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PROJECT OBJECTIVES 

This study is a continuation of PPRC Project 4.52b addressing the project titled “Microcracking of 

Cement-Treated Layers.” The objective of this project is to develop guidelines for mitigation 

measures to limit/prevent shrinkage cracking in cement-treated layers. This will be achieved in 

three phases through the following tasks (revised after completion of Phase 1): 

• Phase 1: Literature review, preliminary laboratory testing, field testing, and modeling 
(completed) 
+ Task 1: Conduct a literature review on research related to crack mitigation in cement-

treated materials. 
+ Task 2: Conduct preliminary laboratory testing to understand crack mitigation 

mechanisms and identify criteria for modeling the effects of crack mitigation on 
long-term pavement performance. 

+ Task 3: Monitor the construction and early performance of FDR-C projects where crack 
mitigation measures have been used. 

+ Task 3: Model the effects of crack mitigation on long-term pavement performance. 
+ Task 4: Prepare a summary report with recommendations for Phase 2 testing, if 

appropriate. 

• Phase 2: FDR-C Test Road and pilot study construction and monitoring, and laboratory 
testing 
+ Task 1: Update the literature review. 
+ Task 2: Continue monitoring the construction and performance of FDR-C field projects 

where crack mitigation measures have been used. 
+ Task 3: Design, construct, and monitor a test road to better understand the effects of 

different crack mitigation strategies without the influence of traffic. 
+ Task 4: Conduct laboratory testing of specimens sampled from the test road and other 

field projects to compare laboratory test results with measurements on 
constructed roads and to identify suitable criteria for refining mechanistic-
empirical design procedures and performance models for pavements with 
cement-treated layers. 

+ Task 5: Prepare research reports and guidelines for crack mitigation in FDR-C layers. 

This report covers Phase 2a (Tasks 1, 2, 3, and 5) and should be read in conjunction with the report 

prepared for Phase 2b (Tasks 4 and 5, report number UCPRC-RR-2020-04).
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EXECUTIVE SUMMARY 

Introduction 

Cement-treated layers are prone to cracking. This is, and has been, a concern for using cement to 

improve the strength and stiffness properties of recycled materials that have limited fine 

materials and/or plasticity. The research discussed in this report, which aims to identify 

appropriate shrinkage crack mitigation procedures for recycled pavement layers treated with 

cement, builds on previous work on microcracking as a shrinkage crack mitigation measure by the 

Texas Transportation Institute and others. The process involves a combination of optimum curing 

times before microcracking and number of roller passes (or stiffness reduction) to minimize 

drying shrinkage crack width, which will maximize long-term stiffness and fatigue life. 

Studies by the Texas Transportation Institute and other organizations agreed that microcracking 

is a potentially effective shrinkage crack mitigation study. However, gaps in the knowledge were 

identified, specifically a full understanding of microcracking mechanisms, the influence of cement 

content/design strength, the optimal timing of microcracking, and roller type. This study 

addressed these gaps primarily through continued long-term monitoring of pilot studies, the 

construction and monitoring of a 37-cell test road, and a comprehensive laboratory testing study. 

Summary of Research 

Literature Review 

An extensive literature review was performed to develop an understanding of how cement-

treated layers fail, how the fatigue life of cement-treated layers is modeled, why shrinkage cracks 

are a concern, and how they can be mitigated.  

Test Road Design 

The construction of a test road to evaluate different microcracking variables was recommended 

after the conclusion of preliminary field studies. This allowed for the inclusion of control sections 

where no shrinkage crack mitigation measures were taken as well as a significantly wider factorial 

than could be achieved on any full-depth recycling projects with cement (FDR-C), which typically 

do not include control sections. The FDR-C Test Road design considered the various issues 

identified during the pilot studies, literature review, and on the foundational work done in Texas. 
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The following factors were considered in the experiment design: 

• Mix design strength (2.5% and 4% cement, targeting 450 and 650 psi [3.1 and 4.5 MPa]) 
• The number of curing hours between completion of construction and start of microcracking 

(48, 72, and 48 and 72 hours [i.e., microcracking on the same section at two different times]) 
• Roller weight (12-ton single drum steel roller and 10-ton double drum steel roller) 
• Roller vibration amplitude (low and high settings) 
• Number of roller passes (method and performance-based specifications) 
• Stiffness reduction during microcracking (measured with a soil stiffness gauge and a light 

weight deflectometer) 
• Stiffness recovery/gain after microcracking (measured with a falling weight deflectometer) 
• Crack propagation and crack properties (measured during visual assessments) 

Test Road Construction 

The FDR-C Test Road was constructed over a two-day period (4% cement-content sections on 

day 1 and 2.5% cement-content sections on day 2). Construction and quality control procedures 

adhered to Caltrans guidance and specifications. Microcracking followed construction over a 

three-day period depending on the experiment factorial. A microsurfacing was applied after 

completion of the microcracking. All stages of construction were closely monitored, and 

observations and results indicated that the FDR-C Test Road was suitable for longer-term 

monitoring for the microcracking study. 

Test Road Monitoring 

Monitoring on the FDR-C Test Road included regular visual assessments focusing primarily on 

crack monitoring, preliminary coring to check for any indication of crushing or carbonation, and 

falling weight deflectometer deflection measurements, from which stiffness changes over time 

were backcalculated. Observations and findings include the following: 

• Reflected cracks were observed in a limited number of cells on the 2.5% cement-content 
section. Cracks directly associated with instrumentation were not considered as cracks 
associated with microcracking and were therefore excluded from the analysis. 

• Cracks reflected through the microsurfacing earlier on the 4% cement-content section 
compared to the 2.5% cement-content section. 

• Crack density increased more rapidly on the 4% cement-content section compared to the 
2.5% cement-content section. 

• Microcracking reduced crack density compared to the results recorded on the control cells. 
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• Crack density generally reduced with an increase in the number of microcracking passes 
applied. 

• The 2.5% cement-content cells had a lower crack density after 128 days than the 4% 
cement-content cells. 

• The 2.5% cement-content cells did not show any observable trends in crack density with 
microcracking passes. 

• Only the 4% cement-content cells microcracked after 72 hours showed a reduction in crack 
density with increased energy input (microcracking passes) using the single drum steel roller 
at high amplitude (1.42 kN/cm per pass). 

• Microcracking the 4% cement-content cells after 48 hours resulted in a greater crack 
density reduction compared to microcracking after 72 hours. One pass after 48 hours was 
sufficient to reduce the crack spacing significantly. The crack density continued to reduce 
with increasing number of passes at 72 hours. 

• The crack density results from the 10-ton double drum steel roller were inconsistent with 
the results from the 12-ton single steel drum roller at high amplitude. The results from the 
10-ton roller showed that microcracking after 72 hours resulted in reduced cracking on both 
the 2.5% and 4% cement-content sections. 

• Crack width was a function of microcracking effort and curing time before microcracking. 
• The microcracked cells had a narrower crack-width distribution than the control cells. 
• Microcracking after 48 hours resulted in narrower cracks compared to microcracking after 

72 hours. 
• An increase in microcracking effort (i.e., number of passes/increased energy) contributed 

to a further reduction in crack widths. 
• The 4% cement-content control cells (i.e., no microcracking) had higher stiffnesses 

compared to the 2.5% cement-content control cells, as expected. 
• The 2.5% cement-content cells microcracked after 48 hours had higher stiffnesses than the 

control cells and those cells microcracked after 72 hours. 
• Increasing energy input through multiple microcracking passes reduced the long-term 

stiffness proportionately. 

Monitoring Result Analysis 

Statistical analyses of the FDR-C Test Road material testing, microcracking, crack monitoring, and 

stiffness results were undertaken to better understand and explain the observations on the road. 

Findings include the following: 

• Crack density and spacing 
+ Crack density increased with increasing design strength. 
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+ Increased energy input (i.e., number of roller passes) was most effective at reducing the 
crack density of the material with the higher design strength, while the lower design 
strength material did not show a sensitivity to energy input in terms of crack density 
reduction. The 2.5% cement-content material had on average one full-width reflective 
crack in the 49-m long cell, regardless of the microcracking input, whereas the number 
of reflective cracks on the 4% cement-content cells reduced from approximately seven 
cracks down to three cracks with increased energy input during microcracking. 

+ Increased energy input was the primary factor in reducing crack width. 
+ The 2.5% cement-content material had significantly less shrinkage potential (remaining 

shrinkage to be incurred) after microcracking than the 4% cement-content material after 
a given curing time. Shrinkage that continued after microcracking after 48 or 72 hours 
did not induce a sufficient number of cracks to minimize widths of the reflected cracks. 
The cracks that developed before microcracking thus controlled the reflective cracking. 
Microcracking earlier after final compaction (e.g., within 24 hours) could potentially yield 
more fine shrinkage cracks in the FDR-C layer and further minimize crack widths to 
mitigate reflective cracking. 

+ The 4% cement-content material had significantly more shrinkage potential remaining 
after microcracking than the 2.5% cement-content material. The additional increase in 
the number of drying shrinkage cracks that developed with increased energy input 
during microcracking (resulting in lower strength) reduced the total width of cracks that 
developed before microcracking. Microcracking was performed sufficiently early on the 
4% cement-content material to change the drying shrinkage cracking from a few wide 
reflective cracks to numerous thinner cracks with only a small number of them wide 
enough to reflect through the surface layer. 

+ Microcracking should ideally be performed as early as possible to benefit from the 
shrinkage potential after microcracking while the material strength is still low. 

• Stiffness 
+ The long-term stiffness of the 4% cement-content material dropped significantly in the 

cells where the FDR-C layer was microcracked after 72 hours compared to stiffnesses 
recorded in the cells with microcracking after 48 hours. 

+ The 2.5% cement-content material did not show a significant difference in long-term 
stiffness when microcracked after 48 or 72 hours. 

+ Increasing the energy input (i.e., the number of roller passes) reduced the stiffness. 
+ Low energy input during microcracking resulted in long-term stiffnesses exceeding those 

of the control cells for the 2.5% cement-content section. 
+ The original stiffness prior to microcracking is mostly recovered, and often exceeded, 

after microcracking on FDR-C layers with strengths at the lower end of the specified 
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range (i.e., 2.1 MPa [≈300 psi]). Stiffness is significantly reduced on higher strength layers 
(i.e., >3.5 MPa [≈500 psi]) after microcracking, and it may not recover to the same 
stiffness measured before microcracking. 

+ Higher-strength layers are more sensitive to the timing of the microcracking. The 
greatest reduction in long-term stiffness is associated with microcracking after 72 hours, 
with significantly lower stiffnesses measured compared to those measured when the 
layer was microcracked after 48 hours. The lower strength layers were not sensitive to 
the time of microcracking in the 48 to 72-hour time window. 

+ The mechanistic parameters measured during microcracking (percent stiffness reduction 
and stiffness after microcracking) did not provide any clear explanation for the trend in 
the FWD-backcalculated stiffness results. This was attributed in part to stiffness 
measurements being taken at the same fixed locations in each cell regardless of any 
surface distresses that may have influenced the results. 

Conclusions 

The following conclusions were drawn on completion of this phase of the research: 

• Microcracking does not prevent shrinkage cracking, but it is an effective shrinkage crack 
mitigation procedure. Microcracking induces a network of fine cracks, which generally do 
not reflect through asphalt concrete surfacings as wide shrinkage cracks tend to do. 

• Microcracking has limitations and will not mitigate all shrinkage cracks on all FDR-C projects. 
Design strength, construction procedures, curing time before microcracking, number of 
microcracking passes, and stiffness reduction achieved during microcracking will all 
influence the level of mitigation achieved. 

• The original stiffness prior to microcracking is mostly recovered, and often exceeded, after 
microcracking on FDR-C layers with strengths at the lower end of the specified range (i.e., 
2.1 MPa [≈300 psi]). Stiffness is significantly reduced on higher strength layers (i.e., 
>3.5 MPa [≈500 psi]) after microcracking, and it may not recover to the same stiffness 
measured before microcracking. 

• Higher-strength layers are more sensitive to the timing of microcracking. The greatest 
reduction in the long-term stiffness is associated with microcracking after 72 hours, with 
significantly lower stiffnesses measured than those measured when the layer is 
microcracked after 48 hours. 

• Microcracking will be most effective if the seven-day unconfined compressive strength falls 
in the range of 250 to 450 psi (1.7 to 3.1 MPa) and preferably no higher than 600 psi 
(4.1 MPa). Layers with design strengths greater than 600 psi will likely have shrinkage cracks 
forming before the road can be microcracked. 
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• The current Caltrans method specification for microcracking could lead to significantly 
different stiffness reduction results as it is currently phrased, given that 12-ton rollers from 
different manufacturers apply different levels of energy. 

Recommendations 

The following recommendations are made based on the work completed in this phase of the 

study: 

• The mix design procedure for FDR-C layers should include an initial consumption of 
stabilizer test to ensure that an optimum cement content that will result in a durable layer 
is selected. Starting cement content in the mix design tests should be the ICS + 1%. If this 
results in a seven-day unconfined compressive strength higher than 600 psi (4.1 MPa), the 
pavement design, recycling depth, and/or choice of stabilizer/recycling agent should be 
reviewed. 

• Microcracking will be most effective if the seven-day unconfined compressive strength falls 
in the range of 250 to 450 psi (1.7 to 3.1 MPa) and preferably no higher than 600 psi 
(4.1 MPa). 

• Microcracking should be done as close as possible to 48 hours after final compaction, 
especially if design strengths exceed 450 psi (3.1 MPa). 

• The Caltrans method specification language for microcracking should be changed to the 
following (the energy and centrifugal force requirements will encourage contractors to 
check the ratings of their rollers in the equipment manuals): 
+ During the period from 48 to 56 hours after compaction, microcrack the surface by 

applying 2 to 3 single passes, equivalent to 2.8 to 4.3 kN/cm of energy, using a 12-ton 
vibratory steel drum roller at maximum vibration amplitude (centrifugal force of 200 to 
300 kN) travelling from 2 to 3 mph. 

• If a performance specification is considered, then a maximum stiffness reduction of 40%, 
measured with a soil stiffness gauge is suggested (i.e., initial measurement before the first 
roller pass and then measurements after each roller pass until a 40% reduction is achieved). 

• The research cited in the literature review and testing in this phase of the study assessed 
microcracking on cement-treated layers between 10 and 12 in. (250 and 300 mm) thick. 
Research on layers thicker than 12 in. should continue to assess whether uniform 
compaction and effective microcracking can be achieved over the full depth of the layer, 
especially on weak subgrades, and the implications on shrinkage and fatigue cracking if it 
cannot. 

• Although the soil stiffness gauge is considered to be an appropriate instrument for 
measuring stiffness reduction during microcracking, testing procedures will need to be 
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refined and precision and bias statements prepared to ensure that reasonable quality 
control procedures are followed. 
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1 INTRODUCTION 

1.1 Background 

The California Department of Transportation (Caltrans) has been using full-depth recycling (FDR) 

as a rehabilitation strategy since 2001. Most projects to date have used a combination of foamed 

asphalt (FDR-FA) and portland cement as the stabilizing agent. However, emulsified or foamed 

asphalt are not always appropriate recycling strategies for all projects and therefore alternative 

FDR strategies need to be considered. This study investigates the use of portland cement alone 

(FDR-C) as a stabilizer, specifically for projects where more marginal materials are present in the 

recycled layer. 

Cement-treated (or stabilized) materials in FDR projects are mixtures of soil, aggregate, and/or 

reclaimed asphalt pavement materials, together with measured amounts of portland cement and 

water, that are shaped and compacted to form new subbase or base layers in pavement 

structures. In situ subgrade soils can also be treated to improve the properties of the pavement 

foundation. Cement-treated layers have been widely used as pavement bases for highways, 

roads, streets, parking areas, airports, and materials-handling and storage areas. Because they 

typically have better bearing capacity and durability than bases constructed with untreated 

materials, they allow for thinner and usually more cost-effective pavement structures. They have 

been widely used in the past in California, nationally, and internationally, and considerable 

research has been undertaken and experience gained on their design, construction, and long-

term performance. This report does not document this past research on cement-treated bases. 

A well-documented concern about cement-treated layers, and therefore FDR-C layers, is the 

potential for shrinkage cracking associated with the hydration and curing of the treated layers. 

Observations of this cracking date back to ancient Roman times, when horsehair was added to 

concrete roadways and the structural members in buildings in an attempt to reduce the risk of 

cracking while the concrete set (1). As hydration and curing progress, the drying shrinkage of 

cement-treated materials is known to contribute the most to shrinkage cracking (2-4). In 

pavements, shrinkage cracks from underlying cement-treated layers, including FDR-C layers, can 

reflect through the asphalt concrete surfacing, allowing water to infiltrate into the treated layer. 
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Frequent cracks coupled with water infiltration leads to a loss in stiffness in the treated layer, 

resulting in a faster rate of overall deterioration compared to pavements that are not cracked. 

Although no costs for shrinkage crack repair are readily available for California highways, the 

Texas Department of Transportation estimated savings of between $3.3 million and $8.6 million 

in annual net present value maintenance costs if shrinkage cracking could be prevented on 

projects where cement-treated layers are placed (5). 

A variety of crack mitigation approaches have been investigated in recent years, including but not 

necessarily limited to the following: 

• Optimizing pavement designs with a specific focus on cement content and design strengths. 
+ The current Caltrans non-standard special provision for FDR-C specifies a design strength 

range of 300 to 600 psi (≈2.0 to 4.1 MPa), considerably lower than the standard 
specification design-strength envelope for Class A cement-treated base layers (minimum 
unconfined compressive strength [UCS] of 750 psi [≈ >5.1 MPa] after a seven-day cure). 

+ The Portland Cement Association recommends an FDR-C mix design strength range of 
250 to 400 psi (≈1.7 to 2.8 MPa) (6) to limit shrinkage cracking. 

• Improved construction procedures with a specific focus on curing and microcracking of the 
treated layers with a vibrating steel drum roller to alter shrinkage crack development 
patterns. 

Limited unpublished research has also been undertaken to assess the influence of using small 

quantities of emulsified or foamed asphalt in combination with the cement to alter the hydration 

process and potential shrinkage. 

Microcracking is currently the most commonly used shrinkage crack mitigation approach because 

of its relative simplicity, low cost, and measurable effect. The technique was originally developed 

in Austria to limit the amount of shrinkage cracking in cement-treated layers. The process entails 

driving a vibrating steel drum roller over the layer between 48 and 72 hours after its construction. 

In theory, this action creates a fine network of cracks in the layer that limits or prevents the wider 

and more severe block cracks typical of cement-treated layers. At the time this study started, 

limited testing had been completed on a number of projects in Texas, Utah, and New Hampshire. 

Recommendations from these studies have been implemented by Caltrans and other state 

departments of transportation. However, longer-term monitoring on a range of projects in 

California, Texas, and other states revealed that microcracking has not always been successful in 
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preventing cracking, with some projects showing reflected transverse and block cracks in a 

relatively short time period (Figure 1.1). Discussions with the Texas researchers indicated that 

additional research was necessary to better understand the microcracking mechanism and to 

identify the key factors that influence performance. These factors include, but are not limited to, 

aggregate properties, cement content and design strength, the time period before microcracking 

is initiated, layer moisture contents, curing procedures, roller weights and vibration settings, the 

number of roller passes applied, the time period before placing the surfacing, the time period 

before opening the road to traffic, and the field test methods and criteria used to assess the 

degree of microcracking achieved. 

 
Figure 1.1: Reflected shrinkage cracks on an FDR-C pavement seven years after construction. 

1.2 Related Studies 

During the period covered by the 2011–2014 Caltrans-UCPRC Partnered Pavement Research 

Contract, a test track was constructed to assess four different FDR strategies (with no stabilization 

[FDR-N], using foamed asphalt with portland cement [FDR-FA], using emulsified asphalt [FDR-EA], 

and using only portland cement [FDR-C]) (7). An additional microcracking experiment was 

included in the test track design, but problems with the control of the cement application on the 

day of construction prevented any testing on this lane and limited any further research at the 

time. A 0.2 ft. (60 mm) asphalt concrete surfacing was placed on all the reclaimed layers. 

Accelerated wheel-load tests with a Heavy Vehicle Simulator (HVS) were carried out on sections 

on the four lanes under dry and then wet conditions. Limited laboratory testing on cores sampled 

from the test track was also undertaken. The FDR-C sections designated for HVS testing were not 

microcracked and some shrinkage cracking was observed on the tested base approximately 15 
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days after construction and through the asphalt concrete surfacing approximately six months 

after construction. Findings from the accelerated wheel load testing include the following: 

• On the dry test, no cracking was observed in the asphalt concrete on the test section after 
more than one million wheel-load repetitions (≈43.3 million equivalent single axle loads 
[ESALs]) under dry conditions. However, deflection tests indicated considerable loss of 
stiffness in the structure during the testing period (i.e., from ±2,900 ksi [20 GPa] to 
±1,885 ksi [13 GPa]), which was attributed in part to shrinkage and potentially fatigue 
cracking in the base and to breakdown of the cemented bonds during trafficking. Continued 
HVS testing on this section may therefore have led to the cracks reflecting through the 
asphalt concrete surface. The rut depth after testing was 1 mm. 

• The wet test, started approximately 12 months after the end of the dry test, was conducted 
on an untrafficked section that included an original reflected shrinkage crack. New reflected 
shrinkage cracks were observed after approximately 100,000 load repetitions 
(100,000 ESALs). Water ingress through these cracks eventually led to debonding between 
the asphalt concrete and FDR-C layers, which in turn led to fatigue cracking in the asphalt 
concrete layer, starting at the shrinkage cracks, and ultimately covering most of the section 
during the remainder of HVS testing. Terminal cracking (0.75 ft/ft2 [2.5 m/m2]) was reached 
after 530,000 load repetitions (≈1.69 million ESALs). Localized loss of stiffness was observed 
in the vicinity of the reflected shrinkage cracks. 

1.3 Problem Statement 

Microcracking is a promising technique for limiting or preventing shrinkage cracking in FDR-C and 

other cement-treated layers that could reflect through asphalt concrete and other types of 

asphalt surfacings. However, insufficient research has been conducted to fully understand its 

mechanism, to develop procedures for microcracking (i.e., time interval between construction 

and microcracking, vibration settings, the number of microcracking cycles, etc.), and to identify 

suitable criteria for mechanistic-empirical design procedures and performance models of 

pavement structures that incorporate a microcracked FDR-C or cement-treated layer (which 

could theoretically have a different mechanistic behavioral life cycle than structures with FDR-C 

or cement-treated layers that have not been microcracked). The current Caltrans specifications 

currently require microcracking only on FDR-C layers, but the instructions state only that: 

During the period from 48 to 72 hours after compaction, microcrack the surface by 
applying 3 passes of the vibratory steel drum rollers used during final compaction at high 
amplitude, regardless of whether asphaltic emulsion has been applied. 
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No additional information is provided, and no tests are required by the specification to determine 

whether microcracking was effective in reducing initial stiffness. The results of using this method 

specification had not been evaluated in California prior to the start of this UCPRC study. 

At the start of this study, the following problem statements requiring additional research or 

refinement/calibration of existing information for California conditions were identified: 

• No comprehensive guidelines exist to guide design engineers, contractors, and project 
specification writers on how to decide on the optimal microcracking procedure for a specific 
layer design and how to determine whether the desired result has been achieved. 

• The research completed in Texas was limited to a small number of projects with a limited 
range of materials and cement contents. Subsequent observations have found that cement 
content, curing, and layer durability can have a significant influence on the effectiveness of 
microcracking. Additional research is required to determine the key factors that influence 
the effectiveness of microcracking. These may include but are not limited to the following: 
+ Adjusting the time interval between the completion of construction and the start of 

microcracking 
+ Selecting a specific weight of roller 
+ Selecting specific vibration settings 
+ Selecting one or multiple microcracking actions 
+ Setting required specific changes in measured stiffness after microcracking 

• There is no established procedure for accurately measuring the effectiveness of 
microcracking actions. Currently, a percentage change in stiffness measured with a falling 
weight deflectometer (FWD), light weight deflectometer (LWD), or soil stiffness gauge (SSG) 
is recommended. Implementable guidelines based on actual field performance need to be 
prepared for this activity. Consideration needs to be given to whether the load applied 
during FWD testing causes additional microcracking in the drop zone, thereby influencing 
conclusions regarding the level of stiffness change that was achieved by the roller. 

• There is no procedure for simulating microcracking in the laboratory as part of a mix design/ 
pavement design process. Such a procedure needs to be developed. 

• There is no documented research linking microcracking with layer curing, with opening to 
traffic, and to the period between construction and paving. 

• There is no documented research investigating the use of alternative strategies to 
microcracking to reduce shrinkage cracking, such as adding small quantities of emulsified 
or foamed asphalt or synthetic polymer emulsion to enhance crack mitigation when using 
microcracking or using fibers or retarders to slow the rate of hydration. 

• There is limited research quantifying the benefits of microcracking in terms of extended 
pavement life. 
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1.4 Project Objective/Goal 

This study is a continuation of PPRC Project 4.36 (“Guidelines for Full-Depth Reclamation of 

Pavements”) and addresses the project titled “Microcracking of Cement-Treated Layers.” The 

objective of this project is to develop guidelines for mitigation measures to limit/prevent 

shrinkage cracking in cement-treated layers. It is planned that this will be achieved in two phases 

through the following tasks (revised workplan after completion of Phase 1 [8]). Accelerated 

wheel-load testing was originally included in the workplan as a potential third phase but was 

removed with the agreement of Caltrans based on findings from the early phases of the FDR 

research study (7) and from Phase 1 of the FDR-C crack mitigation research (completed in 2016 

[2,9]): 

• Phase 1: Literature Review, Preliminary Laboratory Testing, Field Testing, and Modeling 
Task 1: Conduct a literature review on research related to crack mitigation in cement-

treated materials. 
Task 2: Conduct preliminary laboratory testing to understand crack mitigation 

mechanisms and identify criteria for modeling the effects of crack mitigation on 
long-term pavement performance. 

Task 3: Monitor the construction and early performance of FDR-C projects where crack 
mitigation measures have been used. 

Task 4: Prepare a summary report with recommendations for Phase 2 testing if 
appropriate. 

• Phase 2: FDR-C Test Road and Pilot Study Construction and Monitoring 
Task 1 Update the literature review. 
Task 2 Continue monitoring the construction and performance of FDR-C field projects 

where crack mitigation measures have been used. 
Task 3 Design, construct and monitor an experimental FDR-C Test Road to better 

understand the effects of different crack mitigation strategies without the 
influence of heavy traffic. 

Task 4 Conduct laboratory testing of specimens sampled from the FDR-C Test Road and 
other field projects to compare laboratory test results with measurements on 
constructed roads and to identify suitable criteria for refining mechanistic-
empirical design procedures and performance models for pavements with FDR-C 
layers. 

Task 5 Prepare research reports and guidelines for crack mitigation in FDR-C layers. 
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This report covers Phase 2a (Tasks 1, 2, 3, and 5) and should be read in conjunction with the report 

prepared for Phase 2b (Tasks 4 and 5, report number UCPRC-RR-2020-04 [10]) and guidelines for 

partial- and full-depth recycling in California (11). 

1.5 Study Hypotheses 

The hypotheses for this research are the following: 

• Microcracking can mitigate the effects of drying shrinkage cracking by inducing a network 
of hairline cracks to relieve the restraint stress and minimize drying shrinkage crack widths. 

• Improved mix design and laboratory characterization methods can increase the effective 
fatigue life of an FDR-C layer by accepting the presence of drying shrinkage cracks in the 
layer and focusing the mix design to minimize the effects of these cracks. 

These hypotheses are based on the current understanding of the theoretical fatigue mechanism 

of cement-treated layers under traffic originally proposed by De Beer and illustrated in 

Figure 1.2 (12). Cement-treated layers develop drying shrinkage cracks due to the restraint 

stresses that develop between the treated layer and the layer below it caused by volumetric 

reduction of the treated layer. Researchers have shown that these cracks are the starting point 

for other distresses due to the increased stresses and strains caused by traffic traveling over the 

crack (3,13-15). Refining the mix design and microcracking the treated layer can improve fatigue 

life and reduce shrinkage crack reflection by minimizing drying shrinkage crack widths, which 

increases aggregate interlock and improves load transfer efficiency (LTE) across the crack. 

Increasing the LTE can reduce the stresses and strains adjacent to the cracks. A revised theoretical 

fatigue mechanism of cement-treated layers under traffic after implementing these 

improvements is proposed in Figure 1.3 (16). 

1.6 Report Layout 

This research report presents an overview of the work carried out in meeting the objectives of 

Phase 2, Task 2 of the study, and is organized as follows: 

• Chapter 2 summarizes the findings from Phase 1 and discusses an additional, more detailed 
forensic investigation on the test track FDR-C sections tested with a Heavy Vehicle 
Simulator. 

• Chapter 3 summarizes the updated literature review relevant to microcracking. 
• Chapter 4 details the study experimental design and the mix design for the FDR-C Test Road. 
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Figure 1.2: Theoretical structural life cycle of cement-treated pavement layers (12). 

 
Figure 1.3: Revised theoretical structural life cycle of cement-treated pavement layers (16). 

• Chapter 5 details construction of the FDR-C Test Road and the microcracking program. 
• Chapter 6 discusses the visual assessments and FWD testing on the FDR-C Test Road in the 

first 12 months after construction. 
• Chapter 7 summarizes the statistical analyses of the data collected during construction, 

microcracking, and monitoring of the FDR-C Test Road. 
• Chapter 8 provides a project summary, conclusions, and preliminary recommendations. 
• Appendix A summarizes the microcracking research completed by the Texas Transportation 

Institute, on which the research covered in this Phase was based. 
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• Appendix B provides plots of the monitoring results for each cell on the test road. 
• Appendix C contains soil stiffness gauge results that were used in the analyses in Chapter 7. 

1.7 Measurement Units 

Although Caltrans has returned to the use of US standard measurement units, metric units have 

always been used by the UCPRC in the design and layout of test tracks, and for laboratory, 

accelerated wheel load testing, field measurements, and data storage. In this report, both English 

and metric units (provided in parentheses after the English units) are provided in general 

discussion. In keeping with convention, metric units are used in the FDR-C Test Road and 

laboratory testing data analyses and reporting. A conversion table is provided on page xxiii at the 

beginning of this report.  
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2 SUMMARY OF FINDINGS FROM PHASE 1 

The following sections summarize and supplement the findings from the Phase 1 study (9) and 

cover the longer-term monitoring of the four field test sections conducted since preparation of 

the Phase 1 report. No significant new relevant literature specifically on the topic of microcracking 

of full-depth recycled pavements with cement treatment (FDR-C) was located since completion 

of the literature review discussed below. A more detailed literature review on factors influencing 

shrinkage cracking in cement treatment layers in general is discussed in Chapter 3. 

2.1 Initial Literature Review 

An initial review of the literature on shrinkage crack mitigation revealed that microcracking in 

combination with appropriate cement-content determination is likely the most appropriate 

approach to be implemented in California at this time given the research already conducted. 

However, other approaches, especially the investigation of hybrid stabilizers (e.g., cement with 

emulsified asphalt) deserve further investigation for possible future application. The literature 

review also identified a range of devices that could be used for measuring the effect of 

microcracking on the stiffness of cement-treated layers. Each device has limitations that have not 

been fully quantified in terms of either their suitability for verifying whether microcracking has 

resulted in satisfactory stiffness reduction and/or their applicability as a microcracking quality 

control procedure on construction projects. These issues are being considered in this Phase 2 

study. 

2.2 Phase 1 Field Testing 

Performance models developed for pavements rehabilitated with FDR-C all assume that 

construction followed specifications with uniform cement distribution, appropriate curing, and 

effective bonding between the FDR-C and asphalt concrete surfacing. Four FDR-C projects were 

monitored to evaluate construction procedures and deviations from specifications on shrinkage 

cracking and other distresses. Project details are provided in Table 2.1. Unfortunately, none of 

the projects included control sections with no microcracking and therefore evaluations could not 

be based on a comparison of sections with and without microcracking. Construction, 

microcracking, and initial stiffness measurements are discussed in the Phase 1 report (9) and are 
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not repeated in this report. Long-term performance evaluations and FWD tests results, along with 

observations considered relevant to further analysis of the FDR-C Test Road and the Phase 2b 

laboratory testing are discussed in Sections 2.2.1 and 2.2.2. 

Table 2.1: Summary of FDR-C Projects Evaluated 

Project Agency Location FDR-C Thickness 
(mm [ft.]) 

7-Day UCS Strength 
(MPa [psi]) 

Cement Content 
(%) 

CR32B County Yolo 350 [1.15] 3.4 [500] 4.0a 
CR27 County Yolo 350 [1.15] 2.8 [400] 3.0  
CR99 County Yolo 300 [1.00] 2.4 [350] 4.0  

PLU-147 Caltrans Plumas 260 [0.87] 2.4 [350] 2.5 and 4.0b 
a An additional 2.0% cement was added to the first 833 ft. due to construction issues. 
b Two mix designs were prepared for this project to accommodate changes in material properties. The cement 

content changed from 2.5% to 4.0% at station 8250. 

2.2.1 Long-Term Performance 

Road CR32B 

Construction generally followed standard specification procedures. Project specifications 

required that microcracking reduce the initial stiffness by 40%, as measured with an SSG before 

microcracking at each test location. Stiffness was measured after every two microcracking passes. 

Between two and four roller passes were required to achieve this target. Microcracking was done 

with either a 12-ton single drum steel roller or a 10-ton dual drum steel roller between 48 and 

72 hours after completion of final compaction. 

Over the initial 36-month monitoring period, and subsequent monitoring since then, extensive 

longitudinal and some transverse cracking were observed in both directions (Figure 2.1 and 

Figure 2.2). Cracks were mostly attributed to shrinkage associated with cement accumulations in 

overlap areas and those caused by dragging hoses during construction (discussed in 

Section 2.2.2). 

Backcalculated falling weight deflectometer (FWD) test results (backcalculated using CalBack 

software) are plotted in Figure 2.3. The results show that stiffness continued to increase in the 15 

months after construction and then plateaued thereafter (the last measurement was in June 

2020). However, there was a significant range in stiffnesses along the road (note the difference 

between minimum and maximum stiffness in Figure 2.3), attributed to material variability, early 

distresses, and other factors discussed in Section 2.2.2. The lowest stiffnesses were those 

recorded around shrinkage and other cracks. 
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Figure 2.1: CR32B: Example longitudinal cracks. 

 
Figure 2.2: CR32B: Example transverse cracks. 

 
Figure 2.3: CR32B: Backcalculated FWD stiffnesses over time. 

Road CR27 

Construction generally followed Caltrans specifications. Deviations from standard practice 

included the timing of compaction after stabilization, which required that final compaction be 

completed within two hours after the start of mixing the materials. One section was compacted 

16 hours after recycling, and another 5 hours after recycling. The material at either end of the 

project also had a finer gradation compared to the material in the center of the project, but this 

was not accounted for in the mix design. Microcracking followed the 2015 Caltrans specifications 

with three passes applied between 48 and 72 hours after completion of final compaction using a 

12-ton single steel drum roller. 

No distresses were noted during the 36-month monitoring period and no additional FWD testing 

beyond that reported in the Phase 1 study was conducted. 
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Road CR99 

Construction on this project generally followed Caltrans specifications. Deviations from standard 

practice included overworking (filling of low spots after padfoot roller compaction) of the material 

with the grader. This led to areas with material segregation, disintegration of the layer on the 

crown, and delaminations that were fixed by mixing the loose, segregated material with cement 

and water and then recompacting it. Microcracking followed the 2015 Caltrans specifications, 

with three passes applied between 48 and 72 hours after completion of final compaction using a 

12-ton single steel drum roller. 

No distresses were noted during the 36-month monitoring period and no additional FWD testing 

beyond that reported in the Phase 1 study was conducted. 

Road PLU-147 

Construction on this project generally followed standard specification procedures. Deviations 

from standard practice included not using a push bar between the water tanker and the reclaimer, 

which resulted in the water hose dragging cement along the road and accumulating it at the end 

of the section, and only applying one microcracking pass with a single steel drum roller between 

24 and 48 hours after completion of final compaction. 

Over the 36-month monitoring period, five transverse cracks were observed in areas of known 

cement accumulations (Figure 2.4 and Figure 2.5). Cracks were mostly attributed to shrinkage 

associated with these cement accumulations in overlap areas and those caused by dragging hoses 

(discussed in Section 2.2.2). 

Backcalculated FWD test results are plotted in Figure 2.6. The results show that the stiffness 

increased after construction, then decreased during early trafficking, and then plateaued for the 

remainder of the monitoring period (the last measurement was in August 2020). Similar to CR32B, 

there was a notable range in stiffnesses along the road, attributed to material variability, early 

distresses, and other factors discussed in Section 2.2.2. The lowest stiffnesses were those 

recorded around the shrinkage cracks. There was limited difference in stiffness between the 2.5% 

and 4% cement-content sections, indicating that using two mix designs for the different materials 

on the projects was appropriate. 
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Figure 2.4: PLU-147: Example transverse crack. 

 
Figure 2.5: PLU-147: Example transverse crack. 

 
Figure 2.6: PLU-147: Backcalculated FWD stiffnesses over time. 

2.2.2 Observations Taken into Considerations for the FDR-C Microcracking Study 

Visual assessments and SSG measurements, followed by FWD measurements after the roads 

were pave,d were all undertaken as part of the investigation. The following observations were 

made over the evaluation period (up to June 2020): 

• There was a wide variation in pavement materials and in pavement construction quality 
across the four projects. On the county road projects, where minimal sampling and testing 
appears to have been carried out in the project assessment phase, the mix designs did not 
necessarily accommodate the variation in materials and pavement conditions. 

• In addition to being useful for assessing unbound layer thicknesses and the subgrade 
conditions of the existing road prior to full-depth recycling, dynamic cone penetrometer 
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(DCP) tests can also provide a quick indication of weak areas on the project after final 
compaction. 

• The SSG can provide repeatable and reproducible results provided that the testing method 
is strictly adhered to and that operators are suitably trained and experienced. The device is 
useful for measuring/checking stiffness gain over time in the period between final 
compaction and microcracking, for determining the number of roller passes required to 
achieve a satisfactory level of stiffness reduction by microcracking, and for checking that a 
satisfactory decrease in stiffness was achieved after microcracking. It can also be used to 
check areas suspected of having too little or too much cement, especially those areas at the 
beginning and end of construction sections, and in lane-overlap areas. However, the rate at 
which SSG testing can be conducted is slower than the pace of construction activities and 
more than one SSG may be required on site on the day of microcracking to keep up with 
the equipment. 

• FWD testing provided useful insights into the stiffness change in FDR-C layers over time and 
how this change is affected by material variability, the distribution of cement during 
construction, the effectiveness of the microcracking process, and the appearance of cracks. 

• FWD and SSG results both indicate that microcracking does result in an immediate and 
notable drop in stiffness in the FDR-C layer after the procedure has been completed. 
However, much of the stiffness was recovered by recementation in the days after 
microcracking, after which stiffness appeared to plateau. Stiffness change over time 
appears to be influenced by temperature; however, insufficient data have been collected 
to draw any firm conclusions about longer-term performance. 

• Specifications are not always being followed to the fullest extent by contractors and they 
are not being fully enforced by agency engineers. This was attributed to limited agency 
resources and a lack of understanding of the specifications and the associated 
consequences of not following them closely. Resident engineers and inspectors should be 
encouraged to decline requests for deviations from the specification if they are 
inexperienced with FDR and therefore unable to fully understand the potential impacts to 
pavement performance. Examples include the following: 
+ Dragging of the water hose connecting the reclaimer and the water tanker was evident 

on all four projects (Figure 2.7). This led to accumulations of cement along one of the 
edges of a construction section and at the ends of each section, resulting in areas with 
cement contents both above and below the design content. The Caltrans FDR-C 
specifications require that the water pipe be fastened to a push-bar connecting the 
recycler and water tanker. However, this requirement was not adhered to by the 
contractors or enforced by the resident engineers. When asked, contractor site 
personnel noted that push bars can slow the progress and cause damage to water 
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tankers (equipment manufacturers disagree that damage will be caused to equipment 
when using a correctly installed push-bar). 

+ In some instances, hoses between the reclaimer and the water tanker did not have 
effective non-return valves, which led to water spills during water tanker changes. At 
several locations on projects, accidental disconnects also resulted in soft, wet areas 
(Figure 2.8 and Figure 2.9). The increased water content in these areas resulted in 
localized poor compaction and increased the risk of cracks associated with the potential 
for increased autogenous and drying shrinkage.

 
Figure 2.7: Hose dragging cement. 

 
Figure 2.8: Water spill during tanker change. 

 
Figure 2.9: Wet spot from spill still visible after final compaction. 

+ Accumulation and redistribution of cement in front of the reclaimer mixing chamber as 
it proceeded along a section was observed on all four projects (Figure 2.10). This excess 
cement was deposited at the end of the construction section (Figure 2.11), resulting in 
localized areas where the cement content was significantly higher than the design 
cement content and the cement content of the surrounding areas. This results in isolated 
areas of high cement content, which will perform differently to areas with the target 
cement content. Additional drying shrinkage can be expected from these areas because 
of the extra cement. Reflected shrinkage cracks in the known vicinity of cement 
accumulations were noted on two of the four projects assessed (Figure 2.12). The 
problem can be controlled by adjusting pressure settings on the mixing chamber doors. 
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+ Overlaps in cement spreading where cement had already been spread or mixed were 
also noted (Figure 2.13). This effectively results in a doubling of the design cement 
content in localized areas, which can lead to shrinkage cracking in those areas as noted 
previously. 

 
Figure 2.10: Cement redistribution in front of 

mixing chamber. 

 
Figure 2.11: Accumulation of cement at end of 

recycling section. 

 
Figure 2.12: Early shrinkage crack in the vicinity of 

known cement accumulation. 

 
Figure 2.13: Cement spreading overlaps. 

+ Depth control issues associated with prepulverization were observed on all projects in 
that the prepulverization depth was equal to the design depth instead of the generally 
recommended 2 in. (50 mm) less than the design depth. Following the recommended 
guidance ensures that the reclaimer operator positions the drum correctly in subsequent 
passes and that no untreated pulverized material is left beneath the recycled layer. On 
one of the projects, the road was prepulverized to the design recycling depth of 1.15 ft. 
(350 mm), after which the 0.4 ft. (125 mm) was removed to accommodate the 0.4 ft. of 
asphalt concrete surfacing so that final levels matched the existing road. After cement 
spreading, the reclaimer recycled to the 1.15 ft. design depth. This all resulted in a 
decrease of 11% and 14% RAP and aggregate base, respectively, and an increase of 25% 
of the subbase/subgrade in the FDR-C layer compared to the combined material 
proportions that were used in the mix design. Consequently, the materials in the FDR-C 
layer on the road were notably different to those used in the mix design. Site balancing 
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requirements must be taken into consideration when sampling for mix design testing to 
ensure that representative materials are tested and that strengths on the road are 
consistent with those achieved in the mix design. 

+ After opening to traffic, vehicle speeds on the compacted FDR-C layer prior to 
microcracking and placing the asphalt concrete surfacing were often equal to or higher 
than the normal speed limit for the road, and considerably higher than the posted limit 
in the construction zone. This led to rapid raveling of the surface and increased surface 
roughness on projects where water curing was used. Speed limits should be strictly 
enforced in construction zones, both for safety reasons and to preserve the newly 
constructed surface. 

+ Microcracking often identified areas of poor construction including isolated block 
cracking in areas of known accumulation of cement resulting from dragging hoses or 
overlaps (Figure 2.14), sliver fills (i.e., when thin lifts of material are bladed onto the 
FDR-C layer surface to meet grade requirements [Figure 2.15]), and inadequate water 
curing (i.e., not maintaining a constant moisture content on the FDR-C layer, leading to 
multiple wetting and drying cycles that in turn leads to carbonation on the top of the 
surface). In many instances the distressed material could be removed by light brushing 
(Figure 2.16), and spraying phenolphthalein after brushing indicated that carbonation 
had often occurred (i.e., no color reaction in the sprayed area when compared to intact 
areas [Figure 2.17]). 

+ FDR-C layers were not broomed on any of the projects prior to spraying the tack coat in 
preparation for the asphalt concrete surfacing. Brooming is required in the Caltrans 
FDR-C specifications. Without bonding between layers, the effective pavement thickness 
is reduced, and can result in premature fatigue failure of the surface layer. 

 
Figure 2.14: Block cracking after microcracking in 

known area of cement accumulation. 

 
Figure 2.15: Sliver fill damaged by microcracking. 
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Figure 2.16: Distressed area after microcracking 

attributed to inappropriate curing. 

 
Figure 2.17: Carbonated area (no color in sprayed 

area) attributed to inappropriate curing. 

2.3 Phase 1a: Laboratory Microcracking Methods 

Preliminary laboratory testing was undertaken to identify methods that can be used to simulate 

microcracking of laboratory-prepared specimens. Three laboratory-scale microcracking methods 

were considered. Based on observations of the specimens before and after microcracking, the 

method that uses a dual steel drum vibrating roller to microcrack specimens in a specially 

constructed pit appeared to provide the best results of the three approaches. 

2.4 Phase 1b: Preliminary Laboratory Testing 

The stiffness results from laboratory testing on specimens prepared using the techniques 

described previously were, however, considered to be inconclusive and generally too low 

compared to backcalculated FWD stiffnesses on projects where samples were taken. Factors 

contributing to this include the following: 

• The sensitivity to confining stress of the resilient modulus of FDR-C materials determined 
using the conventional AASHTO T 307 setup suggested that the material behaves more like 
an unbound material, which is unlikely given its cemented nature. 

• Testing with the conventional AASHTO T 307 setup could not effectively differentiate 
between the different cement contents of different curing intervals. 

• The resilient modulus test results did not accurately reflect the expected effects of 
microcracking (i.e., they were not similar to those measured on field projects with a stiffness 
gauge), cement content, and curing time of the laboratory-compacted specimens. The 
primary reason for this was attributed to the laboratory microcracking procedures 
developed in Phase 1a not being representative of actual microcracking procedures on 
FDR-C projects. The approach did not appear to reduce the stiffness of the samples in a 
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repeatable and consistent manner, and in many instances it resulted in cracking and 
disintegration of the specimens. 

• The large variability in the resilient modulus results from tests on both the control and 
microcracked specimens points to the compaction method that was followed. Based on 
previous findings from earlier UCPRC research on FDR with foamed asphalt, the sample 
preparation (quartering and batching) and mixing method were considered to be consistent 
and unlikely to have contributed much to the variability. However, the compaction method 
used, although consistent with the AASHTO T 307 method, was considered to be too 
operator dependent and probably a significant contributor to the variability. 

• The brittleness of the laboratory-compacted FDR-C samples caused the edges of the 
specimens to chip during handling and testing, which in turn led to tears in the latex 
membrane used for confining the specimen during testing. These tears led to a loss of 
confinement, which might also have contributed to the wide variation in the test results. 

2.5 Observations from the FDR-C Accelerated Wheel Loading Test Section 

A more detailed forensic investigation of the two FDR-C sections, tested as part of the FDR 

accelerated wheel loading study on the UCPRC test track (7), was carried out to better understand 

the origins and causes of cracks on both the trafficked and untrafficked areas. This work 

complements the initial forensic investigations conducted on the track (7). These additional 

investigations covered crack patterns, crack widths, and the effect of different crack types on the 

FDR-C layer stiffness. 

2.5.1 Summary of the FDR-C Test Track Lane History 

A summary of the events that occurred on the FDR-C test track lane is provided in Table 2.2. The 

events include construction, FWD testing, HVS testing, and forensic investigations. Figure 2.18 

provides a plan view of the FDR-C lane that had two cells built with 5% and 6% cement, the two 

HVS test sections in the cell with 5% cement, and the forensic test pit. A short overview of each 

event is discussed below to provide context for the discussion on the crack investigation. 

The pavement design was 0.2 ft. (60 mm) of hot mix asphalt over 0.85 ft. (250 mm) FDR-C, over 

1.0 ft. of Class 2 aggregate base over silty clay subgrade. The FDR-C layer consisted of the 

materials recycled from the previous HVS testing study (gap-graded rubberized hot mix asphalt 

[RHMA-G] with and without warm-mix additives), including 25% RHMA-G, 25% hot mix asphalt 
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(HMA), and 50% aggregate base. Standard FDR-C construction procedures were followed. The 

FDR-C layer was not microcracked as part of the study. 

Table 2.2: History of Events on the FDR-C Test Track Lane 

Days after 
Compaction 

Event Location 

0 FDR-C test track lane construction Entire lane 
57 Asphalt concrete layer placement1 Entire lane 

67, 68 FWD testing along entire lane at 1.2 m intervals Entire lane 
287, 288 FWD testing before HVS testing under dry conditions Dry HVS test section 

308 Start of HVS testing under dry conditions2 Dry HVS test section 
405 End of HVS testing under dry conditions Dry HVS test section 

588, 592 FWD testing after testing under dry conditions Dry HVS test section 
788, 789 FWD testing before HVS testing under wet conditions Wet HVS test section 

868 Start of HVS testing under wet conditions2 Wet HVS test section 
957 End of HVS testing under wet conditions Wet HVS test section 

1,047 FWD testing after HVS testing under wet conditions Wet HVS test section 
1,182 FWD testing after long term curing after HVS testing Wet HVS test section 
1,712 Forensic investigation Through both sections 

1 The gap between recycling and placing of asphalt concrete is not typical and was due to contractual issues. 
2 Period between completion of construction and start of HVS testing was due to testing on other FDR 

sections being completed prior to start of testing on the FDR-C sections. 

 
Figure 2.18: Layout of test sections and shrinkage cracks on the FDR-C test track lane. 

FWD Testing 

The first set of FWD tests was done after the asphalt concrete layer was placed. This testing was 

performed along the centerline of the lane at 1.2 m (≈4 ft.) intervals (Figure 2.19). Additional FWD 

tests were done before and after each HVS test. 

 
Figure 2.19: FWD testing layout on the HVS test sections. 



 

 
UCPRC-RR-2019-05 23 

HVS Testing 

The HVS loading programs for testing under dry and wet conditions are summarized in Table 2.3. 

The main observations relevant to this Phase 2 study from testing under dry conditions were the 

following: 

• There were no visible reflected drying shrinkage cracks on the section at the start of the 
test. 

• Minor rutting attributed to densification in the asphalt concrete was measured over the 
course of the test. Although no surface cracks were observed at the end of the test, 
significant reductions in stiffness implied that the FDR-C layer was damaged and that cracks 
would have appeared if trafficking had been continued. 

The main observations from testing under wet conditions were the following: 

• One shrinkage crack at Station 66.0 m had reflected through the asphalt concrete layer prior 
to the start of the test. 

• The section was considered failed after 530,000 load repetitions (≈1.7 million equivalent 
single axle loads [ESALs]) based on the crack density criteria, which exceeded 2.5 m/m2 
(0.76 ft./ft2). Apart from the one reflected shrinkage crack, fatigue cracks were 
predominantly in the asphalt concrete layer and were caused by debonding between the 
asphalt concrete and FDR-C layers, which resulted in high tensile stresses at the bottom of 
the asphalt concrete layer. Trafficking was continued beyond the point of failure to observe 
behavior as the cracking intensified. 

Table 2.3: Summary of HVS Loading on FDR-C Test Sections 

Load 
(kN) 

Dry Test Wet Test 
Repetitions ESALs Repetitions ESALs 

40 315,000 315,000 315,000 315,000 
60 200,000 1,098,028 200,000 1,098,028 
80 235,000 4,319,106 235,000 4,319,106 

100 810,565 38,030,837 250,000 11,729,731 
Total 1,560,565 43,762,970 1,000,000 17,461,864 

Reflected Drying Shrinkage Cracks 

Surface cracking outside of the HVS test sections on the FDR-C lane was not closely monitored 

over the duration of the project. Reflected drying shrinkage cracks were observed between one 

and five years after construction. The test track was closed to all traffic and none of the cracking 

was therefore attributed to traffic loading. The reflective drying shrinkage crack at Station 81.0 m 

(Figure 2.18) only appeared one year after completion of HVS testing and extended across the 
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width of the lane. Since no other cracks reflected through the asphalt concrete after HVS testing, 

this crack was also considered to be a reflected drying shrinkage crack. The reflected drying 

shrinkage cracks observed on the track on completion of all testing (i.e., prior to the test track 

being reconstructed) are plotted in Figure 2.20 relative to the HVS sections and the different 

cement contents. 

 
Figure 2.20: Shrinkage crack location and stiffnesses (67 days after construction). 

The backcalculated FDR-C layer stiffnesses, collected 67 days after construction, are also shown 

in the figure. There appears to be no significant difference in stiffness between the different 

cement content sections. The sharp reductions in stiffness at some stations along the length of 

the project coincided with the location of the reflected shrinkage cracks. The large drop in 

stiffness at Station 83 m (272.3 ft.) was attributed to a pressure cell that was installed in the FDR-C 

layer at that location. 

FDR-C Layer Stiffness Change 

FWD testing before and after HVS testing was focused on assessing the effect of temperature at 

each given test interval since the FDR-C layer was expected to have some temperature sensitivity 

due to the layer consisting of 50% recycled asphalt and 50% aggregate base. Two sets of FWD 

tests were completed to check this sensitivity. Each set included tests performed when the 

surface temperature was below and above 25°C (77°F). Backcalculated stiffnesses were 

normalized to 40 kN (9,000 lb.) to remove any stress sensitivity and to 25°C to account for any 

 







    























 







 

 
UCPRC-RR-2019-05 25 

temperature sensitivity. Note that a longer-term set of FWD tests on the wet HVS test section, 

collected four months after HVS testing could not be normalized to 25°C since both datasets were 

collected in the winter months when the pavement temperature did not exceed 20°C (68°F). This 

dataset was therefore normalized to 15°C (59°F). The apparent increase in stiffness of the longer-

term data was attributed to the lower normalized temperature of this dataset. The very low 

stiffness adjacent to the crack in this dataset was attributed to thermal contraction at the lower 

temperatures, which would have led to an increased crack width and reduced load transfer 

efficiency across the crack. 

Backcalculated FDR-C layer stiffnesses determined before and after each HVS test are provided in 

Figure 2.21 and Figure 2.22, for the dry and wet sections, respectively. The results show that the 

stiffness reduction, or damage, was most pronounced around the drying shrinkage cracks, with 

the lowest stiffnesses of 1,500 MPa and 4,500 MPa for the dry and wet tests, respectively. The 

lower stiffnesses/higher damage recorded on the dry section were attributed to the higher 

number of ESALs applied to this section. 

Figure 2.23 summarizes the change in layer stiffnesses over time. 

The effect of HVS trafficking on the dry and wet sections is clearly shown by comparing the 

reduction in stiffnesses in the trafficked areas compared with that in the untrafficked areas. The 

mean FDR-C layer stiffness for the dry section across the trafficked area reduced from 14.3 to 

5.8 GPa (≈2,074 to 841 ksi), and for the wet section, it reduced from 19.8 to 18.2 GPa (≈2,872 to 

2,640 ksi). The average stiffness change over time of the untrafficked areas indicates that the 

stiffness of the FDR-C layer continued to increase after the asphalt concrete surfacing was placed, 

attributed to continued hydration/curing of the layer. 

These FWD test results were consistent with those discussed in other similar studies (17), which 

noted that damage in cement-treated layers was more pronounced around drying shrinkage 

cracks. Excluding these results from analyses can have a significant impact on fatigue model 

prediction results, which could lead to overestimating the life of FDR-C layers. 
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Figure 2.21: Backcalculated FWD stiffnesses on the dry HVS test 

section. 

 
Figure 2.22: Backcalculated FWD stiffnesses on the wet HVS test 

section.

 
Figure 2.23: Change in FDR-C layer stiffness over time.

 







   























 







 







   























  







 





      























































 

 
UCPRC-RR-2019-05 27 

2.5.2 Forensic Investigation 

A longitudinal forensic test pit (Figure 2.18) was excavated through both test sections and the 

space between them to relate the structural condition of the FDR-C layer to the backcalculated 

stiffness results. The test pit was 24 m (≈78 ft.) long, 1.0 m (≈3 ft.) wide, and 310 mm (≈1 ft.) deep 

(i.e., excavated to the bottom of the FDR-C layer). One side of the pit was cut through the 

centerline of the sections to provide a clean, visible profile of the FDR-C layer to locate and 

identify cracks. The plan for the test pit was to identify and locate the following: 

• Drying shrinkage cracks 
• Fatigue cracking 
• Horizontal cracking in the FDR-C layer 
• Crushed material 
• Debonding between the asphalt concrete surfacing and the FDR-C layer 

Crack widths were measured to the nearest 0.1 mm (0.004 in.) using either a crack-width gauge 

(Figure 2.24) or a crack measuring microscope (Figure 2.25). Cracks and debonding were 

measured in relation to the location of the HVS, the test area, and other shrinkage cracks. 

 
Figure 2.24: Crack width gauge.  

Figure 2.25: Crack measuring microscope. 

Crack Type and Crack Location 

The distinction between drying shrinkage cracks and fatigue cracks in the FDR-C layer was made 

primarily based on the location of the crack relative to the test sections, the crack spacing, and 

the distance to adjacent reflective cracks. The following process of elimination was used to 

determine the likely cause of each crack: 
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• Identify any visible drying shrinkage cracks (reflected cracks outside the trafficked areas). 
These could be present anywhere along the entire lane and were classified based on one or 
more of the following criteria: 
+ Any cracks in the FDR-C layer that were identified from the FWD test results prior to any 

HVS trafficking. 
+ Any cracks in the FDR-C layer that reflected through the asphalt concrete surfacing due 

to thermal expansion and contraction of the FDR-C layer before HVS trafficking. 
+ Any cracks in the FDR-C layer that were located approximately midway between two 

existing drying shrinkage cracks. These cracks could be located anywhere within the 
FDR-C layer and have either a top-down or bottom-up initiation pattern. The authors 
hypothesized that top-down cracks occurred due to evaporation of moisture from the 
top of the FDR-C layer during the curing phase after construction. This could have 
resulted in a moisture gradient in the FDR-C layer, resulting in tensile stresses at the 
surface of the layer due to the volumetric reduction. Bottom-up cracks would have been 
caused by the frictional forces between the FDR-C layer and the subbase as the FDR-C 
layer contracted due to hydration. 

• Look for cracks caused by obvious flaws (e.g., instrumentation cables). 
• Identify cracks or other distresses (e.g., crushing) not caused by drying shrinkage or 

trafficking (e.g., those caused by the HVS supports). 
• Determine the cause of cracking in areas outside the trafficked areas, which would most 

likely be drying shrinkage cracks. Spacing between already identified drying shrinkage 
cracks were key. 

• Confirm that fatigue cracks should only be present in the trafficked areas. These would have 
a bottom-up initiation pattern caused by tensile strains at the bottom of the FDR-C layer 
due to wheel loading, or at the bottom of the asphalt concrete layer if this layer had 
debonded from the FDR-C layer. The spacing of these cracks could be random. 

• Look for horizontal cracks or layering in the FDR-C layer. These would be attributed to poor 
compaction, material segregation, excessive blading during construction, and/or 
carbonation during curing. 

Photographs of the cracks in the test pit are provided in Figure 2.26 through Figure 2.28. The 

location and length of the cracks are illustrated in Figure 2.29 relative to the HVS test sections. 

Cracking observations are summarized in Table 2.4. 
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Figure 2.26: Dry FDR-C test section. 

 
Figure 2.27: Area between dry and wet test 

sections. 

 
Figure 2.28: Wet FDR-C test section. 

 
Figure 2.29: Locations of cracks in the test pit.  
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Table 2.4: Summary of Cracks Observed in the Test Pit. 

Crack Type Number of 
Cracks 

Percent of 
Total 

Drying shrinkage cracks 7 25.0 
FDR-C layer cracks (full-depth, fatigue) 8 28.6 
FDR-C layer cracks (partial-depth, bottom up fatigue) 10 35.7 
FDR-C layer cracks (full-depth, instrumentation) 1 3.6 
Crushing 2 7.1 
Horizontal or layering cracks 0 0.0 
Total number of cracks 28 100 

The overall observation from the forensic test pit was that the crack patterns seen on the surface 

did not match the cracking in the FDR-C layer. A total of 28 vertical cracks were observed along 

the profile of the pit, but only two of these, identified as drying shrinkage cracks, had reflected 

through the asphalt concrete surfacing layer at the time of the investigation. Two of the cracks in 

the center of the pit lined up with the location of the HVS supports, with signs of crushing 

observed in the area around these cracks. The partial depth cracks with bottom-up initiation 

patterns were located within the limits of the HVS test sections and were attributed to fatigue 

resulting from HVS testing. Two partial-depth top-down cracks were also identified within the 

trafficked areas. These were designated as tertiary drying shrinkage cracks likely caused by 

continued moisture loss during curing. 

The remaining full-depth cracks in the FDR-C layer (i.e., cracks that extended from the bottom to 

the top of the FDR-C layer) were either caused by trafficking or were a result of continued drying 

shrinkage. The difference between the drying shrinkage and fatigue cracks can only be 

hypothesized given that the exact time the cracks developed could not be determined. 

The primary reflected drying shrinkage cracks were most likely the first and widest cracks that 

developed soon after construction. The secondary drying shrinkage cracks (i.e., those that 

developed after the primary shrinkage cracks had developed) were midway between the primary 

shrinkage cracks and likely resulted from the accumulation of restraint stress in the FDR-C layer 

caused by friction between the underlying aggregate base and the FDR-C layer. These cracks were 

outside the HVS test sections and were therefore not traffic related. The three tertiary drying 

shrinkage cracks developed midway between the primary and secondary cracks. Two of these 

cracks were in the HVS test sections and were partial-depth with a top-down origin. The third was 

full length and outside of the trafficked areas. 
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A full-depth crack was identified below the cable of a pressure cell. This represented a flaw in the 

form of a stress concentration as well as a reduction in the cross-section thickness in the FDR-C 

layer, and the crack could have propagated due to trafficking, drying shrinkage, or both. 

Crack Spacing 

Spacing between the drying shrinkage cracks in the forensic pit is summarized in Table 2.5. The 

ratios of the slab lengths between cracks after the development of secondary and tertiary cracks 

to the previous crack types (i.e., the ratio of the slab length between two secondary cracks and 

the slab length from a tertiary crack to a secondary crack) are also provided. These spacings show 

that the secondary and tertiary drying shrinkage cracks developed approximately midway 

between the earlier primary cracks. This agrees with the theory discussed by George (3) that 

cracks occur in the center of the slabs. 

Table 2.5: Summary of Crack Spacing in Test Pit 

Shrinkage Crack Type Average Spacing 
(m [ft.]) 

Ratio 

Primary 14.7 (48.2) N/A 
Secondary 7.1 (23.3) 0.5 
Tertiary 3.6 (11.8) 0.5 

Crack Width 

Each crack was measured at four different vertical points to determine an average width, defined 

as the distance between the opposing faces on the profile. Several cracks were too thin to 

accurately measure, and these were assigned a width of 0.1 mm. Crack widths are plotted in 

Figure 2.30. The widths of the secondary drying shrinkage cracks were thinner than the primary 

ones, and the tertiary cracks were in turn thinner than the secondary ones. This was attributed 

to the length of the slab between cracks, with reduced spacing between secondary and tertiary 

cracks corresponding to a reduction in the potential to shrink. 

The full-depth cracks in the trafficked section were on average wider than the partial depth, 

tertiary drying shrinkage cracks. The increased width of these full-depth cracks is an indication of 

the loss of aggregate interlock as the faces of the cracks were abraded during trafficking caused 

by the differential movement of the two faces. Partial-depth, bottom-up fatigue cracks were 

consistently thin with sufficient aggregate interlock at the time of the investigation to not have 

shown signs of crack face deterioration. 
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Figure 2.30: Crack type and width. 

The widest cracks were those caused by the weight of the HVS supports that resulted in localized 

crushing of the FDR-C layer. Even though these cracks were wider than the primary shrinkage 

cracks, they had not reflected through the asphalt concrete surface at the time of the 

investigation. This was primarily attributed to timing of the HVS tests (starting approximately two 

years after construction) relative to the occurrence of the drying shrinkage cracks, which initiated 

immediately after construction. 

2.5.3 Effect of Crack Width and Type on Stiffness 

The crack widths measured in the forensic pit, sorted by the different crack types, together with 

the backcalculated FDR-C layer stiffnesses, are plotted in Figure 2.31 and Figure 2.32, for the dry 

and wet tests, respectively. There is a weak correlation between increased crack width and 

stiffness reduction, which indicates that increased crack width reduced the load transfer 

efficiency in the vicinity of the crack. 

The stiffness reduction on the dry section was most evident in regions where the crack widths 

exceeded 0.2 mm (0.008 in.), especially around the reflected primary shrinkage crack, and the 

crack caused by the instrumentation cable. Similarly, the stiffness reduction on the wet section 

was most evident around the primary drying shrinkage crack. The bottom-up fatigue cracks 

appear to have had an insignificant effect on the FWD backcalculated stiffnesses. 
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Figure 2.31: Dry section: Crack width vs. stiffness. 

 
Figure 2.32: Wet section: Crack width vs. stiffness. 

2.5.4 Effect of Crack Spacing on Reflective Cracks 

Reflective shrinkage cracks in pavements with cement-treated layers are typically initiated by the 

tensile strain at the tip of the crack at the top of the treated layer where it is bonded to the bottom 

of the asphalt concrete. The asphalt concrete layer is often placed soon after construction, often 

before shrinkage cracks have formed in the FDR-C layer. Consequently, the asphalt concrete layer, 
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where it spans a crack in the FDR-C layer, is subjected to the shrinkage and thermal strains that 

develop with daily temperature variation over the length of the slab between the cracks. The 

crack width is a function of the slab length, as shown in Equation 2.1, and will increase as the 

crack spacing increases. The highest potential for reflective cracks is therefore after the 

development of primary shrinkage cracks. The potential for subsequent shrinkage cracks to 

reflect from non-traffic factors reduces as additional shrinkage cracks develop and slab lengths 

decrease. 

∆𝑑𝑑 =  𝐿𝐿 × 𝜀𝜀𝑠𝑠 (2.1) 

Where: ∆𝑑𝑑 = Change in slab length (mm) 
𝐿𝐿 = Slab length (mm) 
𝜀𝜀𝑠𝑠 = Thermal strain due to temperature change, calculated with Equation 2.2 

𝜀𝜀𝑠𝑠 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 × ∆𝐶𝐶 (2.2) 

Where: 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = Coefficient of thermal expansion �𝜇𝜇𝜇𝜇
°𝐶𝐶
� 

∆𝐶𝐶 = Temperature change (°C) 

2.5.5 Tensile Stress and Strain in the FDR-C Layer 

FWD testing indicated that the largest stiffness reduction related to HVS testing was in the vicinity 

of the reflected drying shrinkage cracks. This was also the location where the wet test section 

failure started, with failure attributed to water ingress through the crack leading to debonding of 

the asphalt concrete layer from the FDR-C layer, followed by fatigue failure of the asphalt 

concrete layer as a result of the debonding. 

The typical approach to designing pavements with cement-treated layers involves the use of layer 

elastic theory to determine the expected tensile stresses or strains in the layers for the expected 

traffic loads and to calculate the fatigue life accordingly. Layer elastic theory assumes that the 

layer is uniform, homogeneous, and without cracks. The calculated stress or strain represents the 

stress or strain expected in the interior of the treated layer slab where no cracks are present. The 

observations on the test track, as well as by various researchers (3,4,14,17-21) over time, have all 

shown that the area of concern is not the intact part of the slab but rather the wide reflected 

shrinkage cracks where failure is initially observed. The interior of the slab does not show the 

level of damage compared to the area in the vicinity of the cracks. Therefore, using the stress or 

strain calculated using layer elastic theory and not considering cracks will overestimate the 
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fatigue life. Kota (14) proposed increasing the calculated stress in the interior of the slab by a 

factor of two to represent critical stresses adjacent to cracks for use in fatigue life determination.  
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3 LITERATURE REVIEW 

3.1 Introduction to Cement Treatment of Pavement Layers 

Cement treatment of pavement materials involves the mixing of virgin aggregate, reclaimed 

asphalt pavement (RAP), recycled concrete aggregate, and/or soil with cement and water. 

Cement treatment increases the stiffness and shear strength of an aggregate material, while 

reducing the permeability and mitigating the plasticity effects of clay particles. It can be a cost-

effective method to improve the properties of marginal materials and to increase the bearing 

capacity of soils with a plasticity index (PI) less than 20 (22). However, treatment can lead to 

shrinkage cracking in the layer due to moisture loss through evaporation and self-desiccation (23). 

Reflection of shrinkage cracks through the overlying asphalt surface layer(s) allows water to 

infiltrate the pavement, leading to a loss of stiffness in the underlying layers and potential 

pumping of fines, resulting in faster deterioration compared to a pavement which is not cracked. 

3.2 Flexible Pavement Distresses Associated with Cement-Treated Layers 

Failures in cement-treated layers typically lead to one distress or a combination of distresses on 

the surface of flexible pavements, including transverse cracking, longitudinal cracking, block 

cracking, fatigue cracking, and/or rutting. The causes of these distresses can be load related, non-

load related (e.g., environmental effects such as temperature, moisture, and/or freeze-thaw), or 

a combination of the two. This study only focuses on cracks related to distresses in the cement-

treated layer. 

Cement-treated layers are typically located below the surface layer, which can consist of asphalt 

concrete, a thin surface treatment (e.g., chip seal, cape seal, microsurfacing), or portland cement 

concrete. The cement-treated layer can also be constructed as a subbase, as in the case of 

inverted pavements, with an unbound granular or recycled material base layer and thin asphalt 

concrete surfacing above it. Inverted pavements were developed in South Africa (24), mainly to 

reduce the cost of major roads, by building a stiff, cement-treated subbase onto which a granular 

base layer can be compacted to serve as the main load bearing layer. A benefit of this pavement 

type is that drying shrinkage cracks are isolated from the surface layer and are generally unable 

to reflect through the unbound granular layer (25-27). 
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3.2.1 Shrinkage Cracks 

Transverse cracks in asphalt concrete layers over a cement-treated layer (Figure 3.1) may be 

reflected shrinkage cracks from the treated layer. The primary mechanisms of shrinkage cracking 

include: 

• Autogenous shrinkage due to the hydration of cement 
• Drying shrinkage due to moisture loss 
• Thermal contraction due to low temperature 

 
Figure 3.1: Reflected shrinkage cracks on a pavement with an FDR-C base. 

Several researchers (3,13-15) have shown that wide drying shrinkage cracks are the dominant 

factor leading to premature failure of cement-treated layers. Widespread traffic-induced fatigue 

is seldom a problem before localized failures occur in the vicinity of wide drying shrinkage cracks. 

These cracks lead to water ingress, layer delamination, and a rough riding surface. Research over 

the past 30 years (7,13,15,28,29) has shown that the typical failure mode around drying shrinkage 

cracks involved layer debonding between the asphalt concrete surface and the treated layer, 

caused by water ingress. 

Autogenous Shrinkage 

Autogenous shrinkage occurs during hydration of the cement where the products produced 

between cement and water have a lower volume than that of the individual constituents. This 

phenomenon is also known as Le Chatelier Contraction. 

Drying Shrinkage 

Drying shrinkage occurs with moisture loss after construction resulting from desiccation through 

evaporation from exposed surfaces (30). The rate of desiccation depends on the exposed surface 
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area, moisture migration pathways, and the drying environment (31). Loss of moisture results in 

a moisture gradient with depth that causes a high matric suction to develop in the pore water in 

the voids. Osmotic suction caused by dissolved salts in the pore water may also contribute 

significantly to the suction. This total suction, combined with the friction between the layers, is 

the main force causing drying shrinkage to develop (32). 

Thermal Shrinkage 

Thermal shrinkage has been well quantified for concrete materials and is attributed to the high 

heat of hydration associated with the mass of cement in concrete, which, as a general rule, is 

about 5°C to 8°C of adiabatic temperature rise per 45 kg of cement (33). During the hydration 

process, concrete is subject to elastic and nonelastic expansion. The elastic portion of the 

expansion recovers when the concrete cools, while the non-elastic portion results in permanent 

thermal shrinkage (34). This risk of thermal shrinkage increases as the cement content increases 

due to the associated increased heat of hydration (35). Cement-treated layers are particularly 

susceptible to shrinkage cracking during the initial stages of curing due to their relatively low 

strength. Thermal shrinkage can also lead to shrinkage cracks later in the life of cement-treated 

layers if the stress from thermal shrinkage due to changes in temperature exceeds the strength 

of the material under restraint conditions (36). George (23) showed that the stresses induced by 

thermal expansion and contraction is negligible compared to stresses induced by drying shrinkage 

of the material. 

Effect of Cement Content 

Earlier studies (23) on shrinkage control on cement-treated layers have shown that an optimal 

cement content can minimize shrinkage cracks. The effect of higher cement contents can increase 

shrinkage cracking problems as follows (4): 

• Higher cement contents require higher water contents for hydration, which can lead to 
increased autogenous shrinkage. 

• Higher cement contents lead to higher tensile strengths, which increases crack spacing and 
crack width. 

3.2.2 Transverse Cracking 

A survey conducted by Wen et al. as part of a National Cooperative Highway Research Program 

(NCHRP) study (21) revealed that transverse and block cracking were considered to be the most 
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severe distresses associated with cement-treated layers. Transverse cracks are often caused by 

shrinkage, which initiates soon after completion of compaction as hydration reactions begin and 

the layer dries from evaporation and desiccation. The restraints from friction between the treated 

and underlying layers and between the treated layer and the asphalt concrete cause tensile 

stresses to exceed the tensile strength of the treated layer, resulting in transverse cracks (3). 

Cracks in cement-treated layers can reflect through asphalt concrete due to the bond between 

the two layers. Reflective cracking often starts at a crack front (i.e., where a crack started due to 

shrinkage, fatigue, thermal cycling, surface distresses, or existing discontinuities) as in the case of 

an asphalt concrete layer bonded to a cement-treated base with shrinkage cracks. The crack front 

often progresses under repeated traffic or environmental loading. The rate of reflection of these 

cracks is typically dependent on the thickness of the surface layers and the cement content of the 

treated layer (higher cement contents typically result in wider cracks with higher associated stress 

fields and therefore faster reflection). 

Transverse cracks in cement-treated layers depend on aggregate interlock to transfer shear loads 

across the cracks. Load transfer across the cracks decreases with increasing crack width. When 

widths exceed 6 mm (≈0.25 in.), the once monolithic structure is considered to change to a jointed 

structure with higher deflections across the joint (36). Accompanied by the ingress of water, 

subbase support erodes through pumping of fines, and the structure deteriorates around the 

crack (3,4,14,17-19). 

3.2.3 Longitudinal Cracking 

Longitudinal cracking in flexible pavements with a cement-treated layer (Figure 3.2) has also been 

recorded (37-41). Longitudinal cracking, originating in the treated layer, is commonly caused by 

overlapping cement applications and other inappropriate construction practices (40). Pretorius 

and Monismith (39) showed how longitudinal cracks can develop perpendicular to transverse 

cracks where the critical tensile stresses at the bottom of the layer are parallel to the transverse 

crack direction (Figure 3.3).
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Figure 3.2: Longitudinal cracking on an FDR-C 

pavement. 

 
Figure 3.3: Longitudinal and transverse cracking 

on an FDR-C pavement. 

3.2.4 Block Cracking 

Block cracking (Figure 3.4) in asphalt concrete surfaces can be attributed to extensive reflected 

drying shrinkage and longitudinal cracks that have intercepted in cement-treated layers. These 

form blocks as a result of trafficking and thermal expansion and contraction (37). 

3.2.5 Fatigue Failure 

Fatigue failure in cement-treated layers is caused by repeated traffic loading resulting in tensile 

strains at the bottom of the layer. The rate of fatigue failure typically increases as the strain 

increases (12). These cracks develop transverse to the direction of traffic. Pretorius and 

Monismith (39) described the development of longitudinal cracks originating at shrinkage cracks 

as a form of fatigue cracking due to the mechanism of how they can develop under traffic loading. 

Fatigue cracking in asphalt concrete surface layers over cement-treated layers can result from 

high strains at the bottom of the asphalt concrete layer due to debonding. These strain levels 

increase as the surface of the treated layer weakens. Debonding can also result from the 

formation of weak areas at the top of the treated layer during construction caused by carbonation 

(Figure 3.5), laminations, or overcompaction, all of which can create conditions of reduced friction 

between the different layers (42). 

3.2.6 Crushing Failure 

Crushing-related failures and associated surface distresses are usually only observed on 

pavements with cement-treated layers under thin asphalt concrete or surface treatments 

(<50 mm [0.15 ft.]). High vertical compressive stresses at the top of the treated layer can lead to 

crushing, which, for the purpose of this study, is defined as the breakdown of the material matrix 
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due to compressive stresses exceeding the compressive strength of the material. The two critical 

parameters are the maximum tensile stress or strain (σ, ε) at the bottom of the treated layer for 

fatigue and the vertical compressive stress (σv) at the top of the treated layer for crushing. Surface 

distresses can be cracking, rutting, or potholes. 

 
Figure 3.4: Block cracking on an FDR-C pavement 

(note pumping of fines through cracks). 

 
Figure 3.5: Surface carbonation on an FDR-C 

layer. 

3.2.7 Rutting 

Rutting in pavements with well-constructed cement-treated layers is rare given the relatively high 

strengths and stiffnesses of the treated material. However, on pavements with severe cracking 

that allows water to infiltrate into the treated layer, rutting often occurs as a result of deformation 

of the water-softened materials under traffic loading (Figure 3.6). 

 
Figure 3.6: Rutting and fatigue cracking on a pavement with a cement-treated layer. 

3.3 Accelerated Pavement Testing on Cement-Treated Layers 

Accelerated pavement testing (APT) has been performed on pavements with cement-treated 

layers in several countries (7,12,17). Analysis of the results have mostly followed the philosophy 

proposed by Otte (19), which considers the fatigue life of only “intact” treated layers where no 

drying shrinkage cracks are present (43) (i.e., the strongest part of the pavement), rather than 
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also considering the failure around shrinkage cracks (i.e., the weakest part of the pavement), 

which can have a significant effect on fatigue life. The authors (7) and Yeo (17) both note that the 

areas around shrinkage cracks fail faster than “intact” lengths of treated layers between cracks.  

3.3.1 South Africa 

A good understanding of the long-term behavior of cement-treated layers was developed through 

years of laboratory and accelerated pavement testing in South Africa. This research (Figure 1.2) 

was summarized by Theyse et al. (44) and proposed three phases in the service life of a cement-

treated layer. In phase one, the “pre-cracked phase,” two stages occur, namely the intact stage 

and the shrinkage cracked stage. The duration of these two stages on overall performance is 

negligible (typically less than 15 days) in relation to the other phases (12), and it is thus not 

considered in current models to predict the layer life for cemented material. Traffic-induced 

cracking occurs in phase two, the “effective fatigue life phase,” in which the pavement serves the 

majority of its life. In phase three, or the “equivalent granular phase,” all the cementitious bonds 

are assumed to be broken, and the layer has a stiffness equivalent to that of a compacted 

untreated granular layer. 

Transfer functions, or performance equations used to relate calculated pavement response 

(stress, strain) to performance (fatigue cracking, crushing), were developed (12) for cement-

treated materials to determine their effective fatigue and crushing lives. These functions were 

derived primarily from data collected on relatively thin pavement structures with thin surface 

treatments, which are not typically representative of pavements in the United States. The 

effective fatigue life was defined in this work as the number of 8.2 kN equivalent single-axle loads 

(ESALs) that a pavement can carry before the stiffness reduces to the equivalent granular layer 

stiffness. Two crushing conditions were defined, namely crush initiation, with 2 mm (0.08 in.) of 

deformation on top of the layer, and advanced crushing with 10 mm (0.4 in.) of deformation and 

extensive breakdown of the material. 

Equation 3.1 and Equation 3.2 provide the effective fatigue and crushing functions developed 

from the research, respectively (44). The effective fatigue transfer function, primarily developed 

by Otte (19,45) using laboratory beam fatigue tests and validation with APT, is a relationship 

between the tensile strain at the bottom of the layer and the tensile strain at break. The crushing 
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transfer function, developed by De Beer (12) using APT data, is a relationship between the vertical 

compressive stress at the top of the layer and the measured or estimated unconfined compressive 

strength (UCS) of the layer. The equations were developed for different classes of roads in South 

Africa based on the reliability of the design. The fitting parameters k1 and k2, are provided in 

Table 3.1. 

𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸 =  10
𝑘𝑘1�1−

𝜀𝜀
𝑘𝑘2𝜀𝜀𝑏𝑏

�
 (3.1) 

Where: 𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸  = Effective fatigue life for a cemented material, after which it is assumed to be in the 
equivalent granular phase 

𝑘𝑘1, 𝑘𝑘2 = Fitting parameters 
ε = Maximum principal strain at the bottom the cement-treated layer 
εb = Tensile strain at break of the material 

𝑁𝑁𝐶𝐶𝑖𝑖
𝑎𝑎

=  10𝑘𝑘1�1−
𝜎𝜎𝑣𝑣

𝑘𝑘2𝑈𝑈𝑈𝑈𝑈𝑈
� (3.2) 

Where: 𝑁𝑁𝐶𝐶𝑖𝑖  = Crush initiation, with approximately 2 mm deformation on top of the layer 
𝑁𝑁𝐶𝐶𝑎𝑎  = Advanced crushing, with approximately 10 mm deformation on top of the layer 
𝑘𝑘1, 𝑘𝑘2 = Fitting parameters 
𝜎𝜎𝑣𝑣 = Vertical compressive stress at the top of the cement-treated layer (kPa) 
𝑈𝑈𝐶𝐶𝑈𝑈 = Unconfined compressive strength of the cement-treated material (kPa) 

Table 3.1: Fitting Parameters for Effective Fatigue and Crushing Functions (44) 

Road 
Category 

Effective Fatigue 
NEFF 

Crush Initiation 
NCi 

Advanced Crushing 
NCa 

k1 k2 k1 k2 k1 k2 
A 6.72 7.49 7.386 1.09 8.064 1.19 
B 6.84 7.63 7.506 1.10 8.184 1.20 
C 6.87 7.66 7.706 1.13 8.384 1.23 
D 7.06 7.86 8.516 1.21 8.894 1.31 

The tensile strain at break at the bottom of the treated layer (εb) and UCS value for a South African 

Class 3 cemented layer are 125 µstrain and 2.25 MPa (326 psi), respectively (44). These are similar 

to the current design strength of cement stabilized bases (CSBs) in California (as defined in 

Section 27 of the 2018 Caltrans Standard Specifications). A shift factor is provided for effective 

fatigue since the transfer function does not allow for different layer thicknesses. The shift factor 

for typical layer thicknesses used in CSBs (between 100 and 225 mm thick [4.0 and 9.0 in.]) is 

provided in Equation 3.3. 
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SF = 10(0.00285d-0.293) (3.3) 

Where: SF = Shift factor 
d = Layer thickness (mm) 

3.3.2 Australia 

A more recent APT study on cement-treated materials in Australia (46) tested pavement 

structures that closely resemble typical pavement structures in the United States. The treated 

layers were constructed with two different materials: siltstone with 4% cement, and hornfels with 

3% cement. The pavement structure was 30 mm (0.1 ft.) of asphalt concrete over 150 mm (0.5 ft.) 

of CSB over subgrade. A schematic of the test sections along with the locations of cracks is shown 

in Figure 3.7. The main criteria of failure for mechanistic empirical modelling used for this study 

were: 

• Surface deformations exceeding 20 mm (0.8 in.), which is commonly used for Australian 
pavements 

• A 50% or greater reduction in backcalculated stiffness compared to the initial 
backcalculated stiffness 

There was no criterion for crack density as a measure of failure in this study. 

The particular section of interest was Section 3310, which had reflective drying shrinkage cracks 

around the 25 m and 32 m stations prior to the start of testing with an 80 kN wheel load. Post-

test forensic analyses (17) showed that, after 323,000 wheel passes, the area around the drying 

shrinkage cracks deteriorated to an equivalent granular state (Figure 3.8). The rest of the section, 

between the shrinkage cracks, showed extensive transverse fatigue cracks but was still cemented 

(Figure 3.9). No reflected fatigue cracks were visible on the surface. This forensic investigation 

visually showed the magnitude of the effect a drying shrinkage crack has on the performance of 

a cement-treated layer when compared to an area that is initially intact. 

Test section and laboratory data were used to develop a fatigue model, provided in Equation 3.4. 

The fatigue life in this model is defined as the number of load cycles to reduce the stiffness of the 

CSB layer to 50% of the initial stiffness. No cracking criteria were included in the definition of 

fatigue life. The fitting parameters are provided in Table 3.2. 
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Figure 3.7: Australian test section layout showing reflective drying shrinkage cracks (17). 

 
Figure 3.8: Disintegrated equivalent granular state of the cemented layer (17). 
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Figure 3.9: Fatigue cracks in the intact cemented layer (17). 

log(𝑁𝑁) =  −𝑘𝑘1 log(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) + 𝑘𝑘2 (3.4) 

Where: N = Number of load cycles to 50% of the initial stiffness 
Strain = Horizontal strain at the bottom of the treated layer 
𝑘𝑘1, 𝑘𝑘2 = Fitting parameters 

Table 3.2: Fitting Parameters for Australian Fatigue Model (17) 

Material Type 𝒌𝒌𝟏𝟏 𝒌𝒌𝟐𝟐 
Hornfels 4.7 13.7 
Siltstone 6.1 17.0 

This transfer function was developed for “intact” areas and does not capture the performance of 

the material around the drying shrinkage cracks, which have a lower fatigue life compared to the 

intact areas. The risk with this methodology that strives to increase fatigue life of the CSB is that 

layer strengths can simply be increased to improve the tensile properties of the material, thereby 

prolonging the fatigue life. However, higher cement contents can lead to wider drying shrinkage 

cracks, which could have led to the failures observed. 

3.3.3 California 

Accelerated pavement testing on the UCPRC FDR test track is discussed in Section 2.5. The 

findings from this study and the studies done in South Africa and Australia clearly show that there 

is a spectrum of performance along the length of cement-treated layers and that the performance 

is poorest around shrinkage cracks. 

3.4 Models for Cement-Treated Material Strength 

The primary strength tests performed on cement-treated materials for mix design and 

performance evaluations are UCS and indirect tensile strength (ITS) tests. The UCS test is typically 

performed following ASTM D1633 and the ITS test following ASTM D6931. The strength of 

cement-treated materials increases with increasing cement content (47). 
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Strength and stiffness values are dependent on the material used (48). Suman et al. (49) 

developed a material-specific model (Equation 3.5) to predict the UCS of cement-treated material 

using artificial neural networks. The model assumes specimens are compacted to MDD. The 

model does not account for curing time and different cement types, both of which can affect 

strength gain rates (50). The inputs for the model include the coarse, sand, and fine portion of 

the grading envelope, liquid limit (LL), plasticity index (PI), moisture content, and cement content. 

𝑈𝑈𝐶𝐶𝑈𝑈 =  −17.1 − 0.0155 × 𝐿𝐿𝐿𝐿 − 0.0305 × 𝑃𝑃𝑃𝑃 + 0.203 × 𝐶𝐶 + 0.228 × 𝑈𝑈 + 0.248 × 𝐺𝐺 − 0.0223 ×
𝑀𝑀𝐶𝐶 − 0.268 × 𝐶𝐶𝐶𝐶 (3.5) 

Where: UCS = UCS (N/m2) 
LL = Liquid limit (%) 
PI = Plasticity index (%) 
C = Clay content (%) 
S = Sand content (%) 
G = Gravel content (%) 
MC = Moisture content (%) 
CC = Cement content (%) 

Generalized models to predict UCS with time have also been developed. The US Air Force (51) 

uses Equation 3.6 to predict the increase in UCS of soil-cement. Lim and Zollinger (52) adapted 

the American Concrete Institute (ACI) model in Equation 3.7, which was developed for concrete 

strength gain, for cement-treated material. The model was calibrated using aggregate base 

material with 4% and 8% Type I cement. The coefficients for the model are provided in Table 3.3. 

𝑈𝑈𝐶𝐶𝑈𝑈(𝑠𝑠) = 𝑈𝑈𝐶𝐶𝑈𝑈(𝑠𝑠0) + 𝐾𝐾 × log � 𝑡𝑡
𝑡𝑡0
�  (3.6) 

Where: UCS(t) = UCS at time t (days) 
UCSt0 = UCS after t0 days 
K = 70 × C for cement 
t = Curing time (days) 
C = Cement content (%) 

𝑓𝑓𝑐𝑐(𝑠𝑠) = 𝑓𝑓𝑐𝑐(28) × 𝑡𝑡
𝑎𝑎+𝑏𝑏×𝑡𝑡

 (3.7) 

Where: 𝑓𝑓𝑐𝑐(𝑠𝑠) = Compressive strength at time t (MPa) 
𝑓𝑓𝑐𝑐(𝑠𝑠) = Compressive strength after 28 days (MPa) 
a,b = Experiment coefficients 
C = Cement content (%) 
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Table 3.3: Coefficients for American Concrete Institute Strength Gain Model 

Coefficient Concrete Cement-
Treated Base 

a 4.0 2.5 
b 0.85 0.9 

The relationship between UCS and ITS of cement-treated material is generally linear 

(Equation 3.8). The coefficients are provided in Table 3.4. 

𝑈𝑈𝐼𝐼𝐼𝐼𝐼𝐼 = 𝑠𝑠 × 𝑈𝑈𝐶𝐶𝑈𝑈 − 𝑏𝑏  (3.8) 

Where: 𝑈𝑈𝐼𝐼𝐼𝐼𝐼𝐼 = Indirect tensile strength (psi) 
UCS = Unconfined compressive strength (psi) 
a,b = Experiment coefficients 

Table 3.4: Coefficients for Different UCS and ITS Relationships 

Year Researcher a b 
1973 Kennedy and Hudson (53) 0.166 11.38 
2009 Gnanendran and Piratheepan (54) 0.114 0 
2012 Scullion et al. (55) 0.177 9.31 
2014 Wen et al. (21) 0.120 0 
2018 Rashidi et al. (56) 0.120 0 

Laboratory UCS and ITS tests often produce highly variable results, attributed in part to the 

specimens being smaller than the representative volume element (RVE), defined as the smallest 

material volume large enough for the global characteristics of the material to remain constant, 

regardless of the location of the RVE (57). Harvey et al. (58) noted that, when the specimen is 

smaller than the RVE, random results occur (i.e., the variability in the results increase). Both the 

UCS and ITS tests use predominantly 100 mm (≈4 in.) diameter specimens with a nominal 

aggregate size of 19 mm (≈0.75 in.). An additional explanation for the variability is the 

methodology followed during the compaction process where the material for each specimen is 

scooped from a large volume of material, which can introduce bias in the grading of each 

specimen. 

Rashidi et al. (56) developed a stiffness model as a function of the UCS (Equation 3.9). This model 

is specific to the material and mix design used by Rashidi. 

Mr = 7.4 × UCS - 1940 (3.9) 

Where: Mr = Stiffness (ksi) 
UCS = Unconfined compressive strength (psi) 
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3.5 Models for Shrinkage Cracking in Cement-Treated Layers 

Shrinkage cracks are caused by tensile stresses exceeding the tensile strength of the material 

(59,60). Various factors contribute to autogenous shrinking of the cemented layer, but moisture 

loss through self-desiccation and evaporation is a primary reason (23,61,62). As previously noted, 

factors that contribute to shrinkage and cracking of cement-treated bases include subbase 

restraints due to friction (63), tensile strength of the cement-treated layer (23,61,62), shrinkage 

of the layer with decreasing temperatures, and traffic loading (63). 

George (63) noted the following three independent factors that influence the spacing of shrinkage 

cracks: 

• Shrinkage and thermal stresses in the pavement 
• Variation of material strength throughout the pavement, termed “flaw distribution” 
• Width of the zone of stress relief surrounding individual cracks 

Initial drying shrinkage cracks develop where increasing surficial tension in the slab exceeds the 

strength of the flaws (the term “slab,” as used by George in his research, refers to either the 

cement-treated layer after compaction or the length of the cement-treated layer between 

shrinkage cracks). Further cracking will continue to be randomly distributed as the tensile stress 

exceeds the strength of the flaws. Uniform crack spacings can be expected where the tensile 

stress exceeds zones of isotropic strength. Theoretically, due to the restraint between the treated 

layer and the subgrade, drying shrinkage cracks should develop in the center of the slab as the 

tensile stress increases (3). 

3.5.1 Crack Width and Crack Density Models 

George (23) derived formulas to determine crack spacing and crack width in cement-treated 

layers, as shown in Equation 3.10 and Equation 3.11. 

𝐿𝐿𝑚𝑚𝑎𝑎𝑚𝑚 =  2𝜎𝜎𝑢𝑢
𝜇𝜇𝜇𝜇

 (3.10) 

𝛿𝛿𝐼𝐼 =  𝜀𝜀𝑐𝑐𝐿𝐿 −  𝜇𝜇𝜇𝜇𝐿𝐿
2

4𝐸𝐸𝑡𝑡
 (3.11) 

Where: 𝐿𝐿𝑚𝑚𝑎𝑎𝑚𝑚  = Slab length at which tensile stress becomes critical (m) 
𝜎𝜎𝑢𝑢 = Ultimate tensile strength of the cement-treated layer (kPa) 
𝜇𝜇 = Coefficient of sliding friction between the cement-treated layer and the underlying 

layer 
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𝛾𝛾 = Unit weight of the material (kg/m3) 
𝛿𝛿𝐼𝐼 = Total crack width (m) 
𝜀𝜀𝑐𝑐 = Total shrinkage strain (m/m) 
𝐶𝐶𝑡𝑡  = Modulus of elasticity of the material (kPa) 

These models were based on the assumption of elasticity. George showed that the predictions 

from these models correlated poorly with field-measured crack width results. To improve the 

models, he incorporated the viscoelastic properties of soil-cement in Equation 3.12 and 

Equation 3.13, based on Burger’s model, and assuming that the subgrade resistance to horizontal 

slab movement (64) is linearly time dependent and that the space variation of stress is linear. Slab 

length and crack width can be determined with these models as a function of shrinkage rate, 

tensile strength, time, and the deformational properties of the material. George (65) concluded 

that the agreement between field-measured and predicted crack width and slab length 

significantly improved by incorporating the viscoelastic properties of the material. 

𝐿𝐿𝑚𝑚𝑎𝑎𝑚𝑚 =  2𝜎𝜎𝑢𝑢
𝜇𝜇𝜇𝜇

(3.12) 

Where: 𝐿𝐿𝑚𝑚𝑎𝑎𝑚𝑚  = Slab length at which tensile stress becomes critical (m) 
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(3.13) 

Where: 𝛿𝛿1 = Slab contraction caused by shrinkage, not affected by the viscous properties of the 
material 
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Zhang and Li (66) developed analytical models to predict shrinkage induced stress and 

displacements in concrete pavements resulting from subgrade restraints. A bilinear relation was 

used to describe the frictional stress-slippage behavior of the slab/base interface in the models. 

𝛿𝛿𝑇𝑇 =  𝜀𝜀𝑐𝑐𝐿𝐿 −  𝜇𝜇𝜇𝜇𝐿𝐿
2

4𝐸𝐸𝑡𝑡
=  𝛿𝛿1 − 𝛿𝛿2 
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Frictional stress-slippage relations of six different subbase materials calibrated for the model are 

provided in Table 3.5. 

Table 3.5: Friction Restrained Coefficients for Different Base Materials 

Base Type 𝝉𝝉𝟎𝟎 (MPa) 𝜹𝜹𝟎𝟎 (mm) 
Cement-treated base 0.106 0.025 
Granular 0.023 0.500 
Asphalt concrete 0.021 0.060 
Asphalt treated base 0.015 1.000 
Lime treated clay 0.012 0.300 
Natural clay 0.008 1.300 

The bilinear relation is illustrated in Figure 3.10. Test results for a concrete slab sliding on different 

supporting materials have shown that shear stress increases linearly up to a certain value, termed 

the steady state value, at τ0 and δ0. The shear stress stays constant at the steady state value with 

continued slippage. 

Shrinkage due to drying can be modeled in two stages: 

Stage 1: Displacement due to shrinkage, |u|≤δ0 
Stage 2: Displacement due to shrinkage, |u|>δ0 

 
Figure 3.10: Bilinear friction stress-slab slippage relationship (66). 

The closed-form solutions of the displacement and shrinkage stresses for Stage 1 are provided in 

Equation 3.14 and Equation 3.15, and the closed-form solutions of the maximum displacement 

and shrinkage stresses for Stage 2 are provided in Equation 3.16 and Equation 3.17. 

𝑢𝑢𝑚𝑚 = −  1
𝛽𝛽
�𝜎𝜎𝑐𝑐0
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Where: 𝑢𝑢𝑚𝑚 = Maximum shrinkage displacement (mm) 
𝜎𝜎𝑐𝑐𝑚𝑚 = Maximum shrinkage stress at the middle of the slab (MPa) 

𝛽𝛽 = �𝜏𝜏0 (𝐶𝐶𝑐𝑐𝐻𝐻𝛿𝛿0)⁄  
𝜏𝜏0 = Steady state frictional stress (MPa) 
𝐻𝐻 = Slab thickness (mm) 
𝛿𝛿0 = Slippage up to steady state (mm) 
𝜎𝜎𝑐𝑐0 = Average axial stress at the edge of the slab (MPa) 
𝐶𝐶𝑐𝑐  = Young’s modulus (MPa) 
𝜀𝜀𝑐𝑐 = Drying shrinkage strain (%) 
𝐿𝐿 = Length of the slab (mm) 
𝑒𝑒0 = Length of slab over which shrinkage stress are fully developed (mm) 

Wang (67) developed models to predict drying shrinkage, shrinkage crack spacing, and shrinkage 

crack widths in cement-treated layers based on a variety of inputs obtained from different 

observation measurements and tests, including: 

• Crack width 
• Layer thickness 
• Coefficient of friction between the base and subgrade layer 
• Dry density 
• Age in days when cracks were observed 
• Water content 
• Average daily temperature variation 
• Coefficient of thermal expansion 
• 28-day UCS strength 
• Ultimate drying shrinkage 
• Shrinkage at the surface of the layer 

The coefficient of determination for shrinkage crack spacing was 0.99 for fine-graded material 

and 0.31 for coarse-graded material. The coefficient of determination for shrinkage crack width 

was 0.60 for fine-graded material and 0.19 for coarse-graded material. The proposed shrinkage 

model in Equation 3.18 and the drying shrinkage model with time at different depths in the layer 
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in Equation 3.19 do not consider different cement contents, which is considered to be a critical 

determinant of the ultimate drying shrinkage of any material. 

𝜀𝜀𝑠𝑠𝑢𝑢 =  𝐶𝐶1(𝑤𝑤𝑚𝑚1 + 𝑚𝑚2) (3.18) 

Where: 𝜀𝜀𝑠𝑠𝑢𝑢 = Ultimate drying shrinkage strain (µstrain) 
𝑤𝑤 = Optimum water content (kg/m3) 
𝐶𝐶1 = Binder type factor (0.993 for cement) 
𝑚𝑚1,𝑚𝑚2 = Regression coefficients (m1 = 3.17, m2 = 313.76) 

𝜀𝜀𝑔𝑔(𝑠𝑠) =  𝜀𝜀𝑠𝑠𝑢𝑢 �1 − �𝑅𝑅𝑅𝑅𝑐𝑐
100

�
𝑎𝑎6
� (3.19) 

Where: 𝜀𝜀𝑔𝑔(𝑠𝑠) = Drying shrinkage strain with moisture gradient at t days after construction (µstrain) 
𝑅𝑅𝐻𝐻𝑐𝑐  = Calculated relative humidity (%) 

Where:  𝑅𝑅𝐻𝐻𝑐𝑐 = 𝑅𝑅𝐻𝐻 + (100 − 𝑅𝑅𝐻𝐻)𝑓𝑓(𝑠𝑠)𝑎𝑎5  
𝑅𝑅𝐻𝐻 = Atmospheric relative humidity (%) 

𝑓𝑓(𝑠𝑠) = 1 �1 + 𝑡𝑡
𝑏𝑏
��  

Where: 𝑠𝑠 = Time since construction (days) 

𝑏𝑏 = 𝑠𝑠1(𝑑𝑑 + 𝑠𝑠2)𝑎𝑎3 �𝑤𝑤
𝑐𝑐
�
𝑎𝑎4

 

𝑑𝑑 = Depth from evaporation surface (ft.) 
𝑤𝑤
𝑐𝑐

 = Water/calcium ratio in mass 

𝑠𝑠𝑖𝑖 = Regression coefficients (Table 3.6) 

Table 3.6: Regression Coefficients for Drying Shrinkage Strain Model in Equation 3.19 

𝒂𝒂𝟏𝟏 𝒂𝒂𝟐𝟐 𝒂𝒂𝟑𝟑 𝒂𝒂𝟒𝟒 𝒂𝒂𝟓𝟓 𝒂𝒂𝟔𝟔 
1,289,202 0.085 0.94 1.24 10,209 4.51 

Other drying shrinkage crack models to predict crack spacing and crack width were developed by 

Penev and Kawamura (68), each of which assumed the following: 

• The cement-treated layer is constructed without a change in the construction practices 
along a project. 

• Cement distribution is uniform. 
• The material is isotropic. 
• Mixing water content is consistent. 
• The curing method is applied appropriately and consistently. 
• Compaction is uniform. 
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3.5.2 Effect of Layer Thickness on Crack Width and Crack Spacing 

Based on the experimental data from George (63), increasing the layer thickness reduces the 

number of cracks (i.e., increases the crack spacing). This was attributed to the reduction in the 

critical depth (defined as the zone at which the shrinkage stress exceeds the strength) with 

increasing layer thickness. 

3.5.3 Effect of Strength on Crack Width and Crack Spacing 

The drying shrinkage models developed by George (65) and Zhang and Li (66) show that crack 

width and spacing in cement-treated layers both increase as the strength of the material 

increases. George (63,65) calculated crack width and spacing for the different treated soils tested 

in his study and showed that “at low cement contents, although shrinkage is at a minimum, the 

base, on account of its low tensile strength, tends to exhibit closely spaced cracks. Conversely, 

when cement content is increased, tensile strength is also increased, and cracks occur at wider 

spacings.” The model by Zhang and Li indicated the same trends in crack width and spacing 

observed by George (63). 

Studies have shown that increasing the design strength of the base results in increased reflective 

drying shrinkage cracks, which often leads to failures in asphalt surfacings due to crack 

disintegration and moisture intrusion (3,4,14). Considering these observations in terms of the 

modeled results above, it is clear that reduced crack spacing and widths associated with lower 

strength designs are preferred to increased crack spacing and increased crack width common in 

higher strength layers. Increased crack widths associated with higher design strengths can lead to 

a greater likelihood of these cracks reflecting through asphalt concrete layers under traffic as a 

result of reduced load transfer efficiency. 

Other studies on factors affecting shrinkage cracks have determined the following:  

• Increasing the cement content requires more hydration water, leading to increased 
shrinkage cracking (4). 

• The amount and type of clay (smectite clays contribute more to shrinkage than other clays) 
increases shrinkage cracking (23). Some agencies impose restrictions on percentage passing 
the 0.075 mm (#200) sieve to control the clay fraction (69). 

• There are conflicting results regarding the effect of compaction density on shrinkage 
cracking (70), but there is consensus on keeping compaction moisture content to a 
minimum, or dry of the optimum moisture content (4,23,62). No literature was found to 
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determine what effect reducing the water content would have on the cementation 
reactions and on minimizing the risk of shrinkage cracking. 

3.6 Design and Construction Considerations to Mitigate Shrinkage Cracks 

3.6.1 Design Strength and Cracking Development 

George (3) provided an insightful discussion on the design philosophy of cement-treated layers. 

Instead of designing for a specific strength, the concept of designing for a specific drying shrinkage 

was proposed to minimize the crack susceptibility of a mixture. The goal of this design philosophy 

was not to eliminate cracks but to mitigate the cracks by distributing them so that their effect on 

the pavement is minimized. Two scenarios were proposed to contrast the effect with focus on 

material stiffness (which is positively correlated with strength): 

• Scenario-1: a rigid, high strength layer with wide cracks spaced far apart. This scenario is 
undesirable for the following reasons: 
+ High cement content/high strength layers develop wide cracks with poor LTE (14). 
+ Wide cracks are more likely to reflect through asphalt concrete layers because of the 

high stress concentrations at crack tips in contact with the asphalt concrete layer. 
+ Wide cracks result in a rough riding surface and promote localized failures. 

• Scenario-2: a less rigid, lower strength layer with closely spaced, finer cracks. This scenario 
is more desirable for the following reasons: 
+ Improved LTE and reduced shear movement of the crack edges though improved 

aggregate interlock reduces degradation along the crack (14,71). 
+ Improved LTE reduces the development of secondary cracks of which longitudinal 

wheelpath cracks are the most detrimental. 

George (3,63) provided recommendations on design strength and drying shrinkage criteria to 

minimize crack widths. The proposed criteria for coarse-grained materials, typical of many FDR-C 

projects in California, based on George’s models and an extensive literature review, are: 

• A maximum seven-day UCS of 2.1 MPa to 2.4 MPa (300 psi to 350 psi) 
• A maximum drying shrinkage of 310 µstrain to limit crack widths to below 2.5 mm 

These recommendations accept that drying shrinkage cracks are inherent in cement-treated 

layers, but by lowering the design strength, crack width and spacing can both be reduced, which 

mitigates their effect on pavement performance. 
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The Portland Cement Association (PCA) has advocated for the use of seven-day UCS values that 

are lower than those traditionally proposed in the past in California (72). A range of strengths 

between a minimum of 2.1 MPa (≈300 psi) and a maximum of 2.8 MPa (≈400 psi) are now 

recommended by the PCA (73) in combination with durability limits. These strengths are 

considerably lower than the PCA’s previously recommended strength range of 3.5 MPa to 

5.2 MPa (≈500 psi to 750 psi) (74). 

The PCA (75) also recommends that thicker layers up to 300 mm (≈12 in.) be constructed at these 

lower strengths to create a quality FDR-C layer with a balanced design that can support design 

loads and be sufficiently durable and impermeable to resist volume changes, the effects of freeze-

thaw cycles, and the effects of moisture changes. Thinner layers, between 150 to 200 mm (≈6 to 

8 in.), tend to be more brittle and susceptible to more severe shrinkage cracking due to the 

reduced thickness over which to distribute frictional stresses between the subgrade and treated 

layer. Compaction can be achieved on these thicker layers using heavy vibrating padfoot or 

segmented wheel rollers. The PCA further recommended increasing the recycling depth to greater 

than 300 mm in areas where the subgrade material is too soft to support the FDR-C layer, 

especially during compaction. The PCA acknowledges that compaction will likely not be achieved 

at the bottom of the layer. 

The Texas Department of Transportation (TxDOT) has reduced required strengths even further in 

some districts, from previously specified minimum seven-day strengths of 3.4 MPa (≈500 psi) to 

between 1.4 and 2.1 MPa (≈200 and 300 psi) in an attempt to better mitigate shrinkage cracking 

problems experienced in the state (37). This reduction was based on UCS tests on cores sampled 

from roads with cement-treated layers, which showed that seven-day laboratory-determined 

strengths of 3.4 MPa typically translated to higher strengths on the road. The high cement 

contents required to achieve these strengths resulted in a layer susceptible to high shrinkage and 

to cracking associated with the brittle nature of the compacted material. 

The Federal Highway Administration (FHWA) (76) recommends a seven-day UCS strength of 2.1 

to 3.5 MPa (≈300 to 500 psi) for FDR-C. 

At the time of preparing this report, the specified Caltrans design strength range for cement-

treated base layers (77) was 6.9 and 8.6 MPa (≈1,000 psi to 1,250 psi). The specified seven-day 
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UCS for FDR-C was 2.1 to 4.1 MPa (≈300 to 600 psi). Caltrans does not require durability testing 

for cement-treated layers. 

Other construction considerations to limit the severity of shrinkage cracking include the following:  

• Using the lowest possible moisture content needed to compact the layer that will still 
achieve the target strength and density (4). 

• Applying appropriate techniques to slow the rate of curing of the layer. These include 
maintaining constant moisture content in the layer with regular water spraying (avoiding 
wetting and drying cycles), using a curing membrane (i.e., emulsified asphalt seal), and/or 
applying the surfacing layer as soon as the target moisture content reduction has been 
achieved (3). 

• Using stress relief layers to decrease the potential for shrinkage cracks to reflect through 
the surface layer. Interlayers include a bituminous surface treatment, geofabrics, or 
geogrids (4). 

• Designing inverted pavements with a granular or recycled material layer between the 
asphalt concrete surface and the cement-treated subbase (24). 

3.6.2 Mechanistic Design Considerations 

Cement-treated layers are designed based on the fatigue concept that relates to crack initiation 

at the bottom of the treated layer, and the number of load repetitions required for the crack to 

propagate to the surface of the layer (14). Layer-elastic theory algorithms are often used to 

predict the pavement response for mechanistic design procedures by assuming a semi-infinite 

half space and axisymmetric loading. These assumptions are equivalent to determining the 

pavement response for an interior loading case where no cracks are present. The critical stress 

for pavement thickness design when considering fatigue life is the maximum tensile stress at the 

bottom of the treated layer, which is valid as long as the treated layer is not cracked. 

Several researchers have shown that pavements with cement-treated layers typically fail around 

wide shrinkage cracks (13,14,15). Pretorius and Monismith (39) described how the critical stress 

condition for the cement-treated layer transitions from the interior of the slab (intact area) 

toward the edge of the slab in the post-cracked phase after shrinkage cracks have developed. The 

tensile stresses in the post-cracked phase depend on crack width and LTE across the crack, with 

the critical case equivalent to edge loading for wide cracks. Maximum tensile stress occurs when 

the load is adjacent to the crack. This stress acts parallel to the crack (20) and results in the 
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development of longitudinal cracks (39). Different researchers have proposed the following 

concepts to determine fatigue life using mechanistic modeling: 

• Thompson et al. (78) suggested increasing the tensile stress calculated for the interior 
loading case by 50% to account for edge-loading conditions. 

• Thompson (79) proposed limiting the stress ratio (tensile stress to tensile strength ratio) 
from 0.60 to 0.65 by increasing the layer thickness, or strength, to increase fatigue life. 

• Kota et al. (14) recommended a correction factor of two for the tensile stress calculated for 
the interior case to adjust the critical tensile stresses adjacent to cracks. 

These design concepts provide a conservative approach to account for drying shrinkage cracks 

present in the layer in the post-cracking phase. 

3.7 Shrinkage Crack Mitigation Using Microcracking 

Shrinkage cracks in FDR-C and other cement-treated layers can be mitigated through a number 

of different approaches. Most research has focused on design, in terms of optimizing cement 

content and layer thicknesses, and on construction, in terms of better mixing, curing, and quality 

control. At the time this study started, limited research had been undertaken on microcracking 

the layer soon after construction to alter its cracking behavior and thereby reduce the severity of 

shrinkage cracks, or on other mitigation measures such as changing the cement chemistry, adding 

fibers to the cement, or adding emulsified asphalt or synthetic polymer emulsions to the mixing 

water to alter hydration reactions in the cement. 

3.7.1 Early Research on Microcracking  

The concept of microcracking was first introduced by George (23), who proposed that the 

mechanism of microcracking with a static roller is due to bearing capacity failure of the cement-

treated layer. Slip planes caused by the bearing capacity failure develop underneath the roller, 

transverse to the direction of rolling and perpendicular to the surface in the treated layer. These 

slip planes represent weak planes in the slab which would eventually “heal” during curing but 

would also serve as zones of weakness or “flaws” from where cracks can initiate. 

Litzka and Haslehner (80) summarized the findings of their microcracking research in Austria as 

loading the cement-treated layer with up to five passes of a vibratory roller 24 to 72 hours after 

final compaction to create a microcracked structure in the treated layer. They concluded that 

microcracking prevents the development of larger stress cracks, which in turn prevents reflective 
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cracking through the asphalt overlay. Further work in Austria by Brandl (81) concluded that the 

use of microcracking was effective after 24 hours but that additional microcracking is required if 

the compressive strength exceeds 5.7 MPa (≈725 psi) after two days of curing. 

Apart from the early work in Austria, TxDOT appears to have undertaken the most comprehensive 

work on the topic, but the researchers acknowledge that the interim recommendations published 

to date were based on a limited experimental design and limited testing and that the findings 

were not necessarily conclusive based on these limitations (82). Research in Texas was conducted 

between 2000 and 2005, during which five projects, with a total of 36 test sections, were 

evaluated (5,37,55,70,83). The study showed a significant reduction in surface cracking, as well 

as stiffness recovery after microcracking. Based on the findings, Sebesta (5) proposed a method 

specification that requires that microcracking be performed with three or four single passes of a 

steel drum roller, with maximum vibration frequency and amplitude settings, between 48 and 72 

hours after compaction. After further testing, Scullion (37) suggested including a stiffness 

reduction performance parameter of 40% of the stiffness measured before microcracking, 

measured with a soil stiffness gauge. No research comparing the effect of roller weight or 

vibration frequency and amplitude settings appears to have been published. The microcracking 

research conducted by the Texas Transportation Institute is discussed in greater detail in 

Appendix A (2). 

Smaller studies on the effectiveness of microcracking were undertaken in both Mississippi (84) 

and New Zealand (85) as part of larger base stabilization studies. The details of the microcracking 

process were not documented in the reports prepared from the studies. However, George (84) 

noted that shrinkage cracks could be controlled by “precracking at an early age (24 to 72 hours 

after construction) by three to four passes of a vibratory roller with 100% coverage.” The research 

focused on stabilizing soil with 5.5% cement by weight of dry material and comparing the effects 

of precutting joints to induce cracks at controlled distances and precracking (microcracking) to a 

control section without any crack mitigation measures. There were no significant differences in 

the FWD-backcalculated stiffness for these three treatments after three years, indicating that the 

microcracked section regained stiffness, or ‘healed,’ after microcracking. The microcracked 

section had 4.8% lineal shrinkage cracks per area of the section compared to approximately 17% 

and 14% lineal shrinkage cracks per area for the control and precut sections, respectively. 
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The research in New Zealand (85) focused on stabilizing aggregate base materials with different 

quantities of cement and lime. One section was treated with 4% cement and microcracked to 40% 

of the initial stiffness (no information was provided on the roller, number of passes, or curing age 

before microcracking). The microcracked section did not regain stiffness after microcracking, with 

results comparable to that of a section treated with 1% cement. 

3.7.2 Effect of Early Trafficking 

Early opening to traffic (i.e., opening to traffic after completion of construction each day) will also 

result in some degree of microcracking and has been observed to reduce the severity of shrinkage 

cracking in Texas (81), Mississippi (86), New England states (87), and Japan (88). In Mississippi, an 

experimental section, where traffic was allowed on a section immediately after construction, 

performed better than the control section where traffic was diverted for seven days. Conversely, 

in the New England experiments, data suggested that early trafficking adversely affected the 

initial strength gain and base layer stiffness in the cement-treated sections. After two days of 

curing, trafficked cement-treated sections had FWD-backcalculated stiffness values that were 

50% lower than those measured on the corresponding untrafficked sections. However, stiffnesses 

on the trafficked cement-treated sections were still significantly greater than on untreated 

sections on the same project. 

One concern of early opening to traffic is the potential for raveling of the surface. This can be 

addressed by regular watering of the compacted layer, by applying dilute asphalt emulsion to the 

surface during or immediately after compaction of the treated layer, or by applying a bituminous 

surface treatment such as a microsurfacing or chip seal after construction. The latter approach 

has been used in Texas with reported success (89,90). Work zone traffic speeds need to be 

enforced on the newly opened sections for the remainder of the construction period and pilot 

cars should be used when possible. 

3.7.3 Other Mitigation Measures 

In limited studies, Steyn and Jones (91), and Jones et al. (92) observed what appeared to be 

differences in shrinkage behavior of treated materials when cement and emulsified asphalt or 

cement and foamed asphalt were combined. In these studies, it was hypothesized that drops of 

asphalt encapsulated the cement particles, thereby retarding or altering the hydration process 
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and consequently limiting shrinkage. Further research on using this approach to mitigate 

shrinkage cracking on cement-treated layers is considered to be appropriate but was beyond the 

scope of this study. 

3.8 Field Stiffness Measurements for Assessing Microcracking Effectiveness 

Current specifications generally do not require any measurements of stiffness change during 

microcracking. However, if it is determined that the amount of microcracking is controlling the 

shrinkage cracking and/or that a treated layer can be “over” microcracked to the point that it has 

similar strength/stiffness to an untreated layer, an effective method for measuring the reduction 

in stiffness would be required. Various methods are available for measuring field stiffness of 

pavement layers, including FWD, lightweight deflectometer (LWD), and SSG. Clegg Hammers have 

also been used to monitor field stiffness (87,93), but results indicated that they were insensitive 

to the effects of microcracking (94). 

3.8.1 Falling Weight Deflectometer 

The FWD is the most commonly used instrument for measuring surface deflection on pavements 

(Figure 3.11). The surface deflection bowl can be used to backcalculate layer stiffnesses using 

various software packages based on linear elastic theory of multiple layers. 

 
Figure 3.11: Falling weight deflectometer. 

Sebesta and Scullion (70) used an FWD to monitor stiffness reduction during microcracking and 

recommended a target reduction of 60%. There are, however, concerns that the heavier load 

from the FWD can cause additional microcracking in the influence zone where the weight contacts 

the layer surface in the early life of the pavement. It is therefore recommended that SSG and LWD 

measurements are taken before FWD testing (95) when comparing different instruments on 
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newly constructed layers. Additional damage caused by the FWD could increase stiffness 

reduction, leading to conditions underneath the plate that may not be representative of the 

surrounding pavement. This could lead to halting the microcracking process prematurely. The 

surface of FDR-C layers can also be rough and uneven, which can lead to uneven embedment of 

the plate and poor seating of the geophones, resulting in nonrepresentative deflection results. 

In pavement design using mechanistic-empirical inputs, the resultant pavement response 

(deflection or strain) under applied loads, rather than the stiffness, is the primary focus. 

Backcalculation of FWD data provides an average stiffness value to characterize the overall 

deformation resistance of the material under different stress states similar to that under traffic 

loading. 

3.8.2 Light Weight Deflectometer 

Light weight deflectometers (Figure 3.12) are portable devices that were developed for 

measuring the deflection of subgrades and newly constructed unbound aggregate bases. They 

consist of a load plate, a vertical sliding plate, and several sensors (up to three). Like the FWD, 

they can be used to measure surface deflection from which layer stiffnesses can be 

backcalculated. They include a hand-held storage device for acquiring the data. 

 
Figure 3.12: Light weight deflectometer. 

LWDs are customizable with different load plate sizes, load masses, and drop heights. The 

maximum measurable layer thickness and measurable layer stiffness are typically in the region of 

200 to 300 mm (≈8 to 12 in.) and 15 to 70 MPa (≈2.18 to 10.15 ksi), respectively, using a 10 kg 

(22 lb.) weight. These devices can only be used to calculate the surface modulus of the half space 

below the instrument. The depth of influence can exceed the thickness of FDR-C layers and will 
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depend on the properties of the underlying materials. On treated layers, this stiffness range is 

exceeded within days after construction, limiting the use of LWDs to only early-age stiffness 

measurements. 

Stiffness can be calculated using Boussinesq’s equation (Equation 3.20) assuming layer elastic 

theory. Stress distribution factors determining the shape factor for the distribution of the contact 

stress between the plate and the soil, and the Poisson’s ratio of the soil provided in Table 3.7, 

were defined by Terzaghi et al. (96) as a function of plate rigidity and soil type. For LWDs with 

single sensors (i.e., one accelerometer in the middle of the plate), the stress distribution and the 

Poisson’s ratio are fixed, with A = π, v = 0.5. 

𝐶𝐶𝑣𝑣𝑣𝑣 = 2×𝐸𝐸𝑝𝑝𝑝𝑝𝑎𝑎𝑘𝑘×�1−𝜐𝜐2�
𝐴𝐴×𝜔𝜔𝑝𝑝𝑝𝑝𝑎𝑎𝑘𝑘×𝑟𝑟0

 (3.20) 

Where: 𝐶𝐶𝑣𝑣𝑣𝑣  = Surface Modulus (MN/m2) 
𝐹𝐹𝑝𝑝𝑝𝑝𝑎𝑎𝑘𝑘  = Maximum Force (MN) 
𝜐𝜐 = Poisson’s ratio 
𝜔𝜔𝑝𝑝𝑝𝑝𝑎𝑎𝑘𝑘  = Settlement amplitude (mm) 
𝑠𝑠0 = Plate radius (mm) 
𝐴𝐴 = Stress distribution factor (Table 3.7) 

Table 3.7: Stress Distribution Factors for Different Soil Types 

Soil Type Factor (𝑨𝑨) 
Uniform (mixed soil) π 
Granular material (parabolic) 3π/4 
Cohesive (inverse parabolic) 4 

3.8.3 Soil Stiffness Gauge 

Soil stiffness gauges are offered by a number of different manufacturers and were also originally 

developed as an alternative to density measurements on compacted unbound layers. They are 

portable (Figure 3.13) and typically weigh around 10 kg (22 lbs.). They can take measurements 

with little preparation of the surface. On hard and rough surfaces typically encountered on 

projects, a patch of damp sand is used to provide an even footing for the instrument, with the 

device placed on the sand and twisted to seat the foot. 

Soil stiffness is measured by imparting small deflections to the ground at up to 25 different 

frequencies, ranging between 100 and 196 Hz. Measurable stiffnesses range between 26.2 and 

610 MPa (≈3.8 and 89 ksi), with a depth of measurement between 225 and 300 mm (≈9 to 12 in.). 
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Figure 3.13: Soil stiffness gauge. 

Similar to the LWD, this measurement depth can exceed the thickness of an FDR-C layer and 

results can be influenced by the underlying layer. Stiffness measurements are also a surface 

modulus of the half space below the instrument. The devices display the average stiffness, the 

associated signal-to-noise ratio, which is an indication of the ambient vibrations in the ground, 

and the standard deviation between the measurements. The measurable stiffness range is lower 

than those for LWDs and is often exceeded when testing FDR-C layers prior to microcracking. 

A Young’s modulus can be derived from the user specified Poisson’s ratio and the measured 

stiffness using Equation 3.21 (95). 

𝑈𝑈 =  𝑃𝑃
𝛿𝛿

 (3.21) 

Where: S = Stiffness (MN/m) 
P = Force (MN) 
𝛿𝛿 = Surface displacement (m) 

3.8.4 Comparison of Stiffness Measurement Devices 

Light Weight Deflectometer and Soil Stiffness Gauge  

An LWD and an SSG were used on projects in Utah and Wyoming to monitor microcracking of a 

cement-treated layer with 4% cement (94). A regression analysis was conducted on the results, 

and a coefficient of determination of 56.4 was obtained from a dataset containing more than 300 

measurements with each instrument. The relationship between the SSG and LWD, developed 

from this dataset, is shown in Equation 3.22. Reasons for the poor fit were not provided by the 

authors, but it could be attributed to the increase in variability of the measurements as the 

stiffness reached the maximum limits of the individual instruments. 

ESSG = 0.065 × ELWD (3.22) 
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Where: ESSG = Stiffness measured with a soil stiffness gauge 
ELWD = Stiffness measured with an LWD 

Falling Weight Deflectometer and Soil Stiffness Gauge 

The data collected by Scullion (97) on FDR-C layers were used to compare measurements taken 

with an SSG to the backcalculated stiffnesses from the FWD data using TxDOT’s Modulus 6.0 

software. The relationship is provided in Equation 3.23. A similar relationship (Equation 3.24) was 

determined by Chen (98), who compared an SSG and an FWD to characterize subgrade soils and 

granular bases in Minnesota. 

EFWD = 27.953 × ESSG – 6550.5 (n=9, R2 = 0.838) (3.23) 

EFWD = 37.654 × ESSG – 261.96 (n=8, R2 = 0.82) (3.24) 

Where: EFWD = Stiffness measured with an FWD 
ESSG = Stiffness measured with an SSG 

The large differences in stiffness measured between the FWD and SSG by different researchers 

were attributed to the higher loading capacity of the FWD and its ability to measure deflection of 

the entire pavement structure using multiple sensors compared to the lighter loading capacity of 

the SSG, which generally only measures stiffness to a depth of between 200 and 300 mm with 

one sensor. A comparison of studies (94) revealed that FWDs generally measured a two-fold 

reduction in stiffness compared to stiffness gauges (Figure 3.14). 

 
Figure 3.14: Measured stiffness reduction with FWD and SSG during microcracking (94). 
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3.9 Laboratory Resilient Modulus Triaxial Testing 

3.9.1 Different Test Setups for Triaxial Testing 

The resilient modulus triaxial test is often used to measure the stiffness of untreated and treated 

specimens. This is a nondestructive elastic modulus stiffness test which determines the resilient 

modulus of a specimen under different deviatoric and confinement stress conditions, as described 

in AASHTO T 307. This method was developed for testing soils and aggregate base materials and 

can be used to simulate the estimated stress state of unbound material layers in the pavement 

under traffic. Although not originally developed for testing treated materials, it has been used by 

numerous researchers for this purpose, including Fu (99) who tested FDR-FA materials and Louw 

et al. (10), Puppala et al. (100), and Potturi (101), who tested FDR-C materials. Alabaster et al. 

(85), Arnold (102), Gonzalez (103), and Arnold et al. (104) tested aggregate treated with foamed 

asphalt following European Standard EN 13286-7, which has a similar setup to AASHTO T 307. 

Gnanendran and Woodburn (105) and Arulrajah et al. (106) tested cement-treated crushed 

building demolition material with Australian Standard AS 1289.6.8.1, which also has a similar test 

setup to AASHTO T 307. 

Each of the three test methods (i.e., AASHTO T 307, EN 13286-7, and AS 1289.6.8.1) prescribes 

the use of external transducers, mounted on the actuator, to measure deflection (i.e., the LVDTs 

measure deflection on the top loading platen of the triaxial cell and not on the specimen, as 

shown in Figure 3.15). 

The applied load is small compared to the strength of unbound materials and is applied 

repeatedly, resulting in close to completely recoverable deformation proportional to the load. 

Resilient modulus is defined as the recoverable strain at the peak deviatoric stress, with the 

deviatoric stress being the difference between the axially applied stress and the confining stress. 

Since the applied load is small compared to the bearing strength of the material, the same sample 

can be used repeatedly for multiple tests under different loading and environmental conditions. 

Various aspects of triaxial setups for testing pavement materials have been documented since 

the 1960s (107). One of the key issues identified was non-uniform strain and stress distributions 

in the specimen. Taylor (108) found that the use of porous stone plates in the setup created 

frictional ends, which led to surface traction and prevented radial deformation at the ends of the 
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specimen when subjected to axial loading. This results in “dead zones” at the specimen ends, 

leading to the classical hour-glass shape seen after failure in monotonic tests (Figure 3.16 showing 

FDR-C and FDR-FA specimens), caused by stress states in those zones that are different to those 

in the middle of the specimen. The magnitude and impact of the “dead zones” depend on material 

type, degree of stabilization, material stress history, test procedure, and the purpose of the test 

(107-109). 

 
Figure 3.15: Transducer locations for AASHTO T 307 test setup. 

Several methods have been developed to counter the effect of this non-uniform stress 

distribution, including the use of lubricated ends (107), frictionless ends (110), or increased 

height-to-diameter ratio specimens, which provide a larger area of uniform stress distribution 

across the specimen center (111,112). 

Chiu et al. (112) showed that the secant modulus and peak deviatoric stress are reasonably 

constant with specimen size ratios between 2:1 and 2.5:1. Specimens with height-to-diameter 

ratios above 2.5:1 tend to buckle under loading and are not recommended (107). Peng (110) 

showed that vertical strains decrease from the specimen ends to a more uniform strain 

distribution over the middle third of granite and steel specimens with the use of frictional ends. 
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This effect is known as the Saint-Venant’s principle. Peng also developed a test setup for more 

uniform testing that uses Teflon-lined steel inserts between the specimen and the end platens. 

 
Figure 3.16: Typical hour glass shear failure of FDR specimens after UCS testing. 

Burland and Symes (113) found that small strain measurements can be accurately collected using 

on-specimen transducers. The Transportation Research Board (114) discussed various options for 

measuring on-specimen strain levels using contact methods such as transducers mounted 

between clamps on the specimen, noncontact methods including proximity gauges, and optical 

measurements using cameras. For contact measurements, it proposed a method for mounting 

on-specimen transducers at quarter-points to limit transducer noise. 

Hilbrich and Scullion (115) mounted LVDTs at quarter-points on 300×150 mm (≈12×6 in.) 

specimens to measure resilient modulus over the center of the specimen during testing on 

cement-treated materials and reported satisfactory results. Two LVDTs were mounted at 180° 

offsets at each quarter-point in these studies. However, they reported considerable sensitivity in 

terms of specimen preparation on measured results and reported high variability in excess of 

25%. Araya et al. (116) tested unbound granular materials for resilient deformation using 

European Standard EN 13286-7, but with on-specimen LVDTs at third-points. 

Louw (117) experimented with mounting gauge-points on laboratory compacted FDR-C 

specimens to measure dynamic modulus at different temperatures in an Asphalt Mix 
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Performance Tester (AMPT) on 150×100 mm (≈6×4 in.) specimens (1.5:1 height-to-diameter ratio 

compared to typical triaxial test specimens, which have a 2:1 ratio) and obtained reasonable 

results comparable to backcalculated FWD field measurements at the locations where samples 

to prepare the dynamic modulus test specimens were taken. 

Rashidi et al. (56) tested cement-treated specimens and used two sets of noncontact proximity 

gauges mounted at 180° offsets and also reported satisfactory results. 

Groeger et al. (118) provided a detailed discussion on AASHTO T 307 and listed several aspects 

for consideration for an updated version of the specification. Issues included load cell location, 

deformation measurement, and the number and positioning of LVDTs. The following was 

recommended: 

• The load cell should be located inside the triaxial cell, provided that the LVDTs are mounted 
on the specimen. The load cell strain measurements should be external to the LVDT strain 
measurements. 

• The LVDTs should be mounted on the specimen to negate any drift in the system if the 
deflection is measured outside the cell and to alleviate any stress concentrations at the ends 
of the specimen. 

• Two or more LVDTs should be mounted at equal spacing around the specimen. 

At the time this report was prepared, no changes had been made to the AASHTO T 307 method 

for testing treated materials. 

3.9.2 Typical AASHTO T 307 Resilient Moduli for Cement-Treated Material 

The resilient modulus of cement-treated aggregate determined using AASHTO T 307 typically 

varies between 200 and 1,000 MPa. Potturi (101) compared untreated aggregates with 

aggregates treated with 2% and 4% cement. The untreated materials had resilient moduli 

between 200 and 310 MPa. Cement treatment improved the resilient modulus on average by 

52 MPa for 2% cement and 74 MPa for 4% cement compared to the unbound material, equating 

to improvements of 19% and 28% for the two cement contents, respectively. Puppala et al. (100) 

compared the resilient moduli of untreated RAP materials and those treated with cement 

contents between 2% and 4%. The RAP treated with 2% cement had resilient moduli between 

220 and 450 MPa and the 4% cement between 250 and 500 MPa, equating to increases in resilient 

moduli of 32% and 50%, respectively, compared to the untreated RAP. 
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Alabaster et al. (85) tested cement-treated materials for rutting using EN 13286-7. Cement 

contents ranged from 1.5% to 6%. The untreated material had a resilient modulus similar to the 

results from Potturi (101), ranging from 170 to 300 MPa. The effect of cement treatment was 

more significant, resulting in stiffness increases between three and six times that of the untreated 

control specimens, with the largest increase in stiffness determined for the 2% cement treatment, 

which had a resilient modulus between 900 and 1,150 MPa. The test setup appeared to be 

insensitive to changes in cement content, with specimens with lower cement contents showing 

higher stiffnesses than the specimens with higher cement contents. The stiffness of the 

specimens with 1.5% cement was the same as the stiffness for the specimens with 3% cement, 

which as not representative of field-determined stiffnesses with an FWD. 

These results illustrate the lack of sensitivity of the test setups to changes in material properties 

associated with using external LVDTs to measure deflection on stiff, cement-treated specimens. 

The authors noted similar trends in attempts to measure the resilient modulus of FDR-C materials 

with different cement contents (9) using AASHTO T 307 and initiated an investigation to improve 

the test setup for resilient modulus tests on treated materials in the laboratory. This work is 

discussed in the Phase 2b research report (10). 

3.9.3 Stress Dependency of Unbound and Bound Materials 

Unbound materials typically exhibit a nonlinear effect with changes in confining stress. Resilient 

moduli typically increase with increases in confining and deviatoric stresses, which in turn leads 

to stress-hardening effects (108), even at relatively low stress levels. This nonlinear behavior can 

be theoretically explained by two phenomena (119): 

• The specimen density increases as particles slide under increasing stresses, resulting in 
more contact points between the particles. 

• An increase in the interparticle forces results in a stronger bond between particles. 

For these phenomena to apply to cemented material, it would be necessary for the shear forces 

between contact points to exceed the friction between the grains and the strength of the 

cementitious bonds. It can thus be expected that there would be little to no effect of confinement 

until the cementitious bonds have been broken, whereafter the specimen will behave as an 

unbound material. This has been proven for concrete (120), frozen silts (121), and lightly 

cemented soil (122) for confining pressures between 90 and 500 kPa. 
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The sensitivity of cemented materials to shear stress is discussed by Lovelady and Picornell (119) 

and Capdevila and Rinaldi (122). These authors show that the stiffness of cement-treated soils is 

predominantly controlled by cementation at small strains. Modulus was not sensitive to increased 

vertical stress at small strains. As the cementitious bonds broke down, resulting in increased 

strains, the modulus was increasingly controlled by the water menisci. This observation supported 

the findings by Cho and Santamarina (123) and Fernandez and Santamarina (124), who tested 

cemented sands. A threshold strain was thus observed where the material became stress 

sensitive due to the breakdown of cementitious bonds, and the material response to stress 

became more similar to unbound material. 

The test results described above from Alabaster et al. (85), Puppala et al. (100), and Potturi (101) 

all suggest that cement-treated materials behave similar to unbound materials (i.e., stress 

hardening) under different confinement stresses and not according to the phenomena described 

by Lovelady and Picornell (119), given that the resilient moduli increase with increasing confining 

pressure and shear stress. This behavior is unlikely to be caused by high stresses exceeding the 

strength of the cementitious bonds since the resilient modulus test is highly repeatable, and the 

levels of the axial and confining stresses are low enough to not cause permanent damage in 

unbound materials. None of these authors discussed this discrepancy and reported that the 

cement-treated materials were stress sensitive. 

3.10 Simulating Microcracking in the Laboratory 

The literature regarding laboratory methods for simulating microcracking in cement-treated 

materials was limited to a few experimental procedures. These procedures had varying degrees 

of success in inducing microcracking, and control over the percentage stiffness reduction was 

limited. Reduction in stiffness of up to 60% should be achievable based on the recommendations 

by Scullion et al. (97). 

3.10.1 Experimental Methods 

George et al. (3,84) used a vibratory table, complying with ASTM D2049, to induce microcracks in 

beam specimens by subjecting them to a 10 Hz vibration for 7 to 10 minutes after 24 hours and 

again after 48 hours of curing. The beams were confined in steel molds during vibration. The 

effect of this microcracking was evaluated using modal analysis by measuring changes in the 
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natural vibration frequency of the beams at different times, including before and after 

microcracking and over time after microcracking, to measure stiffness gain. The vibrating table 

microcracking method managed to induce damage, or microcracking, and reduced the stiffness 

in three specimens by 9%, 12%, and 18%. The specimens with 9% and 12% stiffness reductions 

regained stiffness over time, but the specimen with 18% reduction did not. This method was 

experimental and is considered to be a viable option in the development of a method to 

microcrack specimens in the laboratory. 

Another potential method for simulating microcracking is the submaximal modulus test, where a 

stress, corresponding to a certain stress/strength ratio, is cycled for a certain number of cycles to 

induce damage and determine the effect of the cyclic stress on the resilient modulus of the 

specimen. Rashidi et al. (56) used the submaximal modulus test to measure resilient moduli of 

cement-treated materials with cement contents between 2% and 5%, after seven days of curing. 

The specimens were 150 mm (≈6 in.) in diameter and 300 mm (≈12 in.) tall. The cyclic stresses 

were stress/strength ratios of 20%, 40%, and 60% of the UCS strength of the material. A total of 

5,000 cycles were applied axially. The results showed that the modulus generally reduced as the 

stress/strength ratio increased. This method does not control the reduction in the stiffness. At 

the high stresses used in this method, damage is induced, cementitious bonds are broken, and 

the material behaves in a stress-sensitive manner. This test has also been used by Paul and 

Gnanendran (125), using a sequence of stress/strength ratios between 20% and 70%, with 200 

cycles per sequence. 

3.10.2 Specimen Types for Simulating Microcracking 

Resilient modulus testing on cement-treated materials is typically done using cylindrical 

specimens and less frequently using beam specimens. Cylindrical specimens of cement-treated 

material have been tested by several researchers (85,100-102,115,119,122). They are easier to 

handle than beam specimens and can be tested at different stress states to control damage, and 

axial, radial, and volumetric strains can be easily measured. 

Beam specimens tested by Yeo (17) and Paul and Gnanendran (125) were 450×150×150 mm 

(≈18×6×6 in.) in size and were cured for at least 28 days in a curing chamber before being tested 

in a four-point beam jig. The beams tested by George et al. (3) were 287×76×76 mm 
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(≈11.2×3×3 in.) in size and were tested 24 hours after compaction, but the beams did not have to 

support the loading point of the four-point bending jig. Jones et al. (92) tested FDR-FA beams that 

were 450×150×800 mm (≈18×6×3.6 in.) in size and noted that the beams were difficult to handle, 

control of the stress and strain levels were challenging, and the beams often failed under their 

own weight. This was also observed by Long and Ventura (126). 

3.11 Cement Chemistry 

ASTM C150 defines eight types of portland cement used in North America. The differences 

between these are the percentages of different compounds in each cement formulation. Each 

cement type has different characteristics, including sulfate resistance, high ultimate strength, rate 

of strength gain, or control of heat of hydration. The cement type primarily used in pavement 

layers (subgrade and layer stabilization and FDR-C) is Type II, which is moderately sulfate 

resistant. The tricalcium silicate (C3A) in Type II cement is limited to 8% to control the heat of 

hydration. For the purposes of this research study, the literature review focuses only on aspects 

of cement chemistry associated with understanding early-age strength gain in cement-treated 

pavement materials. 

3.11.1 Cement Notation 

Ordinary portland cement (OPC) consists of various compounds of calcium. These compounds are 

typically reported in terms of oxides of the element present and are abbreviated as shown in 

Table 3.8. The composition of the main compounds in Type II cement is typically about 30% C3S, 

46% C2S, 5% C3A, and 13% C4AF. 

Table 3.8: Cement Chemistry Notation (127) 

Cement mineral Compound Abbreviation Oxide Abbreviation 
Tricalcium silicate 3CaO·SiO2 C3S CaO C 
Dicalcium silicate 2CaO·SiO2 C2S SiO2 S 
Tricalcium aluminate 3CaO·Al2O3 C3A Al2O3 A 
Tetracalcium aluminoferrite 4CaO·Al2O3·Fe2O3 C4AF Fe2O3 F 
Tetracalcium sulphoaluminate 4CaO·3Al2O3·SO3 C4A3 S   MgO M 

Tricalcium silicate hydrate 3CaO·2SiO2·3H2O C3S2H3 SO3 S   

Calcium sulfate dihydrate CaSO4·2H2O C S  H2 H2O H 
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3.11.2 Cement Hydration 

The hydration process of cement is dependent on two primary mechanisms. The first is termed 

through-solution hydration, which is the dissolution of anhydrous compounds into their ionic 

constituents. This results in the formation of hydrates in the solution, or cement-water paste, 

which eventually precipitate from the super-saturated solution. The second mechanism is termed 

the topochemical reaction, during which reactions only take place on the surface of the 

anhydrous cement without going into solution. Scanning electron microscope (SEM) studies have 

shown that the through-solution mechanism is dominant in the early stages of hydration, while 

the topochemical reaction occurs in later stages when ionic mobility becomes restricted. 

Cement starts to hydrate as soon as the anhydrous compounds are mixed with water. The 

compounds do not hydrate at the same rate, with the silicates (C2S, C3S) hydrating at a much 

slower rate than the aluminates (C3A, C4AF). Cement paste stiffening (loss of consistency) and 

setting (solidification) is primarily determined by the hydration reactions of the aluminates. The 

hardening process (rate of strength development) is dominated by the hydration reaction of the 

silicates, which constitutes about 75% of the anhydrous cement. 

The reaction rate of C3A is retarded to enable the cement paste to be workable for an extended 

time period. Gypsum, or calcium sulfate dihydrate (CaSO4.2H2O), reacts with C3A and acts as a 

retarder to the hydration of C3A by lowering its solubility in the presence of hydroxyl, alkali, and 

sulfate ions in solution. Two crystalline products precipitate, depending on the ratio of aluminates 

to sulfate ions. These products are calcium aluminate trisulfate hydrate (ettringite) or calcium 

aluminate monosulfate hydrate (monosulfate). Ettringite is usually the first hydrate to precipitate 

in the high ratio of sulfate to aluminate ions in the solution. Ettringite crystallizes as short 

prismatic needles and contributes to stiffening of the mixture, setting, and early strength gain. 

During the later stages of hydration, when the sulfate concentration is low and the aluminate ion 

concentration increases due to the renewed hydration of C3A and C4AF, ettringite becomes 

unstable and converts to monosulfate, the final product of hydration of portland cement. The 

latter pertains to anhydrous cement containing more than 5% C3A. If there is a small excess of 

sulfate, both ettringite and monosulfate will be produced in the final material. With increasing 

sulfate concentration, more ettringite and less monosulfate will be precipitated, which can be 

deleterious to structures because of the high rate of expansion of ettringite (22,127). 
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Hydration of the silicate produces calcium silicate hydrates (CSH gel). The precipitate is poorly 

crystalline, forming a porous solid with properties similar to a rigid gel. The hydration reaction 

also forms calcium hydroxide (Ca(OH)2), which raises the pH to 12.4 and is required for the long-

term durability of the cementitious products (22). C3S hydrates at a faster rate than C2S due to 

differences in crystal structures (127) and contributes to the final set and the majority of the early 

age strength after setting about one hour in the hardened cement paste. C2S contributes 

predominately to the hardened paste strength after seven days of curing. 

3.11.3 Soil Modification and Cementation 

Strength development in cement-treated aggregate and the rate at which it develops depend on 

the following (22): 

• Soil type properties 
• Quantity of stabilizer added 
• Type and fineness of stabilizer 
• Mixing uniformity 
• Temperature during compaction 
• Compaction density 
• Curing period and condition 

Soil modification occurs rapidly during the initial stages of treatment and involves neutralizing 

reactions of ion exchange and flocculation of the clay mineral fraction of the soil (128). Soil 

modification partially or completely alters the clay minerals in order to reduce soil plasticity. Ion 

exchange is the process whereby the calcium ion (Ca2+) displaces the sodium (Na+) and hydrogen 

(H+) ions on the surface of the negatively charged clay particles to change the soil from a 

hydrophilic condition to a hydrophobic condition. This process releases bound water held by the 

Na+ ion and allows the water to evaporate, thereby drying the material. Flocculation occurs 

together with ion exchange. Crowding of the Ca2+ ions on the surface of the negatively charged 

particles raises the positive electrical charge of the clay particles. The divalent Ca2+ ions that 

replace the univalent Na+ and H+ ions increases the attraction force between clay particles, 

resulting in flocculation and decreased plasticity. 
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Cementation, or stabilization, usually takes longer than modification and will continue as long as 

there is sufficient moisture and the pH is in excess of about 12.4 (22). The end product is a material 

with decreased plasticity and significantly increased shear and tensile strength properties. 

3.11.4 Initial Consumption of Stabilizer 

The amount of cement required for cementation is greater than that required for modification, 

which only requires enough stabilizer to satisfy the Ca2+ demand to modify the soil and to 

maintain a constant pH. This quantity of stabilizer is referred to as the initial consumption of 

stabilizer (ICS). Failure to satisfy the ICS can result in reversion of the plasticity of the material 

(22,114,129) and/or carbonation (discussed in Section 3.11.5) of the top of the layer. Additional 

stabilizer will only contribute to cementation if the ICS demand is met. Paige-Green and Jones 

(22) recommended the addition of a minimum 1% additional stabilizer to the ICS to ensure 

sufficient residual stabilizer remains to maintain a sustained high pH to prevent carbonation and 

to ensure durability of the treated material. Additional cement can be added if required to meet 

UCS requirements. 

The initial consumption of lime (ICL) test method (ASTM D6276) can be followed to determine 

the ICS, with the following key differences (11,22): 

• Cement is used instead of lime. 
• The test is done on the aggregate passing a 19 mm (3/4 in.) sieve. 
• The ICS is the percent cement required to achieve constant pH rather than a pH of 12.4. 

3.11.5 Carbonation of Cement Treatment Pavement Layers 

The adverse effect carbonation has on cementation in cement-treated layers has been 

documented since the 1960s. Carbonation occurs when lime and cementation products, including 

those that develop during hydration reactions of cement treatment, react with carbon dioxide 

(CO2) in the atmosphere or soil air (130). Carbonation can occur in the treated layer due to 

ineffective curing techniques or through exposure to the atmosphere for extended periods. It can 

occur from the top, from the bottom, and from the sides of the road as well as through cracks. 

The product of these reactions is calcium carbonate (CaCO3), resulting in a reduction of the pH of 

the treated material to that of calcite (about 8.3) and causing instability of the remaining 

cementitious products (22). 
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Common causes of carbonation of treated layers include cement contents that do not satisfy 

initial consumption (discussed in the previous section) and/or inappropriate curing methods used 

during construction. Wet curing of the layer requires maintaining a near constant moisture 

content throughout the curing period. In reality, this often entails multiple wetting and drying 

cycles, which results in weakening or loosening of the top 6 to 25 mm (≈0.25 to 1 in.) of the 

treated layer. This thin, loose layer rapidly carbonates, resulting in a weakly cemented layer with 

an increasing presence of CaCO3 and a reduction in pH (22). If carbonation of the surface of the 

treated layer is not addressed, either by removing the loose layer or applying an asphaltic curing 

membrane, it can lead to debonding between the treated layer and the asphalt concrete overlay 

(131). 

Carbonation causes disintegration of the treated layer through:  

• Volume increase (approximately 10%) as Ca(OH)2 reacts with CO2 to produce CaCO3 
• Volume decrease (approximately 2%) as the cementation products revert to silica and 

CaCO3 

The stresses generated by these volume changes can induce microcracking. If these microcracks 

coalesce, the material can lose strength and be prone to raveling and densification (rutting) under 

traffic (132). Microcracking due to carbonation should not be confused with microcracking for 

shrinkage crack mitigation, which is discussed in Section 3.7. 

Identifying Carbonation 

Carbonation can be identified using indicator tests such as phenolphthalein and hydrochloric 

acid (22). Phenolphthalein, when applied to the surface of the treated layer, turns crimson in the 

presence of high pH (>10). A lighter pink color indicates a pH between 8.4 and 10. If no reaction 

with the phenolphthalein is observed, hydrochloric acid (HCl) can be used to determine if any 

carbonates are present. Carbonated stabilizer will effervesce in the presence of HCl. Care should 

be taken where carbonate aggregates and soil are present (limestones, dolomites, caliche, etc.), 

as the HCl will react with these, masking any reaction with the stabilizer. 
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Preventing Carbonation 

Carbonation can be prevented by choosing a cement content that satisfies initial consumption 

and provides adequate strength, and by following appropriate construction and curing methods 

(22). Construction procedures to minimize carbonation include the following: 

• Compacting the layer to as high a density as possible and as soon as possible after mixing 
with the stabilizer 

• Ensuring that final grading and shaping procedures only cut the surface and do not attempt 
to address low spots or unevenness by spreading thin layers of treated material in problem 
areas 

• Sealing treated layers with an appropriate curing membrane as soon as possible after 
compaction 

The effectiveness of a variety of curing techniques is discussed in Paige-Green et al. (130). The 

most effective curing technique to minimize carbonation was a prime coat applied immediately 

after final compaction. The treated layer should be kept continuously wet between construction 

and priming and must be relatively damp at the time of priming. 

3.12 Microcracking in Concrete 

It is theorized that a basic understanding of microcracking in cement-treated pavement layers can 

be gained from understanding microcracking in concrete. The fundamentals of microcracking in 

concrete are the following (133): 

• Compressive failure of concrete is always preceded by microcracking (134-136). 
• The plane of the microcracks is parallel to the direction of the maximum compressive stress. 
• Microcracking causes the nonlinearity observed in the ascending stress strain behavior 

under uniaxial and triaxial compression (137). 
• No plasticity exists in the nonlinear stage of loading. 
• The accumulation of microcracking causes the concrete to degenerate internally and is 

therefore called atrophy, not damage, which is caused by external actions. 
• Failure of concrete under compressive loading occurs when the limiting atrophy is reached, 

which occurs the moment when the absorbed loading energy equals the loss of energy due 
to degeneration (138). 

In concrete, interfacial cracks form at the boundary between the mortar and the coarse aggregate 

due to volume changes in the cement paste (139). Under compressive loads of less than 30% of 

the compressive strength, no additional cracks form (137). When the compressive load exceeds 
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70% of the compressive strength, microcracks start to propagate throughout the mortar, forming 

continuous cracks parallel to the compressive load direction, until failure is achieved (140). 

Cyclic loading has been shown to cause measurable damage at low loads (141), which has been 

linked to the formation of hairline cracks under compressive loading (142). Attiogbe and Darwin 

(143) established a relationship between nonlinear deformation and cracking of cement paste. 

To relate microcracking in concrete to microcracking in cement-treated layers, it is theorized that 

since cement-treated material gains its improved properties from cementitious bonds, similar to 

how concrete achieves its high strength, microcracks will form in cement-treated layers in the 

same way that they form in concrete. The authors acknowledge that there are differences 

between concrete and cement-treated materials but consider that the fundamental method of 

microcracking is not affected. These differences include the following: 

• Concrete is consolidated, but not compacted, to release entrapped air, whereas cement 
treated layers are compacted to improve aggregate interlock, prevent permanent 
deformation, and reduce air voids. 

• Concrete typically contains more than 11% cement by weight of dry aggregate, whereas 
cement-treated materials, with design strengths of less than 4.1 MPa (≈600 psi), typically 
contain less than 6% cement 

• The ideal water to cement ratio for concrete is between 0.38 and 0.44 (144), compared to 
the water to cement ratio of cement-treated material, which is usually between 1.0 and 1.3. 

3.12.1 Autogenous Healing  

Autogenous healing in concrete occurs when microcracks heal. Autogenous healing has been 

attributed to the following four factors occurring between the cracks (145): 

• Formation of calcium carbonate or calcium hydroxide 
• Sedimentation of particles 
• Continued hydration 
• Swelling of the cement matrix 

The type of precipitate is dependent on the crack width. Yang et al. (146) reported CSH 

precipitates in cracks less than 20 μm wide and calcium carbonate (CaCO3) in cracks greater than 

50 μm, regardless of concrete age. Neville (147) determined that the healing mechanism is 

dependent on the age of the concrete with continued hydration, with CSH precipitating in young 

concrete, and CaCO3 precipitating in older concrete. While differing opinions exist regarding the 
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healing mechanisms, there is consensus that water must be present through continued hydration 

for healing to occur (148). Autogenous healing of cracks with widths of up to 300 μm have been 

reported (149). 

Autogenous healing in cement-treated layers has been observed by a number of researchers 

(3,38,70,84,94) in subsequent days after microcracking, during which the pavement recovered 

nearly all of its original stiffness. George et al. (3) developed a theory for the healing observed in 

damaged (i.e., microcracked) specimens whereby the CSH gel formation continues to be active in 

cracked specimens, along with the growth and nucleation of Ca(OH)2 crystals in the continuum 

pore space. George further stated that fresh Ca(OH)2 could permeate into existing microcracks to 

bridge crack openings, resulting in cracked specimens regaining stiffness to the same level of 

uncracked specimens. Both cracked and uncracked specimens thus benefit from CSH gel 

formation and cementation, while precracked materials benefit more from Ca(OH)2 in crack 

openings. 

3.12.2 Effect on Permeability 

Concrete permeability is influenced by two primary factors: (1) porosity and interconnectivity of 

pores in the cement paste and (2) microcracks (127). The porosity and interconnectivity of the 

pores are predominantly affected by the water-to-cement ratio, degree of compaction, and 

degree of hydration. Microcracks are caused by drying shrinkage, thermal shrinkage, and 

externally applied loads. 

Several researchers have investigated the effects of microcracking on the permeability of 

concrete: 

• Kermani (150) tested the permeability of 200×100 mm (≈8×4 in.) mature concrete 
specimens under different uniaxially applied stress levels. Permeability increased 
significantly when stress levels exceed 40% of the compressive strength of the material. 

• Hearn (151) induced microcracks in 200×100 mm (8×4 in.) mature concrete specimens by 
loading the specimens uniaxially up to 80% of the average compressive strength. He 
determined that load-induced microcracks had no measurable effect on the permeability 
of mature concrete that was unloaded when tested for permeability. This was attributed to 
the elastic recovery of the concrete that caused the cracks to close after unloading. 

• Banthia et. al. (152) tested 200x100 mm concrete specimens for permeability after one and 
three curing days under both loaded and unloaded conditions. The results showed that the 
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permeability in the loaded case increased significantly over the unloaded case when the 
specimens were loaded to 40% of the compressive strength of the specimens. 

3.13 Literature Review Summary 

The following conclusions with regard to understanding microcracking as a shrinkage crack 

mitigation method for cement-treated materials were drawn based on the literature review: 

• Microcracking can reduce the number of shrinkage cracks in cement-treated layers 
compared to no microcracking by inducing a network of fine cracks early in the life of the 
layer. 

• Lowering the cement content, or reducing the strength of a material, will result in more 
frequent, but thinner, shrinkage cracks. 

• There is no comprehensive literature available on the mechanism of microcracking in 
cement-treated layers in pavements. 

• There are no established laboratory test methods to reliably induce microcracking in the 
laboratory or for testing the effects of microcracking. 

• Mechanistic-empirical models have not been developed to account for the effect of 
microcracking on the fatigue and crushing properties of cement-treated layers. 

• The literature on field microcracking methods is limited. The current method for 
microcracking is three passes with a 12-ton roller, between 48 and 72 hours after final 
compaction. No published information was located that details the effect of microcracking 
on layers with different strengths and thicknesses. Research to develop these preliminary 
recommendations did not consider all the variables that might influence the effectiveness 
of microcracking. 

• A range of devices are available for measuring the effect of microcracking on the stiffness 
of cement-treated layers. Each device has limitations that have not been fully quantified in 
terms of its suitability for use as a microcracking quality control procedure on construction 
projects. There is no consensus on which instrument to use to effectively measure the effect 
of microcracking on the stiffness of FDR-C layers. 

This literature review discussed the problems associated with cement-treated layers and the 

adverse effects of shrinkage cracks and provided a review of existing work that highlighted the 

potential benefits of microcracking. The following statement was developed to formulate the 

specifications of microcracking as a construction procedure used to extend the service life of 

cement-treated layers and the pavements that are constructed/rehabilitated with them:  
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Microcracking is a method consisting of a combination of the optimum number of passes 

(or stiffness reduction) and curing times before starting the process that maximizes the 

long-term stiffness to maximize fatigue life and minimize crack width to minimize failures 

associated with drying shrinkage cracks.  
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4 TEST ROAD EXPERIMENT DESIGN 

4.1 Introduction 

The construction of a test road to evaluate different microcracking variables was recommended 

after the conclusion of the preliminary field studies (9). This approach allowed for the inclusion 

of control sections where no shrinkage crack mitigation measures were taken as well as a 

significantly wider factorial than could be achieved on any FDR-C field projects, which typically do 

not include control sections. The FDR-C Test Road design considered the various issues identified 

during the pilot studies and on the foundational work done in Texas (37), and the knowledge gaps 

identified in the literature review. The following factors were considered when designing the 

experiment: 

• Mix design strength (i.e., cement content) 
• The number of curing hours between completion of construction and start of microcracking 
• Roller weight 
• Roller vibration amplitude 
• Number of roller passes 
• Stiffness reduction during microcracking 
• Stiffness recovery/gain after microcracking 
• Crack propagation and crack properties 

Outcomes from the experiment would be used to achieve the following: 

• Determine the effect of mix design on stiffness and drying shrinkage cracking behavior of 
FDR-C layers. 

• Evaluate the effect of microcracking on drying shrinkage cracking behavior and stiffness 
gain, considering roller weight, vibration amplitude, and curing time before microcracking. 

• Determine whether microcracking causes new cracks or results in crushing of the surface of 
FDR-C layers. 

• Recommend revisions to Caltrans FDR-C mix design requirements and specifications, if 
justified. 

4.2 FDR-C Test Road Location 

The FDR-C Test Road was located on the University of California, Davis campus, on a road that is 

used by a combination of light-vehicle traffic and some heavier agricultural equipment. 

Occasional heavy vehicle traffic meant that the distresses would be limited primarily to those 



 

 
86 UCPRC-RR-2019-05 

associated with environmental- and material-related factors, rather than load-related factors. 

The proximity of the test road to the UCPRC (Figure 4.1) allowed for frequent visual assessments, 

stiffness testing, and crack monitoring. 

 
Figure 4.1: Test road location (Google Earth). 

4.3 FDR-C Test Road Pavement Design 

The FDR-C Test Road design was based on typical Caltrans FDR projects on rural roads, which 

generally consist of multiple asphalt concrete layers on an unbound base layer. Although of 

interest to the study, experimentation with higher plasticity materials, where cement stabilization 

would have specific benefits, was not considered. Although Caltrans FDR projects are typically 

designed with a minimum 0.2 ft. (≈60 mm) thick asphalt concrete layer, the FDR-C Test Road was 

designed with a 0.25 in. (≈6 mm) thick microsurfacing so that cracking behavior could be readily 

observed. The pavement design is shown in Figure 4.2. 

The existing road consisted of 0.15 ft. (≈50 mm) of distressed asphalt concrete over a thin, 

marginal aggregate base of varying thickness, over silty-clay subgrade. To meet the proposed 

design, 0.6 ft. (≈175 mm) of asphalt concrete millings were imported and spread on top of the 

existing pavement prior to recycling. Recycle depth was set at 0.85 ft. (≈255 mm), thereby 

incorporating the imported millings, the existing asphalt concrete layer, and approximately 1 in. 

(≈25 mm) of the underlying material. 
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Figure 4.2: FDR-C Test Road pavement design (not to scale). 

4.4 FDR-C Test Road Experiment Design 

The experiment design for the FDR-C road is summarized in Table 4.1. A total of 37 cells (S1 

through S37) were included in the factorial. Common attributes among the cells were the 

contractor, cement type, recycling depth, parent material, and subgrade. Factors investigated 

included design strength (i.e., cement content), curing time before microcracking, roller type, 

applied energy, vibration amplitude, and microcracking effort (i.e., number of roller passes). 

Although the different microcracking actions were applied across the full width of the road, only 

the eastbound lane was evaluated (Figure 4.3). The westbound lane was used to maneuver the 

roller so that the behavior on one test section would not be affected by microcracking activities 

on an adjacent section. To further minimize actions on one section influencing another section, 

only the middle 39 m (≈128 ft.) of each test section was evaluated, with the 5 m (≈16 ft.) on either 

end of each section being considered as a transition zone between sections. 

4.4.1 Design Strengths 

The two mix design strengths considered for this study were the mid and upper ranges of seven-

day UCS that were specified by Caltrans for FDR-C in California at the time of construction (2015 

Standard Specifications), namely between 300 and 600 psi (≈2.1 and 4.1 MPa). The lower strength 

mix design would target the mid-range of the specification (i.e., 450 psi) or the strength 

determined using the minimum cement contents determined by the initial consumption of 

stabilizer (ICS) and tube suction tests (TST). The higher strength would target or exceed the higher 

range to understand any implications of design strengths at or slightly above the specification 

range. 
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Table 4.1: FDR-C Test Road Microcracking Factorial 

Higher Design Strength (Target 600 psi [4.1 MPa] UCS) Lower Design Strength (Target 450 psi [3.1 MPa] UCS) 
Cell Curing 

Time 
(hrs) 

Roller 
Typea 

Vibration 
Amplitude 

Roller 
Passes 

Instrumentsb Cell Curing 
Time 
(hrs) 

Roller 
Typea 

Vibration 
Amplitude 

Roller 
Passes 

Instrumentsb 

S1* Control. SSG/LWD/FWD Calibration Cell - S17 48 DSR High 3 - 
S2 48 SSR Low 3 Yes S18 72 DSR High 3 - 
S3 48 SSR High 1 Yes S19 48 SSR High 3 - 
S4 48 SSR High 3 - S20 48 & 72 SSR High 3 - 
S5 48 & 72 SSR High 3 - S21 48 SSR High 2 - 

S6* Control - S22 48 SSR High 1 Yes 
S7 72 SSR Low 3 - S23 72 SSR High 3 Yes 
S8 72 SSR High 1 - S24 48 SSR Low 3 Yes 
S9 72 SSR High 2 - S25* Control Yes 

S10 72 SSR High 2 - S26 72 SSR High 1 - 
S11 72 SSR High 3 Yes S27 72 SSR High 2 - 
S12 48 SSR High 3 Yes S28* Control. SSG/LWD/FWD Calibration Cell - 

S13* Control - S29 72 SSR Low 3 - 
S14 48 DSR High 3 - S30 48 & 72 SSR High 3 - 
S15 72 DSR High 3 - S31 48 SSR High 3 - 
S16 72 SSR High 3 - S32 72 SSR High 3 - 
S37 48 SSR High 2 Yes S33* Control - 

 S34 48 SSR High 2 Yes 
S35 48 SSR Low 1 Yes 

S36* Control Yes 
a Roller Type SSR = 12-ton single steel smooth drum vibratory roller 

DSR = 10-ton double steel smooth drum vibratory roller 
b Instruments included moisture gauges and vibrating-wire strain gauges 
* Control cells with no microcracking 
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Figure 4.3: Test section planning. 

4.4.2 Curing Time Before Microcracking 

The 2015 Caltrans Standard Specifications (current at the time of construction) required that 

microcracking is completed during a 24-hour period from 48 to 72 hours after compaction. This 

is also the period during which cement hydration is occurring rapidly. Curing periods of 48 and 72 

hours were therefore considered in the factorial along with one cell in each design-strength 

section to assess microcracking after 48 hours and again after 72 hours. The 48- and 72-hour 

single microcracking event options were considered relevant given that the roller used for 

microcracking is typically one of the rollers that is being used for layer compaction, and it may not 

be readily available for microcracking at the same time each day. 

The 48- and 72-hour double-microcracking events (i.e., microcracking after 48 hours and again 

after 72 hours) were considered to evaluate whether this approach might be beneficial for higher 

cement content sections and what effect this extensive action would have on cement hydration—

whether the FDR-C layer would continue to hydrate and gain strength or whether the extensive 

breakdown of bonds and the visible microcracks on the surface would be detrimental to the life 

of the pavement. 

4.4.3 Roller Type 

The 2015 Caltrans Standard Specifications specifies that “a 12-ton vibratory steel drum roller …” 

should be used for microcracking, which is based on the work done by Scullion (37). A 12-ton 

single steel drum vibratory roller (SSR) is commonly used for final compaction of FDR-C layers. A 

10-ton dual steel drum vibratory roller (DSR), which is often used for breakdown compaction of 

asphalt concrete layers and available on FDR-C construction projects closer to the time that the 

asphalt concrete surface layer will be placed, was included in the factorial. Use of this roller for 

microcracking was noted on one of the field projects monitored during Phase 1 of the study. The 

rollers used on microcracking projects discussed in the literature had weights of 12 tons and 
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greater. Given that there is limited data on using lighter-weight rollers for microcracking, they 

were added as a consideration in the factorial, which included a 12-ton SSR (Figure 4.4) and a 10-

ton DSR (Figure 4.5). The roller properties are provided in Table 4.2. 

 
Figure 4.4: 12-ton SSR used for microcracking on 

FDR-C Test Road. 

 
Figure 4.5: 10-ton DSR roller used for 

microcracking on FDR-C Test Road. 

Table 4.2: Vibratory Roller Information. 

Roller Parameter 12-Ton Roller 10-Ton Roller 
Operating weight (tons) 12 10 
Drum width (mm) 2,134 1,675 
Drum diameter (mm) 1,534 1,220 
Static load (kg/cm) 33.4 29.5 
Weight on drum (kg) 7,128 4,948 
Static force (kN/cm) 0.3 0.3 
Centrifugal linear force (kN/cm) – Low 0.6 0.4 
Centrifugal linear force (kN/cm) – High 1.1 1.0 

4.4.4 Applied Energy 

The magnitude of the force applied by the roller provides a measure of the energy input during 

microcracking. Each roller was equipped with an eccentric mass in the drum, which generates a 

force vector of constant magnitude. The orientation of the vector is varied by rotating the 

eccentric mass assembly. The vertical component of the centrifugal force, 𝐹𝐹(𝑠𝑠), can be calculated 

using Equation 4.1. 

𝐹𝐹(𝑠𝑠) = 𝐹𝐹𝑝𝑝𝑣𝑣 cos(Ω𝑠𝑠)  (4.1) 

Where: 𝐹𝐹𝑝𝑝𝑣𝑣 = Amplitude of 𝐹𝐹(𝑠𝑠) 
Ω = Circular excitation frequency 
𝑠𝑠 = Time (s) 

The total force (Fs) transmitted to the layer is illustrated in Figure 4.6 and can be determined using 

Equation 4.2. The total force applied during microcracking for the two rollers used in the study is 
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provided in Table 4.3. Equation 4.2 does not consider the effect of the drum leaving the surface 

of the pavement (i.e., if and when it bounces). 

 
Figure 4.6: Roller drum force diagram. 

𝐹𝐹𝑠𝑠 =  𝐹𝐹𝑝𝑝𝑣𝑣 cos(Ω𝑠𝑠) + �𝑚𝑚𝑓𝑓 + 𝑚𝑚𝑣𝑣�𝑔𝑔 −  𝑚𝑚𝑣𝑣𝑧̈𝑧𝑣𝑣 − 𝑚𝑚𝑓𝑓𝑧̈𝑧𝑓𝑓 (4.2) 

Where: 𝐹𝐹𝑠𝑠 = Force transmitted to layer (N) 
𝑚𝑚𝑣𝑣 ,𝑚𝑚𝑓𝑓 = Mass of drum and frame respectively (kg) 
𝑔𝑔 = Acceleration of gravity (kg/m2) 
𝑧̈𝑧𝑣𝑣 , 𝑧̈𝑧𝑓𝑓 = Drum and frame accelerations respectively (kg/m2) 

Table 4.3: Total Force Applied During Microcracking 

Roller Operating 
Weight (tons) 

Vibration 
Amplitude 

Total Force 
(kN) 

Linear Total Force 
(kN/cm) 

10 High 220 1.31 
12 Low 203 0.95 
12 High 304 1.42 

The inertia of the frame (𝑚𝑚𝑓𝑓𝑧̈𝑧𝑓𝑓) has been shown to be negligible (153) and is often not calculated. 

The two rollers used on the FDR-C Test Road were not equipped to measure the vertical 

displacement of the drum, and therefore the drum inertia factor was not considered. Vibration 

amplitude values are therefore reported as an indication of the excitation force amplitude. The 

vertical compressive forces calculated using Equation 4.2 for the 12-ton roller at no, low, and high 

vibration amplitude are provided in Figure 4.7. 
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Figure 4.7: 12-ton vibration loading at different amplitudes at 30.5 Hz. 

4.4.5 Vibration Amplitude 

The 2015 Caltrans Standard Specifications specify that a “… 12-ton vibratory steel drum roller at 

maximum amplitude …” should be used for microcracking. The specifications do not specify the 

vibration amplitude magnitude, only the setting, and it is conceivable that this will vary by roller 

manufacturer and the condition of individual rollers. To evaluate this effect, the low and high 

vibration amplitude settings on the 12-ton vibratory roller were used as variables in the 

microcracking factorial. The nominal amplitude of the low and high amplitude setting were 

0.9 mm (0.035 in.) and 1.8 mm (0.07 in.), respectively (sourced from Caterpiller specification 

sheets). The standard vibration frequency of the 12-ton roller used on the project was fixed at 

31.9 Hz and could not be adjusted. The effect of vibration amplitude was not evaluated for the 

10-ton roller. On this roller, the vibration amplitude was set to the maximum (0.64 mm [0.025 in.]) 

for both drums during microcracking. 

4.4.6 Microcracking Effort/Number of Roller Passes 

The 2015 Caltrans Standard Specifications specify to “… microcrack the surface by applying three 

single passes with a 12-ton…”. This is a method specification, and it does not require 

measurement of the effectiveness of the applied treatment. The recommendation by Scullion 

(37) was closer to a performance specification, requiring that a certain percentage reduction in 

stiffness be met, as measured with a soil stiffness gauge. Cells were therefore included in the 

FDR-C Test Road factorial to quantify the implications of only following a method specification. 
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The microcracking efforts ranged between one and three vibratory roller passes. Microcracking 

effect was measured after each roller pass had been applied to determine the percent stiffness 

reduction. Soil stiffness gauges (SSG, Figure 4.8) and two light weight deflectometers (LWD, 

Figure 4.9), from different manufacturers, were used for these measurements.

 
Figure 4.8: Testing with soil stiffness gauges. 

 
Figure 4.9: Testing with light weight 

deflectometer.

4.5 FDR-C Layer Mix Design 

The mix design for the FDR-C layer needed to be conducted on materials representative of typical 

FDR projects in California. These are typically multiple asphalt overlays over a base layer, often 

constructed with marginal aggregates, over subgrade. Some lower volume traffic pavements may 

simply be asphalt concrete layers placed directly on prepared subgrade. RAP millings were used 

in the mix design to represent the asphalt concrete layers, while base and subgrade material were 

sourced from the project site. Two mixing ratios were used to evaluate the effects of including a 

greater portion of subgrade and to determine the depth to which the existing pavement should 

be recycled. The mixing portions were 80:20 (typical Caltrans FDR project) and 50:50 (same as the 

UCPRC FDR Test Track) RAP to subgrade material. The cement type used for the mix design was 

Type II/V, the same type of cement that is specified for all FDR-C projects in California. 

Different tests were performed to determine the target cement contents for the study, including 

the following: 

• Material characterization tests, which included a grading analysis, Atterberg limits, 
optimum moisture content (OMC), and maximum dry density (MDD) 

• Initial consumption of stabilizer (ICS) tests to determine the minimum amount of stabilizer 
required to maintain a constant pH 
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• Tube suction testing (TST) to provide a measure of the moisture sensitivity of the mix 
• Unconfined compressive strength (UCS) testing 

The 2015 Caltrans Specifications required a seven-day UCS to be between 300 and 600 psi (≈2.1 

and 4.1 MPa). No other tests are currently required to test for sufficient cement for cementation 

or for durability. The mix design procedure in this study followed the specified method but added 

ICS and TST tests to identify the starting lowest cement content required to achieve a durable 

mix. 

4.5.1 Material Classification 

Grading analyses were performed according to AASHTO T 11 and AASHTO T 27 for wet and dry 

sieving, respectively, of the RAP and unbound in situ materials. The RAP and unbound materials 

were combined in the ratios of 80:20 and 50:50. The results are plotted in Figure 4.10. 

Atterberg limits of the RAP, in situ unbound, and combined materials were determined according 

to AASHTO T 89 (liquid limit [LL]) and AASHTO T 90 (plastic limit [PL]). The RAP was classified as 

non-plastic and the in situ unbound material had a plasticity index (PI) of 18. The Unified Soil 

Classification System (USCS, ASTM D2487) classifications of the RAP, in situ unbound, and 

combined materials are provided in Table 4.4. 

 
Figure 4.10: Sieve analyses of FDR-C Test Road materials.  
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Table 4.4: Material Classification 

Material USCS LL PI P0.075mmc 

RAP Poorly-graded gravel (GP) NMa NPb 2 
In situ unbound Low plasticity clay (CL) 38 18 68 

80% RAP:20% subgrade Clayey gravel (GC) 32 13 15 
50% RAP:50% subgrade Clayey sand (SC) 35 14 35 

a NM = not measurable (soil sample slipped) 
b NP = non-plastic 
c P0.075 = percent passing the 0.075 mm (#200) sieve 

4.5.2 Optimum Moisture Content and Maximum Dry Density 

The OMC and MDD were determined according to the ASTM D1557 modified Proctor standard 

(Method B). The results are provided in Table 4.5. The results show that the density reduced as 

the percent RAP reduced and the OMC increased with increasing unbound in situ material 

content. 

Table 4.5: Optimum Moisture Content and Maximum Dry Density Results 

Material Blend 
(RAP to Subgrade) 

OMC MDD 
% kg/m3 lb/ft3 

80:20 4.9 2,217 138.4 
50:50 6.2 2,143 133.8 

4.5.3 Initial Consumption of Stabilizer 

The purpose of the ICS test is to determine the minimum stabilizer content that provides a stable 

pH value after 60 minutes. This minimum stabilizer content is required to satisfy the neutralizing 

reactions of any clay particles (soil modification), which is indicated by a stable/constant pH. Any 

additional stabilizer above the ICS ensures permanent cementation, durability (i.e., limit 

carbonation and prevents the reversion of plasticity), and higher strengths. ASTM D6276, 

originally developed for determining the initial consumption of lime in lime-treated soils, was 

followed with modifications to increase the maximum aggregate size to 0.75 in. (≈19 mm) and to 

change the target pH from a requirement of 12.4 to a requirement of constant pH only. This 

modification made the test more representative of FDR-C materials. Cement contents are percent 

cement by weight of dry aggregate. 

The ICS test results are plotted in Figure 4.11 for the individual materials and the two blends, 

along with the pH of the deionized water and the pH of the cement mixed with the deionized 

water. The pH values plateaued at approximately 2% cement for the 80:20 blend and at 4% 

cement for the 50:50 blend. According to ASTM D6276 and other literature (22), the minimum 
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stabilizer content should be adjusted upward by 1% to ensure durable cementation, since the 

minimum ICS cement content may only provide modification (i.e., reversible). On this basis, 

minimum cement contents of 3% and 5% cement would therefore be required for the 80:20 and 

50:50 blends respectively to achieve durable cementation. 

 
Figure 4.11: Initial consumption of stabilizer test results. 

4.5.4 Tube Suction Test 

The TST (Tx 144-14) is used to determine the susceptibility of pavement materials to water 

intrusion. The test was developed by the Texas Department of Transportation (TxDOT) to 

investigate the use of ground penetrating radar signals as a nondestructive method for assessing 

in-service roads. The tube suction test measures the electrical capacitance of the material by 

means of dielectric permittivity. The dielectric constant value (DV) can be used to characterize a 

material in terms of its relationship to moisture content (154). Guthrie et al. (155) showed that 

materials with a DV less than 10 are less susceptible to moisture intrusion. 

The TST is not a standard test in California but provides useful information on the moisture 

susceptibility of the treated material. Cement contents used in the testing were set at 0%, 2.5%, 

and 5%, slightly lower and slightly higher than the ICS+1% cement values determined in the ICS 

test. The two blends (80:20 and 50:50) of material were mixed with the cement at OMC and 

compacted to MDD according to ASTM D1557. Two replicate specimens of each blend at each 

cement content were prepared and allowed to cure for seven days in a humidity chamber set to 
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25°C (77°F). After curing, the specimens were sealed with latex membranes and placed in a 

shallow water tray for the test. 

The results of the TSTs on the 80:20 and 50:50 blends are plotted in Figure 4.12 and Figure 4.13, 

respectively. The dielectric permittivity increased with increasing moisture in the specimen, as 

expected. The results also show the sensitivity of the material to the particle size with respect to 

gradation and cement content. The 80:20 blend was overall less sensitive to moisture penetration 

compared to the 50:50 blend. The moisture sensitivity also reduced as the cement content 

increased. The 80:20 blend specimens with 5% cement showed no change in dielectric 

permittivity, indicating that moisture could not move to the top of the specimen through capillary 

suction at this cement content. 

The TST criteria for selecting a mix design is the cement content that reduces the dielectric 

permittivity below 10 DV at the end of the 10-day test period (155). The cement content required 

to achieve that permittivity level for the 80:20 blend was between 2.5% and 5.0%, consistent with 

the cement contents identified from the ICS test results. The 50:50 blend exceeded 10 DV even 

with 5% cement, indicating that the 50:50 blend would be more susceptible to moisture intrusion, 

likely due to the higher clay content and finer gradation. 

 
Figure 4.12: TST results for the 80:20 blend. 
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Figure 4.13: TST results for the 50:50 blend. 

4.5.5 Unconfined Compressive Strength Testing 

The aim of the mix design was to determine the cement contents required to achieve UCS results 

as close to 3.1 MPa (≈450 psi) and 4.1 MPa (≈600 psi) as possible for the two material blends. Mix 

designs were evaluated in terms of the seven-day UCS according to the modified ASTM D1633 

method, which requires specimens be wrapped and sealed in 76 µm-thick (≈3 mil) plastic wrap 

and then cured in an oven at 38°C (≈100 F) for seven days. This approach is intended to simulate 

the expected curing conditions in a thick FDR-C layer. 

Based on the results for the ICS and TST testing, a full-range of cement contents (1% to 6% at 1% 

intervals) was used for UCS tests on the 80:20 blend, and a smaller range (2%, 4%, and 6%) on the 

50:50 blend. Materials were mixed with the different cement contents at the predetermined 

OMC. Untreated control mixes (i.e., 0% cement) were also prepared. The specimens were capped 

with gypsum prior to UCS testing to provide plane, parallel, and smooth contact surfaces. 

The results of the UCS tests are summarized in Table 4.6 and plotted in Figure 4.14 and Figure 4.15 

for the 80:20 and the 50:50 blends, respectively. A logarithmic curve is fitted through the UCS 

results along with the confidence and prediction intervals at 95% confidence levels. 

Additional statistical analyses of the UCS results are discussed in Section 7.2.  
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Table 4.6: Unconfined Compressive Strength Test Results 

Cement Content 
(%)a 

UCS for 80:20 Blend UCS for 50:50 Blend 
(MPa) (psi) (MPa) (psi) 

0 1.2 174 0.9 131 
1 2.4 348 Not tested 
2 3.3 479 2.6 377 
3 3.9 566 Not tested 
4 4.4 638 3.8 551 
5 5.6 812 Not tested 
6 5.8 841 4.9 638 

a percent of dry weight of aggregate 

 
Figure 4.14: Unconfined compressive strength test results for the 80:20 blend. 

 
Figure 4.15: Unconfined compressive strength test results for the 50:50 blend. 
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4.5.6 Selected Mix Designs 

The following conclusions were drawn based on the test results presented in Section 4.5.1 

through Section 4.5.5: 

• The test results indicated that the 80:20 blend best suited the requirements of the 
experimental design in terms of being representative of typical Caltrans FDR projects. 

• The minimum cement content determined from the ICS test (i.e., ICS+1%) resulted in a UCS 
strength of 4 MPa (580 psi), close to the higher-strength target, indicating that the material 
would be more suited to treatment with an asphalt recycling agent (emulsified or foamed 
asphalt [11]). Given that there was only a marginal difference in pH between the 2% and 3% 
cement contents, a cement content of 2.5% of the dry weight of the aggregate was selected 
for the mid-strength test sections. A cement content of 4% of the dry weight of the 
aggregate was selected for the higher-strength test sections. 

• The 2.5% cement content just met the minimum TST requirement of 10 DV. Given that the 
focus of the study was on shrinkage crack mitigation, that the location of the project was 
not subject to standing water, and that the water table was well below the pavement, this 
value was considered to be acceptable for the project. 

The 2.5% and 4% cement contents resulted in mix design strengths of approximately 3.5 and 

4.5 MPa (≈500 and 650 psi), respectively. Although higher than the experimental design targets, 

they were still considered appropriate for evaluating the effectiveness of microcracking to 

mitigate shrinkage cracking in FDR-C layers. An OMC of 5% was selected as the target moisture 

content, and a density of 2,220 kg/m3 (≈138.6 lb/ft3) was selected as the target maximum dry 

density. 

4.5.7 Water-to-Cement Ratio 

The water-to-cement ratio (w/c) is often used in concrete testing to optimize material strengths 

and handling characteristics, but it is typically not considered when designing cement-treated 

layers. Using the ICS values, the water-to-cement-for-cementation ratio (w/cc) can be calculated, 

where cement for cementation is the difference between the selected cement content to achieve 

the desired seven-day UCS and the ICS value. This w/cc can be used as an indicator of the relative 

amount of water available for cementation. The w/cc values were 9.80 and 2.45 for the 2.5% and 

4% cement-content sections, respectively. These are very high compared to the range of 0.42 to 

0.45 that is typically used for concrete mixes. Since concrete does not include any fines or clayey 

material and it is not compacted, most of the cement is consumed during initial cementation. In 
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the case of cement-treated layers, the water content is optimized to maximize the density that 

can be achieved in the layer during compaction. The portion of cement approximated by the ICS 

is required for modification, with the remainder used for stabilization and meeting target 

strengths. 

The difference of 7.35 in the w/cc ratios of the 2.5% and 4% cement contents indicates that there 

was considerably more water available for cement hydration in the 2.5% cement-content material 

than in the 4% cement-content material. It was therefore hypothesized that the stiffness would 

recover more readily after microcracking if the w/cc was sufficiently high to satisfy rehydration 

demands for recementation.  
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5 TEST ROAD CONSTRUCTION 

5.1 Introduction 

The FDR-C Test Road was constructed during August and September of 2016. It took two days to 

complete the recycling (4% cement sections on day 1 and 2.5% cement sections on day 2) and 

three days to complete the microcracking. Maximum temperature and minimum humidity levels 

on the two recycling days were 37°C (≈98.6°F) and 14% and 33°C (≈91.4°F) and 15%. 

5.2 Site Preparation 

Based on the pavement design discussed in Section 4.3, additional RAP needed to be imported to 

increase the total thickness of the asphalt concrete layer from the existing ±50 mm (≈2 in.) to 

200 mm (≈8 in.) to achieve the design FDR-C layer thickness of 250 mm (≈10 in.) with a ratio of 

80% RAP to 20% unbound materials. RAP millings were trucked in from a local milling project and 

belly- or end-dumped onto the road (Figure 5.1). A grader was used to distribute and shape the 

RAP to the required thickness and levels (Figure 5.2 and Figure 5.3).

 
Figure 5.1: Dumping imported RAP. 

 
Figure 5.2: Spreading imported RAP.

 
Figure 5.3: Shaped road prior to recycling. 
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5.3 Full-Depth Recycling with Cement 

The construction of the FDR-C layer followed standard procedures and the 2015 Caltrans Standard 

Specifications. The contractor opted to stabilize the layer in a single pass (i.e., no prepulverization) 

since the imported RAP millings were already pulverized and had not been compacted. Cement 

spread rates were checked at the start of each day with a tray placed in the middle of the lane in 

front of the cement spreader (Figure 5.4). The required spread rates were achieved for the two 

different cement-content sections. Overlapping cement spreading was also minimized with strict 

supervision of start and stop locations and application of adjacent passes (Figure 5.5).

 
Figure 5.4: Checking cement spread rate. 

 
Figure 5.5: Checking cement spread overlaps.

After spreading the cement, the reclaimer, with the push bar-attached water tanker, started 

reclaiming the layer (Figure 5.6). The mixed material appeared consistent throughout the 

recycling process (Figure 5.7). Primary compaction with a segmented padfoot roller followed the 

reclaimer (Figure 5.8). Once primary compaction had been achieved, the road was leveled with a 

grader (Figure 5.9) followed by final compaction with a smooth drum roller (Figure 5.10). 

 
Figure 5.6: Water tanker and reclaimer. 

 
Figure 5.7: Recycled material behind the 

reclaimer.
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Figure 5.8: Primary compaction with a segmented 

padfoot roller. 

 
Figure 5.9: Leveling with a grader.

 
Figure 5.10: Final compaction with a smooth drum roller. 

The compacted FDR-C layer was sprayed with water at regular intervals to retard the rate of 

drying for four days after compaction before spraying the asphalt curing membrane. Timing of 

water sprays was strictly controlled to ensure that moisture content was kept constant. 

Visual observations during construction included moisture content, gradation, recycling depth, 

recycled material consistency, and roller coverage and passes. 

5.4 FDR-C Layer Quality Control 

Quality control testing on the FDR-C layer included the following in each cell: 

• Sampling to measure the gravimetric moisture content (ASTM D7830) 
• Measuring in-place density with a nuclear gauge (AASHTO T 310) 
• Sampling for compaction of specimens to determine the density at field moisture content 

(ASTM D1557) and the seven-day UCS (modified ASTM D1633) 

5.4.1 Moisture Content 

Two gravimetric moisture contents were determined in each cell using material collected behind 

the reclaimer. Laboratory-determined moisture content and density results for the materials 
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sampled in each cell are summarized in Figure 5.11. The average moisture content results for the 

4% and 2.5% cement-content sections were 5.3% and 5.5%, respectively, both higher than the 

laboratory-determined mix design OMC of 4.9%. An assessment of the range of measurements 

indicated that 54% of the 4% cement-content sections were within ±0.5% of the mix design OMC, 

while 44% of the 2.5% cement-content sections were within this range. 

The results show that there was considerable variation between the different cells, attributed to 

the time of day that the sample was taken, elapsed time between taking the sample and starting 

the test (typically between 15 and 60 minutes), location of the cell (i.e., in the shade or in direct 

sunlight), and variability in the material and in situ moisture content.  

 
Figure 5.11: Laboratory-determined moisture content and maximum dry density. 

5.4.2 Density 

In-place field densities were determined after final compaction at one location in each cell. The 

specified relative compaction density for the project was 97% of the modified Proctor density 

determined in the laboratory. Although the 2015 Caltrans specifications called for 97% of the 

Caltrans CT 216 density, modified Proctor (ASTM D1557) was used instead to facilitate analysis in 

relation to the mix design density and to the UCS test results, both of which are based on modified 

Proctor compaction. Wet densities were measured at four different depths (50, 100, 200, and 

250 mm [2, 4, 8, and 10 in.]), with the 250 mm measurement providing an indication of the 

density at the top of the subgrade. The nuclear gauge measures the wet density and the moisture 

content and can calculate the dry density with these results. However, moisture content readings 
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can be influenced by hydrogen atoms present in the asphalt (156), which can skew the calculated 

result. The gauge-determined dry density was therefore documented for record purposes only, 

but the gravimetric moisture content determined for each cell was used for dry density 

calculations in that cell. 

The nuclear gauge wet density results and compaction relative to the laboratory-determined 

moisture and modified Proctor density results are summarized in Table 5.1 and plotted in 

Figure 5.12 through Figure 5.21 for the 4% and 2.5% cement sections. Estimates of the 

compaction relative to CT 216 are provided in the table and in Figure 5.18 and Figure 5.19 based 

on limited unpublished comparative data collected as part of ongoing UCPRC research on in-place 

pavement recycling. This research has shown that CT 216 density will typically be between 93% 

and 97% of the modified Proctor density for recycled materials containing between 50% and 100% 

RAP. 

Table 5.1: Average Density and Relative Compaction Results 

Property Test 
Location 

4% Cement 2.5% Cement 
Average Std. Dev. Average Std. Dev. 

Wet Density 
(kg/m3) 

FDR-C 2,161 49.0 2,129 40.1 
Subgrade 2,159 67.7 2,136 51.3 

Dry Density 
(kg/m3) 

FDR-Ca 2,048 51.3 2,013 38.4 
Lab. Mod. Proctorb 2,089 40.9 2,078 33.6 

Relative Compaction (%) 
FDR-Cc 98 N/A 97 N/A 

Estimated CT-216d 103 N/A 102 N/A 
a Dry density calculated using nuclear gauge wet density and laboratory-determined gravimetric moisture content 
b Laboratory-determined modified Proctor compaction at field moisture content 
c Calculated as percentage of calculated field dry densitya divided by laboratory-determined dry densityb 

d Estimated from limited unpublished UCPRC laboratory test results comparing ASTM D1557 and CT 216 

The modified Proctor relative compaction target of 97% was met or exceeded in 22 of the 37 cells. 

The estimated CT 216 relative compaction target was exceeded in all cells. The results for all cells 

show some variability in the field density, and that density increased with depth in the FDR-C layer 

with both cement contents. The variability in results was attributed to a number of possible 

reasons, including but not limited to the following, in addition to those cited in Section 5.4.1 for 

variation in moisture content: 

• Potential small differences in the percentage of RAP in the pavement compared to the blend 
used for the mix design, resulting from variation during spreading of the imported RAP and 
from recycling depth. 
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Figure 5.12: 4% Cement: Relative compaction in each cell (modified 

Proctor). 

 
Figure 5.13: 2.5% Cement: Relative compaction in each cell (modified 

Proctor).

 
Figure 5.14: 4% Cement: In-place density at different depths. 

 
Figure 5.15: 2.5% Cement: In-place density at different depths. 
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Figure 5.16: 4% Cement: Box plot of average in-place density at 

different depths. 

 
Figure 5.17: 2.5% Cement: Box plot of average in-place density at 

different depths.

 
Figure 5.18: 4% Cement: Relative compaction in each cell (estimated 

CT 216). 

 
Figure 5.19: 2.5% Cement: Relative compaction in each cell 

(estimated CT 216). 

 



















   





















 

 



















   





















 

 






































 









































 

 
110 UCPRC-RR-2019-05 

• Choice of roller (i.e., static segmented wheel roller instead of vibrating padfoot roller), 
and/or insufficient roller passes. 

• Difficulty in determining appropriate reference densities for each cell. Determining a 
reference density for each cell was beyond the scope of the study. Using the maximum dry 
density determined during the mix design, which did not include the cement, would not 
necessarily be representative of the recycled layer. Using the density at field moisture 
content, the method followed in this study, could have been influenced by the potential 
moisture content variations discussed in Section 5.4.1. 

• Inherent variability in the materials along the project, slight differences in roller pass 
coverage at the different testing locations, and potentially some drying out of the surface 
material during initial compaction due to the hot, dry conditions. 

5.4.3 Unconfined Compressive Strength 

UCS specimens were compacted to modified Proctor density at field moisture content within two 

hours after sampling. After compaction, the specimens were wrapped in plastic and oven-cured 

at 40°C (≈104°F) for seven days before testing. Test results are plotted in Figure 5.20. 

 
Figure 5.20: FDR-C Test Road unconfined compressive strengths. 

The average UCS values for the 4% and 2.5% cement contents were 4.4 MPa and 3.7 MPa, 

respectively. The variability in UCS values between the different cells at each cement content was 

significant. Although the average UCS results were consistent with the design strengths 

determined in the mix design, the variability in moisture content and density discussed in the 

previous two sections resulted in a wide range of UCS results. This variability and its potential for 
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different cracking behavior and stiffness gain rates in the different cells was factored into visual 

assessments and test result analysis. 

5.5 Preparation for Microcracking 

The equipment used to measure stiffness reduction during microcracking included an SSG and 

LWD. Falling weight deflectometer (FWD) testing was not considered during this part of the 

testing because of concerns that the intensity of the drop would induce additional damage to the 

layer. FWD testing was therefore only started after the microsurfacing had been placed. The 

equipment used to measure deflection/stiffness on the FDR-C Test Road over the course of the 

study is shown in Figure 5.21. 

 
Figure 5.21: Stiffness measuring equipment used on the FDR-C Test Road. 

(FWD, SSG, and LWD). 

5.5.1 Stiffness Testing Equipment Comparison and Validation 

Neither the SSG or LWD were originally designed for testing cement-treated materials and both 

have recommended maximum limits that can be measured. The SSG can effectively measure 

stiffness between 26 and 610 MPa. The LWD, with a 10 kg (≈22 lb.) weight and a 300 mm (≈12 in.) 

diameter plate, can reliably measure a surface modulus between 15 and 70 MN/m2. Despite these 

limitations, Scullion (37) and Hope (94) both reported successful use of SSGs to measure stiffness 

reduction during microcracking of cement-treated bases with seven-day design strengths of less 

than 3.5 MPa (≈500 psi). 

Both instruments will return a reading, even if the layer stiffness exceeds the limits of the gauge. 

This can provide the user with incorrect or misleading information. To better understand the 

limits of the two instruments used in the microcracking evaluation, two test cells (S1 and S28) 

were dedicated to comparing them against an FWD. Tests were performed on the day of 



 

 
112 UCPRC-RR-2019-05 

construction, and two days after construction. The sequence of testing was ordered by applied 

stresses—namely SSG, LWD, then FWD—to minimize the potential for induced damage from 

testing with one of the other instruments. Different testing locations were used on the different 

days (Figure 5.22). 

 
Figure 5.22: Testing layout for stiffness instrument comparison. 

The SSG and LWD results are plotted against the FWD backcalculated stiffnesses of the FDR-C 

layer in Figure 5.23 and Figure 5.24, respectively. The SSG stiffnesses collected on the 2.5% 

cement-content cell on both days were within the calibrated range of the gauge and were linearly 

correlated with the FWD backcalculated stiffnesses. The SSG stiffnesses collected on the 4% 

cement-content cell were higher than those on the 2.5% cement-content cell, but were poorly 

correlated with the FWD stiffnesses. This indicates that the SSG could return inaccurate and 

potentially misleading results on layers that had backcalculated FWD stiffnesses exceeding 

2,500 MPa. 

The LWD surface moduli measured during the equipment comparisons exceeded the calibrated 

range of the instrument on both cement content sections. The correlations between the LWD and 

the FWD were similar to those observed between the SSG and the FWD. These results suggest 

that additional work is required to validate the use of the LWD on FDR-C layers that have 

stiffnesses exceeding the LWD’s calibrated range. This work was not carried out as part of this 

study. 

Additional statistical analyses comparing SSG- and FWD-determined stiffnesses are discussed in 

Section 7.3. 
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Figure 5.23: Relationship between SSG and FWD stiffnesses. 

 
Figure 5.24: Relationship between LWD and FWD stiffnesses. 

5.5.2 Experiment to Determine Expected Number of Microcracking Roller Passes  

Cell S4 was used as a trial cell to determine the average stiffness reduction per microcracking 

pass. A microcracking pass was defined as one movement of the 12-ton single steel drum roller 

in one direction from one end of the cell to the other. Four SSG devices were used during 

microcracking together with one LWD. Each instrument was operated by a different operator to 

limit the variability to one instrument/operator combination. Testing locations in the cell are 

shown in Figure 5.25. 
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Figure 5.25: Cell S4: Trial SSG and LWD testing locations. 

SSG Results 

The SSG stiffness results are plotted in Figure 5.26. Average stiffness was reduced from 

approximately 500 MPa to 250 MPa after three microcracking passes. Gauge C505 measured an 

increase in stiffness after pass 1, which the authors believe was due to minor inconsistencies in 

the operator’s procedure in conducting the test. Similar anomalies were periodically observed in 

both the SSG and LWD results, with no clear explanation as to why this happened. The stiffness 

results before microcracking (i.e., pass 0, 48 hours after completion of compaction) were already 

close to the documented upper limit of the measurable range of the SSGs. 

The stiffness reduction results for each SSG, normalized to the stiffness result prior to 

microcracking (pass 0), are provided in Figure 5.27. The results from Gauge C533 (experienced 

UCPRC SSG operator) followed the expected trend, with the stiffness reducing with each 

consecutive microcracking pass. Gauge C451 (technical representative from the equipment 

manufacturer) measured a similar trend, except that the stiffness result before microcracking was 

not measured. Gauges C505 (trained UCPRC operator with one year of SSG testing experience) 

and C550 (trained UCPRC operator with no prior SSG testing experience) had more variability in 

the readings. 

Since there were no clear trends specific to operator experience and expected gauge result, all 

results were grouped in the analysis. Figure 5.28 shows the SSG stiffness reduction results, 

normalized to the mean stiffness at pass 0 of all four SSGs for each test location. The results show 

that each measuring location responded differently to microcracking. Location S4-19-EB-CL had 

the highest rate of stiffness reduction per pass, with a measured reduction of 60% after two 

passes. Location S4-29-EB-CL had the lowest stiffness reduction, with only 30% reduction after 

three passes, despite these locations being on the same line and receiving the same coverage. 
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Based on the observations and taking the observed operator/gauge variability into account, it was 

concluded that uniform stiffness reduction was potentially not achieved in Cell S4 likely due to 

some variability in the materials and/or layer compaction. 

The average rate of stiffness reduction was 150 MPa per pass with the 12-ton roller at high 

vibration amplitude. Additional passes were not applied to achieve a minimum average stiffness 

reduction of 60% as this could have resulted in irreversible damage in the weaker areas. 

Observations from the trial cell include the following:  

• Three passes were considered the maximum that should be applied for the pavement 
structure and material. 

• One pass reduced the average stiffness by about 15%. 
• Two passes reduced the average stiffness by about 30%. 
• Three passes reduced the average stiffness by about 45%. 

LWD Results 

The LWD was operated by a representative from the equipment manufacturer for the duration 

of the project. Results for Cell S4 are plotted in Figure 5.29. Stiffness reduction results for each 

testing location, normalized to the stiffness before microcracking (pass 0) for that location, are 

plotted in Figure 5.30. 

The LWD results showed less variation than the SSG results. The stiffness reduced, on average, by 

32% with the first microcracking pass, after which it plateaued, with an average stiffness 

reduction of 38% after three passes. The stiffness of the material, however, exceeded the 

documented measurable range of the LWD (70 MN/m2). Although the LWD did record a stiffness 

reduction, it is acknowledged that the equipment was not originally designed to measure the 

stiffness of cement-treated materials. Since the stiffness results exceeded the range of the LWD 

by a considerable margin, only the SSG results were used as a measure of the percentage stiffness 

reduction after microcracking in this report. 
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Figure 5.26: Cell S4: SSG stiffness results per gauge during 

microcracking. 

 
Figure 5.27: Cell S4: SSG stiffness reduction per gauge during 

microcracking. 

 
Figure 5.28: Cell S4: SSG stiffness reduction results per station during 

microcracking. 

 
Figure 5.29: Cell S4: LWD stiffness results during microcracking. 
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Figure 5.30: Cell S4: LWD stiffness reduction during microcracking. 

5.6 FDR-C Test Road Microcracking 

Microcracking of the FDR-C layer followed the factorial in Table 4.1. Actual curing time between 

completion of final compaction and start of microcracking was within one hour of the curing time 

listed in the table. Visual observations and SSG and LWD stiffnesses before and after 

microcracking were recorded. 

5.6.1 Visual Observations 

Visual observations recorded during microcracking included observations by the authors, who 

closely monitored the microcracking efforts in each of the different cells, and those of the roller 

operator, who provided opinions on how the roller responded during each microcracking pass. 

Observations were centered on the test factorial and focused on curing hours between 

completion of final compaction, number of roller passes, roller weight, vibration amplitude, and 

surface deformation and distresses. 

On hard surfaces, vibrations were transmitted from the drum into the frame of the roller as the 

drum bounced on the surface. On softer surfaces, drum vibration was less apparent to the 

operator. If the drum response transmitted increasingly less vibrations into the roller frame with 

increasing microcracking passes, this was taken as an indication that the FDR-C layer was being 

damaged (i.e., the stiffness was reducing) with each pass. The operator, with several years of 

experience microcracking FDR-C layers, noted how the frame vibration reduced with consecutive 

microcracking passes, and provided some insights on when he thought that another pass might 
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risk permanent damage to the FDR-C layer. The observations are summarized in Table 5.2 and 

discussed as follows: 

• The response of the roller during microcracking was difficult to quantify without 
accelerometer data from the roller. Although requested by the UCPRC, the contractor did 
not have intelligent compaction rollers available at the time of construction. 

• The most significant difference in roller response was observed during the first 
microcracking pass on the 4% cement-content cells after 48 and 72 hours. The differences 
in roller response on the 2.5% cement-content cells were not as noticeable. 

• The 12-ton single drum roller response at high vibration amplitude was remarkably similar 
for the same number of passes on the 4% and 2.5% cement-content cells. The perceived 
frame vibration decreased with each microcracking pass, indicating that a larger percentage 
of the force was being transmitted into the FDR-C layer with each pass. 

• Roller weight had a significant impact on the reduction in perceived frame response. The 
10-ton roller frame vibration, with both drums set to high vibration amplitude, did not 
change significantly between the three passes that were applied. The response of the 
12-ton roller was, however, more significant at high vibration amplitude. 

• The 12-ton roller frame response at high vibration amplitude appeared to change more 
perceptibly compared to that felt at low vibration amplitude. The roller operator indicated 
that there was no perceived difference in the frame vibration over three passes with the 
vibration amplitude set to low. 

• Surface deformation and/or distresses were generally not observed on the cells 
microcracked with one, two, or three passes. Figure 5.31 and Figure 5.32 show the surface 
condition of one of the 4% cement-content cells (Cell S4) after microcracking with the 
12-ton SSR at high amplitude. No crushing or raveling of the surface was observed. 

• The roller operator was of the opinion that three roller passes was the maximum number 
that should be applied before risking unrecoverable damage/stiffness to the FDR-C layer. 
The effect of a fourth pass was observed on Cell S5 (4% cement with microcracking after 
48 hours and again after 72 hours), where the surface disintegrated on the first pass after 
72 hours of curing, 24 hours after the initial three microcracking passes had been applied. 
The 2.5% cement-content cells with microcracking efforts after 48 hours and again after 
72 hours also showed effects of over-microcracking (Figure 5.33 and Figure 5.34), with the 
surface disintegrating after two passes after 72 hours. These cells, however, showed less 
damage after the second 72-hour microcracking pass than was observed after the first 72-
hour pass on the 4% cement-content cells. 
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Table 5.2: Visual Observations During Microcracking of the FDR-C Layer 

4% Cement 2.5% Cement 
Cell Roller Passes Observation (MC = Microcracking) Cell Roller Passes Observation (MC = Microcracking) 
S1* N/A N/A No cracks S17 DSR 3@48 No change in frame vibration 
S2 SSR 3@48 No change in frame vibration S18 DSR 3@72 No change in frame vibration 
S3 SSR 1@48 No change in frame vibration S19 SSR 3@48 Frame vibration reduced with each pass. No surface 

damage 
S4 SSR 3@48 Frame vibration lower with each pass. No surface 

damage 
S20 SSR 3@48 

2@72 
Surface disintegration after 2nd 72-hr pass. Operator 
advised to stop MC 

S5 SSR 3@48 
1@72 

Surface disintegration after 1st 72-hr pass. Operator 
advised to stop MC 

S21 SSR 2@48 2 passes after 48 hours. Surface disintegrated 

S6* N/A N/A No cracks S22 SSR 1@48 No surface damage 
S7 SSR 3@72 Shrinkage crack before MC, no change in frame 

vibration 
S23 SSR 3@72 Frame vibration reduced with each pass. No surface 

damage 
S8 SSR 1@72 Shrinkage crack before MC, no surface damage S24 SSR 3@48 Frame vibration reduced with each pass. No surface 

damage 
S9 SSR 2@72 Shrinkage crack before MC, no surface damage S25* N/A N/A No cracks 

S10 SSR 2@72 Shrinkage crack before MC, no surface damage S26 SSR 1@72 No surface damage 
S11 SSR 3@72 Frame vibration reduced with each pass. No surface 

damage 
S27 SSR 2@72 No surface damage 

S12 SSR 3@48 Shrinkage crack before MC. Frame vibration reduced 
with each pass. 

S28* N/A N/A No cracks 

S13* N/A N/A No cracks S29 SSR 3@72 Frame vibration reduced with each pass. No surface 
damage 

S14 DSR 3@48 No change in frame vibration S30 SSR 3@48 
2@72 

Minor cracks and delamination after 2nd 72-hr pass. 
Operator advised to stop MC 

S15 DSR 3@72 No change in frame vibration S31 SSR 3@48 Frame vibration reduced with each pass. No surface 
damage 

S16 SSR 3@72 Frame vibration reduced with each pass. No surface 
damage 

S32 SSR 3@72 Frame vibration reduced with each pass. No surface 
damage 

S37 SSR 2@48 Frame vibration reduced with each pass. No surface 
damage 

S33* N/A N/A No cracks 

* Control cells with no microcracking S34 SSR 2@48 Frame vibration reduced with each pass. No surface 
damage 

S35 SSR 1@48 No surface damage 
S36* N/A N/A No cracks 
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Figure 5.31: Surface condition after three passes 

with SSR at high vibration amplitude. 

 
Figure 5.32: Close-up of microcracked surface. 

 
Figure 5.33: Surface damage after second 

microcracking effort at 72 hours. 

 
Figure 5.34: Close-up of surface damage after 

second microcracking effort at 72 hours. 

5.6.2 Stiffness Reduction During Microcracking 

Stiffness testing was done during microcracking to measure the reduction in stiffness of the FDR-C 

layer and to determine if the energy input from the roller could be characterized as stiffness loss. 

The total stiffness was expected to reduce for each consecutive pass as a result of energy input 

through the applied stress and resultant strains in the FDR-C layer. Stiffness tests were done mid-

cell in the east bound lane (Figure 5.35). The west bound lane was used to access different cells, 

and therefore no measurements were taken in this lane because the results would have been 

influenced by the roller movements. Testing was limited to four points to optimize testing across 

all sections over the three microcracking days. 
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Figure 5.35: SSG and LWD testing locations in each cell. 

Detailed results of the effects of microcracking on stiffness measured with the SSGs and the LWD 

for each cell are provided in Appendix B. Results include stiffness measured before, during (when 

applicable), and after microcracking. Average stiffness reduction results, normalized to the 

stiffness before microcracking, for all the cells with similar factorials in terms of curing time before 

microcracking, roller weight, vibration amplitude, cement content, and microcracking effort are 

provided in Appendix C. 

The average stiffness reduction results for each cell measured with the SSGs are provided in 

Table 5.3. Given that applying a microcracking roller pass was much faster than the time taken to 

do a series of SSG measurements, it was not feasible to take some measurements after each roller 

pass in every cell (indicated as NT [not tested] in the table). Grey-shaded cells indicate that 

second, third, fourth, or fifth roller passes were not included in the experiment factorial for that 

cell. 

Statistical analyses of the relationships between microcracking activities and stiffness 

measurements are discussed in Section 7.4. 

5.7 Surfacing 

5.7.1 Prime Coat Application 

A prime coat was applied to the FDR-C Test Road four days after construction of the FDR-C layer 

started. The layer was not broomed prior to the application of the prime coat. An SS-1H asphalt 

emulsion was applied to the surface at a rate of 0.1 gal./yd2 (0.45 L/m2) (Figure 5.36). Application 

appeared to be consistent but was easily damaged/raveled by light vehicle traffic in areas with 

loose material and fallen leaves that were not cleaned prior to spraying. 
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Table 5.3: SSG Stiffness Results 

4% Cement 2.5% Cement 

Cell 
Measured Stiffness After Each 

Microcracking Pass (MPa) 
Stiffness 

Reduction 
(%) 

Target 
Reduction 

(%) 
Cell 

Measured Stiffness After Each 
Microcracking Pass (MPa) 

Stiffness 
Reduction 

(%) 

Target 
Reduction 

(%) 0 1 2 3 4 5 0 1 2 3 4 5 
S1* Cell used to compare FWD, SSG, and LWD S17 490 340 338 294 NM NM 40 N/A 
S2 427 415 351 350 NM NM NM NM S18 351 NT NT 244   31 N/A 
S3 467 350 NT NT NM NM NM NM S19 415 273 207 221   48 N/A 
S4 491 425 324 263 NM NM 46 60 S20 367 NT 302 344 NT 229 33 N/A 
S5 479 376 346 347 291 NM 23 N/A S21 307 201 194 NM NM NM 36 60 

S6* Control S22 366 293 NM NM NM NM 26 20 
S7 426 NT NT 316 NM NM 29 N/A S23 534 NT NT 243 NM NM 54 60 
S8 420 276  NM NM NM 34 20 S24 448 NT NT 315 NM NM 31 N/A 
S9 447 329 342 NM NM NM 27 40 S25* Control 

S10 401 310 262 NM NM NM 36 40 S26 384 174 NM NM NM NM 56 20 
S11 382 NT NT 253 NM NM 34 60 S27 439 NT 269 NM NM NM 39 40 
S12 361 411 309 321 NM NM 10 N/A S28 Cell used to compare FWD, SSG, and LWD 

S13* Control S29 295 NT NT 213 NM NM 27 60 
S14 418 277 235 210 NM NM 50 N/A S30 350 NT NT 225 NT 157 47 N/A 
S15 432 NT NT 318 NM NM 28 N/A S31 358 NT 240 256 NM NM 30 N/A 
S16 445 NT NT 250 NM NM 42 N/A S32 285 NT NT 174 NM NM 39 N/A 
S37 377 NT 382 NM NM NM 1 40 S33* Control 

* Control cells with no microcracking 
NM – Microcracking pass not specified in experimental plan 
NT – Not tested due to equipment availability 

S34 377 374 237 NM NM NM 38 40 
S35 461 404 NM NM NM NM 13 20 

S36* Control 
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Figure 5.36: Prime coat application. 

5.7.2 Microsurfacing 

The microsurfacing was applied in two passes on September 26, 2016. A half-width pass of 7.0 ft. 

(≈2.1 m) was applied starting in Cell 1 on the west side of the project (Figure 5.37) and ending in 

Cell 37. This was followed by a full-width pass of 14 ft. (≈4.2 m) starting in Cell 37 and ending in 

Cell 1 (Figure 5.38). An average overlap of 1.0 ft. (≈300 mm) was maintained. 

 
Figure 5.37: First microsurfacing pass. 

 
Figure 5.38: Second microsurfacing pass. 

5.8 Decision to Proceed with Microcracking Study 

Construction monitoring and quality control testing results indicated that the FDR-C Test Road 

was suitable for longer term monitoring for the microcracking study.  
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6 TEST ROAD MONITORING 

6.1 Introduction 

Test road monitoring included regular visual assessments focusing primarily on crack monitoring, 

preliminary coring to check for any indication of crushing or carbonation, and falling weight 

deflectometer (FWD) deflection measurements, from which stiffness changes over time were 

backcalculated. 

6.2 Crack Monitoring 

6.2.1 Methodology 

The FDR-C Test Road (Figure 6.1) was visually monitored every second day for the first 90 days 

after microcracking, once every seven days for the following 90 days, and then every 30 days for 

the next 18 months. The location, orientation, length, and width of the cracks were logged to 

compare the effectiveness of the different microcracking treatments. At the time of this research, 

to the best of the authors’ knowledge, no digital method was available to accurately locate cracks 

with widths less than 2.0 mm (Figure 6.2). 

 
Figure 6.1: FDR-C Test Road. 

 
Figure 6.2: Narrow crack width of drying 

shrinkage crack at first appearance. 

Crack monitoring focused primarily on the middle 39 m (≈128 ft.) of each cell (Figure 6.3). 

Although the 5 m (≈16 ft.) sections at each end of each cell were also monitored, the observations 

and measurements were not included in the analysis. This area was where the rollers slowed 

down, stopped, and returned during microcracking activities in each cell, and thus the area may 

have received inconsistent energy inputs that could have influenced the results. 
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Figure 6.3: Focus area for crack monitoring. 

Based on the authors’ previous experience with searching for cracks on asphalt concrete surfaces, 

ideal conditions for locating cracks were considered to be: 

• The earliest parts of the day when the surface was coldest and when the sun was at a low 
angle 

• During overcast periods 
• The period after wetting the road surface by rain or water spraying, while the water 

evaporates from the surface (Figure 6.4 and Figure 6.5) 

Crack monitoring during the warmer parts of the day, or when the sun had heated the pavement 

surface, proved to be challenging. Under these conditions, crack widths reduced and were often 

imperceptible to the naked eye. 

 
Figure 6.4: Crack identification by differential 

drying after water spraying. 

 
Figure 6.5: Crack identification by discoloration 

after water spraying. 

The parameters of interest regarding cracking performance were crack width, crack density, and 

crack spacing, which are defined as follows: 

• Crack width is the width of the crack opening at the road surface. Reflected cracks are often 
wider on the top of the surface layer than at the bottom. Severity is considered in three 
categories by Caltrans (157): low (≤0.25 in. [≈≤6 mm]), moderate (>0.25 in. to ≤0.5 in 
[≈>6 mm to ≤12 mm]), and high (>0.5 in. [≈>12 mm). In this study, all cracks were measured 
and only actual measurements were used in the analyses. No attempt was made to 
categorize severity or to use severity in the analyses. 
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• Crack density is the ratio of the sum of the lengths of all the cracks in an area to the size of 
that area. The failure criteria for crack density on asphalt concrete surfaces used by Caltrans 
is 2.5 m/m2 (≈0.76 ft./ft2). For reference, a single, full-width transverse crack on a 5-m wide 
by 49-m long cell, in the test road, would contribute 0.02 m/m2 (0.006 ft./ft2) to the crack 
density. 

• Crack spacing is the distance between two adjacent transverse cracks. There are no 
performance failure criteria associated with this parameter, but for analysis purposes, it 
provides a measure of frequency at which cracks occur. 

The process followed to mark, measure, and log cracks included the following: 

• Locate the crack on the pavement. 
• Mark the crack along its length with spray paint (Figure 6.6). 
• Measure the location of the crack from the start of the FDR-C Test Road (i.e., Cell S1). 
• Measure the crack length and width. 
• Categorize the type of crack. 
• Capture an aerial photograph of the crack with a scale for reference (using an unmanned 

aerial vehicle [UAV]) (Figure 6.7). 
• Digitize the crack by tracing a scaled line along its length using the MATLAB® software 

package. 

This process provided x and y coordinates of the cracks, which were used to calculate crack 

density and crack spacing and to develop plan views for the crack maps provided in Appendix B. 

 
Figure 6.6: Marked crack with location. 

 
Figure 6.7: Aerial photograph of crack with 

1 m×1 m scale. 

Crack lengths were measured with a standard tape measure. Crack widths were measured using 

the same crack-width gauge (Figure 2.24) discussed in Section 2.5. A crack microscope was not 

used because of the longer time required to take measurements and potential safety implications 



 

 
128 UCPRC-RR-2019-05 

in terms of the investigator being distracted in a partial traffic closure. Crack widths varied along 

the road and even along the length of individual cracks. This was attributed to: 

• The location on the crack where the measurement was taken (center vs. ends) 
• Condition of the edges of the crack at the surface (spalled vs. intact) 
• Temperature of the pavement 

Given this variability, crack widths were reported as the average of five equally spaced points 

along crack. 

6.2.2 Cracks Prior to Microcracking 

Drying shrinkage cracks were observed prior to microcracking in five cells (S7 [one transverse], S8 

[three transverse], S9 [three transverse], S10 [two transverse], and S12 [one transverse]), all on 

the 4% cement-content sections. The first shrinkage cracks were observed approximately 

48 hours after construction (Figure 6.8 and Figure 6.9). The measuring tape shown in Figure 6.9 

provides a reference for the crack width. No visible cracks were observed on any of the 2.5% 

cement-content cells before microcracking. However, it is possible that some cracks were not 

observed because the surface had not been broomed and there was some loose material and 

fines on the surface, which may have concealed any fine cracks. 

 
Figure 6.8: 4% Cement: Shrinkage crack on Cell S9 

after 48 hours. 

 
Figure 6.9: 4% Cement: Shrinkage crack width on 

Cell S9 after 48 hours. 

The location and spacing between cracks, prior to any microcracking, is provided in Figure 6.10, 

and the distribution of the initial crack spacing in Figure 6.11. The plots show that the majority of 

the drying shrinkage cracks were spaced between 8 and 13 m (≈26 and 43 ft.) apart. The crack 

spacing of the reflected drying shrinkage cracks on the test track, considered as primary shrinkage 

cracks, was 14 m (Section 2.5). Given that the FDR-C layer on the test track was thicker and that 
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it had a lower design strength, it was expected to have cracks with shorter crack spacings. This 8 

to 13 m crack spacing, was thus anecdotally considered to be the primary crack spacing for the 

FDR-C Test Road cells with 4% cement. 

 
Figure 6.10: Crack location and spacing 48 hours after construction, prior to microcracking. 

 
Figure 6.11: Initial crack spacing distribution after 48 hours curing, prior to microcracking. 

6.2.3 Crack Density 128 Days after Construction 

Reflected cracking observations in the microsurfacing in the first 128 days after construction are 

summarized in Table 6.1. Crack density, which is the cumulative length of reflected cracks relative 

to the size of the cell, was used as a measure of the extent of the cracking. Crack patterns for all 

cells are provided in Appendix B. 
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Table 6.1: Drying Shrinkage Crack Summary After 128 Days (shaded cells are controls) 

4% Cement 2.5% Cement 

Cell 

No. of Cracks Crack Details  

Cell 

No. of Cracks Crack Details  

Transverse Longitudinal Width 
(mm) 

Density 
(m/m2) 

Spacing 
(m) 

Day First 
Observed 

Instrument 
Influence? Transverse Longitudinal Width 

(mm) 
Density 
(m/m2) 

Spacing 
(m) 

Day First 
Observed 

Instrument 
Influence? 

S1* 4 0 1.07 0.125 8.3 15  S17 6 0 0.60 0.106 8.5 37  
S2 8 0 0.72 0.143 10.3 28 Yes S18 2 0 0.89 0.021 9.9 91  
S3 1 0 0.88 0.031 0.0 72 Yes S19 0 0 0.00 0.000 0.0 0  
S4 3 0 0.61 0.010 13.2 43  S20 0 0 0.00 0.000 0.0 0  
S5 4 0 0.52 0.020 6.7 91  S21 0 0 0.00 0.000 0.0 0  

S6* 10 1 1.08 0.300 4.8 21  S22 0 0 0.62 0.000 0.0 64 Yes 
S7 8 0 0.69 0.148 7.6 18  S23 2 0 0.25 0.016 7.8 79  
S8 4 0 1.33 0.126 10.3 18  S24 3 0 <0.2 0.036 6.4 38 Yes 
S9 4 0 0.71 0.098 12.3 18  S25* 1 0 <0.2 0.041 0.0 30 Yes 

S10 8 0 0.81 0.084 7.1 28  S26 0 0 0 0.000 0.0 0  
S11 6 0 0.53 0.061 14.4 28 Yes S27 0 0 0 0.000 0.0 0  
S12 4 0 0.31 0.059 15.2 22 Yes S28* 4 0 <0.2 0.042 7.1 30  

S13* 5 0 1.58 0.103 10.2 23  S29 0 0 0 0.000 0.0 0  
S14 6 0 0.95 0.128 8.0 37  S30 2 0 <0.2 0.021 3.0 30  
S15 3 0 1.94 0.040 12.0 72  S31 0 0 0 0.000 0.0 0  
S16 4 0 0.47 0.055 15.3 37  S32 0 0 0 0.000 0.0 0  
S37 0 0 0 0 0 0  S33* 5 0 <0.2 0.072 4.9 38  

* Control cells with no microcracking S34 1 0 <0.2 0.011 0.0 38 Yes 
S35 0 0 <0.2 0.000 0.0 52 Yes 

S36* 3 0 <0.2 0.017 0.0 30 Yes 
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The first cracks that reflected through the microsurfacing were those observed on the control 

cells (no microcracking) on both cement-content sections. Cracks in these cells appeared after 15 

days on the 4% cement-content cells, and after 30 days on the 2.5% cement-content cells. 

Reflected cracks were observed in the locations where instrumentation was installed in select 

cells on the test road (Table 6.1). This was attributed to stress concentrations that formed around 

instrument cables causing weak points from which cracks initiated with drying shrinkage. Cracks 

caused by instrumentation were excluded from further analyses. 

The crack density increase for the cells on the 4% and 2.5% cement-content sections are plotted 

in Figure 6.12 and Figure 6.13, respectively. The results show the following: 

• Cracks reflected through the microsurfacing earlier on the 4% cement-content section 
compared to the 2.5% cement-content section. 

• Crack density increased more rapidly on the 4% cement-content section compared to the 
2.5% cement-content section. 

• Reflected cracks were not observed in all the cells on the 2.5% cement-content section. 
Cracks directly associated with instrumentation were not considered as cracks associated 
with microcracking and were therefore excluded from the analysis. 

The crack density data for the different rollers and amplitude combinations are plotted in 

Figure 6.14 through Figure 6.16. Note that 3/1 microcracking passes with curing times before 

microcracking after 48/72 hours indicates that three microcracking passes after 48 hours and one 

microcracking pass after 72 hours were applied. 

The following observations were made regarding the crack density reduction results and how they 

relate to microcracking passes: 

• Microcracking reduced crack density compared to the results recorded on the control cells. 
• Crack density generally reduced with an increase in the number of microcracking passes 

applied. 
• The 2.5% cement-content cells had a lower crack density after 128 days compared to the 

4% cement-content cells. 
• The 2.5% cement-content cells did not show any observable trends in crack density with 

microcracking passes. 
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Figure 6.12: 4% Cement: Average crack density increase over time. 

 
Figure 6.13: 2.5% Cement: Average crack density increase over time.

 

Figure 6.14: SSR/high amplitude (1.42 kN/cm): Average crack density 
summary. 

 
Figure 6.15: DSR/high amplitude (1.31 kN/cm): Average crack density 

summary.
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Figure 6.16: SSR/low amplitude (0.95 kN/cm): Average crack density summary. 

• Only the 4% cement-content cells microcracked after 72 hours showed a reduction in crack 
density with increased energy input (microcracking passes) using the SSR roller at high 
amplitude (1.42 kN/cm per pass). 

• Microcracking the 4% cement-content cells after 48 hours resulted in a greater crack 
density reduction compared to microcracking after 72 hours. At least one pass after 48 
hours was sufficient to reduce the crack density significantly. The crack density continued 
to reduce with an increasing number of passes at 72 hours. 

• The crack density results from the 10-ton roller were inconsistent with the results from the 
12-ton roller at high amplitude. The results from the 10-ton roller showed that 
microcracking after 72 hours resulted in reduced cracking on both the 2.5% and 4% cement-
content sections. 

Statistical analyses of the factors influencing crack density are discussed in Section 7.5.1. 

6.2.4 Crack Width 128 Days After Construction 

The crack width results for the 4% cement-content cells are provided in Figure 6.17 through 

Figure 6.19. The crack widths on the 2.5% cement-content cells could not be accurately measured 

because they were too narrow and were thus assigned a width of 0.2 mm (Table 6.1). 

The average crack width results in Figure 6.17 for the 4% cement-content cells, microcracked with 

the 12-ton roller with a high vibration amplitude, show the following: 

• Crack width was a function of microcracking effort and curing time before microcracking. 
• The microcracked cells had a narrower crack-width distribution than the control cells. 
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Figure 6.17: 4% Cement: Crack width results after 128 days: SSR with 

high amplitude. 

 
Figure 6.18: 4% Cement: Crack width results after 128 days: DSR with 

high amplitude.

 
Figure 6.19: 4% Cement: Crack width results after 128 days: SSR with low amplitude.

 





















      

























 





















 





















 





















 























 

 
UCPRC-RR-2019-05 135 

• Microcracking after 48 hours resulted in narrower cracks compared to microcracking after 
72 hours. 

• An increase in microcracking effort (i.e., number of passes/increased energy) contributed 
to a further reduction in crack widths. 

Statistical analyses of the factors influencing crack width are discussed in Section 7.5.2. 

6.3 Preliminary Coring 

Cores were sampled from Cell S20 (2.5% cement, microcracked after 48 hours and again after 

72 hours with the SSR at high vibration amplitude) 18 months after construction to check for any 

surface carbonation, crushing, formation of interlayers, and effective layer thickness reduction 

due to microcracking. This cell was selected based on observations during microcracking that 

showed crushing and raveling on the surface. The microcracking on this layer was considered to 

be excessive, and the contractor agreed that it is not normal practice to microcrack a layer to this 

extent. Cores were not taken from additional cells to limit any new distresses from forming that 

were associated with coring operations. 

Two cores were extracted. One was sampled from an area with no visible distresses, and the 

second from an area with a drying shrinkage crack (Figure 6.20). The condition of the two cores 

is shown in Figure 6.21 and Figure 6.22. Observations from the cores included the following: 

• Core thicknesses matched the design thickness of the FDR-C layer. 
• The surface of the cores appeared weak and deteriorated, indicating that crushing may have 

occurred as a result of the multiple microcracking passes on this cell. 
• Drying shrinkage cracks initiated from the top of the layer. 
• The cores did not appear to have any permanent damage that had originated from the 

bottom of the FDR-C layer as a result of microcracking. It was initially suspected that high 
tensile stresses at the bottom of the FDR-C layer, induced by the roller during microcracking, 
could lead to fatigue cracking. It appears, however, that if any fatigue cracks did develop at 
the time of microcracking, they had recemented over time. 

• Indicator tests using phenolphthalein were performed on the cores and on the surface of 
the FDR-C layer directly below the microsurfacing to investigate whether the layer had 
carbonated prior to surfacing, which may have contributed to the weak surface condition. 
The results show that the layer had carbonated down to a depth of approximately 35 mm 
(≈1.4 in.) (Figure 6.23 and Figure 6.24). Carbonation of the surface was attributed in part to 
the cement content being lower than the recommended initial consumption plus 1% 
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(discussed in Section 4.5) and to some wetting and drying cycles during the four-day water 
curing period between microcracking and placing the microsurfacing (effective curing 
requires constant moisture content).

 
Figure 6.20: Core location through shrinkage 

crack. 

 
Figure 6.21: Core taken from area with no surface 

distress.

 
Figure 6.22: Core taken across shrinkage crack. 

 
Figure 6.23: Carbonation with depth in core hole.

 
Figure 6.24: Carbonation extent beneath microsurfacing. 
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Carbonation results in loss of cementation, which in turn results in reduced compressive strength 

in the affected area (Figure 6.25 and Figure 6.26). This carbonated layer represents a poorly 

cemented interlayer between the top of the treated layer and the surfacing, which can lead to 

crushing and/or debonding of the surface from the treated layer. The structural capacity of the 

pavement will reduce as a result (22).

 
Figure 6.25: Disintegration of FDR-layer surface 

attributed to carbonation (vertical view). 

 
Figure 6.26: Disintegration of FDR-layer surface 

attributed to carbonation (side view). 

6.4 Stiffness Testing after Placement of the Microsurfacing 

An FWD was used to measure stiffness changes over time in the FDR-C layer after the surfacing 

was placed. Testing was performed on fixed points at weekly intervals for 128 days, starting 10 

days after construction of the FDR-C layer. Testing locations in each cell are shown in Figure 6.27. 

These changes can be used to determine the long-term effect that the microcracking treatments 

had on the fatigue life of the layer, which can be modeled as a function of the tensile strain at the 

bottom of the layer (12). Increasing the stiffness of the treated layer can decrease the stress and 

strain at the bottom of the layer. 

 
Figure 6.27: FWD testing locations in each cell to monitor stiffness change over time 
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The FWD stress and deflection results were used to backcalculate FDR-C layer stiffness in each 

cell using the CalBack software package. A two-layer (FDR-C and subgrade) pavement structure 

was used in the backcalculation. The microsurfacing was not considered in the analysis because 

it was too thin to contribute any structural capacity. 

Detailed results for each testing location in each cell are provided in Appendix B. Table 6.2 

summarizes the average and standard deviation of the initial stiffness after 10 and 128 days, as 

well as the stiffness change measured over the 128-day monitoring period. 

The average stiffness results after 128 days, for both the 4% and 2.5% cement-content sections, 

are plotted in Figure 6.28 through Figure 6.30. The results show that: 

• The FWD results were highly variable. 
• The 4% cement-content control cells (i.e., no microcracking) had higher stiffnesses 

compared to the 2.5% cement-content control cells, as expected. 
• The 2.5% cement-content cells microcracked after 48 hours had higher stiffnesses than the 

control cell. 
• The cells microcracked after 48 hours had higher stiffnesses than those microcracked after 

72 hours. 
• Increasing energy input through multiple microcracking passes reduced the long-term 

stiffness proportionately. 

Statistical analyses of the backcalculated stiffness data are discussed in Section 7.6. 
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Table 6.2: Stiffness Change Summary After 128 Days (shaded cells are controls) 

4% Cement 2.5% Cement 

Cell 

Stiffness 
After 

10 Days 
(MPa) 

Std. Dev. 
After 

10 Days 
(MPa) 

Stiffness 
After 

128 Days 
(MPa) 

Std. Dev. 
After 

128 Days 
(MPa) 

Stiffness 
Increase 

(%) Cell 

Stiffness 
After 

10 Days 
(MPa) 

Std. Dev. 
After 

10 Days 
(MPa) 

Stiffness 
After 

128 Days 
(MPa) 

Std. Dev. 
After 

128 Days 
(MPa) 

Stiffness 
Increase 

(%) 

S1* 14,397 3,025 15,874 6,838 10 S17 2,952 1,504 4,935 2,175 67 
S2 4,644 1,826 6,627 3,207 43 S18 2,640 1,266 3,874 2,803 47 
S3 2,959 1,279 5,752 4,427 94 S19 5,877 4,385 8,524 4,976 45 
S4 2,628 814 3,860 522 47 S20 1,907 1,002 4,488 2,406 135 
S5 1,930 1,127 3,437 1,237 78 S21 2,406 1,846 4,262 2,005 77 

S6* 3,227 1,270 6,648 3,815 106 S22 2,017 1,051 3,520 1,773 74 
S7 2,444 639 4,090 1,779 67 S23 1,299 798 2,857 1,585 120 
S8 3,314 2,625 5,244 3,391 58 S24 2,044 927 2,385 1,193 17 
S9 2,264 2,308 2,892 2,105 28 S25* 3,850 1,776 5,881 4,320 53 

S10 2,286 1,529 2,949 1,877 29 S26 2,283 1,004 4,614 1,916 102 
S11 1,829 1,391 1,945 883 6 S27 2,204 557 3,360 875 52 
S12 5,341 2,042 5,417 2,142 1 S28* 1,347 604 2,100 730 56 

S13* 7,820 2,992 10,815 6,292 38 S29 657 127 1,762 270 168 
S14 3,779 1,302 5,078 2,014 34 S30 1,048 206 1,454 453 39 
S15 7,900 3,256 10,720 5,186 36 S31 1,012 308 2,212 936 119 
S16 3,734 1,616 5,256 1,269 41 S32 1,241 367 3,001 766 142 
S37 4,168 1,871 6,052 3,684 45 S33* 2,138 500 3,448 427 61 

* Control cells with no microcracking S34 2,300 815 3,973 1,469 73 
S35 2,331 699 4,790 2,008 106 

S36* 1,599 735 2,991 2,171 87 



 

 
140 UCPRC-RR-2019-05 

 
Figure 6.28: Stiffness after 128 days: SSR with high amplitude. 

 
Figure 6.29: Stiffness after 128 days: DSR with high amplitude.

 
Figure 6.30: Stiffness after 128 days: SSR with low amplitude. 
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7 TEST ROAD RESULTS ANALYSIS 

7.1 Introduction 

This chapter discusses statistical analyses of the FDR-C Test Road material testing, microcracking, 

crack monitoring, and stiffness results to supplement the information presented in Chapters 4, 5, 

and 6. 

7.2 Unconfined Compressive Strength 

The mix design unconfined compressive strength (UCS) results were further analyzed to predict 

whether crushing failure was likely to occur during microcracking. Various published models that 

predict UCS increase over time were considered. The US Air Force model (51), shown in 

Equation 7.1, was selected as the most appropriate for modeling UCS increase with time, as it had 

only one model coefficient, K, which minimized the risk of overfitting considering the limited 

available data from the mix design tests. 

𝑈𝑈𝐶𝐶𝑈𝑈(𝑠𝑠) = 𝑈𝑈𝐶𝐶𝑈𝑈(𝑠𝑠0) + 𝐾𝐾 × log( 𝑡𝑡
𝑡𝑡0

)  (7.1) 

Where: 𝑈𝑈𝐶𝐶𝑈𝑈(𝑠𝑠) = UCS at time 𝑠𝑠 (days) 
𝑈𝑈𝐶𝐶𝑈𝑈(𝑠𝑠0) = UCS of a material after 𝑠𝑠0 days 
𝐾𝐾 = 70×C for cement 
𝑠𝑠 = Curing time (days) 
𝐶𝐶 = Stabilizer content (%) 

The UCS results listed in Section 4.5.5 together with the predicted UCS results using Equation 7.1 

are plotted in Figure 7.1. The rate of strength increase is a function of the cement content and a 

value which accelerates the strength gain. With K=70×cement content, the rate of strength 

increase was overestimated compared to the laboratory-measured results. 

A regression analysis was performed using Equation 7.2 to determine if there was a difference in 

K for the 2.5% and 4% cement-content specimens. The results for the regression coefficients are 

summarized in Table 7.1. The R2 for the fit was 0.99, indicating a strong correlation between the 

variables assessed. 
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Figure 7.1: Measured and predicted strength gain over time. 

𝑈𝑈𝐶𝐶𝑈𝑈(𝑠𝑠) = 𝛽𝛽0 × 𝑈𝑈𝐶𝐶𝑈𝑈(𝑠𝑠0) + 𝛽𝛽1 × 𝐶𝐶 × log � 𝑡𝑡
𝑡𝑡0
� + 𝛽𝛽2𝑋𝑋1 × 𝐶𝐶 × log � 𝑡𝑡

𝑡𝑡0
�  (7.2) 

Where: 𝛽𝛽1,𝛽𝛽2 = Strength gain rate coefficient [𝐾𝐾 = 𝛽𝛽𝑖𝑖 × 𝐶𝐶] 
𝑋𝑋1 = Indicator variable; 0 = 2.5% cement, 1 = 4% cement 

Table 7.1: Regression Coefficients for Equation 7.2 

Coefficient Estimate Std. Error t-value P(>|t|) 
β0 1.00 0.02 54.58 <2E-16 
β1 26.35 8.57 3.07 0.01 
β2 11.19 8.18 1.37 0.19 

A t-test was performed to determine if there was a difference between the strength gain rates 

for the two cement contents. The t-test had a confidence interval of 95%, with the null hypothesis 

that β2 = 0, and the alternative hypothesis that β2 ≠ 0. The t-value of 1.37 was less than the 

t-distribution value at t(0.975,17) = 2.11. The null hypothesis was therefore concluded, indicating 

that there was no significant difference between the strength gain coefficients for the two cement 

contents, and that, within the cement-content range of 2.5% to 4%, the strength gain coefficient 

was not dependent on the cement content. Equation 7.2 was therefore considered to be 

appropriate for modeling the strength gain of the different cement contents used in this analysis. 

The regression analysis was repeated using Equation 7.3 to determine the strength gain 

coefficient for the FDR-C material considering the data sets for both cement contents. The 

regression coefficients are summarized in Table 7.2. The coefficient of determination was 0.99, 

indicating that this model can be used for calculating the strength of FDR-C layers at different 
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curing times, with only one UCS result at one specific time. The fitted results are plotted in 

Figure 7.2. 

𝑈𝑈𝐶𝐶𝑈𝑈(𝑠𝑠) = 𝑈𝑈𝐶𝐶𝑈𝑈(𝑠𝑠0) + 𝐾𝐾 × log � 𝑡𝑡
𝑡𝑡0
�  (7.3) 

Where: 𝐾𝐾 = 35.1×C for FDR-C layers treated with Type II/V cement 

Table 7.2: Regression Coefficients used in Equation 7.3 

Coefficient Estimate Std. Error t-value P(>|t|) 
β0 1.0 0.02 53.91 <2E-16 
β1 35.1 5.81 6.05 1.01E-05 

 

Figure 7.2: Calculated UCS over time using Equation 7.3. 

7.3 Relationship between SSG and FWD 

A relationship between SSG stiffness and FWD backcalculated stiffness measured on the FDR-C 

Test Road was required to determine representative stiffnesses for simulating microcracking 

using finite element method (FEM) analysis (discussed in the Phase 2b report [10]). The SSG and 

FWD results collected on the same location in cell S28 (2.5% cement) are provided in Figure 7.3. 

Several relationships have already been developed to relate SSG results to FWD stiffness, using 

the model in Equation 7.4 and the coefficients in Table 7.3 (97,98). 

𝐶𝐶𝐸𝐸𝐹𝐹𝐼𝐼 = 𝛽𝛽0 + 𝛽𝛽1 × 𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆  (7.4) 

Where: 𝐶𝐶𝐸𝐸𝐹𝐹𝐼𝐼 = Backcalculated FWD stiffness (MPa) 
𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆  = SSG stiffness (MPa) 
𝛽𝛽0,𝛽𝛽1 = Regression coefficients 
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Figure 7.3: Relationship between SSG and FWD stiffnesses. 

Table 7.3: Coefficients for Existing Relationships between SSG and FWD 

Researcher β0 β1 
Scullion et al. (97) -6550.5 27.953 

Chen (98) -261.96 37.654 

Linear regression was used to fit the results in Figure 7.3 to Equation 7.4 to determine which 

model coefficients would best represent the Test Road FDR-C layer. These model coefficients are 

provided in Table 7.4. The R2 of the fit was 0.47, indicating a poor correlation between the two 

devices. 

Table 7.4: Regression Coefficients for Equation 7.4 

Term Coefficients Estimate Std. Error t-value Pr(>|t|) 
(Intercept) β0 -863.03 327.29 -2.64 0.012 
𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆  β1 5.32 0.88 6.08 4.06E-07 

The relationship between the SSG and FWD, calculated for the FDR-C layer in the Test Road, is 

less sensitive than those calculated by Scullion et al. (97) and Chen (98), likely due to differences 

in the pavement structures that could have influenced the shallow measurements of the SSG. The 

poor correlatoin between SSG and FWD stiffnesses is also indicative of the variability of replicate 

SSG measurements and using fixed locations to take measurements in each cell (i.e., 

measurements may have been taken in the vicinity of distress in some cells but not in others). 
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7.4 Factors Affecting Stiffness Reduction Measured with a Soil Stiffness Gauge 

Factors identified as having a potential effect on stiffness reduction after microcracking of the 

Test Road FDR-C layer included curing time before microcracking, number of microcracking 

passes, unconfined compressive strength, energy per pass, total energy input from the roller, and 

stiffness reduction during microcracking. These factors were assessed in a correlation analysis to 

identify any strong relationships. Data were sourced as follows: 

• Curing time (MCTime) and number of microcracking passes (MCPass) were actual values from 
the different cells on the FDR-C Test Road. 

• The compressive strength of the FDR-C layer (UCSMPa) was represented by the UCS at the 
time of microcracking, calculated with Equation 7.3. 

• Energy per pass from the roller (EPP) was calculated using the linear applied force using 
(Equation 4.2 in Section 0) for the different vibration amplitudes of the rollers listed in 
Table 7.5. Total energy input during microcracking (Energy) was calculated with 
Equation 7.5. 

• Stiffness reduction during microcracking (MCRed) were the actual values measured with a 
soil stiffness gauge in each cell. 

Table 7.5: Rollers Used for Microcracking on FDR-C Projects 

Project Operating Weight 
(ton) 

Drum Width 
(mm) 

Vibration 
Amplitude 

Total Force 
(kN) 

Linear Total Force 
(kN/cm) 

Test Road 12 2,135 High 304 1.42 
Test Road 12 2,135 Low 203 0.95 
Test Road 10 1,675 High 220 1.31 
CR27 10 2,135 High 291 1.36 
CR32B 10 2,135 High 291 1.36 
CR32B 10 1,675 High 220 1.31 
CR99 12 2,135 High 351 1.64 
PLU-147 10 2,135 High 289 1.35 

𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼 = 𝐿𝐿𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠𝐹𝐹𝐶𝐶𝑠𝑠𝐿𝐿𝑒𝑒 × 𝑀𝑀𝐶𝐶𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 (7.5) 

Where: 𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼 = Total energy applied during microcracking (kN/cm) 
𝐿𝐿𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠𝐹𝐹𝐶𝐶𝑠𝑠𝐿𝐿𝑒𝑒  = Total applied force by the vibratory roller per unit width (kN/cm), calculated 

using Equation 4.2 
𝑀𝑀𝐶𝐶𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠  = Microcracking pass 

A correlation plot of the individual factors against the SSG results in shown in Figure 7.4. Strong 

relationships were noted between stiffness reduction, the number of microcracking passes, and 

the energy input of the roller. 
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Figure 7.4: Correlation plot for stiffness reduction measured with an SSG. 

The effects of selected individual factors on stiffness reduction of the FDR-C Test Road cells and 

other projects monitored were analyzed using linear regression by fitting results to Equation 7.6. 

The regression coefficients are provided in Table 7.6. 

𝐶𝐶𝑅𝑅𝑝𝑝𝑣𝑣 = 𝛽𝛽0 + 𝛽𝛽1 × 𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼 + 𝛽𝛽2 × 𝑈𝑈𝐶𝐶𝑈𝑈 + 𝛽𝛽3 × 𝑀𝑀𝐶𝐶𝐶𝐶𝑠𝑠𝑚𝑚𝑒𝑒  (7.6) 

Where: 𝐶𝐶𝑅𝑅𝑝𝑝𝑣𝑣  = Stiffness reduction during microcracking, normalized to stiffness at Pass 0 (%) 
𝑈𝑈𝐶𝐶𝑈𝑈 = 7-day unconfined compressive strength (MPa) 
𝑀𝑀𝐶𝐶𝐶𝐶𝑠𝑠𝑚𝑚𝑒𝑒 = Curing time before microcracking (hours) 
β0, β1, β2, β3 = Regression coefficients 

Table 7.6: Regression Coefficients for Equation 7.6 

Term Coefficients Estimate Std. Error t-value Pr(>|t|) 
(Intercept) β0 0.212 0.029 7.397 4.50E-13 
𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼 β1 0.096 0.003 28.862 < 2e-16 
𝑈𝑈𝐶𝐶𝑈𝑈 β2 -0.032 0.008 -4.063 5.46E-05 

𝑀𝑀𝐶𝐶𝐶𝐶𝑠𝑠𝑚𝑚𝑒𝑒 β3 -8.74E-04 4.48E-04 -1.951 5.15E-02 

The R2 for the fit was 0.573, indicating a marginal relationship between the selected factors. To 

determine whether any of the variables were significant, a t-test was performed with a null 

hypothesis that β0 = …= β3 = 0, and an alternative hypothesis that β0 = …= β3 ≠ 0. The t-value at a 

95% confidence interval was t(0.975, 627) = 1.964. The t-value for all the independent variables 

exceeded this t-value, indicating that the alternative hypothesis can be accepted for these 

variables while taking limitations of observed variability between tests cells and using fixed points 

for stiffness measurements, regardless of localized distresses, into consideration. The results 

show the following: 
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• Increased energy input reduces the stiffness, as expected. 
• FDR-C layers with higher seven-day design strengths (e.g. >4.1 MPa [≈600 psi]) will have a 

lower rate of stiffness reduction compared to layers with a lower seven-day design strength. 
• The rate of stiffness reduction reduces as the time between final compaction and 

microcracking increases (i.e., microcracking sooner after construction [e.g., 48 hours] could 
increase the rate of stiffness reduction per pass). 

7.4.1 Discussion 

The critical parameter dictating the rate of stiffness reduction was the total energy applied during 

microcracking. The applied energy was modeled as the increase in force per unit width of the 

roller, with increased microcracking passes. The force per unit width of a specific roller depends 

on the centrifugal force, drum mass, drum diameter, drum width, and frame mass, and this can 

differ based on the manufacturer for rollers with the same operating weight. A summary of the 

different rollers used on projects monitored during this study is provided in Table 7.5. Note that 

the operating weight of the roller, which is commonly used to specify rollers, does not control the 

rate of stiffness reduction, which is dependent on the force per unit width the roller can apply. 

Vibratory rollers that apply a greater force per unit width will cause a greater stiffness reduction 

per pass compared to a roller with a lower force per unit width. Currently available rollers with 

the same operating weight can apply different forces per unit width by changing the vibration 

amplitude settings. 

Based on this discussion, the current Caltrans method specification for microcracking (quoted in 

Section 1.3) could lead to significantly different stiffness reduction results as it is currently 

phrased. Options for limiting this outcome include specifying: 

• A percent stiffness reduction as measured by a soil stiffness gauge if a performance 
specification is desired 

• Using vibratory rollers with a specified peak force per unit width if a method specification 
is desired 

7.5 Factors Affecting Crack Density and Crack Width 

7.5.1 Crack Density 

Crack density provided a measure of the distress of the FDR-C layer and the ability of 

microcracking to mitigate drying shrinkage cracks. Analyses in the previous section established 
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that stiffness reduction during microcracking is a function of the strength of the FDR-C layer, 

curing time before microcracking, and energy input. In this section, factors potentially affecting 

crack density were investigated in terms of the force per unit width that the roller applies and the 

following relationships: 

• Crack density, design strength, and curing time before microcracking 
• Crack density and the total energy applied during microcracking 
• Stiffness after microcracking, or the stiffness reduction during microcracking, measured 

with an SSG, and whether this is a good predictor of crack density 

Linear regression was used to determine the relationship and significance of different variables 

to crack density. The curing time before microcracking could not be considered as a continuous 

variable to compare the crack density of the control cells to the crack density of the microcracked 

cells because the control cells were not microcracked. Categorical variables were therefore 

introduced in the analysis to indicate if microcracking was applied after 48 hours (MC48) or after 

72 hours (MC72). The correlation plot of the crack density data is shown in Figure 7.5. 

 
Figure 7.5: Correlation plot for crack density data. 

Good correlations between microcracking after 48 hours and after 72 hours and between the 

percent stiffness reduction during microcracking (ERed) and the stiffness after microcracking (EMC) 

were noted. Consequently, only MC48 and ERed were considered for the regression model in 

Equation 7.7. The coefficient results are provided in Table 7.7. The R2 for the fit was 0.506. To 

determine whether any of the variables were significant, a t-test was performed with a null 
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hypothesis that β0 = …= β5 = 0, and an alternative hypothesis that β0 … β5 ≠ 0. The t-value at a 

95% confidence interval was t(0.975, 9) = 2.04. 

𝐷𝐷𝑈𝑈𝐶𝐶𝜇𝜇 = 𝛽𝛽0 + 𝛽𝛽1 × 𝑈𝑈𝐶𝐶𝑈𝑈 + 𝛽𝛽2 × 𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼  + 𝛽𝛽3 × 𝑀𝑀𝐶𝐶48 + 𝛽𝛽4 × 𝐶𝐶𝑅𝑅𝐸𝐸𝐼𝐼  + 𝛽𝛽5 × 𝑈𝑈𝐶𝐶𝑈𝑈 × 𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼  (7.7) 

Where: 𝐷𝐷𝑈𝑈𝐶𝐶𝜇𝜇 = Drying shrinkage crack density (m/m2) 
𝑈𝑈𝐶𝐶𝑈𝑈 = 7-day unconfined compressive strength (MPa) 
𝑀𝑀𝐶𝐶48 = 1 if microcracking was applied after 48 hours, else 0 
𝐶𝐶𝑅𝑅𝐸𝐸𝐼𝐼 = Stiffness reduction during microcracking, normalized to stiffness at Pass 0 (%) 
𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼 = Total energy applied during microcracking (kN/cm) 
𝛽𝛽0,𝛽𝛽1,𝛽𝛽2,𝛽𝛽3 𝛽𝛽4,𝛽𝛽5 = Regression coefficients 

Table 7.7: Regression Coefficients for Equation 7.7 

Term Coefficient Estimate Std. Error t-value Pr(>|t|) 
(Intercept) β0 -0.378 0.113 -3.351 0.002 
𝑈𝑈𝐶𝐶𝑈𝑈 β1 0.119 0.029 4.152 2.39E-04 
𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼 β2 0.064 0.032 1.999 0.054 
𝑀𝑀𝐶𝐶48 β3 -0.016 0.017 -0.935 0.357 
𝐶𝐶𝑅𝑅𝐸𝐸𝐼𝐼 β4 -0.026 0.067 -0.396 0.695 
𝑈𝑈𝐶𝐶𝑈𝑈 × 𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼 β5 -0.019 0.008 -2.232 0.033 

The t-tests showed that the t-values for β3 and β4 were less than 2.04, and thus the alternative 

hypothesis can be rejected for these variables. The remainder of the variables all had a significant 

effect on the crack density. The model was reduced to only the significant variables, and the data 

were fitted to Equation 7.8 using linear regression. The R2 for the final model was 0.49. The 

coefficient results are provided in Table 7.8. 

𝐷𝐷𝑈𝑈𝐶𝐶𝜇𝜇 = 𝛽𝛽0 + 𝛽𝛽1 × 𝑈𝑈𝐶𝐶𝑈𝑈 + 𝛽𝛽2 × 𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼  + 𝛽𝛽3 × 𝑈𝑈𝐶𝐶𝑈𝑈 × 𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼  (7.8) 

Table 7.8: Regression Coefficients for Equation 7.8 

Term Coefficient Estimate Std. Error t-value Pr(>|t|) 
(Intercept) β0 -0.395 0.108 -3.649 0.001 
𝑈𝑈𝐶𝐶𝑈𝑈 β1 0.123 0.028 4.388 1.11E-04 
𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼 β2 0.061 0.031 1.949 0.060 
𝑈𝑈𝐶𝐶𝑈𝑈 × 𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼 β3 -0.019 0.008 -2.278 0.029 

The model shows the following: 

• The crack density increased with increased design strength. 
• Neither the percent stiffness reduction nor microcracking after 48 hours provided 

significant explanation for the crack density reduction. Given the high correlation of the 
latter variables with the stiffness after microcracking and microcracking after 72 hours, it 
can be concluded that these variables do not provide significant explanation for the 
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reduction in crack density. Using fixed locations for stiffness measurements regardless of 
the proximity of any distresses may be a reason for the weaker relationships. 

• The effect of the total applied energy and the interaction between design strength and 
energy input are illustrated in Figure 7.6. This shows that increased energy input was most 
effective at reducing the crack density of the material with the higher design strength, while 
the lower design strength material did not show a sensitivity to energy input in terms of 
crack density reduction. The 2.5% cement-content material had on average one full-width 
reflective crack in the 49-m long cell, regardless of the microcracking input, whereas the 
number of reflective cracks on the 4% cement-content cells reduced from approximately 
seven cracks down to three cracks with increased energy input during microcracking. 

 
Figure 7.6: Fitted crack density results using Equation 7.8. 

7.5.2 Crack Width 

The crack width results on the 4% cement-content cells were analyzed following the same 

framework used for the crack density results. The effects of the following variables on crack width 

were considered in the analyses: 

• Curing time before microcracking 
• Total energy input during microcracking 
• Percent stiffness reduction during microcracking 
• Stiffness after microcracking measured with an SSG 

The correlation plot of the crack width data is provided in Figure 7.7. Good correlations were 

noted between microcracking after 48 hours (MC48) and microcracking after 72 hours (MC72), as 

well as between the percent stiffness reduction during microcracking (ERed) and the stiffness after 
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microcracking (EMC). Consequently, microcracking after 48 hours, stiffness reduction, and energy 

input were all considered in the model. Linear regression was used to fit the results to 

Equation 7.9, with the coefficients provided in Table 7.9. 

 
Figure 7.7: Correlation plot for crack width data. 

𝐶𝐶𝐶𝐶 = 𝛽𝛽0 + 𝛽𝛽1 × 𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼 + 𝛽𝛽2 × 𝐶𝐶𝑅𝑅𝐸𝐸𝐼𝐼 + 𝛽𝛽3 × 𝑀𝑀𝐶𝐶48 (7.9) 

Where: 𝐶𝐶𝐶𝐶 = Crack width (mm) 
𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼 = Total energy applied during microcracking (kN/cm) 
𝐶𝐶𝑅𝑅𝐸𝐸𝐼𝐼  = Stiffness reduction during microcracking, normalized to stiffness at Pass 0 (%) 
𝑀𝑀𝐶𝐶48 = 1 if microcracking was applied after 48 hours, else 0 
𝛽𝛽0,𝛽𝛽1,𝛽𝛽2,𝛽𝛽3  = Regression coefficients 

Table 7.9: Regression Coefficients for Equation 7.9 

Term Coefficient Estimate Std. Error t-value Pr(>|t|) 
(Intercept) β0 1.220 0.118 10.371 <2e-16 
𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼 β1 -0.205 0.059 -3.462 8.11E-04 
𝐶𝐶𝑅𝑅𝐸𝐸𝐼𝐼 β2 0.722 0.596 1.212 0.228 
𝑀𝑀𝐶𝐶48 β3 -0.006 0.144 -0.045 0.964 

The R2 for the fit was 0.197. To determine whether any of the variables were significant, a t-test 

was performed with the hypothesis that β0 = …= β4 = 0, and an alternative hypothesis that 

β0 … β4 ≠ 0. The t-value at a 95% confidence interval was t(0.975, 6) = 2.44. Based on the t-test 

results, only the alternative hypothesis for β0 and β1 can be accepted and the remaining 

coefficients rejected at a 95% confidence interval. This crack width regression model shows the 

following: 

• Increased energy input was the primary factor in reducing crack width. 
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• The percent stiffness reduction and microcracking after 48 hours, and, by extension, the 
stiffness after microcracking after 48 hours and again after 72 hours did not provide a 
significant explanation for the crack width reduction. Using fixed locations for stiffness 
measurements regardless of the proximity of any distresses may be a reason for the weak 
relationships. 

7.5.3 Discussion 

Kota et al. (14) and George (23) have shown how reducing the design strength of a cement-

treated layer reduces the number of reflective drying shrinkage cracks that reflect through the 

asphalt concrete. This was attributed to the reduced crack width and increased load transfer 

efficiency of the drying shrinkage cracks. Reducing the design strength increases the number of 

cracks in the cement-treated layer, thereby reducing the slab lengths between cracks. However, 

the narrower crack widths result in fewer cracks reflecting through the surface layer. This was the 

design philosophy proposed by George (3) to improve the mix design process for cement-treated 

layers and mitigate reflective drying shrinkage cracks. The crack width and crack spacing behavior 

with increased design strength are also supported by the models developed by George (23) and 

Zhang and Li (66). 

All the crack measurements on the FDR-C Test Road used in this analysis were collected after the 

microsurfacing was placed. These cracks can therefore all be considered as reflected drying 

shrinkage cracks. Considering the observations from the crack measurements on the FDR-C Test 

Road in terms of the literature observations, the reduced crack density on the 2.5% cement-

content cells, compared to the crack density on the 4% cement-content cells, is indicative of 

reduced crack widths, and, by extension, reduced crack spacing in the FDR-C layer. 

The difference in the effect of microcracking on the crack development between the two mix 

designs can be attributed to the strength of the material, the shrinkage development, and the 

time of microcracking. Figure 7.8 provides the calculated shrinkage strain from models developed 

from laboratory shrinkage tests on the material used in the test road (discussed in the Phase 2b 

report [10]). 
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Figure 7.8: Calculated shrinkage strain normalized to the strain after 48 hours. 

The microcracking simulation discussed in the Phase 2b report (10) showed that most of the crack 

events, where the stress from shrinkage exceeded the tensile strength of the layer, occur within 

the first 24 hours after compaction. In the case of microcracking, the material strength reduction 

is the primary reason for the material being more susceptible to shrinkage cracking. However, the 

additional shrinkage cracks reduce the crack widths, which in turn reduces the susceptibility to 

reflective cracking. Since the pavement already contains cracks due to shrinkage before 

microcracking, the stress induced from continued shrinkage in the slab is significantly less than 

the stress immediately after construction as a result of the reduced slab lengths. The different 

behavior in the continuing shrinkage after microcracking is what controls the effect of 

microcracking on crack development for different cement contents:  

• The 2.5% cement-content material had significantly less shrinkage potential (remaining 
shrinkage to be incurred) after microcracking than the 4% cement-content material 
(Figure 7.8) after a given curing time. Shrinkage that continued after microcracking after 48 
or 72 hours did not induce a sufficient number of cracks to minimize widths of the reflected 
cracks. The cracks that developed before microcracking thus controlled the reflective 
cracking (Figure 7.6). Microcracking earlier after final compaction (e.g., within 24 hours) 
could potentially yield more shrinkage cracks in the FDR-C layer and further minimize crack 
widths to mitigate reflective cracking. 

• The 4% cement-content material had significantly more shrinkage potential remaining after 
microcracking than the 2.5% cement-content material. The additional increase in the 
number of drying shrinkage cracks that developed with increased energy input during 
microcracking (resulting in lower strength) reduced the total width of cracks that developed 
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before microcracking. Microcracking was performed sufficiently early on the 4% cement-
content section to change the drying shrinkage cracking from a few wide reflective cracks 
to numerous thinner cracks with only a small number of them wide enough to reflect 
through the surface layer. 

These results show that microcracking should ideally be performed as early as possible to benefit 

from the shrinkage potential after microcracking while the material strength is still low. The 

shrinkage potential for the 4% cement-content material was sufficient to further reduce the crack 

widths by inducing more cracks after microcracking. The 2.5% cement-content material would 

probably show a significant reduction in reflective cracks if microcracking was applied after 24 

hours. This is considered in the microcracking simulations discussed in the Phase 2b report. 

7.6 Stiffness Result Analysis 

The FWD backcalculated stiffness results after 128 days were analyzed with linear regression to 

evaluate the relationship between the measured variables and to determine the significance of 

each. The effects of the following variables were considered in the analyses: 

• The effect of energy input during microcracking on the long-term stiffness of the layer 
• The influence of microcracking on the stiffness of FDR-C layers with different design 

strengths 
• Whether the percent stiffness reduction or stiffness soon after microcracking provides any 

indication of the long-term stiffness 
• The effect of microcracking on long-term stiffness compared to the stiffnesses recorded on 

the control cells 

The curing time between final compaction and microcracking was considered as an indicator 

variable, similar to the linear regression analyses for the crack density and crack width results. 

The correlation plot of the FWD backcalculated stiffness data with the stiffness after 

microcracking is provided in Figure 7.9. The plot shows that microcracking after 48 hours and 

microcracking after 72 hours, as well as the stiffness after microcracking and the percent stiffness 

reduction are highly correlated. Note that this is a partial data set, as stiffness in some of the 

control cells was not measured with an SSG when microcracking had been completed in the other 

cells. 
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Figure 7.9: Correlation plot for FWD-backcalculated stiffnesses. 

The correlation plot with all the data, including the sections without available data for stiffness 

after microcracking, is provided in Figure 7.10. 

 
Figure 7.10: Correlation plot for FWD-backcalculated stiffnesses in all cells. 

This dataset has a lower correlation between microcracking after 48 and 72 hours, and both can 

be included in Equation 7.10 to fit the results using linear regression without the risk of 

overfitting. The R2 of the fit was 0.23. The coefficient results are provided in Table 7.10. To 

determine whether any of the variables were significant, a t-test was performed with a hypothesis 

that β0 = …= β7 = 0, and an alternative hypothesis that β0 … β7 ≠ 0. The t-value at a 95% confidence 

interval was t(0.975, 140) = 1.977. Based on the t-test results, the alternative hypothesis for β5 

can be rejected, and the remaining coefficients accepted at a 95% confidence interval. The low 

R2, together with the highly significant variables, is indicative of high variances in the data, as 
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shown by the high standard deviation results in Table 6.2. Using fixed locations for FWD 

measurements regardless of the proximity of any distresses may be a reason for the weak 

relationships and high standard deviations. 

𝐶𝐶𝐸𝐸𝐹𝐹𝐼𝐼 = 𝛽𝛽0 + 𝛽𝛽1 × 𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼 + 𝛽𝛽2 × 𝑈𝑈𝐶𝐶𝑈𝑈 + 𝛽𝛽3 × 𝑀𝑀𝐶𝐶48 + 𝛽𝛽4 × 𝑀𝑀𝐶𝐶72 + 𝛽𝛽5 × 𝐶𝐶𝑅𝑅𝐸𝐸𝐼𝐼 + 𝛽𝛽6 × 𝑈𝑈𝐶𝐶𝑈𝑈 ×
𝑀𝑀𝐶𝐶48 + 𝛽𝛽7 × 𝑈𝑈𝐶𝐶𝑈𝑈 × 𝑀𝑀𝐶𝐶72 (7.10) 

Where: 𝐶𝐶𝐸𝐸𝐹𝐹𝐼𝐼 = FWD-backcalculated stiffness (MPa) 
𝑈𝑈𝐶𝐶𝑈𝑈 = 7-day unconfined compressive strength (MPa) 
𝑀𝑀𝐶𝐶48 = 1 if microcracking was applied after 48 hours, else 0 
𝑀𝑀𝐶𝐶72 = 1 if microcracking was applied after 72 hours, else 0 
𝐶𝐶𝑅𝑅𝐸𝐸𝐼𝐼  = Stiffness reduction during microcracking, normalized to stiffness at Pass 0 (%) 
𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼 = Total energy applied during microcracking (kN/cm) 
𝛽𝛽0,𝛽𝛽1,𝛽𝛽2,𝛽𝛽3 𝛽𝛽4,𝛽𝛽5,𝛽𝛽6,𝛽𝛽7 = Regression coefficients 

Table 7.10: Regression Coefficients for Equation 7.10 

Term Coefficient Estimate Std. Error t-value Pr(>|t|) 
(Intercept) β0 4.382 0.828 5.293 4.54E-07 
𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼 β1 -0.105 0.040 -2.593 0.011 
𝑈𝑈𝐶𝐶𝑈𝑈 β2 1.017 0.211 4.819 3.70E-06 
𝑀𝑀𝐶𝐶48 β3 2.794 1.024 2.727 7.21E-03 
𝑀𝑀𝐶𝐶72 β4 3.910 1.074 3.640 3.83E-04 
𝐶𝐶𝑅𝑅𝐸𝐸𝐼𝐼 β5 0.232 0.485 0.477 0.634 
𝑈𝑈𝐶𝐶𝑈𝑈 × 𝑀𝑀𝐶𝐶48 β6 -0.684 0.254 -2.690 8.01E-03 
𝑈𝑈𝐶𝐶𝑈𝑈 × 𝑀𝑀𝐶𝐶72 β7 -1.020 0.263 -3.871 1.65E-04 

The results were fitted again to the revised model in Equation 7.11. The R2 of the fit was 0.23. The 

coefficient results are provided in Table 7.11. The regression model results are plotted in 

Figure 7.11 to illustrate the interaction effects between design strength and the time of 

microcracking. 

log (𝐶𝐶𝐸𝐸𝐹𝐹𝐼𝐼) = 𝛽𝛽0 + 𝛽𝛽1 × 𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼 + 𝛽𝛽2 × 𝑈𝑈𝐶𝐶𝑈𝑈 + 𝛽𝛽3 × 𝑀𝑀𝐶𝐶48 + 𝛽𝛽4 × 𝑀𝑀𝐶𝐶72 + 𝛽𝛽5 × 𝑈𝑈𝐶𝐶𝑈𝑈 × 𝑀𝑀𝐶𝐶48 +
𝛽𝛽6 × 𝑈𝑈𝐶𝐶𝑈𝑈 × 𝑀𝑀𝐶𝐶72 (7.11) 

Table 7.11: Regression Coefficients for Equation 7.11 

Term Coefficient Estimate Std. Error t-value Pr(>|t|) 
(Intercept) β0 4.382 0.826 5.308 4.21E-07 
𝐶𝐶𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝐸𝐸𝐼𝐼 β1 -0.096 0.036 -2.673 8.39E-03 
𝑈𝑈𝐶𝐶𝑈𝑈 β2 1.017 1.45E-03 4.833 3.48E-06 
𝑀𝑀𝐶𝐶48 β3 2.909 0.993 2.929 3.97E-03 
𝑀𝑀𝐶𝐶72 β4 4.035 1.039 3.883 1.58E-04 
𝑈𝑈𝐶𝐶𝑈𝑈 × 𝑀𝑀𝐶𝐶48 β5 -0.703 1.73E-03 -2.806 5.73E-03 
𝑈𝑈𝐶𝐶𝑈𝑈 × 𝑀𝑀𝐶𝐶72 β6 -1.037 1.80E-03 -3.984 1.08E-04 
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Figure 7.11: Fitted FWD-backcalculated stiffness results using Equation 7.11. 

The results confirm the visual observations of the microcracking results discussed in Chapter 6 

and further show the following: 

• The long-term stiffness of the 4% cement-content material dropped significantly in the cells 
where the FDR-C layer was microcracked after 72 hours compared to stiffnesses recorded 
in the cells with microcracking after 48 hours. 

• The 2.5% cement-content material did not show a significant difference in long-term 
stiffness when microcracked after 48 or 72 hours. 

• Increasing the energy input reduced the stiffness. 
• Low energy input during microcracking resulted in long-term stiffnesses exceeding those of 

the control cells for the 2.5% cement-content section. 

7.6.1 Discussion 

The linear regression analyses of the FWD-backcalculated stiffness results indicated the following: 

• Stiffness reduces with increasing energy input. 
• The original stiffness prior to microcracking is mostly recovered, and often exceeded, after 

microcracking on FDR-C layers with strengths at the lower end of the specified range (i.e., 
2.1 MPa [≈300 psi]). Stiffness is significantly reduced on higher strength layers (i.e., 
>3.5 MPa [≈500 psi]) after microcracking, and it may not recover to the same stiffness 
measured before microcracking. 

• Higher-strength layers are more sensitive to the timing of microcracking. The greatest 
reduction in the long-term stiffness is associated with microcracking after 72 hours, with 
significantly lower stiffnesses measured compared to those measured when the layer is 
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microcracked after 48 hours. The lower strength layers were not sensitive to the time of 
microcracking in the 48- to 72-hour time window. 

• The mechanistic parameters measured during microcracking (percent stiffness reduction 
and stiffness after microcracking) did not provide any clear explanation for the trend in the 
FWD-backcalculated stiffness results. This was attributed in part to stiffness measurements 
being taken at the same fixed locations in each cell regardless of any surface distresses that 
may have influenced the results. 

The results in the second and third discussion points support the conclusions that George (3) 

made regarding autogenous healing observed in the lower strength layers that were 

microcracked. George concluded that “… in precracked material, additionally fresh calcium 

hydroxide (Ca(OH)2) could permeate into existing microcracks, healing the cracks by bridging 

crack openings. It is this additional bonding that brought about the rejuvenation of the cracked 

beam, resulting in stiffness attaining a level comparable to that of the control beam.” The FDR-C 

materials studied on the FDR-C Test Road reflected this observation by George but with additional 

findings. 

A noteworthy difference between the two mix designs studied on the FDR-C Test Road was not 

only the cement content, but the water to cement for cementation ratio (w/cc). The w/cc for the 

2.5% cement-content material was 735% greater than that of the 4% cement-content material. 

The additional free water in the 2.5% cement-content material provided the water necessary to 

mobilize the Ca(OH)2 into the cracks formed during microcracking, resulting in the autogenous 

healing observed in the long-term stiffness data. Increased energy input caused the microcrack 

width to increase, which reduced the ability of the Ca(OH)2 precipitate to bridge the cracks. 

The stiffness increase after microcracking in the lower-strength layer is an indication that 

microcracking can be beneficial in terms of the fatigue life of the material. The higher strength 

material, which experienced an overall reduction in stiffness after microcracking, would have a 

reduced fatigue life. 
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8 CONCLUSIONS AND RECOMMENDATIONS 

Cement-treated layers are prone to cracking. This is, and has been, a concern for using cement to 

improve the strength and stiffness properties of recycled materials that have limited fine 

materials and/or plasticity. The research discussed in this report, which aims to identify 

appropriate shrinkage crack mitigation procedures for recycled pavement layers treated with 

cement, builds on previous work on microcracking as a shrinkage crack mitigation measure by the 

Texas Transportation Institute and others. The process involves a combination of optimum curing 

times before microcracking and number of roller passes (or stiffness reduction) to minimize 

drying shrinkage crack width, which will maximize long-term stiffness and fatigue life. 

Studies by the Texas Transportation Institute and other organizations agreed that microcracking 

is a potentially effective shrinkage crack mitigation study. However, gaps in the knowledge were 

identified, specifically a full understanding of microcracking mechanisms, influence of cement 

content/design strength, optimal timing of microcracking, and roller type. This study addressed 

these gaps primarily through continued long-term monitoring of pilot studies, the construction 

and monitoring of a 37-cell test road, and a comprehensive laboratory testing study. 

8.1 Summary of Research 

8.1.1 Literature Review 

An extensive literature review was performed to develop an understanding of how cement-

treated layers fail, how the fatigue life of cement-treated layers is modeled, why shrinkage cracks 

are a concern, and how they can be mitigated.  

The following findings with regard to understanding microcracking as a shrinkage crack mitigation 

method for FDR-C and other cement-treated layers were made: 

• The adverse effects of shrinkage cracks on the fatigue life of cement-treated layers were 
observed in two accelerated pavement testing studies. 

• Microcracking can reduce the number of shrinkage cracks in cement-treated layers 
compared to no microcracking by inducing a network of fine cracks early in the life of the 
layer that are less likely to reflect through the asphalt concrete surfacing. 
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• Selecting a cement content to achieve a target seven-day unconfined compressive strength 
of 450 psi (≈3.1 MPa), with minimum and maximum strengths of 250 and 600 psi (≈1.7 and 
4.1 MPa), will result in more frequent, but thinner, shrinkage cracks. 

• No comprehensive literature available on the mechanism of microcracking in cement-
treated layers in pavements was located. 

• There are no established laboratory test methods to reliably induce microcracking in the 
laboratory or for testing the effects of microcracking. 

• Mechanistic-empirical models have not been developed to account for shrinkage cracking 
in cement-treated layers or for the effect of microcracking on fatigue and crushing 
properties. 

• The literature on field microcracking methods is limited. The current generally followed 
method for microcracking is three passes with a 12-ton roller between 48 and 72 hours after 
final compaction. No published information was located that details the effect of 
microcracking on layers with different strengths and thicknesses. 

• A range of devices are available for measuring the effect of microcracking on the stiffness 
of FDR-C layers. Each device has limitations that have not been fully quantified in terms of 
its suitability for use as a microcracking quality control procedure on construction projects. 
There is no consensus on which instrument to use to effectively measure the effect of 
microcracking on the stiffness of FDR-C layers. 

8.1.2 FDR-C Test Road Design 

The construction of a test road to evaluate different microcracking variables was recommended 

after the conclusion of preliminary field studies. This allowed for the inclusion of control sections 

where no shrinkage crack mitigation measures were taken as well as a significantly wider factorial 

than could be achieved on any FDR-C field projects, which typically do not include control 

sections. The FDR-C Test Road design considered the various issues identified during the pilot 

studies, literature review, and on the foundational work done in Texas. The following factors were 

considered in the experiment design: 

• Mix design strength (2.5% and 4% cement) 
• The number of curing hours between completion of construction and start of microcracking 

(48, 72, and 48 and 72 hours [i.e., microcracking on the same section at two different times]) 
• Roller weight (12-ton single drum steel roller and 10-ton double drum steel roller) 
• Roller vibration amplitude (low and high settings) 
• Number of roller passes (method and performance-based specifications) 
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• Stiffness reduction during microcracking (measured with a soil stiffness gauge and a light 
weight deflectometer) 

• Stiffness recovery/gain after microcracking (measured with a falling weight deflectometer) 
• Crack propagation and crack properties (measured during visual assessments) 

8.1.3 FDR-C Test Road Construction 

The FDR-C Test Road was constructed over a two-day period (4% cement-content sections on 

day 1 and 2.5% cement-content sections on day 2). Construction and quality control procedures 

adhered to Caltrans guidance and specifications. Microcracking followed construction over a 

three-day period depending on the experiment factorial. A microsurfacing was applied after 

completion of the microcracking. All stages of construction were closely monitored, and 

observations and results indicated that the FDR-C Test Road was suitable for longer-term 

monitoring for the microcracking study. 

8.1.4 FDR-C Test Road Monitoring 

Monitoring of the FDR-C Test Road included regular visual assessments focusing primarily on 

crack monitoring, preliminary coring to check for any indication of crushing or carbonation, and 

falling weight deflectometer (FWD) deflection measurements, from which stiffness changes over 

time were backcalculated. Observations and findings include the following: 

• Reflected cracks were observed in a limited number of cells on the 2.5% cement-content 
section. Cracks directly associated with instrumentation were not considered as cracks 
associated with microcracking and were therefore excluded from the analysis. 

• Cracks reflected through the microsurfacing earlier on the 4% cement-content section 
compared to the 2.5% cement-content section. 

• Crack density increased more rapidly on the 4% cement-content section compared to the 
2.5% cement-content section. 

• Microcracking reduced crack density compared to the results recorded on the control cells. 
• Crack density generally reduced with an increase in the number of microcracking passes 

applied. 
• The 2.5% cement-content cells had a lower crack density after 128 days than the 4% 

cement-content cells. 
• The 2.5% cement-content cells did not show any observable trends in crack density with 

microcracking passes. 
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• Only the 4% cement-content cells microcracked after 72 hours showed a reduction in crack 
density with increased energy input (microcracking passes) using the single drum steel roller 
at high amplitude (1.42 kN/cm per pass). 

• Microcracking the 4% cement-content cells after 48 hours resulted in a greater crack 
density reduction compared to microcracking after 72 hours. One pass after 48 hours was 
sufficient to reduce the crack spacing significantly. The crack density continued to reduce 
with increasing number of passes at 72 hours. 

• The crack density results from the 10-ton double drum steel roller were inconsistent with 
the results from the 12-ton single steel drum roller at high amplitude. The results from the 
10-ton roller showed that microcracking after 72 hours resulted in reduced cracking on both 
the 2.5% and 4% cement-content sections. 

• Crack width was a function of microcracking effort and curing time before microcracking. 
• The microcracked cells had a narrower crack-width distribution than the control cells. 
• Microcracking after 48 hours resulted in narrower cracks compared to microcracking after 

72 hours. 
• An increase in microcracking effort (i.e., number of passes/increased energy) contributed 

to a further reduction in crack widths. 
• The 4% cement-content control cells (i.e., no microcracking) had higher stiffnesses 

compared to the 2.5% cement-content control cells, as expected. 
• The 2.5% cement-content cells microcracked after 48 hours had higher stiffnesses than the 

control cells and those cells microcracked after 72 hours. 
• Increasing energy input through multiple microcracking passes reduced the long-term 

stiffness proportionately. 

8.1.5 Monitoring Result Analysis 

Statistical analyses of the FDR-C Test Road material testing, microcracking, crack monitoring, and 

stiffness results were undertaken to better understand and explain the observations on the road. 

Findings include the following: 

• Crack density and spacing 
+ Crack density increased with increasing design strength. 
+ Increased energy input (i.e., number of roller passes) was most effective at reducing the 

crack density of the material with the higher design strength, while the lower design 
strength material did not show a sensitivity to energy input in terms of crack density 
reduction. The 2.5% cement-content material had on average one full-width reflective 
crack in the 49-m long cell, regardless of the microcracking input, whereas the number 
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of reflective cracks on the 4% cement-content cells reduced from approximately seven 
cracks down to three cracks with increased energy input during microcracking. 

+ Increased energy input was the primary factor in reducing crack width. 
+ The 2.5% cement-content material had significantly less shrinkage potential (remaining 

shrinkage to be incurred) after microcracking than the 4% cement-content material after 
a given curing time. Shrinkage that continued after microcracking after 48 or 72 hours 
did not induce a sufficient quantity of cracks to minimize widths of the reflected cracks. 
The cracks that developed before microcracking thus controlled the reflective cracking. 
Microcracking earlier after final compaction (e.g., within 24 hours) could potentially yield 
more fine shrinkage cracks in the FDR-C layer and further minimize crack widths to 
mitigate reflective cracking. 

+ The 4% cement-content material had significantly more shrinkage potential remaining 
after microcracking than the 2.5% cement-content material. The additional increase in 
the number of drying shrinkage cracks that developed with increased energy input 
during microcracking (resulting in lower strength) reduced the total width of cracks that 
developed before microcracking. Microcracking was performed sufficiently early on the 
4% cement-content material to change the drying shrinkage cracking from a few wide 
reflective cracks to numerous thinner cracks with only a small number of them wide 
enough to reflect through the surface layer. 

+ Microcracking should ideally be performed as early as possible to benefit from the 
shrinkage potential after microcracking while the material strength is still low. 

• Stiffness 
+ The long-term stiffness of the 4% cement-content material dropped significantly in the 

cells where the FDR-C layer was microcracked after 72 hours compared to stiffnesses 
recorded in the cells with microcracking after 48 hours. 

+ The 2.5% cement-content material did not show a significant difference in long-term 
stiffness when microcracked after 48 or 72 hours. 

+ Increasing the energy input (i.e., the number of roller passes) reduced the stiffness. 
+ Low energy input during microcracking resulted in long-term stiffnesses exceeding those 

of the control cells for the 2.5% cement-content section. 
+ The original stiffness prior to microcracking is mostly recovered, and often exceeded, 

after microcracking on FDR-C layers with strengths at the lower end of the specified 
range (i.e., 2.1 MPa [≈300 psi]). Stiffness was significantly reduced on higher strength 
layers (i.e., >3.5 MPa [≈500 psi]) after microcracking, and it may not recover to the same 
stiffness measured before microcracking. 

+ Higher-strength layers were more sensitive to the timing of the microcracking. The 
greatest reduction in long-term stiffness was associated with microcracking after 
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72 hours, with significantly lower stiffnesses measured compared to those measured 
when the layer was microcracked after 48 hours. The lower strength layers were not 
sensitive to the time of microcracking in the 48 to 72-hour time window. 

+ The mechanistic parameters measured during microcracking (percent stiffness reduction 
and stiffness after microcracking) did not provide any clear explanation for the trend in 
the FWD-backcalculated stiffness results. This was attributed in part to stiffness 
measurements being taken at the same fixed locations in each cell regardless of any 
surface distresses that may have influenced the results. 

8.2 Conclusions 

The following conclusions were drawn on completion of this phase of the research: 

• Microcracking does not prevent shrinkage cracking, but it is an effective shrinkage crack 
mitigation procedure. Microcracking induces a network of fine cracks, which generally do 
not reflect through asphalt concrete surfacings as wide shrinkage cracks tend to do. 

• Microcracking has limitations and will not mitigate all shrinkage cracks on all FDR-C projects. 
Design strength, construction procedures, curing time before microcracking, number of 
microcracking passes, and stiffness reduction achieved during microcracking will all 
influence the level of mitigation achieved. 

• The original stiffness prior to microcracking is mostly recovered, and often exceeded, after 
microcracking on FDR-C layers with strengths at the lower end of the specified range (i.e., 
2.1 MPa [≈300 psi]). Stiffness is significantly reduced on higher strength layers (i.e., 
>3.5 MPa [≈500 psi]) after microcracking, and it may not recover to the same stiffness 
measured before microcracking. 

• Higher-strength layers are more sensitive to the timing of microcracking. The greatest 
reduction in the long-term stiffness is associated with microcracking after 72 hours, with 
significantly lower stiffnesses measured than those measured when the layer is 
microcracked after 48 hours. 

• Microcracking will be most effective if the seven-day unconfined compressive strength falls 
in the range of 250 to 450 psi (1.7 to 3.1 MPa) and preferably no higher than 600 psi 
(4.1 MPa). Layers with design strengths greater than 600 psi will likely have shrinkage cracks 
forming before the road can be microcracked. 

• The current Caltrans method specification for microcracking could lead to significantly 
different stiffness reduction results as it is currently phrased, given that 12-ton rollers from 
different manufacturers apply different levels of energy. 

• The hypothesis proposed early in the study that microcracking would increase the fatigue 
life of pavements with cement-treated layers, illustrated in Figure 8.1, was confirmed. 
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Figure 8.1: Revised theoretical structural life cycle of cement-treated pavement layers. 

8.3 Recommendations 

The following recommendations are made based on the work completed in this phase of the 

study: 

• The mix design procedure for FDR-C layers should include an initial consumption of 
stabilizer test to ensure an optimum cement content that will result in a durable layer is 
selected. Starting cement content in the mix design tests should be the ICS + 1%. If this 
results in a seven-day unconfined compressive strength higher than 600 psi (4.1 MPa), the 
pavement design, recycling depth, and/or choice of stabilizer/recycling agent should be 
reviewed. 

• Microcracking will be most effective if the seven-day unconfined compressive strength falls 
in the range of 250 to 450 psi (1.7 to 3.1 MPa) and preferably no higher than 600 psi 
(4.1 MPa). 

• Microcracking should be done as close as possible to 48 hours after final compaction, 
especially if design strengths exceed 450 psi (3.1 MPa). 

• The Caltrans method specification language for microcracking should be changed to the 
following (the energy and centrifugal force requirements will encourage contractors to 
check the ratings of their rollers in the equipment manuals): 
+ During the period from 48 to 56 hours after compaction, microcrack the surface by 

applying 2 to 3 single passes, equivalent to 2.8 to 4.3 kN/cm of energy, using a 12-ton 
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vibratory steel drum roller at maximum vibration amplitude (centrifugal force of 200 to 
300 kN) travelling from 2 to 3 mph. 

• If a performance specification is considered, then a maximum stiffness reduction of 40%, 
measured with a soil stiffness gauge is suggested (i.e., initial measurement before the first 
roller pass and then measurements after each roller pass until a 40% reduction is achieved). 

• The research cited in the literature review and testing in this phase of the study assessed 
microcracking on cement-treated layers between 10 and 12 in. (250 and 300 mm) thick. 
Research on layers thicker than 12 in. should continue to assess whether uniform 
compaction and effective microcracking can be achieved over the full depth of the layer, 
especially on weak subgrades, and the implications on shrinkage and fatigue cracking if it 
cannot. 

• Although the soil stiffness gauge is considered an appropriate instrument for measuring 
stiffness reduction during microcracking, testing procedures will need to be refined and 
precision and bias statements prepared to ensure that reasonable quality control 
procedures are followed. 
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APPENDIX A: TEXAS TRANSPORTATION INSTITUTE MICROCRACKING RESEARCH 

A.1 City of College Station (Edelweiss) 

The Edelweiss project consisted of four test sections (one control and three microcracked) 

constructed in the summer of 2000 (1). The pavement structures were comprised of 6 in. 

(≈150 mm) of lime-treated subgrade, 6 in. (≈150 mm) of cement-treated base (CTB), and a 2 in. 

(≈50 mm) hot mix asphalt (HMA) surfacing. The base design was based on a seven-day unconfined 

compressive strength (UCS) of 500 psi (≈3.5 MPa), which required a cement content of 7% by 

mass of the dry aggregate. 

Microcracking was performed after 24 hours on two of the sections and after 48 hours on the 

third using a 12-ton steel drum roller set at maximum vibration amplitude and moving at 2 mph 

(≈3.2 km/h, i.e., walking pace). A web of surface cracks was observed in some areas of the layer 

after microcracking. The effect of the microcracking on base stiffness was measured with a soil 

stiffness gauge (SSG) and a falling weight deflectometer (FWD) before starting microcracking, 

after two roller passes, and after four roller passes. A second round of FWD measurements was 

taken approximately six months after construction. The results are summarized in Table A.1. 

Table A.1: College Station Project: Stiffness Measurements 

Time Number 
of Roller 
Passes 

FWD Stiffness Gauge 
Stiffness 

(GPa) 
Stiffness Change 

(% of original) 
Stiffness 
(MN/m)1 

Stiffness Change 
(% of original) 

Construction 
0 8.1 0 55.4 0 
2 2.1 75% reduction 38.0 31% reduction 
4 1.2 85% reduction 29.5 47% reduction 

+ 48 hours2 N/A Not measured 41.2 26% reduction 
+ 6 months3 N/A 12 48% increase Not measured 

1 MN/m = meganewtons per meter 2 48 hours after microcracking 3 Approximately 6 months after microcracking 

The FWD measurements show that the first two roller passes caused a significant (75%) reduction 

in stiffness, while the third and fourth roller passes resulted in only a small (additional 10%) 

reduction. The stiffness gauge results differed from those of the FWD and did not follow the same 

trend in stiffness reduction after two and four roller passes. It is not clear whether the impact of 

the falling weight caused an additional reduction in stiffness in the drop zone. Both the FWD and 

the stiffness gauge results show that the drop in stiffness after microcracking was temporary and 

that stiffness had recovered to that of the control section, which was not microcracked, during 
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the six-month interval between evaluations. Transverse cracks were noted on all sections after 

six months. Crack lengths were between 2.4 and 5.6 ft. per 100 ft. (≈0.5 and 1.2 m per 100 m) of 

pavement on the three microcracked sections, and 27.3 ft. per 100 ft. (≈5.8 m per 100 m) of 

pavement on the control section. The TxDOT researchers concluded that microcracking did not 

adversely affect the load bearing capacity of the bases and appeared to significantly reduce 

shrinkage cracking in the first six months after construction. Further monitoring was 

recommended to assess longer-term performance over a number of seasonal wetting and drying 

cycles. 

A.2 Bryan District (Road SH47) 

Road SH47 was rehabilitated in 2002 using a full-depth reclamation process (2). The road was 

pulverized to a depth of 14 in. (≈350 mm) after which 3% cement was mixed in and then 

compacted. The laboratory mix design indicated a seven-day UCS of 384 psi (2.6 MPa). The road 

was divided into 12 sections, based on the day of construction. The CTB was microcracked with a 

25-ton roller 24 hours (eight sections of the project), 48 hours (three sections), and 72 hours (one 

section) after compaction. Three full passes were applied. A 4 in. HMA overlay was placed on the 

CTB as a surfacing 72 hours after microcracking of the last section. The effect of microcracking on 

stiffness was monitored with an FWD on five of the sections (three of the 24-hour sections and 

two of the 48-hour sections). Average stiffness reduction after microcracking was 60% of the 

stiffness measured before microcracking, with no significant differences noted for the different 

microcracking intervals. FWD measurements were repeated after 12 months and stiffnesses were 

approximately double the stiffness measured prior to microcracking. No cracking was observed 

at this time. A statistical analysis indicated that the time interval between compaction and 

microcracking (i.e., between 24 and 48 hours) did not influence the stiffnesses measured after 

12 months. 

A visual evaluation in 2004 (i.e., 24 months after construction) revealed two transverse cracks on 

one of the sections. No cracks were observed on the remainder of the project. A follow up 

evaluation in 2005 found that additional cracking had occurred on the original section with cracks 

and that new cracks had formed on four additional sections, all of which had been microcracked 

after 24 hours. Crack lengths on each section varied between 16 and 1,404 ft. (≈5 m and 428 m). 
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Some of the cracks were attributed to construction problems (e.g., longitudinal joints) and not to 

shrinkage in the cement-treated layer. The change in stiffness before and after microcracking was 

not measured on the section with the most cracks, and consequently it was not possible to 

determine whether the additional cracking on this section could have been attributed to 

inadequate microcracking. The researchers concluded that measurements of stiffness reduction 

with an FWD, light weight deflectometer, or stiffness gauge should be a specified project 

requirement to ensure that adequate and consistent stiffness reduction is achieved during 

microcracking. 

A.3 San Antonio District (Road SH16) 

Road SH16 was rehabilitated in 2003 using a full-depth reclamation process (2). The existing road 

was pulverized to a depth of 8 in. (≈200 mm), treated with 3% cement, and compacted to form a 

subbase. A new 5 in.-thick base was imported and treated with 2% cement. The road was divided 

into four sections, based on the day of construction. Section 1 was not microcracked and served 

as a control, Section 2 was microcracked with a 12-ton roller 24 hours after compaction, and 

Section 3 and Section 4 were microcracked with three and two passes, respectively, with the 

same roller 48 hours after compaction. Maximum vibration amplitude was used on all sections. 

The effect of microcracking on stiffness was monitored with an FWD. Stiffness reductions of 42%, 

73%, and 46% were recorded on Sections 2, 3 and 4, respectively (Table A.2). 

Table A.2: San Antonio District Project: Stiffness Measurements 

Section MC1 Process 
(hours/passes) 

Stiffness (ksi [GPa]) % Change of Original 
Initial After MC1 + 3 months After MC + 3 months 

1 0/0 100 (0.7) N/A 340 (2.3) N/A 240% increase 
2 24/3 120 (0.8) 70 (0.5) 410 (2.8) 42% reduction 242% increase 
3 48/3 390 (2.7) 105 (0.7) 435 (3.0) 73% reduction 12% increase 
4 48/2 250 (1.7) 135 (0.9) 255 (1.8) 46% reduction 2% increase 

1 MC = Microcracking 

A surface treatment (chip seal) was applied as an initial wearing course, followed by 2 in. of HMA. 

The sections were retested with an FWD after three months (Table A.3 and Figure A.1). The 

reason for the limited stiffness increase on Section 4 could not be explained. No cracks were 

observed. A second visual assessment of the project was conducted after 13 months. All of the 

sections had cracks, with crack length on Section 2 slightly less than that on the other sections 
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(77 ft. [≈23.5 m] compared to 90, 94, and 95 ft. [≈27.4, 28.7, and 30.0 m] on Sections 1, 3 and 4, 

respectively). 

 
Figure A.1: San Antonio District Project: Average modulus results (2). 

A.4 Texas A&M Riverside Campus 

This project was constructed at the Texas A&M Riverside campus in September 2003 to facilitate 

monitoring of microcracked pavements under controlled conditions (2). Two roads (Avenue C and 

Avenue D) were selected for the project. The existing material was pulverized and compacted to 

form a 6 in. (≈150 mm) subbase. New aggregate base was placed on the subbase, treated with 

cement, and then compacted. Avenue C was constructed with a cement content of 8% and 

Avenue D with 4%. The roads were not surfaced for the duration of the study to allow researchers 

to monitor the cracking behavior. Each road was divided into six sections with a different crack 

mitigation treatment, as follows: 

• No moist curing, no microcracking (control) 
• Moist cure on Day 0, no microcracking, prime coat curing membrane on Day 1 
• Moist cure on Days 0 through 3, microcrack on Day 1 
• Moist cure on Days 0 through 3, microcrack on Day 2 
• Moist cure on Days 0 through 3, microcrack on Day 3 
• Moist cure on Days 0 through 3, no microcracking 
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Stiffness on the sections was measured with an FWD after microcracking and again after 10 and 

21 months. Crack lengths were measured after 21 months. The results are summarized in 

Table A.3 and Table A.4 and in Figure A.2 and Figure A.3. 

Table A.3: Texas A&M Riverside Project: Stiffness Measurements 

Cement 
Content 

(%) 

Treatment Stiffness Before 
Microcracking 

(ksi) (GPa) 

Stiffness After 
Microcracking 

(ksi) (GPa) 

Stiffness After 
10 Months 
(ksi) (GPa) 

Stiffness After 
21 Months 
(ksi) (GPa) 

4 

Dry cure, no MC1 

Prime Coat Day 1 
MC Day 1 
MC Day 2 
MC Day 3 
Moist cure, no MC 

  911 
1,006 
  525 
  900 
  860 
  924 

(6.3) 
(6.9) 
(3.6) 
(6.2) 
(5.9) 
(6.4) 

N/A 
N/A 
253 
262 
348 
N/A 

 
 

(1.7) 
(1.8) 
(2.4) 

 

1,030 
1,200 
1,960 
2,170 
2,495 
2,000 

 (7.2) 
 (8.4) 

 (13.7) 
 (15.2) 
 (17.5) 
 (14.0) 

  681 
1,035 
1,175 
1,161 
1,089 
1,582 

 (4.8) 
 (7.2) 
 (8.2) 
 (8.1) 
 (7.6) 
(11.1) 

8 

Dry cure, no MC 
Prime Coat Day 1 
MC Day 1 
MC Day 2 
MC Day 3 
Moist cure, no MC 

  802 
1,692 
1,650 
1,450 
2,120 
2,824 

 (5.5) 
(11.7) 
(11.4) 
 (5.9) 
(14.7) 
(19.5) 

N/A 
N/A 
507 
485 
890 
N/A 

 
 

(3.5) 
(3.3) 
(6.1) 

 

2,300 
1,200 
4,050 
2,500 
2,800 
1,400 

(16.1) 
 (8.4) 
(28.4) 
(17.5) 
(19.6) 
 (9.8) 

1,746 
1,178 
2,401 
2,093 
1,651 
1,597 

(12.2) 
 (8.3) 
(16.8) 
(14.7) 
(11.6) 
(11.2) 

1 MC = Microcracking 

Table A.4: Texas A&M Riverside Project: Crack Measurements 
Treatment 4% Cement 8% Cement 

Crack Length 
(ft.) (m) (ft.) (m.) 

Dry cure, no MC1 

Prime Coat Day 1 
MC Day 1 
MC Day 2 
MC Day 3 
Moist cure, no MC 

89 
78 
76 
34 
81 
50 

27 
24 
23 
10 
25 
15 

277 
328 
  92 
105 
  88 
  70 

  84 
100 
  28 
  32 
  27 
  21 

1 MC = Microcracking 

A.5 IH 45 Frontage Road 

This project was constructed in Huntsville, Texas, on the IH 45 frontage road (2). Construction 

took place in December 2004 and May 2005. The design consisted of 10 in. (≈250 mm) of lime-

treated subgrade, 12 in. (≈300 mm) of pug mill-mixed CTB, and 5 in. (≈125 mm) of HMA. Seven-

day UCS strengths and tube suction dielectric values were assessed for a range of cement 

contents between 2% and 8%. A cement content of 4% was selected, giving a UCS of 1,137 psi 

(≈7.8 MPa) and dielectric value of 7.3. Although the strength was significantly higher than the 

300 psi (≈2.1 MPa) typically targeted by TxDOT, the decision to go with the higher cement content 

was based on the dielectric value (2). 
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Figure A.2: Texas A&M Riverside Project: Stiffness measurements. 

 
Figure A.3: Texas A&M Riverside Project: Crack length. 

All cement-treated sections were microcracked with the exception of a 200 ft. (≈60 m) control 

section. The sections constructed in December 2004 were microcracked after four days due to 

the slow strength gain attributed to the cold weather. The sections constructed in May 2005 were 

microcracked after two days. A light weight deflectometer (LWD) was used to measure any 

change in stiffness. On the December 2004 construction sections, average stiffnesses before 

microcracking ranged between 173 and 358 ksi (≈1.2 and 2.5 GPa). After microcracking, average 

 






































 































 

 
UCPRC-RR-2019-05 189 

stiffnesses ranged between 130 and 245 ksi (≈0.9 and 1.7 GPa), corresponding to stiffness 

reductions of 24% to 38%. On the May 2005 construction sections, the average stiffnesses before 

and after microcracking were 476 ksi (≈3.3 GPa) and 204 ksi (≈1.4 GPa), respectively, 

corresponding to a 57% stiffness reduction. A visual evaluation along with FWD measurements 

was conducted in August 2005. No cracks were observed and there was no difference in the 

stiffnesses between the microcracked and control sections. 

A.6 Conclusions and Recommendations 

Conclusions drawn from the Texas research include the following (2): 

• Microcracking, when properly applied, did not result in pavement damage and the base 
modulus recovered to the same as that measured on the control sections that were not 
microcracked. 

• Problematic cracking occurred on pavements with very high base course cement contents 
if microcracking was not applied. Problematic cracking implies increased crack width, 
increased total crack length, or both. 

• Microcracking reduced the severity of shrinkage cracks in the base, regardless of cement 
content, and in some cases also significantly reduced total crack length. 

• Appropriate laboratory design combined with microcracking by three passes of a vibratory 
roller at high amplitude after two to three days of curing provided a marked reduction in 
shrinkage cracking problems. 

• In cooler temperatures when cement curing is slower, microcracking had to be delayed. The 
study recommended that a minimum modulus value of 200 ksi (≈1.4 GPa) be attained 
before the layer is microcracked. 

• A target reduction in average base modulus of 60% if an FWD is used and 40% to 50% if a 
light weight deflectometer or soil stiffness gauge is used was recommended. 

• Asphalt curing membranes were minimally effective at reducing cracking problems. 
• When compared to moist curing with microcracking, moist curing without microcracking 

resulted in more severe (wider) cracks that quickly reflected through the surfacing. 
• The use of higher cement contents in general did not provide a significantly increased base 

modulus, but did result in more severe cracking problems. Historically, seven-day UCS 
targets were based upon achieving a high degree of confidence that the material would 
meet durability criteria and that it would not be necessary to perform the labor- and time-
intensive durability tests. With the recent development of simpler, less time-consuming 
durability tests (e.g., tube suction), strength requirements should be eased and checked 
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against the new durability requirements. Cement content design should be based on a 
combination of adequate strength, durability, and moisture resistance. 

Based on the research, TxDOT provided the following recommendations for the design and 

construction of cement-treated bases: 

• Design 
+ Seven-day UCS: ≥300 psi (2.1 MPa) (according to ASTM D1633, i.e., moist cure) 
+ Dielectric value after tube suction test: ≤10 

• Construction 
+ After placement and compaction of the CTB to project specifications, moist cure for two 

days. 
+ Microcrack the section using the same (or equivalent) vibratory steel drum roller that 

was used for compaction. If microcracking after two days is not feasible, waiting until the 
base age reaches three days is preferable to microcracking after only one day of curing. 
Layers should not be microcracked until a minimum modulus of 200 ksi (1.4 GPa) has 
been attained. 

+ Continue moist curing to an age of at least 72 hours from the day of placement of the 
CTB. 
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APPENDIX B: MONITORING RESULTS FOR EACH CELL 

This appendix presents soil stiffness gauge (SSG), light weight deflectometer (LWD), and FWD-

backcalculated stiffness, and crack monitoring results for each cell on the test road. Plots include 

the following: 

• SSG stiffness distributions after construction and during microcracking 
• SSG-measured stiffness during microcracking per gauge 
• SSG-measured stiffness reduction during microcracking per testing location 
• LWD measured surface modulus during microcracking (select cells only) 
• LWD measured surface modulus during microcracking per testing location (select cells only) 
• FWD-backcalculated stiffness per testing location over 128 days 
• Change in crack spacing over time (only for cells with visible cracks) 
• Increase in crack density over time (only for cells with visible cracks) 
• Plan view of cracking observed over 128 days (only for cells with visible cracks) 
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Figure B.1: Cell S1: SSG measured stiffness. 

 
Figure B.2: Cell S1: Change in FWD-backcalculated stiffness.

 
Figure B.3: Cell S1: Change in crack spacing. 

 
Figure B.4: Cell S1: Change in crack density.
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Figure B.5: Cell S1: Crack development.
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Figure B.6: Cell S2: SSG measured stiffness. 

 
Figure B.7: Cell S2: SSG stiffness results per gauge.

 
Figure B.8: Cell S2: SSG stiffness reduction per station. 

 
Figure B.9: Cell S2: LWD measured surface modulus.
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Figure B.10: Cell S2: LWD modulus reduction per station. 

 
Figure B.11: Cell S2: Change in FWD-backcalculated stiffness.

 
Figure B.12: Cell S2: Change in crack spacing. 

 
Figure B.13: Cell S2: Change in crack density.
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Figure B.14: Cell S2: Crack development.
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Figure B.15: Cell S3: SSG measured stiffness. 

 
Figure B.16: Cell S3: SSG stiffness results per gauge.

 
Figure B.17: Cell S3: SSG stiffness reduction per station. 

 
Figure B.18: Cell S3: LWD measured surface modulus.
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Figure B.19: Cell S3: LWD modulus reduction per station. 

 
Figure B.20: Cell S3: Change in FWD-backcalculated stiffness.

 
Figure B.21: Cell S3: Change in crack spacing. 

 
Figure B.22: Cell S3: Change in crack density.
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Figure B.23: Cell S3: Crack development.
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Figure B.24: Cell S4: SSG measured stiffness. 

 
Figure B.25: Cell S4: SSG stiffness results per gauge.

 
Figure B.26: Cell S4: SSG stiffness reduction per station. 

 
Figure B.27: Cell S4: LWD measured surface modulus.
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Figure B.28: Cell S4: LWD modulus reduction per station. 

 
Figure B.29: Cell S4: Change in FWD-backcalculated stiffness.

 
Figure B.30: Cell S4: Change in crack spacing. 

 
Figure B.31: Cell S4: Change in crack density.
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Figure B.32: Cell S4: Crack development.
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Figure B.33: Cell S5: SSG measured stiffness. 

 
Figure B.34: Cell S5: SSG stiffness results per gauge.

 
Figure B.35: Cell S5: SSG stiffness reduction per station. 

 
Figure B.36: Cell S5: LWD measured surface modulus.
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Figure B.37: Cell S5: LWD modulus reduction per station. 

 
Figure B.38: Cell S5: Change in FWD-backcalculated stiffness.

 
Figure B.39: Cell S5: Change in crack spacing. 

 
Figure B.40: Cell S5: Change in crack density.
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Figure B.41: Cell S5: Crack development.
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Figure B.42: Cell S6: SSG measured stiffness. 

 
Figure B.43: Cell S6: Change in FWD-backcalculated stiffness.

 
Figure B.44: Cell S6: Change in crack spacing. 

 
Figure B.45: Cell S6: Change in crack density.
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Figure B.46: Cell S6: Crack development.
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Figure B.47: Cell S7: SSG measured stiffness. 

 
Figure B.48: Cell S7: SSG stiffness results per gauge.

 
Figure B.49: Cell S7: SSG stiffness reduction per station. 

 
Figure B.50: Cell S7: LWD measured surface modulus.
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Figure B.51: Cell S7: LWD modulus reduction per station. 

 
Figure B.52: Cell S7: Change in FWD-backcalculated stiffness.

 
Figure B.53: Cell S7: Change in crack spacing. 

 
Figure B.54: Cell S7: Change in crack density.
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Figure B.55: Cell S7: Crack development.

        









        









        









        









        









        









        









        









        









        









        











 

 
UCPRC-RR-2019-05 211 

 
Figure B.56: Cell S8: SSG measured stiffness. 

 
Figure B.57: Cell S8: SSG stiffness results per gauge.

 
Figure B.58: Cell S8: SSG stiffness reduction per station. 

 
Figure B.59: Cell S8: LWD measured surface modulus.
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Figure B.60: Cell S8: LWD modulus reduction per station. 

 
Figure B.61: Cell S8: Change in FWD-backcalculated stiffness.

 
Figure B.62: Cell S8: Change in crack spacing. 

 
Figure B.63: Cell S8: Change in crack density.
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Figure B.64: Cell S8: Crack development.
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Figure B.65: Cell S9: SSG measured stiffness. 

 
Figure B.66: Cell S9: SSG stiffness results per gauge.

 
Figure B.67: Cell S9: SSG stiffness reduction per station. 

 
Figure B.68: Cell S9: LWD measured surface modulus.
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Figure B.69: Cell S9: LWD modulus reduction per station. 

 
Figure B.70: Cell S9: Change in FWD-backcalculated stiffness.

 
Figure B.71: Cell S9: Change in crack spacing. 

 
Figure B.72: Cell S9: Change in crack density.
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Figure B.73: Cell S9: Crack development.

        









        









        









        









        









        









        











 

 
UCPRC-RR-2019-05 217 

 
Figure B.74: Cell S10: SSG measured stiffness. 

 
Figure B.75: Cell S10: SSG stiffness results per gauge.

 
Figure B.76: Cell S10: SSG stiffness reduction per station. 

 
Figure B.77: Cell S10: LWD measured surface modulus.
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Figure B.78: Cell S10: LWD modulus reduction per station. 

 
Figure B.79: Cell S10: Change in FWD-backcalculated stiffness.

 
Figure B.80: Cell S10: Change in crack spacing. 

 
Figure B.81: Cell S10: Change in crack density.
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Figure B.82: Cell S10: Crack development.
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Figure B.83: Cell S11: SSG measured stiffness. 

 
Figure B.84: Cell S11: SSG stiffness results per gauge.

 
Figure B.85: Cell S11: SSG stiffness reduction per station. 

 
Figure B.86: Cell S11: LWD measured surface modulus.
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Figure B.87: Cell S11: LWD modulus reduction per station. 

 
Figure B.88: Cell S11: Change in FWD-backcalculated stiffness.

 
Figure B.89: Cell S11: Change in crack spacing. 

 
Figure B.90: Cell S11: Change in crack density.
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Figure B.91: Cell S11: Crack development.
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Figure B.92: Cell S12: SSG measured stiffness. 

 
Figure B.93: Cell S12: SSG stiffness results per gauge.

 
Figure B.94: Cell S12: SSG stiffness reduction per station. 

 
Figure B.95: Cell S12: LWD measured surface modulus.
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Figure B.96: Cell S12: LWD modulus reduction per station. 

 
Figure B.97: Cell S12: Change in FWD-backcalculated stiffness.

 
Figure B.98: Cell S12: Change in crack spacing. 

 
Figure B.99: Cell S12: Change in crack density.
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Figure B.100: Cell S12: Crack development.
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Figure B.101: Cell S13: SSG measured stiffness. 

 
Figure B.102: Cell S13: Change in FWD-backcalculated stiffness.

 
Figure B.103: Cell S13: Change in crack spacing. 

 
Figure B.104: Cell S13: Change in crack density.
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Figure B.105: Cell S13: Crack development.
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Figure B.106: Cell S14: SSG measured stiffness. 

 
Figure B.107: Cell S14: SSG stiffness results per gauge.

 
Figure B.108: Cell S14: SSG stiffness reduction per station. 

 
Figure B.109: Cell S14: LWD measured surface modulus.
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Figure B.110: Cell S14: LWD modulus reduction per station. 

 
Figure B.111: Cell S14: Change in FWD-backcalculated stiffness.

 
Figure B.112: Cell S14: Change in crack spacing. 

 
Figure B.113: Cell S14: Change in crack density.
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Figure B.114: Cell S14: Crack development.
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Figure B.115: Cell S15: SSG measured stiffness. 

 
Figure B.116: Cell S15: SSG stiffness results per gauge.

 
Figure B.117: Cell S15: SSG stiffness reduction per station. 

 
Figure B.118: Cell S15: LWD measured surface modulus.
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Figure B.119: Cell S15: LWD modulus reduction per station. 

 
Figure B.120: Cell S15: Change in FWD-backcalculated stiffness.

 
Figure B.121: Cell S15: Change in crack spacing. 

 
Figure B.122: Cell S15: Change in crack density.

 





















    




















 


 













      





























 
 


 


































 

















           





















 

 
UCPRC-RR-2019-05 233 

 

Figure B.123: Cell S15: Crack development.
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Figure B.124: Cell S16: SSG measured stiffness. 

 
Figure B.125: Cell S16: SSG stiffness results per gauge.

 
Figure B.126: Cell S16: SSG stiffness reduction per station. 

 
Figure B.127: Cell S16: Change in FWD-backcalculated stiffness.
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Figure B.128: Cell S16: Change in crack spacing. 

 
Figure B.129: Cell S16: Change in crack density.
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Figure B.130: Cell S16: Crack development.
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Figure B.131: Cell S17: SSG measured stiffness. 

 
Figure B.132: Cell S17: SSG stiffness results per gauge.

 
Figure B.133: Cell S17: SSG stiffness reduction per station. 

 
Figure B.134: Cell S17: LWD measured surface modulus.
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Figure B.135: Cell S17: LWD modulus reduction per station. 

 
Figure B.136: Cell S17: Change in FWD-backcalculated stiffness.

 
Figure B.137: Cell S17: Change in crack spacing. 

 
Figure B.138: Cell S17: Change in crack density.
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Figure B.139: Cell S17: Crack development.
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Figure B.140: Cell S18: SSG measured stiffness. 

 
Figure B.141: Cell S18: SSG stiffness results per gauge.

 
Figure B.142: Cell S18: SSG stiffness reduction per station. 

 
Figure B.143: Cell S18: LWD measured surface modulus.
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Figure B.144: Cell S18: LWD modulus reduction per station. 

 
Figure B.145: Cell S18: Change in FWD-backcalculated stiffness.

 
Figure B.146: Cell S18: Change in crack spacing. 

 
Figure B.147: Cell S18: Change in crack density.
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Figure B.148: Cell S18: Crack development.
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Figure B.149: Cell S19: SSG measured stiffness. 

 
Figure B.150: Cell S19: SSG stiffness results per gauge.

 
Figure B.151: Cell S19: SSG stiffness reduction per station. 

 
Figure B.152: Cell S19: LWD measured surface modulus.
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Figure B.153: Cell S19: LWD modulus reduction per station. 

 
Figure B.154: Cell S19: Change in FWD-backcalculated stiffness. 
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Figure B.155: Cell S20: SSG measured stiffness. 

 
Figure B.156: Cell S20: SSG stiffness results per gauge.

 
Figure B.157: Cell S20: SSG stiffness reduction per station. 

 
Figure B.158: Cell S20: LWD measured surface modulus.
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Figure B.159: Cell S20: LWD modulus reduction per station. 

 
Figure B.160: Cell S20: Change in FWD-backcalculated stiffness. 
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Figure B.161: Cell S21: SSG measured stiffness. 

 
Figure B.162: Cell S21: SSG stiffness results per gauge.

 
Figure B.163: Cell S21: SSG stiffness reduction per station. 

 
Figure B.164: Cell S21: LWD measured surface modulus.
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Figure B.165: Cell S21: LWD modulus reduction per station. 

 
Figure B.166: Cell S21: Change in FWD-backcalculated stiffness. 
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Figure B.167: Cell S22: SSG measured stiffness. 

 
Figure B.168: Cell S22: SSG stiffness results per gauge.

 
Figure B.169: Cell S22: SSG stiffness reduction per station. 

 
Figure B.170: Cell S22: LWD measured surface modulus.
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Figure B.171: Cell S22: LWD modulus reduction per station. 

 
Figure B.172: Cell S22: Change in FWD-backcalculated stiffness.

 
Figure B.173: Cell S22: Change in crack density.
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Figure B.174: Cell S22: Crack development.
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Figure B.175: Cell S23: SSG measured stiffness. 

 
Figure B.176: Cell S23: SSG stiffness results per gauge.

 
Figure B.177: Cell S23: SSG stiffness reduction per station. 

 
Figure B.178: Cell S23: LWD measured surface modulus.
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Figure B.179: Cell S23: LWD modulus reduction per station. 

 
Figure B.180: Cell S23: Change in FWD-backcalculated stiffness.

 
Figure B.181: Cell S23: Change in crack spacing. 

 
Figure B.182: Cell S23: Change in crack density.
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Figure B.183: Cell S23: Crack development.
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Figure B.184: Cell S24: SSG measured stiffness. 

 
Figure B.185: Cell S24: SSG stiffness results per gauge.

 
Figure B.186: Cell S24: SSG stiffness reduction per station. 

 
Figure B.187: Cell S24: LWD measured surface modulus.
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Figure B.188: Cell S24: LWD modulus reduction per station. 

 
Figure B.189: Cell S24: Change in FWD-backcalculated stiffness.

 
Figure B.190: Cell S24: Change in crack spacing. 

 
Figure B.191: Cell S24: Change in crack density.
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Figure B.192: Cell S24: Crack development.
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Figure B.193: Cell S25: SSG measured stiffness. 

 
Figure B.194: Cell S25: Change in FWD-backcalculated stiffness.

 
Figure B.195: Cell S25: Change in crack spacing. 

 
Figure B.196: Cell S25: Change in crack density.
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Figure B.197: Cell S25: Crack development.
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Figure B.198: Cell S26: SSG measured stiffness. 

 
Figure B.199: Cell S26: SSG stiffness results per gauge.

 
Figure B.200: Cell S26: SSG stiffness reduction per station. 

 
Figure B.201: Cell S26: LWD measured surface modulus.
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Figure B.202: Cell S26: LWD modulus reduction per station. 

 
Figure B.203: Cell S26: Change in FWD-backcalculated stiffness. 
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Figure B.204: Cell S27: SSG measured stiffness. 

 
Figure B.205: Cell S27: SSG stiffness results per gauge.

 
Figure B.206: Cell S27: SSG stiffness reduction per station. 

 
Figure B.207: Cell S27: LWD measured surface modulus.
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Figure B.208: Cell S27: LWD modulus reduction per station. 

 
Figure B.209: Cell S27: Change in FWD-backcalculated stiffness. 

 





















    




















 


 













      





























 
 




 

 
264 UCPRC-RR-2019-05 

 
Figure B.210: Cell S28: SSG measured stiffness. 

 
Figure B.211: Cell S28: Change in FWD-backcalculated stiffness.

 
Figure B.212: Cell S28: Change in crack spacing. 

 
Figure B.213: Cell S28: Change in crack density.
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Figure B.214: Cell S28: Crack development.
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Figure B.215: Cell S29: SSG measured stiffness. 

 
Figure B.216: Cell S29: SSG stiffness results per gauge.

 
Figure B.217: Cell S29: SSG stiffness reduction per station. 

 
Figure B.218: Cell S29: LWD measured surface modulus.
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Figure B.219: Cell S29: LWD modulus reduction per station. 

 
Figure B.220: Cell S29: Change in FWD-backcalculated stiffness. 
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Figure B.221: Cell S30: SSG measured stiffness. 

 
Figure B.222: Cell S30: SSG stiffness results per gauge.

 
Figure B.223: Cell S30: SSG stiffness reduction per station. 

 
Figure B.224: Cell S30: LWD measured surface modulus.
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Figure B.225: Cell S30: LWD modulus reduction per station. 

 
Figure B.226: Cell S30: Change in FWD-backcalculated stiffness.

 
Figure B.227: Cell S30: Change in crack spacing. 

 
Figure B.228: Cell S30: Change in crack density.
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Figure B.229: Cell S30: Crack development.
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Figure B.230: Cell S31: SSG measured stiffness. 

 
Figure B.231: Cell S31: SSG stiffness results per gauge.

 
Figure B.232: Cell S31: SSG stiffness reduction per station. 

 
Figure B.233: Cell S31: LWD measured surface modulus.
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Figure B.234: Cell S31: LWD modulus reduction per station. 

 
Figure B.235: Cell S31: Change in FWD-backcalculated stiffness. 
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Figure B.236: Cell S32: SSG measured stiffness. 

 
Figure B.237: Cell S32: SSG stiffness results per gauge.

 
Figure B.238: Cell S32: SSG stiffness reduction per station. 

 
Figure B.239: Cell S32: LWD measured surface modulus.
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Figure B.240: Cell S32: LWD modulus reduction per station. 

 
Figure B.241: Cell S32: Change in FWD-backcalculated stiffness. 
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Figure B.242: Cell S33: SSG measured stiffness. 

 
Figure B.243: Cell S33: Change in FWD-backcalculated stiffness.

 
Figure B.244: Cell S33: Change in crack spacing. 

 
Figure B.245: Cell S33: Change in crack density.
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Figure B.246: Cell S33: Crack development.
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Figure B.247: Cell S34: SSG measured stiffness. 

 
Figure B.248: Cell S34: SSG stiffness results per gauge.

 
Figure B.249: Cell S34: SSG stiffness reduction per station. 

 
Figure B.250: Cell S34: LWD measured surface modulus.
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Figure B.251: Cell S34: LWD modulus reduction per station. Figure B.252: Cell S34: Change in FWD-backcalculated stiffness.

Figure B.253: Cell S34: Change in crack spacing. Figure B.254: Cell S34: Change in crack density.
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Figure B.255: Cell S34: Crack development.
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Figure B.256: Cell S35: SSG measured stiffness. 

 
Figure B.257: Cell S35: SSG stiffness results per gauge.

 
Figure B.258: Cell S35: SSG stiffness reduction per station. 

 
Figure B.259: Cell S35: LWD measured surface modulus.
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Figure B.260: Cell S35: LWD modulus reduction per station. 

 
Figure B.261: Cell S35: Change in FWD-backcalculated stiffness.

 
Figure B.262: Cell S35: Change in crack spacing. 

 
Figure B.263: Cell S35: Change in crack density.
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Figure B.264: Cell S35: Crack development.
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Figure B.265: Cell S36: SSG measured stiffness. 

 
Figure B.266: Cell S36: Change in FWD-backcalculated stiffness.

 
Figure B.267: Cell S36: Change in crack spacing. 

 
Figure B.268: Cell S36: Change in crack density.
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Figure B.269: Cell S36: Crack development.
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Figure B.270: Cell S37: SSG measured stiffness. 

 
Figure B.271: Cell S37: SSG stiffness results per gauge.

 
Figure B.272: Cell S37: SSG stiffness reduction per station. 

 
Figure B.273: Cell S37: LWD measured surface modulus.
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Figure B.274: Cell S37: LWD modulus reduction per station. 

 
Figure B.275: Cell S37: Change in FWD-backcalculated stiffness. 
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APPENDIX C: SOIL STIFFNESS GAUGE RESULTS USED IN ASSESSMENT FACTORS 

The average stiffness reduction results in terms of the experiment factorial are plotted in 

Figure C.1 through Figure C.22 for all stations, measured during microcracking with the soil 

stiffness gauges. The results include all the data collected on all sections during microcracking, 

including the results per pass on the relevant sections. Factors assessed include effect of: 

• Curing time prior to microcracking (Figure C.1 through Figure C.6) 
• Roller weight (Figure C.7 through Figure C.10) 
• Vibration amplitude (Figure C.11 through Figure C.14) 
• Cement content (Figure C.15 through Figure C.20) 
• Microcracking effort (Figure C.21 through Figure C.22)
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Figure C.1: 2.5% Cement: SSR with high vibration amplitude. 

 
Figure C.2: 4% Cement: SSR with high vibration amplitude.

 
Figure C.3: 2.5% Cement: SSR with low vibration amplitude. 

 
Figure C.4: 4% Cement: SSR with low vibration amplitude.
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Figure C.5: 2.5% Cement: DSR with high vibration amplitude. 

 
Figure C.6: 4% Cement: DSR with high vibration amplitude.
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Figure C.7: 2.5% Cement: High vibration amplitude after 48 hours. 

 
Figure C.8: 2.5% Cement: High vibration amplitude after 72 hours.

 
Figure C.9: 4% Cement: High vibration amplitude after 48 hours. 

 
Figure C.10: 4% Cement: High vibration amplitude after 72 hours.
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Figure C.11: 2.5% Cement: SSR vibration amplitudes after 48 hours. 

 
Figure C.12: 2.5% Cement: SSR vibration amplitudes after 72 hours.

 
Figure C.13: 4% Cement: SSR vibration amplitudes after 48 hours. 

 
Figure C.14: 4% Cement: SSR vibration amplitudes after 72 hours.
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Figure C.15: Stiffness reduction with SSR at high amplitude after 

48 hours. 

 
Figure C.16: Stiffness reduction with SSR at high amplitude after 

72 hours.

 
Figure C.17: Stiffness reduction with SSR at low amplitude after 

48 hours. 

 
Figure C.18: Stiffness reduction with SSR at low amplitude after 

72 hours.
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Figure C.19: Stiffness reduction with DSR at high amplitude after 

48 hours. 

 
Figure C.20: Stiffness reduction with DSR at high amplitude after 

72 hours.
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Figure C.21: 2.5% Cement: Microcracking with SSR at high amplitude 

after both 48 and 72 hours. 

 
Figure C.22: 4% Cement: Microcracking with SSR at high amplitude 

after both 48 and 72 hours.
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