
cracking. 
 
Explanation of Rating 
Pattern cracking is rated by severity level and 
is only recorded for the interior slab location 
(location 3).  Discoloration, if observed, is 
also noted with a (D).   
 
Differentiation 
Pattern cracking is only recorded in interior 
locations (location 3) whereas perpendicular 
cracking and parallel cracking are only 
recorded at corners (location 1) and joints 
(location 2).  If the cracks are spalling or 
pieces missing, it is classified as scaling.      Figure 59.  Pattern cracking. 

 
(a) Pattern cracking (low-severity) – Very 
fine pattern cracking that is barely visible and 
may only be seen when wetted. 
 

 
(b) Pattern cracking (low-severity) – Fine, 
tightly closed, cracking that is readily visible 
when dry. This cracking also has 
discoloration. 
 

 
(c) Pattern cracking (medium-severity) – 
Well-defined pattern and some of the cracks 
have opened. Discoloration is also present. 
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B. Scaling 

Description 
Scaling is the breakdown of the top surface of 
the pavement.  A pavement that is scaling 
produces loose pieces of FOD that may 
damage aircraft.  Scaling is depicted in figure 
60. 
  
Possible Causes 
Scaling can be associated with the progression 
of pattern cracking resulting from MRD such 
as freeze-thaw deterioration or alkali-
aggregate reactivity.  The application of 
chemical deicers may contribute to the 
formation and progression of scaling.  It may 
also result from over-finishing or poor 
consolidation of the concrete surface. 
 
Link to MRD 
Scaling could be an indication of potential 
materials-related reactions. 
 
Progression and Severity Levels 
No severity level is recorded for scaling; it is 
only recorded if FOD potential exists.   
Scaling can be a result of deteriorating pattern 
cracking, beginning as small localized areas on 
a pavement surface that grow larger as 
reactions continue to occur.     
 
Explanation of Rating 
No severity level is recorded for scaling.  The 
distress is only recorded for the interior 
location (location 3).  If recorded, no other 
MRD distresses are recorded in the slab 
interior except patching.   
 
Differentiation 
Scaling only occurs in interior locations 
(location 3) and thus must be differentiated 
from joint disintegration which occurs only at 
corners (location 1) and joints (location 2).  It 
must also be differentiated from popouts and 
surface honeycombing and from spalling 
within the PCI procedure. It is often associated  
with pattern cracking.        Figure 60.  Scaling. 

 
(a) Scaling – Small, localized areas where 
the surface has flaked off. 
 

 
(b) Scaling – Small area has flaked off and 
there is potential for more surface area loss 
in the cracked area. 
 

 
(c) Scaling – Small area has scaled off with 
the potential for more scaling in cracked 
area. 
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C. Popouts 

Description 
Popouts are small pieces of concrete that break loose from the pavement, leaving small holes 
behind, as shown in figure 61. 
 
Possible Causes 
Popouts are most often caused by freeze-thaw (F-T) deterioration of poor or unsound aggregates 
or by clay balls disintegrating near the pavement surface.  They can also be the result of reactive 
aggregates located near the surface that expand due to chemical reactions occurring within the 
concrete. 
 
Link to MRD 
Potentially reactive or F-T susceptible 
aggregates that fracture near the pavement 
surface can indicate a materials-related 
problem exists in the concrete. 
 
Progression and Severity Levels 
The number of popouts is expected to 
increase with time if their cause is linked 
to a materials-related distress.  Popouts are 
individually counted and severity levels 
are determined as follows:  

• Low-severity if distress density is less 
than one popout/yd2 of the slab 
interior. 

• Medium-severity if the distress density 
is between one and three popouts/yd2 
of the slab interior. 

• High-severity if the distress density is 
greater than three popouts/yd2 of the 
slab interior. 

 
Explanation of Rating 
Popouts are rated by the number observed 
over the interior slab surface. The distress 
is only recorded for the interior location 
(location 3). 
 
Differentiation 
Popouts must be distinguished from 
scaling and surface honeycombing.  

Figure 61.  Popouts. 
 

 
(a) Popout from aggregate – Reactive aggregates 
that have expanded near the surface and leave an 
opening on the surface. 
 

 
(b) Popout from clay ball – Deleterious materials 
that have disintegrated and left an opening on the 
surface of the pavement. 
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D. Surface Honeycombing 

Description 
Surface honeycombing is the presence of 
voids on the concrete surface that are clearly 
the result of construction.  Figure 62 shows 
several photos of honeycombing. 
 
Possible Causes 
Surface honeycombing is an artifact of 
construction, normally caused by poor 
finishing, inadequate vibration, and/or the use 
of an unworkable mix.  As a result, the 
concrete surface is not tightly finished, 
leaving clearly visible voids. 
 
Link to MRD 
While not a direct sign of MRD, surface 
honeycombing provides a path for moisture 
and deicer ingress into the pavement.  This 
may cause or accelerate many MRDs, 
including F-T deterioration and alkali-
aggregate reactivity, both of which are driven 
by moisture as a damage mechanism. 
 
Progression and Severity Levels 
To be recorded, a minimum of five “voids” 
per ft2 must be observed, each having a 
minimum diameter of 0.5 in. The severity 
levels are defined as follows: 

• Low-severity is a localized area of less 
than 1 yd2 (figure 62(a)).  

• Medium-severity is recorded for areas 
greater than 1 yd2 but less than half the 
slab (figure 62(b)).   

• High-severity is recorded when more than 
half the slab is affected (figure 62(c)). 

 
Explanation of Rating 
Surface honeycombing is rated by the 
severity level that is observed over an entire 
slab. The distress is only recorded for the 
interior location (location 3). 
 
Differentiation 
Surface honeycombing must be differentiated 
from popouts and scaling. 

Figure 62.  Surface honeycombing. 

 
(a) Surface honeycombing (low-severity) – 
Small areas less than 1 yd2 in size where 
minor openings in the surface resemble small 
popouts. 
 

 
(b) Surface honeycombing (medium-severity) 
–Isolated areas between 1 yd2 and half the 
slab area where the surface is not closed. 
 

 
(c) Surface honeycombing (high-severity) – 
Large areas (greater than half the slab) in 
which the surface is open. Note patching is 
also present. 



Materials-Related Distress and Projected Pavement Life Appendix A 

Applied Pavement Technology, Inc.  A-6 

E. Sliver Spalling 

Description 
Also described as edge fraying, this distress is the minor break up of concrete along the joint (see 
figure 63), allowing potential material or moisture infiltration.  It is not associated with 
perpendicular or parallel cracking. 
 
Possible Causes 
Sliver spalling can be caused by mechanical wearing along a joint from vehicles or equipment.  
It can also be caused by weakening of the concrete near the joint during construction, such as 
from the joint sawing operation or poor edge finishing techniques. 
 
Link to MRD 
Sliver spalling disrupts the sealant along 
the joint, which allows infiltration of 
moisture and incompressibles into the 
pavement.  Sliver spalling could be an 
early indicator of potential materials-
related problems from expansive 
movements or loss of strength. 
 
Progression and Severity Levels 
Unlike what is done in the PCI procedure, 
a minimum distance from the joint edge is 
not required to record sliver spalling.  No 
severity level is defined for sliver spalling, 
but a minimum continuous length of 1 ft is 
required for it to be recorded. 
 
Explanation of Rating 
There is no severity rating for sliver 
spalling.  It is rated by slab location either 
along joints (location 2) or in corners 
(location 1).   
 
Differentiation 
Sliver spalling must be differentiated from 
joint disintegration and expansion.  Sliver 
spalling is not recorded if perpendicular 
cracking or parallel cracking is recorded in 
the same location.  Sliver spalling should 
also be differentiated from the 
conventional PCI spalling distress.  

Figure 63.  Sliver spalling. 
 

 

 
(a) Sliver spalling – Continuous areas are 
affected along joints or in corners that are greater 
than 1 ft in length. 
 

 
(b) Sliver spalling – Large, continuous areas are 
affected that are greater than 1 ft in length. 
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F. Perpendicular Cracking 

Description 
Perpendicular cracking (see figure 64) 
propagates perpendicularly outward from a 
joint.  These cracks can be located at either 
longitudinal or transverse joints. 
 
Possible Causes 
Perpendicular cracking may be an early sign of 
MRD.  They may also be a result of plastic 
shrinkage, poor consolidation, settlement, or 
restrained movement. 
 
Link to MRD 
Perpendicular cracking could be the result of 
expansive forces caused by alkali-aggregate 
reactivity. 
 
Progression and Severity Levels 
Perpendicular cracking first appears as fine 
cracks perpendicular to the joint and over time 
may develop into a series of longer, wider 
cracks.  The severity levels are as follows: 

• Low-severity perpendicular cracking is 
defined as fine cracks with no visible 
opening (see figures 64(a) and 64(b)). 

• Medium-severity perpendicular cracking is 
defined as cracks that are visibly opened 
(see figure 64(c)).   

 
Explanation of Rating 
Perpendicular cracking is rated by severity 
level.  It is only recorded at joint (location 2) 
and corner (location 1) locations and must be 
perpendicular to the joint.  This distress can be 
associated with parallel cracking.  
Discoloration, if observed, is noted with a (D). 
 
Differentiation 
Perpendicular cracking must be differentiated 
from parallel cracking.  Its location 
differentiates it from pattern cracking.  If FOD 
potential exists (because of spalling or missing 
pieces of concrete), it is classified as joint 
disintegration. 
 

Figure 64.  Perpendicular cracking. 

 
(a) Perpendicular cracking (low-severity) – 
Fine cracks perpendicular to a joint with 
discoloration. 
 

 
(b) Perpendicular cracking (low-severity) – 
Fine cracks perpendicular to a joint with 
discoloration. 
 

 
(c) Perpendicular cracking (medium-
severity) – Cracks are open and 
discoloration is observed, but no FOD 
potential exists. 



Materials-Related Distress and Projected Pavement Life Appendix A 

Applied Pavement Technology, Inc.  A-8 

G. Parallel Cracking 

Description 
Parallel cracking are cracks running roughly 
parallel to joints and/or running around corners. 
Several examples of parallel cracking are 
shown in figure 65. 
 
Possible Causes 
Parallel cracking is most often a sign of MRD.  
Confined movement can also cause this type of 
distress. 
 
Link to MRD 
Parallel cracking could be the result of physical 
damage (e.g., F-T) or chemical reactivity (e.g., 
ASR).  Both are fueled by moisture which is 
available near joints. 
 
Progression and Severity Levels 
Parallel cracking first appears as fine cracks 
running parallel to the joint and rounding 
corners.  In time, it can develop into a network 
of cracks.  Two severity levels are provided for 
this distress:  
 

• Low-severity parallel cracking is defined as 
fine cracks with no visible opening (see 
figure 65(a)). 

• Medium-severity parallel cracking is 
defined as cracks that are visibly opened 
(see figure 65(b)) or may have formed a 
network (see figure 65(c)).   

 
Explanation of Rating 
Parallel cracking is rated by severity level and 
is only recorded at joint (location 2) and corner 
(location 1) locations.  It runs parallel to joints 
and around corners, as shown in figure 65.  
This distress is often associated with staining or 
discolorations, which, if observed, is noted with 
a (D). 
 
Differentiation 
Parallel cracking must be differentiated from 
perpendicular cracking.  Location differentiates 
it from pattern cracking.  If spalled or pieces 
missing (what would normally be rated as “high” 
 severity), it is classified as joint disintegration.    Figure 65.  Parallel cracking. 

 
(a) Parallel cracking (low-severity) – 
Tightly closed cracking running parallel to 
joint and around corner.  Discoloration 
would be noted. 
 

 
(b) Parallel cracking (medium-severity) – 
Open cracks running parallel to joint and 
around corner. 
 

 
(c) Parallel cracking (medium-severity) – 
Open, parallel cracking at joints and around 
corner. Medium-severity perpendicular 
cracking is also present. 
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H. Joint Disintegration 

Description 
Joint disintegration is the crumbling, 
deterioration, and loss of concrete at a joint.  
Typically, where joint deterioration is 
present, the concrete can be easily removed, 
producing high amounts of FOD.  Joint 
disintegration is shown in figure 66. 
 
Possible Causes 
This distress is most likely caused by the 
weakening, and ultimate disintegration, of 
the concrete as a result of a physical process 
(e.g. F-T cycles) or an adverse chemical 
reaction (e.g. ASR).  Chemical deicers can 
contribute to the formation and/or 
acceleration of this distress type. Low 
concrete strength or poor consolidation can 
also result in joint disintegration. 
 
Link to MRD 
Materials-related expansive reactions are 
most often the cause of the disintegration of 
the pavement along joints. 
 
Progression and Severity Levels 
No severity level is recorded for joint 
disintegration since it is only recorded if 
FOD potential exists.   Joint disintegration is 
often the result of deteriorating perpendicular 
cracking and/or parallel cracking, and can 
begin as small localized deteriorated areas 
along the joint that can grow larger as 
reactions continue to occur.     

 

Explanation of Rating 
Joint disintegration is only recorded for joint 
(location 2) and corner (location 1) locations.  
If recorded, no other MRD distresses should 
be recorded in the same area of the slab 
except patching.   

 

Differentiation 
Joint disintegration must be differentiated 
from sliver spalling and expansion.  Location 
differentiates it from scaling.  

     Figure 66.  Joint disintegration. 

 
(a) Joint disintegration – Areas along joints 
are crumbling.  Note that cracking is not 
parallel cracking. 
 

 
(b) Joint disintegration – Concrete along joint 
is crumbling/falling apart due to progression 
of parallel cracking.  Note the visual 
difference between this distress and sliver 
spalling (no additional cracking). 
 

 
(c) Joint disintegration – High FOD potential 
over a large area.  
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I. Staining 

Description 
Staining is the unusual discoloration of the 
pavement that is observed at joints and 
corner locations and/or at interior 
locations (see figure 67) 
 
Possible Causes 
Staining may be the result of a materials-
related reaction, which has led to leaching 
onto the concrete surface, resulting in 
discoloration.   
 
Link to MRD 
Staining can be a precursor to the 
development of serious distress, as it may 
indicate that the concrete lacks physical 
and/or chemical stability.  However, not 
all staining is necessarily a sign of MRD. 
 
Progression and Severity Levels 
No severity level is defined for staining.  It 
is simply identified as being present and 
linked to a specific location.   
 
Explanation of Rating 
Staining is recorded separately for corners 
(location 1), joints (location 2), and slab 
interior (location 3).  Figure 67(a) shows 
staining over the slab area.  Staining may 
also be observed in localized areas, in 
particular along joints (see figures 67(b) 
and A-9(c)) and cracks.  It is often easily 
identified by looking along the length of a 
pavement joint, as shown in figure 67(c). 
 
Differentiation 
Staining should be differentiated from the 
various types of cracking distresses and 
identified separately.  Staining is not 
recorded if medium-severity pattern 
cracking, perpendicular cracking, or parallel    Figure 67.  Staining. 
cracking is present or if scaling or joint  
disintegration is identified in the same location.   

 
(a) Staining (location 3) – Lightly colored marks, 
blotches, or areas on a pavement not consistent 
with the normal pavement surface.  
 

 
(b) Staining (location 2) – Staining at joint. 
 

 
(c) Staining (locations 1 and 2) – Stained areas 
along joint edges and corners.  
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J. Patching 

Description 
Patching is the replacement of a failed 
area of the pavement with a repair 
material.  Patching is noted in all locations 
where a repair has been made. Severity is 
based solely on the condition of the patch.  
Deterioration in the slab area adjacent to 
the patch is defined independently.  Figure 
68 shows patches in various stages of 
deterioration. 
 
Possible Causes 
Patching that has deteriorated could be the 
result of improper patch placement, 
expansion from the surrounding 
pavement, or material incompatibility. 
 
Link to MRD 
Deteriorating patching is often the result 
of continuing degradation of the repaired 
pavement, which may be an indication 
that an overriding materials problem is 
affecting the surrounding pavement. 
 
Progression and Severity Levels 
Patching severity levels are based solely 
on distress observed in the patch itself and 
are defined as follows: 
 

• Low severity is a patch in good 
condition and free of distress, being 
used primarily to note the presence of 
the repair (see figure 68(a)).   

• Medium severity is when cracking in 
the patch is observed, but no FOD 
potential currently exists, as shown in 
figure 68(b).   

• High-severity is when the distress in 
the patch poses a FOD potential, 
requiring repair (see figure 68(c)). 

 
Explanation of Rating 
Patching is rated by severity level and is 
recorded for the most severely distressed 
patch within each slab location.   
 
Differentiation 
None.        Figure 68.  Patching. 

 
(a) Patching (low-severity) – The patch is 
present with no observable distress. Note that 
scaling would also be recorded for this location. 
 

 
(b) Patching (medium severity) – Patch is intact, 
but cracked.  Note that there is no current FOD 
potential. 
 

 
(c) Patching (high-severity) – Distress in patch 
has begun to spall and poses FOD potential. 
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K. Expansion  

Description 
Expansion describes a series of pavement 
conditions that have developed due to 
movement of the slabs.  Examples include 
misalignment of adjacent joints (where 
differential movements are occurring, see 
figure 69(a)), excessive closure of joints 
(see figure 69(b)), or shoving of (or 
damage to) in-pavement fixtures or 
adjacent structures (see damage to light 
marker in figure 69(a)).  Another example 
includes the development of blow-ups (see 
figure 69(c)), which occur at joints and 
result in an uplift of broken pieces, 
producing a high potential for FOD and 
tire damage. 
 
Possible Causes 
Expansion results when the concrete is 
moving due to excessive microcracking 
and/or swelling of a reaction product as is 
the case with alkali-silica reactivity.   
 
Link to MRD 
The movement could be the result of 
expansive materials-related reactions. 
 
Progression and Severity Levels 
No severity levels are recorded for 
expansion.  

 
Explanation of Rating 
Expansion is not recorded on a slab-by-
slab basis, but instead is assigned as an 
overall rating for the entire sample unit.  
Signs of expansion, including joint 
misalignment, compressed sealant, 
facilities or structures that have been 
shoved, or blow-ups, are noted within and 
immediately adjacent to the sample unit 
including the shoulder.  Occurrences are 
recorded in the box included as part of the 
inspection form. 

 

Differentiation 
Blow-ups need to be differentiated from 
sliver spalling and joint disintegration. 

Figure 69.  Expansion. 

 
(a) Expansion – Shown in the circle is joint 
misalignment, which indicates an expansive 
movement, but the rater should confirm that the 
joints were originally aligned. 
 

 
(b) Expansion – Expansion has closed the joint 
and caused sealant to bulge out. 
 

 
(c) Expansion - Adjacent slabs pushing against 
each other along joint caused this blow-up. 
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APPENDIX B: MRD CASE STUDIES 
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