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Executive Summary

Two recycled Portland cement concrete (PCC) pavement projects
constructed between 1984 and 1986 along 1-94 were selected by the University
of Michigan (U of M) research team to study the effects of truck traffic, concrete
mix composition, pavement design, and foundation design on field performance.
This study leads to recommendations to the sponsors, Michigan Concrete
Paving Association and Michigan Promotion Fund, for improved field
performance of recycled jointed reinforced concrete pavement (JRCP) in
Michigan. The approach used, has consisted of an extensive field and
laboratory investigation including field crack mapping, coring, Falling Weight
Deflectometer (FWD) measurements of joints and cracks, petrographic testing of
the concretes, fracture texture determination of concrete cracks, dynamic cone
penetrometer tests of the base and subbase, and interviews with the contractor
and Michigan Department of Transportation (MDOT) pavement personnel. The
U of M laboratory study consisted of analysis of cores and soil samples from the
field, and freeze-thaw (F-T) evaluation of recycled concrete coarse aggregates
using Michigan Test Methods (MTM) testing procedures.

The two projects investigated were: Lawrence (CSN-80023-20993) West
bound (WB), and Galesburg (CSN 39022-20736) in both WB and East bound
(EB) directions for same station locations.

The Lawrence pavement project, constructed in 1984, consists of an 8.9
mile long, two lane, standard width, 10 inch thick, and recycled JRCP slab with
41 ft. joint spacing. This section has tied PCC shoulders with 14 ft. joint spacing.
Four test sections, each approximately 400 ft. long, having 4 inch thick drainage
courses of different materials ranging from open-graded drainage course
(OGDC), to 5% cement-stabilized peastone base, to a dense-graded base
course (DGBC). Three sections were recycled, and one section was an
experimental peastone concrete of only 8 mm maximum aggregate size, as
compared to 30 mm maximum aggregate size for the recycled mixes. PMS
(Pavement Management System) distress data obtained by MDOT for the first
time in 1993 by means of video tapes indicated that the performance of this
project was, on the whole, marginal. Third point transverse cracks were
pronounced, propagating into the design lane from the shoulder joints. This
cracking pattern is referred to as sympathy cracking. A 10 inch dense-graded
subbase was used throughout the Lawrence project.

The Galesburg project, located just east of Kalamazoo, is an 8.7 mile long
recycled JRCP in both directions. The EB section was constructed in 1985, WB
one year later. WB and EB are separated by a concrete barrier wall with WB
built on fill, and EB built on a cut slope. The shoulder joints lined up with the 41
ft. slab joints. PMS distress data showed widely different performance in the two
directions. WB had little visible distress, whereas EB was in very poor condition
with a distress point of 50 or more over approximately a two mile section, which
was chosen for further investigation. EB showed extensive transverse working
cracks, shattered slabs, corner breaks, 1 inch to 1.25 inch joint faulting and
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asphalt patches. For this project the pipe underdrain lies under the right wheel
path of the driving lane in both directions confirmed by field coring. EB
contained a 4 inch OGDC, 8G modified, whereas WB contained a modified 5G
recycled OGDC. A 10 inch dense-graded subbase was used for the Galesburg
project. The major question here was why EB and WB show such vastly
different field performances for practically the same mix designs, drainage
course designs, pavement designs, and contractor.

Pavement performance evaluation using the American Association of
State Highway and Transportation Officials (AASHTO) serviceability criteria,
assuming a terminal serviceability index of 2.5, indicates that several of the 6
pavement sections should have failed due to the estimated number of 18 kip.
equivalent single axle loads (ESAL’s). According to AASHTO, WB Galesburg
should not have failed yet whereas EB is predicted to fail. The reasons are: (1)
slightly higher truck traffic EB; (2) smaller average slab thickness EB (10.1 inch
versus 10.4 in. WB); (3) substantially better concrete quality WB versus EB.
The 9 year old pavement WB had an average compressive strength of 6,775 psi.
versus 5,901 psi. EB (10 years of age) obtained from mid-panel cores. This
resulted in a lower estimated 28 day flexural strength used in the AASHTO
pavement design method; (4) a lower foundation support value was estimated
for EB than WB based on FWD and DCP resuits. When combined, these four
factors caused the predicted failure of the EB pavement section. The remaining
service life of the WB lane is predicted to be only a few more years. It appears
that the failure of these sections is due to factors other than the use of recycled
concrete.

Falling Weight Deflectometer data were used to evaluate the load transfer
efficiency (LTE) across joints, between slab and shoulder and across cracks.
The LTE across joints (50% to 60%) and between pavement and shoulder (35%
to 40%) were found to be similar for both Galesburg sections. However, the load
transfer across cracks varied considerably. The LTE of one of two cracks
detected in the 1000 ft section in WB was above 90%. The second crack was so
small that it was difficult to locate, and was not tested for LTE. The average load
transfer value of the EB was only about 30%, indicating the severity of the
cracks. The low LTE across cracks EB is mainly due to the loss of support and
lack of aggregate interlock associated with crack opening.

FWD data was used to backcalculate the effective soil modulus, and the
DCP results were used to calculate the base and subbase combined layer
moduli. This analysis indicated weaker soil moduli EB than WB. Based on FWD
backcalculation, the average predicted subgrade modulus was about 32,000
psi., while EB had a value predicted at 19,000 psi. Similarly, based on the
estimates made using the DCP results, the average base and subbase
combined modulus was as high as 178,000 psi. WB, while that of EB was only
about 149,000 psi. Thus EB has a higher propensity toward loss of support and
larger slab deflections.

Microscopic analysis of the concrete in the Galesburg project indicates
that the EB section has extremely inhomogeneous cement paste in the new
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concrete, with a water/cement ratio (WC) ranging from 0.35 to 0.60. [n addition,
large numbers of microcracks were found in the new and recycled cement paste
of the EB section. WB has considerably more homogeneous cement paste (WC
of 0.35 to 0.40) and fewer microcracks. These clues indicate a lower quality
concrete EB than WB. Indications of the low quality of the recycled aggregate
EB were given in interviews with the contractor, who explained that it was much
easier to break up the old EB concrete than the WB concrete.

In the Lawrence project sections, the recycled sections over open graded
and dense graded bases respectively, passed the serviceability criteria test,
while a peastone concrete over OGDC and a recycled concrete over 5%
cement-stabilized peastone base course failed the AASHTO serviceability test.
It should be noted that the 5% cement-stabilized peastone did not form a rigid
layer as would a typical stabilized base course. Instead, the peastone broke
apart easily, and during sampling it was difficult to obtain any specimens where
the peastone remained cemented together. While lower concrete strength and
stiffness were the major factors for the predicted failure of the peastone concrete
section, lower thickness and lower foundation layer moduli caused the predicted
failure of the recycled concrete section over 5% cement stabilized peastone
base. Even though the recycled section over open-graded base showed severe
cracking in the field, the AASHTO serviceability criteria test shows some
remaining service life. This was mainly because of the higher concrete strength
and stiffness, and higher thickness of the slab. The discrepancy between the
AASHTO design prediction and the field performance for this section may be
due to a number of factors not taken into account by AASHTO (such as
sympathy cracking, shrinkage cracking, etc.).

The LTE across joints, between slab and shoulder, and across cracks
were determined for the Lawrence sections. The LTE across joints was low (50%
to 60%) for two of the Lawrence sections, the peastone concrete over OGDC
and the recycled section over 5% cement stabilized peastone base. The other
two sections, the recycled sections over dense graded base and open graded
base, had LTE across joints as high as 80%. The LTE between pavement and
shoulder was found to be similar for all Lawrence sections (30% to 50%). The
LTE across cracks varied between 35% and 60%, with the section over the
dense graded base having the highest value.

These LTE values show that the dowel bars aid significantly in the
transfer of loads across the joints. The aggregate interlock alone in many of the
sections is not sufficient to provide enough load transfer due to truck traffic. This
is evidenced by the poor LTE's across cracks. The visual condition of the joints
is excellent for all sections, with virtually no visual damage to any of the joints.

Load transfer efficiency values across the transverse cracks, calculated
from falling weight deflectometer data, gives an indication of the quality of
aggregate interlock in the various pavements. Aggregate interlock is one of the
major factors that helps long term performance by providing effective transfer of
loading from one crack or joint surface to the other. In the Lawrence project, a
peastone concrete shows poor load transfer. This can be traced back to the
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small (8mm max. size), rounded, and poorly graded peastone aggregate, which
provides poor aggregate interlock. Several recycled concrete sections studied
also show poor load transfer, though they contain aggregate of 30 mm. top size.
The initial texture of the fractured face is a function of the coarse aggregate
characteristics (gradation, number of crushed faces, particle density, etc.), the
bond that develops between the aggregate and the paste prior to fracture, and
the relative strengths of the paste and aggregate at time of fracture. The erosion
of the fractured face depends mainly upon the degree of grain interlock or
fracture texture that is initially between the crack faces (crack or joint opening),
the magnitude of the loads that cross the crack or joint, and the level of
foundation support. To improve aggregate interlock in recycled concretes, an
experiment adding premium virgin aggregate of large size should be conducted.
The optimal blend and virgin aggregate size should be investigated.

In the Lawrence project, a recycled concrete over dense graded base
course has performed comparatively better than the recycled concretes over
other base types. This conclusion was obtained from visual inspection showing
fewer working cracks and FWD results indicating high load transfer across joints
and cracks. The cause of this improved performance is not known. One factor
that stands out is the uniformity of the foundation support in the dense graded
section. The overall stiffness of the foundation in this section, though, is
comparatively low (106,000 psi. for the combined base and subbase modulus,
and 22,500 for the subgrade modulus). As per the FWD backcalculation, the
average subgrade moduli for the Lawrence sections varied between 21,000 psi.
and 33,000 psi. Similarly, based on the estimates made using the DCP results,
the average base and subbase combined modulus varied between 100,000 psi.
and 176,000 psi. It does not appear that the national study on recycled concrete
being conducted by Dr. Snyder from the University of Minnesota is investigating
this issue of the effects of dense graded bases. Thus, further study is
recommended.

The quality of recycled aggregate to be used in recycled concrete is very
important to the overall performance of the new concrete. Freeze-thaw testing
shows that recycled aggregates may not meet current MTM requirements for
freeze-thaw durability. Recycled aggregates have high water absorption
capacities and are highly sensitive to degree of saturation in the vacuum
saturation procedure. Recycled aggregates should be considered for use in
pavements on a case by case basis.



1. Introduction

1.1 Objectives

The goal of this study is to determine the factors that lead to distress in
recycled concrete pavements. The project is divided into two areas: field study
and laboratory analysis. The field investigation focuses on two areas of
concern: the quality of the pavement slab and the quality of the underlying
foundation materials. Because many factors play a role in the performance of a
pavement, numerous tests have been conducted to identify the critical
contributing causes of deterioration in these pavement sections.

Studies of Concrete Slab Quality

-Crack Mapping and Photographic Record for visual analysis of pavement
performance.

-Falling Weight Deflectometer (FWD) testing for evaluation of concrete stiffness
and load transfer. :

-Concrete Strength and Stiffness testing of cored specimens for concrete quality.
-Petrographic Analysis of cored concrete samples for composition and
microcracking patterns.

Surface texture measurement of fractured surfaces to determine crack
deterioration and aggregate interlock load transfer potential.

Studies of Foundation Quality

-FWD testing for estimation of effective soil stiffness, and measurement of
relative influence area and slab deflection.

-Dynamic Cone Penetrometer (DCP) testing to estimate the relative stiffnesses
and compaction of base and subbase layers.

-Soil Gradation Analysis to estimate layer permeabilities, filter criterion, and for
checking adherence to gradation specifications.

In addition to field investigations and analysis of construction records,
traffic data has been analyzed in order to seek out clues to the varied
performances of the different test sections.

Construction and Traffic Data Analysis

_Review of design life and serviceability calculations based on measured field
and laboratory data.

-Analysis of mix designs.

-Investigations of construction and air temperature data.

Laboratory study has been performed on recycled concrete coarse
aggregates to aid in understanding performance in the field.



Laboratory Study of Recycied Aggregate

-Aggregate properties determination including absorption, unit weight, and bulk
specific gravity.

-Freeze-thaw durability testing under different degrees of saturation.

1.2 Scope of Work

Two recycled pavement projects in Michigan were chosen for
investigation on the basis of their potential merit in identifying factors critical to
recycled concrete pavement performance. Field and laboratory tests were
conducted on pavement samples from both of these projects. Additionalily,
recycled aggregate was acquired for durability testing from a recent paving
project.

The first project chosen is one where recycled concrete was placed on a
series of different base course types. An experimental virgin aggregate
peastone concrete was also placed in this project, allowing for comparison
between virgin and recycled aggregate concretes under similar field conditions.
A cracking pattern that has developed in all of these test sections allows for
comparison of load transfer efficiency after cracking has occurred. This project
will be referred to as the Lawrence project, and is described in section 2 of this
report.

The second project chosen for study contains two test sections of
recycled pavement on open-graded drainage courses (OGDC). While similar
materials, mix designs and procedures were used in constructing these two
pavement sections, their performances are radically different. ldentifying
likenesses and differences in these pavements leads to an understanding of
their varied levels of deterioration. This project is identified as the Galesburg
project, and is discussed in section 3 of this report.

Test Section Identifications

e L B ~Typeof . i
E 37| - PCC Aggregate | - :Base Course
Ml 1-1 Lawrence Peastone Open-graded
Mi1-2 Lawrence Recycled Open-graded
Mi 1-3 Lawrence Recycled 5% Cement-stabilized peastone
Ml 1-4 Lawrence Recyciled Dense-graded
Ml 2-1 Galesburg (West Bound) __Recycled Recycled, Open-graded
Ml 2-2 Galesburg (East Bound) Recycled Open-graded

Table #1: Explanation of section references by project location, aggregate type, and base
course type.
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Figure 3: Typical view of pavement system cross-section for both the Lawrence and Galesburg
projects.

The recycled aggregate tested for durability was acquired from a paving
project on 1-96 near Brighton, Michigan. This material was being used as a base
course for new pavement construction on that site.  Durability testing of
aggregates is discussed in section 4 of this report.



2. The Lawrence Project

2.1 Project Description

The Lawrence project is located on West bound 1-94 near Lawrence,
Michigan and is referred to with the label MI1. This project, with Controf Section
Number (CSN) 80023-20993, was constructed by Eisenhouer Construction
Company at a cost $7,993,808 in 1984. Within this 8.8-mile project, four
separate pavement sections were examined. The first section (labeled MlI1-1) is
an experimental concrete with virgin peastone aggregate used over an open-
graded drainage course (OGDC). The contractor used this peastone concrete to
test whether it would be acceptable for large-scale use in a later project. This
peastone concrete section is considered the control section in the context of this
project because it is a non-recycled concrete. The tested section is
approximately 400-ft. long, with a 41-ft. joint spacing, two 12-ft. wide lanes and a
nominal 10-in. pavement thickness. The paved shoulder has a 14-ft. joint
spacing. Only the design traffic lane has been examined in this study.

The other three pavement sections in the Lawrence project have the
same joint spacings and dimensions as the control section. The second section
(labeled MI1-2) is a recycled pavement over OGDC. The third section (labeled
MI1-3) is a recycled pavement over a 5% cement-stabilized peastone base
course. The final section (labeled Mi1-4) is a recycled pavement over a dense-
graded base course (DGBC). Detailed. location information is found in
Appendix 1 of this report.

Photo #1 Typical crack pattern in section Mi1-1, peastone concrete on open-graded d}ainage
course.
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Photo #3: Typical crack pattem in section Ml 1-3, recycled conérete onA 5% bmen-sabilized
peastone base course.
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Photo #4: Typical crack in section Ml 1-4

2.2 Project Findings

2.2.1 Overview of Findings

The Lawrence project provides an opportunity to compare recycled and
virgin concretes that have been placed over various types of base course
materials. Because the four test sections of the Lawrence project all exhibit
similar cracking patterns, the process of crack deterioration is of interest. While
it is known that the transverse cracks propagate from shoulder joints, the crack
severities differ for the four test sections. This behavior lends itself to a study of
load transfer efficiency across cracks and transverse joints. Investigations into
the concrete materials, foundation materials, traffic and environmental factors
during and after placement lead to additional clues to the varied performances of
these pavements.

Control Peastone Concrete

The peastone concrete exhibits significant cracking and crack
deterioration, including some faulting and spalling. It has both lower strength and
stiffness than the recycled concretes and was placed on a warm sunny day with
problems occurring during placement. It is possible that early cracking occurred,
which deteriorated at a rapid rate. The cracking was likely initiated and/or
propagated by the 1/3-point shoulder joint design. The free movement of the
jointed shoulder tied to the slab likely caused the opening of the cracks and the
rupture of the temperature steel. It is possible that the deterioration is related to
poor aggregate interlock. The straightness of cracking through the thickness of
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the pavement in joints and cracked sections also contributes to early
deterioration. This is evidenced by poor load transfer across the cracks and
transverse joints.

A performance evaluation for serviceability based on the AASHTO'
design procedure showed that the estimated actual ESAL's for the 11 years of
service life exceed the ailowable ESAL's in this section.

Alkali Silica Reactivity (ASR) is detected in microanalysis of the
pavement, though it is likely not a major factor in the general deterioration of the
slab. Foundation stiffness appears adequate for this pavement section.

Recycled Pavements

The three recycled concrete pavement sections delineate the sensitivity
of recycled pavements to field conditions. While each of these pavement
sections suffers from sympathy cracks which propagate from third point shoulder
joints, the rate of deterioration for each section is of interest. The load transfer
efficiency across the cracks for these sections indicates that aggregate interlock
is not sufficient in these recycled pavements to adequately prevent crack
movement and deterioration. It should be noted that testing under warmer
temperature conditions would be expected to improve load transfer somewnhat.
In addition, uniformity of foundation support appears critical to good performance
in recycled concretes. See Figure #4 for a summary of load transfer values,
and Appendix #4 for a detailed discussion of the load transfer data.

The recycled pavement placed over 5% cement-stabilized peastone base
(MI11-3) has experienced severe crack deterioration. This is likely related to the
high slab deflection in the test section. The high deflection in the slab may be
attributable to the low stiffness of the subgrade material. Low load transfer
across transverse joints and cracks and high load transfer to the shoulder are
more characteristic of this pavement section relative to the other sections
studied. Large deflections in the slab combined with a high degree of influence
from shoulder joints may lead to the severe cracking evident in this test section.
ASR has been detected in petrographic analysis of this pavement section,
though it is not considered a leading cause of distress.

The two remaining test sections: recycled concrete over OGDC and
DGBC, sections MI1-2 and MI14 respectively, show performance that is likely
influenced by different factors than the other test sections. Both of these
pavement sections have high load transfer across joints and low load transfer to
the shoulder. Both sections show similar slab deflections, and similar deflection
basins. Both exhibit relatively high concrete strengths and stiffnesses and low
foundation stiffnesses.

In the foundation layers, it appears that the uniformity of the support is of
greater importance than the stiffness of the support. In section MI1-4 (over
DGBC), the foundation support is very uniform throughout. This pavement
performs better, even though the overall foundation stiffness is not as high.
Better performance for this section is characterized by lower severity cracking




than is seen in the other sections. Faulting and spalling, though present, are not
normal for this test section.

A performance evaluation for serviceability based on the AASHTO
pavement design procedure showed that the estimated actual ESAL’s for the 11
years of service life exceed the allowable ESAL’'s in sections MI1-1 and MI1-3,

Another significant difference in performance between these two
pavements can be traced back to the original placement of the slabs. Because
MI1-2 was placed on a clear warm day, and difficulties with quick setting of the
concrete were noted by the inspector, it is very possible that early cracking
(cracking before the joints were sawed) occurred in this concrete.
Inhomogeneity in the cement paste in the upper portion of the concrete, as well
as shrinkage cracks found in the field, support this hypothesis. The other
section, MI1-4, was placed on a cloud-covered, rainy day, and no difficulties
were reported during placement. This pavement, in turn, has performed
considerably better.

2.2.2 Performance Evaluation

A performance evaluation based on the AASHTO pavement design
procedure indicates that allowable equivalent single axle loads (ESAL's) are
lower than the estimated actual ESAL's in sections MI1-1 and MI1-3. This
shows that these sections have already reached their threshold serviceability
values after 11 years of pavement service. In the case of sections Mi1-2 and
MIi1-4, some service life remains.

AASHTO Serviceability Check

( Lawrence Project)

Section Age in years Load repetitions (ESAL'S) Remarks
(Until 1995) Total allowable Estimated Actual®
to date
Mi1-1 11 11,176,010 13,658,149 Fail
Mi1-2 11 20,168,810 13,658,149 Pass
Mi1-3 11 11,279,980 13,658,149 Fail
Ml1-4 11 15,698,400 13,658,149 Pass

* Based on data obtained from MDOT

Table #2: Summary of traffic analysis for the Lawrence project.



Section MI1-1 fails the AASHTO procedure because of comparatively low
concrete quality and low load transfer across joints. Section MI1-2 did not fail in
the analysis even though field performance is poor. One of the reasons for this
may be that the loss of support assumed in the analysis may not be
representative of the actual field value. The concrete properties such as the
strength and modulus of the section are comparatively better than those seen in
section MI1-1. A detailed description of the input parameters used for this
analysis is located in Appendix #11.

2.2.3 Concrete Slab Quality

Crack Mapping and Photographic Record

A crack mapping study indicates a pattern of cracks in the slabs of all four
sections at the slab 1/3-points. These cracks correspond to 1/3-point transverse
joints in the adjoining shoulder. The test section that stands out in the Lawrence
Project for its notably better performance than the other sections is Mi1-4,
recycled pavement on dense-graded base. In the first three sections (Mi1-1,
MI1-2, MI1-3), this sympathy cracking is severe and considerable crack spalling
has occurred. The cracks can be identified as working cracks, and some
evidence of pumping is found. MI1-4 exhibits the same cracking patterns, but
the severity of the cracks is considerably lower. Few working cracks are present
in this section.

Many sympathy cracks in all four sections run through both traffic lanes,
but spalling and significant crack deterioration are mostly observed in the design
lane. The sympathy cracks generally run very straight across the pavement,
often following the tining grooves. In all four sections, the joints are intact and
appear in good condition. No longitudinal cracking has occurred in the
pavements, and few cracks other than the sympathy cracks are found.
Appendix 2 contains the crack mapping reports for these pavement sections.

Photographs of cracks found in each of the Lawrence project test sections
verify the results of the crack mapping study. Photos #1-4 depict cracks that are
typical to each pavement section. Additional photos are found in Appendix 2.

Load Transfer and Crack Texture

Falling Weight Deflectometer analysis of the four Lawrence test sections
gives indications of load transfer across transverse joints and to the shoulder.

Load transfer efficiency across the transverse sympathy cracks gives an
indication of aggregate interlock. While many factors may affect formation and
movement of cracks, aggregate interlock is the primary mechanism for transfer
of load across the crack faces. Once cracks have formed, in this case through
sympathy cracking, the aggregate interlock provides protection from movement
that leads to rapid deterioration due to spalling, pumping and the like. Slab
length is also critical in determining the effectiveness of aggregate interlock. A
long slab will experience greater movement, allowing cracks to open more, and
aggregate interlock to be less effective.
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Load transfer efficiencies are highly variable among the various cracks of
all of the pavement sections. This is due to great differences in performance
from crack to crack. When taken as an average for each section, though, the
general trend in crack performance is seen. While no section has high load
transfer, section MI1-4 performs slightly better than the other sections. This is
indicative of better concrete quality and/or better foundation quality.

The severity of many of the sympathy cracks in the recycled and
peastone concretes alike and the low load transfer efficiencies for these cracks
indicate the lack of adequate aggregate interlock. It is likely that the small
nominal aggregate size plays a role for the peastone, and lack of premium grade
aggregate is a factor for the recycled aggregate. Premium aggregate is
important to preserve the texture of the shearing faces of cracks. Weaker
aggregates are more likely to break down, causing the cracks to become
smooth.

f Load Transfer Efficiency (Lawrence)
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Figure #4: FWD analysis: load transfer for Lawrence project

Load transfer at the transverse joints is greatest in the recycled pavement
over dense graded base (MI1-4). High load transfer across transverse joints is
important to avoid load concentrations and excessive deflection of the slab
edges. The good load transfer may be brought about by a uniform and stable
foundation support. It also indicates proper functioning of the doweled joints in
providing efficient transfer of vehicle loads.
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Load transfer to the shoulder is low in all sections relative to load transfer
across transverse joints. This is particularly the case for MI1-2 and MI1-4,
recycled concrete on OGDC and DGBC respectively. Due to the detrimental
1/3-point transverse shoulder joint design, poor load transfer to the shoulder
may actually be beneficial to the slab. Poor load transfer reduces the influence
of the 1/3-point shoulder joints on the pavement slab, reducing the severity of
sympathy cracking. FWD analysis results are presented in Appendix 4.

Load transfer efficiency across the joints is also evidenced by analysis of
cores from joints of the four pavement sections. Micro-structure analysis was
performed on a core from each section. The cored joint from Section Mi1-4 fares
the best, with a visual macro-texture rating of “very good”. MI1-2 is rated “good’,
while MI1-3 and MI1-1 are rated “fair’ and “poor’ respectively. The macro-
texture rating refers to the texture provided by the coarse aggregate. The
peastone concrete has a poor rating because the small rounded aggregate
provides little texture or aggregate interlock in the crack beneath the joint.
“Good" and “very good’ ratings indicate good aggregate interlock and tight joints
where little damage has occurred from joint movement.

A gross texture rating has also been assigned to each of the joint cores,
indicating the straightness of the crack through the core. The greater the incline
of the crack, the higher the rating. All three recycled sections receive “fair”
ratings while the peastone concrete rates “poor”.

Surface texture analysis has also been performed on cored specimens
from the third point sympathy cracks of the pavement sections. In general, the
cracks tend to have a lower macro-texture rating than the joints of their
respective pavement sections. This is indicative of greater movement in the
cracks than in the joints. Cracks are dependent on aggregate interlock to
prevent movement, while joints are protected from shearing by dowel bars.

~ Core Visual Rating
Identification ‘ - Macro Cen ~Gross
Joints:
Ml 1-1-J2 poor poor
Ml 1-2-J2 good fair
Ml 1-3-J2 fair fair
Ml 1-4-J2 very good fair
[Cracks:
Ml 1-1-C2 poor fair
MlI 1-2-C2 poor good-fair
Ml 1-3-C2 poor-fair poor
Ml 1-4-C2 poor poor

Table 3: Crack texture for Lawrence project

The macro-texture ratings for all four crack specimens are “poor” or “poor
to fair'. Gross texture ratings indicate that the specimen from section MI1-2
(recycled over OGDC) performs the best. The low rating of the MI1-4 specimen
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(recycled over DGBC) is due to the fact that the specimen tested comes from
one of the few severe cracks within the test section. This result is likely not
representative for the test section where only few such cracks are found.
Complete crack analysis data is located in Appendix 9.

The cracks and joints for all sections show evidence of fines within the
cracks. These fines represent leacheates (white deposits), corrosion products
(gray/brown deposits), and soil migration (brown deposits). Exposed dowel bars
and temperature steel have corroded severely. Abrasions indicative of wear are
not pronounced in the joints

Concrete Material Properties
Concrete strengths in all of the recycled sections are well above the

3500 psi. design strength, with strengths consistently above 6000 psi., when
tested in accordance with ASTM C422. Elastic moduli of these concretes range
from 3.5x10° psi. to 4.2x10° psi. as determined in accordance with ASTM C469°.
A high modulus value indicates a stiff concrete, where low deflection can be
expected. The peastone concrete exhibits both lower strength and lower
stiffness than the recycled concretes. This result can likely be attributed to the
poor gradation and small grain size of the peastone aggregate. In addition, the
rounded particle shape contributes to the low strength and stiffness. The
weakness in this concrete is likely in the adhesion zones between the aggregate
and paste. The large number of microcracks in this region indicate that the
aggregate paste bond is deficient. See Appendix 3 for strength and stiffness
data. ~

Summary of Strengths by Section

ST

Mi1-1-avg Mi1-2-avg Mi1-3-avg Mi1-4-avg
Section idetification

Figure 5: Concrete compressive strength for Lawrence project.
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Figure 6: Concrete stiffness for Lawrence project

Petrographic Analysis

Petrographic analysis performed on mid-slab cores from all four pavement
sections identifies microcracking patterns, concrete composition, and aggregate

reactivity.

In the recycled concretes, considerably more microcracking is found in
Though no aggregate

the new concrete than in the recycied

durability information is available from the time of recycling of the original
pavement, this crack pattern is one indicator that the recycled aggregate is

probably of good durability.

aggregate.

Microcracking in Lawrence Project Concrete Samples

(5.8 mm*?) on each thin section.
() High amount of microcracks.

Table 4: Microcracks for Lawrence project
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Cracks less than 0.01 mm are considered in this quantitative determination in 10 fields of sight

3 T e ... .~ _Microcracks/mm* L T
Core Thin Section ““New Concrete | -.- Recycled Conc. Agg. -
.. Cemant. |- Adhesion | - Gement | :Adhesion
v N 52 B Pasta"."“"“- "-4 ) ‘.'.Z‘o'ne - *Lf.';:"P”m B B zom“"f_':
Mi1-1-M2 [Surface Middle Bottom 0.14 - 0.57" - -
MI1-1-M4 Surface 0.09 0.12 - - |
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MI1-4-M2 |Surface Middle Bottom 0.53" 0.22 0.16 0.02 f
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Microcracking is more prevalent in the cement paste than at aggregate-
paste adhesion zones in the recycled concretes studied. Good adhesion
between the recycled aggregates and new cement paste is common to all three
recycled pavement sections. In many cases it is difficult to distinguish between
the old and new concrete. This is likely due to the similarity in the constituencies
of the old and new concretes. Recycled coarse aggregate typically contains 20-
30% by volume of attached cement paste®, which adheres well to new cement
paste.

Of the three recycled pavements, there was noticeable adhesion zone
cracking in the upper portions of two of the pavement sections (MI1-2 and
MI1-3). This is an indication of early cracking possibly caused by drying
shrinkage. In section MI1-4, good adhesion is noted in the top portion of the
concrete.

The large number of microcracks in the new cement paste of the recycled
concretes indicates problems in the early stages of curing. The upper portions
of the specimens have inhomogeneous cement paste, with highly variable
water/cement ratios. Bleeding and drying shrinkage could both be of concern.

In the peastone concrete, the adhesion zones show more significant
cracking than the cement paste. This is indicative of a poorer bond between the
smooth rounded aggregate and the cement paste than is seen in the recycled
concretes. The smail size, poor gradation, and rounded shape of the peastone
aggregate gives a higher adhesion zone volume per volume of concrete than is
found in a typical paving concrete. This mismatch is also likely to be the cause
of the reduced overall strength and stiffness of the peastone concrete.

.,.; By ". . Y. T (O TIE .y AT TR

: 4] 5 Bl - 4 #‘M g A B 'c. ; #, Y Z ‘,-“
Photo #5: Microphoto of a sample from section MI1-3, taken in transparent light. Scale: 1em=
0.26 mm. ASR gel is present in the recycled concrete. No cracking is observed that can be
attributed to ASR.

¥
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Photo #6: Microphoto of sample from section Mi1-3, taken in fluorescent light. Scale: 1 cm = .26
mm. Fine crack penetrating the cement paste perpendicular to the surface, see arrows. No
aggregates are penetrated, indicating early cracking. Aggregates are marked “A", cement paste
“C” and air "V".

Photo #7: Microphoto of sample from section MI1-4, taken in fluorescent light. Scale: 1 cm =
0.26 mm. Fine crack is penetrating surface area and running perpendicular into the concrete. The
crack penetrates aggregates, see arrows, which indicates formation in later state. aggregates are
marked “A”, cement paste ‘C" and air voids “V".
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Photo #8: Microphoto of sample from section MI1-2 taken in fluorescent light. Scale: 1 cm = 0.26
mm. The cement paste contains microcracks along adhesion zone to recycled concrete, see
arrows. Recycled concrete is marked “R" and new concrete “N".

Alkali-silica reactivity (ASR) can be identified in several cores, and some
expansive gel is found interspersed throughout the cores. Some ettringite
crystals have formed in air voids and ASR is evident around some aggregates.
While only low amounts of ASR have been detected, the presence of porous
chert, sandstone and opal indicate a propensity toward ASR, especially in the
presence of de-icing salts and a humid environment. ~Although ASR is present,
the cracking patterns for the slabs do not appear to be typical of ASR type
distress, and ASR is not considered a major factor in the deterioration of the
slabs.

Photos #5-8 give evidence of the micro-cracking and ASR in specimens
from the Lawrence project. Additional micro-images are depicted in Appendix 6.

2.2.4 Construction Records and Mix Design

Construction records indicate many problems, including difficulty with the
mix setting up very fast in section MI1-2 (recycled over OGDC). The peastone
concrete (MI1-1) also developed problems during placement. The inspector’s
report indicates a weak looking mix with bleeding encountered during normal
vibration. The first two loads had to be discarded and an overrun was
experienced due to deep wet cores. In addition, weather conditions were noted
to be warm and sunny for the placement of Mi1-1, MI1-2, and MI1-3, while MI1-4
was placed in cloudy and rainy weather. The likelihood of problems during the
early stages of curing is amplified by hot summer weather. Construction data is
located in Appendix 7.
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AIR TEMPERATURE ON THE DAY OF CONCRETE PLACEMENT
(Data collected from weather stations located close to the project section)

Section ~ Date “Temperature (Degrees F) o s L ocation e
BECETTIRTN BN S - Low H!gh Sa B GRETTTR . -:_-"
MI1-1 8/15/84 ~ 58 85 Kalamazoo T
51 86 Benton Harbor
Mi1-2 8/14/84 60 86 Kalamazoo
51 78 Benton Harbor
MIi1-3 8/9/84 68 90 Kalamazoo
63 92 Benton Harbor
MI1-4 9/4/84 49 68 Kalamazoo
43 71 Benton Harbor

?emperature data is compiled from "Climatological Data: Michigan”
U.S. Depantment of Commerce’

Table 5: Temperatures on the day of placement. Data obtained from nearby weather stations.

The mix design records show that the fine aggregate was composed of 50% of
recycled fines for sections MI1-2 and MI1-3 while only 30% was used for Mi1-4.
It has been reported that a higher percentage of recycled fines may cause
higher abrasion and formation of leacheates in concrete. MI1-4, where lower
amounts of recycled fines were used, showed comparatively less crack
deterioration and improved performance.

2.2.5 Quality of Foundation Materials

Investigations into the foundation layers are vital to gain information about
stability of the foundation and drainage under the pavement slab. Base and
subbase courses are used to protect the pavement system from environmental
factors effecting the existing roadbed. Among these factors are frost heave,
pumping, shrinkage and swelling’.

Falling weight deflectometer testing gives an indication of effective soil
stiffness of the foundation, relative load influence area, and slab deflection.
Predicted effective soil stiffness is a combined stiffness of the base, subbase
and subgrade layers. The subgrade has the most influence on the value
because of it's semi-infinite thickness, compared to very limited base and
subbase thicknesses. Dynamic Cone Penetration testing gives a qualitative
value of base and subbase stiffnesses. Load influence area is a measure of the
width of the deflection bowl. A high influence area represents a well-distributed
load.

The three recycled pavement sections all show relatively high deflections
and concrete moduli when compared to the peastone concrete, yielding low
back-calculated effective soil stiffnesses for these sections. The peastone
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concrete, which has low deflection and low concrete stiffness shows high back-

calculated soil stiffness.

DCP blowcounts indicate little difference between open graded and
dense-graded base stiffnesses. The subbase layers do show lower blow counts
under the dense-graded base, though uniformity of support is very good beneath

this section.

DCP Resistance and FWD Predicted Soil Modulus

Lawrence Project
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Figure 7: Foundation support stiffness; FWD-DCP study for the Lawrence project

When DCP and FWD results are plotted together, general conclusions
about the foundation layers can be drawn. The peastone concrete section (MI1-
1) shows relatively high stiffnesses for all foundation layers. The recycled over
stabilized peastone section (MI1-3) shows relatively stiff base and subbase
layers, and a very weak subgrade. FWD results show large deflection and large
influence area in this section, indicating a low subgrade stiffness. This weak
subgrade layer may be a leading cause of pavement distress. The remaining
sections, MI1-2 and MI1-4 both show relatively low stiffnesses in all layers.
Section MI1-4, though, has a very uniform foundation support, reducing stress
concentrations in the slab. This uniformity in the support appears to make up for
the low stiffness. See appendices 4 and 8 for complete FWD and DCP data.

It should be noted that the 5% cement-stabilized peastone base did not
have the consistency of a typical stabilized base course. The 5% cement that
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was added to the peastone did not hold the peastone rigidly in place, but rather
crumbled easily. It was difficult to get cohesive sample of the stabilized
peastone out of the ground without it breaking up completely. Thus, this base
course performed less like a lean concrete and more like an open-graded base
course.

The lack of evidence of pumping in any of the pavement sections
indicates that there is adequate filtration provided by the various foundation
layers. Analysis of filter criteria indicates some migration of materials,
particularly fines between the subbase and subgrade layers.

Gradation analysis indicates that frost heave and/or shrinkage and
swelling effects are not likely to be a problem in the Lawrence project sections.
This is due to a relatively low percentage of fines in the subgrade materials.

Drainage of water from pavements is very critical to their performance. A
poorly drained base course combined with increased traffic may lead to
premature failure. In the test sections, rapid drainage of water is provided by
OGDC layers, while the DGBC acts as a waterproofing layer for the underlying
materials. Clogged drains have been observed in some locations. Poor drainage
may be one of the contributing factors for the early distress in these test
sections. If indeed drainage is a problem, then as the slab cracks, the adverse
effect due to poor drainage also gets more severe.

Gradation data is located in Appendix 5 of this report.
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3. Galesburg Project
3.1 Project Description

The second project is located on 1-94 East and West bound near
Galesburg, Michigan and will be referred to as the Galesburg Project (labeled
MI2). This project, with CSN 39022-20736, was constructed by Eisenhouer
Construction Company at a cost of $12,896,579. Two 1000-ft. test sections
were chosen from this 8.7-mile paving project. One section is West bound
(MI2-1) and one is East bound (MI2-2) at the same station locations. The East
bound section was constructed in 1985, while West bound was built in 1986.
The chosen sections are representative of the pavement in each direction. Both
sections contain recycled pavement over an open-graded drainage course.
Each of the tested sections has 41-ft. joint spacing, two 12-ft. wide lanes and a
10-inch thick slab. The paved shoulder has joints spaced at 41 ft., coincident
with pavement joints. Only the design traffic lane was examined for each test
section.

The highway in the area where these sections are located is in a cut-fill
region. The West bound lane is built on fill, while the East bound lane is cut into
a slope. The directions are split by a concrete barrier median. The cut-fill slope
is not severe, and there is little slope longitudinally. Information regarding the
precise location of this project is found in Appendix 1.

Photo #9: Overview of section MI2-1 (West bound Galesburg).
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 Photo #10: View of section MI2-2 (East bound Galesburg) showing transverse and longitudinal
cracking. Note that asphalt patching has been placed to fill in a lane shoulder dropoff of roughly

one inch.

Photo #11: Typical view of the pavement in the West bound test section.
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Photo #12: Pavement in the East bound test section (MI2-2). Notice the shattered sfab and the
spalling at the cracks.

3.2 Project Findings

3.2.1 Overview of Findings

The Galesburg project exhibits very peculiar performance: West bound
(Mi2-1) is in excellent condition, and East bound (MI2-2) is nearing the need for
total replacement after roughly the same life span; East bound is 1 year older.

There are several factors that may contribute to these dichotomous
behaviors. The quality of the recycled material appears to affect both the
concrete material properties and the slab performance. Material of poorer
quality was recycled East bound than that recycled West bound. This is
evidenced by low concrete strength and stiffness on a macro level. Under
microscopic investigation, numerous microcracks are seen in the cement paste
of the new concrete as well as in the paste regions of the recycled aggregate.
This cracking in the recycled aggregate is indicative of a weak material. The
aggregate quality may have led to lower concrete strength and rapid crack
formation and deterioration.

A large number of microcracks in the new cement paste East bound, as
well as a highly variable water/cement ratio in the new cement paste indicate
possible difficuity with the mix at the time of placement. Many of the microcracks
run around aggregates, while others run through the aggregates in the East
bound lanes. Cracking around aggregate is typical of early cracking, when the
soft paste is the path of least resistance. After extensive curing, cracks tend to
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run through aggregates and follow a straighter path. East bound has both types
of microcracks.

Lack of adequate drainage beneath the slab may have been a factor in
the deterioration East bound. Pumping and loss of support have been observed
in this section. These types of distress can sometimes be explained by excess
water being trapped beneath the pavement, weakening the foundation support.

Traffic analysis indicates a higher number of equivalent single axie loads
(ESAL's) East bound than West bound. The AASHTO Design Method (a
serviceability-based design method) has been used to determine allowable
ESAL's for the two pavement sections based on measured values from field
testing. It can be seen that East bound has exceeded its service life while West
bound has not, based on current and back-calculated field conditions.

3.2.2 Performance Evaluation

A performance evaluation based on the AASHTO pavement design
procedure shows