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Executive Summary

Improvement of our nation’s transportation infrastructure is a top priority of both the public
and private sectors of the transportation communities. The upkeep of our pavement network
ranks high among our premier goals because it has an impact on national productivity,
national economy and international competitiveness. Among the most pressing, costly, and
challenging of transportation infrastructure issues is the improvement and assurance of long-
term performance of our pavement network.. One technological improvement that is
showing promise as a means to assure adequate mechanical properties and durability
characteristics is High Performance Concrete (HPC). Materials classified as high
performance concrete construction products and components have been available and
used in the United States for decades, but in recent years, our need for infrastructure
improvement has accelerated HPC rescarch and implementation for pavements and
bridges. HPC characteristics such as improved strength, freeze-thaw durability, reduced
permeability, etc., that are key characteristics of HPC that when incorporated into the
pavement structure will result in reduced life cycle costs, user delays, and will assure
long term performance with minimal rehabilitation cycles.

This report summarizes findings of a one-year (10/1/97-9/30/98)-research study
that investigated mechanical properties of large coarse aggregate concrete mixtures. The
concrete samples for the laboratory investigation were obtained from: (1) [-75 inlay
project from the Ohio (IM 58151-38680A) border to 12 miles north (both north and south
bound lanes) constructed during August-October 1997 and (2) [-75 reconstruction project
(north and south) in_ Wayne County between Fort Street and Grand Avenue (IM 82194-

36005A) constructed during June-August 1998. The PCC mixture designs included a



40%-60% blend of 4AA/6AAA as coarse aggregates. The report details mechanical and
durability properties (compressive, flexural, indirect tensile, plastic shrinkage, ...) for the
sampled concrete.

Some of the key conclusions and recommendations drawn from this study are:

e The laboratory tested physical properties of the coarse aggregates were similar to
those reported by the contractor. The 4AA and 6AAA gradations were in accordance
with the MDOT specifications. Based on the laboratory testing for a fineness
modulus (fine aggregates) of 2.80 and a maximum coarse aggregate size of 50 mm,
the b/b, was 0.74.

o The compressive strength properties of both ﬁeld molded and laboratory molded
specimens were well above the contractor’s target 28-day strength.

o There is considerable agreement between the mechanical properties of the extracted
cores and the field and laboratory molded specimens.

¢ A visual examination of the fractured beams after testing revealed excellent aggregate
interlock across the crack faces. Utilization of a strong and angular coarse aggregate
resulted in a greater percentage of fracture area, thus creating a ball and socket
configuration. This configuration is considered to be a very important mechanism
toward maintaining integrity for transferring a wheel load across a pavement crack.
Furthermore, some recommendations for future research are:

e It is strongly recommended that an on-going (on a yearly basis) monitoring program

be initiated to monitor both the mechanical and durability properties of the concrete

mixture.




For the I-75 Monroe project a comparison can be made between the large coarse
aggregate mixtures used in the right truck lane and the traditional full-depth concrete
mixtures, since extensive full depth patches have been placed in the middle and
median left lanes.

In order to test the premise that a reduction in cement content and addition of
pozzolanic improves the volumetric properties (shrinkage and creep) of the mixture
extensive plastic, and drying shrinkage tests need to be performed.

A Volumetric Surface Texture Analysis needs to be performed on extracted PCC
cores from large coarse aggregate mixture pavements to determine the distribution of
macro- and micro-texture and whether this can be related to load transfer efficiency

-across a crack.




Chapter 1
Introduction
Improvement of our nation’s transportation infrastructure is a top priority of both the public
and private sectors of the transportation communities. The upkeep of our pavement network
ranks high among our premier goals because it has an impact on national productivity,
national economy and international competitiveness. Among the most pressing, costly, and
challenging of transportation infrastructure issues is the improvement and assurénce of long-
term performance of our pavement network.

We need stronger and more durable portland cement concrete in the rigid pavement
network to resist (1) the ever increasing truck weights, tire pressures. traffic volumes and (2)
the environmental effects on fresh and hardened concrete properties. One technological
improvement that is showing promise as a means to assure adequate mechanical properties
and durability characteristics is High Performance Concrete (HPC). Materials classified as
high performance concrete construction products and components have been available and
used in the United States for decades, but in recent years, our need for infrastructure
improvement has accelerated HPC research and implementation for pavements and bridges.
HPC characteristics such as improved strength, freeze-thaw durability, reduced
permeability, etc., that are key characteristics of HPC that when incorporated into the
pavement structure wiil result in reduced life cycle costs, user delays, and will assure long
term performance with minimal rehabilitation cycles. Table 1 summarizes the performance

characteristics for high performance structural concrete.




Grades of performance characteristics for high performance structural

Table 1

concrete {1).

"SI0 T2V I3 ([ Ul T IPRIL pue 2oueisisy T

LI E08 = 16 - 1D 1S o paseg],,

VEEAE01 = 16 = W10y QAT U0 paseg
TTEd L1 - 16 UL RANIS o pase],

SIAUINC, ) 1TSS ] SpyvpoA Gporaueo, ) fo saado g SuneanBicy v, uo pase,

01— 16 - 4D DU 1o paseq,

09E-5 dill1$ uo paseg,
e d E01 — 16 — WA/ JA11S vo pasesy,
2% pur 9Feyulys ur £ apuay “Spose[a pue

mduans ur p apean 18 uopad Seur :1219u03 B *aqdwiexe Jo “anspaeey surimopad paaisap yawa 10§ apesd v LG patioads s1 udisap X1 21242009 2suvnueind YA uaAIg v,
“ICHIRUIOME 153) JRUOIIPPR J0] € 31R], 328 'SSRP 9§ L0F PAIND UOISIDWANS 10 1510w sa|dites HaIpued Uo pauiojiad aq o) 515 11y,
: YORNE 21 |NS PUT SIUIWUOILALD Mp1aw (O] paiitn] [1iussaaau
101 11g) 0] pred 24 0S[e PINOYS YoHRIIPISH0d angy (g U THE-T} JUTIS U0 pasty) SIHuow g 12 uesusd¥a sy ]y U $52] PUR SUOL ¢ 1E n01surdxa Ueaty 945c0r () eyl 531 ppRik
PIOOYS PUB D,8€ 18 PAIN3 L1 T LISV 0F TuIp1oar 1anoeal eIl 1[BHIE [BRIDWIREP 10) psal ag piuoys saledardde Jd)] “ajdiuexs 10,1 pagaoyd o piroys SONSHaIRIEYD 19410

-sdnosd eaupuLojiad JRI[)Ip OJUl PAPIAIP 29 Alquipnuensb wed jey) SO1SUIIIBIBYD ISI] 5I0P I IRHYXI PIOYS 21315003 pOoE 1B1[) SINSLIIIRIELD (|2 |0 151 aarsuayadwion B yussaidat Jou saop J|qe) Sy,
(sd 1705%) (sd 7 1zo<Xz1e0) | Osd/rgo<Xziyo) | (sd/1yo<Xzeeo) Orun amssatdurensorntu=X)
BdIN 0£5% Bl / 0E<X2Sy ediN / Sy<Xz09 BJI / D9<XZGL ZIS JINLSY LJITYD
{urensosri=X)
00r>X 00pZX<009 0092%X<008 LS D NISY LADVAINIYHS
(1sd 01 x ¢'£=X) (isd 0| x ¢°(>X59) (1sd .01 x 9>X51) {Aaeiseps Jo sunpotu=X)
edry ggzX edny 0¢>X501 edn [ ¢>X587 69t D INLSY wALIDILSY T
(51 v12X) (sy $1>X501) (154 01>X58) (154 §>159) 667 LSV (ipFuans aarssaiduo=X)
ed L62X BN L6>X569 BN 69> X565 eI S Xs |k T L OLHSYY HLONHYLS
7071 DWLSY | (squomnod=X)
0085% 008<X20007 0n0T<X2000¢ LLT L OLHSYY AL VHNYAD 90111
{tut ur 382 jo yidap ‘Bae=X)
0c =% gz | 0 1<X<n Fr6 D LSV GIONVLSISTH NOISYHEY
(521942 ¢ Jaye
aosupns a1 jo Juned jensia=X)
ro=X =k . =X TL9 D MLISY SIDNVLSISIY DNITYOS
ATARTIN| (52243 gog doye Aponse
000 3 WISV Jo snpupott spueuip aanear=X}
159408 2508> 158400 191 L OLISVVY CALITTEVENA MVHL/AZHTYA
VIN 4 £ C | AOHLIIALLLSELL OLLSTHALOVHVYHD
LAAdYHD AONVIAHOAHId DdH VAL AVANY.LS JONVINHOIAH

VALIIONOD TVINLINYLS IONVWHOLYTd HOIH HOd SOLLSHALDOVYVHD dONVIWHOIYd 40 SHAVID




PROBLEM STATEMENT

MDOT’s current standard concrete mixture designs for rigid pavements use
Michigan series 6A/6AA coarse aggregate. This aggregate series consists of a particle
size distribution range from 25 mm top size to the 4.75 mm. bottom size si.eves. A close
inspection of the gradation requirement specifies no retention requirement on the 19 mm
sieve size. Therefore, in reality, the 6A/6AA aggregates are manufactured with a top size
of 19.0 mm. This gradation is preferred where “hand finishing” is an issue, but does not
lend itself well from an engineering standpoint, where reliahce on aggregate interlock (at
a crack face) is critical to assist in maintaining vertical alignment and adequate load
transfer across a longitudinal and/or transverse crack. The existing concrete mixture
designs require a higher cement mortar content for adequate coating of the coarse
aggregate system, resulting in excessive volume changes (shrinkage) during the early life
of a concrete pavement, thereby increasing matrix permeability.

Historically, MDOT’s concrete mixtures have large coarse aggregates which
performed well {Woodward Avenue, [-69 near Marshall and Davison reeway), except
when aggregates susceptible to D-cracking. A large and more durable coarse aggregate
would assist in maintaining pavement integrity at crack locations by providing adequate
vertical shear resistance from the “ball and socket” mechanism of the large stone
protruding across the crack face. The use of large stone concrete mixes may reduce the
mortar content and subsequently reduce shrinkage stresses which would reduce the
potential of early age cracking in pavements. This is very important for pavements and
bridge decks where geometric constraints induce non-uniform levels of internal stress

characteristics into the concrete. The levels of stress and strain can be reduced by the




proper selection and proportioning of materials to maintain an extended pavement service
life. Furthermore, the reduction in the amount of cement content may result in an overall

material cost reduction.

OBJECTIVES

The objectives of this project were to:

1. Monitor mechanical properties of large coarse aggregate concrete mixtures placed at
the [-75 project from the Ohio (IM 58151-38680A) border to 12 miles north (both
north and south bound lanes) and 1-75 (north and south) in Wayne County between
Fort Street and Grand Avenue (IM 82194-36005A).

2. Monitor durability properties of these mixtures for the same above-mentioned
locations.

CONTENTS OF THE REPORT

This report provides an overview of the work performed over the project year, October 1,

1997 to September 30, 1998 as well as detailed laboratory and field test results. Chapter

11 discusses the two field projects, types of tests performed on the laboratory and field

molded samples, types of tests performed on the PCC cores extracted from the pavement

sites and data from these tests. Chapter 111 provided conclusions based on the test results

and suggestions for future research.




Chapter 2

Laboratory and Field Investigation

PROJECT 1: 1-75 IN MONROE COUNTY

The construction boundaries for this project extended from station 549+47 to station
19495 in Monroe County, University region. The truck-lane (both in the north and south
directions) was reconstructed as a 117 jointed plain portland cement concrete pavement
resting on an existing 16" subbase (127 original sand subbase and 4” of open graded
drainage course 8G with no separator). The middle and median lanes were rehabilitated
using full-depth patch repair and crack retrofitting methods. The concrete mixture design
for this project is summarized in Table 2.

Table 2. Concrete Mixture Design {as provided by the contractor).

Mixture Ingredients I-75 (Ohio Border)*

Cement 267.60
Sand, Pit#40-50 862.00
Fly Ash 42.70

Coarse Agg | (4AA) Pit#58-94A 379.10
Coarse Agg 2 (6AAA) Pit#58-94A 574.90
Water 138.20
AEA Axim Catexol AE260 283 ml..

*All weights are in kg/m’

The specific gravity of the coarse aggregate {dolomitic limestone) 4AA and 6AAA was
2.643 and 2.637 respectively. The coarse aggregate 4AA and 6AAA were blended in a
40-60 ratio. The specific gravity for the fine aggregate was 2.601 and the fineness
modulus was 2.80. The grain size distribution is illustrated in Figures 1 through 3. The

physical properties of the blend are summarized in Table 3.
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Table 3. Physical Properties of the 40-60 Blend (as determined in the
laboratory}.

Property Trial 1 Trial 2 Trial 3 Average
Sp. Gravity 2.568 2.560 2.535 2.554
{(bulk)

Abs. 2.80 2.97 3.18 2.983
Capacity(24hr)

% Voids* 38.95 36.86 36.33 37.72
Unit Weight** 1565 1587 1611 1588

*Equation | was used to compute voids.
**Dry unit weight, expressed in kg/m’.

BSG -Uw :
%Voids=[ ng“’ }x 100 1)
© p\V
where:
BSG = bulk specific gravity,
Uw = unit weight aggregate, and

Pw density of water.
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The fresh concrete was sampled from the field for both the Northbound and Southbound
lanes of Interstate 75. Three replicate samples were molded for the compressive strength,
flexural strength, impact strength, and indirect tensile strength. Slump and air content
tests were performed at the project site. The field mixture designs were replicated in the
laboratory to mold plastic shrinkage and drying shrinkage specimens. The compressive
strength test, flexural strength test, and indirect tensile strength test were performed in
accordance with ASTM specifications and their procedures will not be described. The
impact test, plastic shrinkage and drying shrinkage test procedures are still experimental
and do not have any ASTM specification, hence the test procedures are described in the
subsequent sections of this chapter.

PLASTIC SHRINKAGE TEST

Plastic shrinkage cracking is most common on horizontal pavemeﬁts and slabs where
rapid evaporation is possible, and its occurrence will destroy the integrity of the surface
and reduce its durability. This condition is aggravated by a combination of high wind
velocity, low relative humidity and high air temperature. Plastic shrinkage cracking
occurs in the superficial layer of fresh concrete during the first few hours after placement.
The principal cause of this type of cracking is an excessively rapid evaporation of water
from the concrete surface, such that it exceeds the rate at which bleed water rises to the
surface. The formation of plastic shrinkage cracking takes place when internal stress is
higher than the tensile strength of concrete. The internal stress is closely related to the
capillary pressure of the pore water within the fresh concrete. Once the concrete surface
has attained some initial rigidity, it may not be able to accommodate plastic shrinkage by
plastic flow, and thus plastic shrinkage cracks may develop. The plastic shrinkage

cracking mechanism is shown in Figure 4.

191




ya( yinkage Crack

Bleeding

Figure 4. Plastic Shrinkage Cracking Mechanism.

The plastic shrinkage test method is under review by the ASTM C.09.03.04 Task Group
on Shrinkage Testing Draft 6 June 1992 (2). This test method compares the surface
cracking of a large coarse aggregate mixture panel with the surface cracking of control
mix panel. Values of shrinkage cracking stated in mm? are regarded as the standard.

The specimens were molded using a plyform mold with a surface area to volume
ratio of 3:1. Specimen dimensions were 356 mm in width x 597 mm in length x 100 mm
in depth. A central metal riser was inserted in the bottom of the mold and oiled to allow
for debonding of the plastic concrete. This serves as the stress riser. Risers at each end of
the mold provide end restraint. A schematic of the test set-up is shown in Figure 5.
Specimens were vibrated for'a total of 15 seconds. The shrinkage specimens were then
moved to the wind tunnel where fhey were subjected to dry and hot windy conditions.
These conditions were produced by passing hot air at approximately 100°F with a relative
humidity between 10 and 20 percent at a speed of 9.0 to 10.0 m/sec. Fans and heaters
were turmned on, pushing dry hot air across the specimens. Wind testing was clonciucted for

a total of three hours after which the specimens were removed from the tunnel and the

12




length and width of the cracks were measured. The width of each crack was measured
with a crack comparator at approximately every inch along its length. Crack lengths and
widths were then multiplied to compute the area of one crack. The procedure was
repeated for each crack and the total crack area was calculated by summing up individual
values. The total crack is referred to as cracking value. For large stone mixes, cracking

ratio relative to control mix is determined as :

S . Cracki .
Cracking Ratio= rac mg Value for‘i arg estone -mlxture @
Cracking Value for control mixture
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IMPACT RESISTANCE

All concrete is brittle in nature, and plain concrete is especially suspect because it has no
reinforcement to bridge the cracks. This is one of the biggest drawbacks of using plain
concrete in pavements, which are subjected to various types of impact loads. The impact
resistance of concrete can be measured by the impact resistance test as recommended by
ACI Committee 544.2R-89 (3). This test is a “repeated impact” drop-weight test. This
test gives the number of blows neces'sary to cause prescribed level of distress in the
concrete in the test specimen. The equipment consists of :

o A standard manually operated 4.46 Kg (10 lbs) compaction hammer with a drop of
457 mm (18-in.),
¢ 63.5 mm (2 % in.) diameter steel ball,

« aflat base plate with positioning fixtures as shown in Figure 6.

The hammer is dropped repeatedly, and the number of blows required to cause the first

visible crack on the top as well as to cause ultimate failure are recorded.

63.5 mm dia. hardened steei ball

63.5 mm dia, steel pipe

RN § RN
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2
? SRS ST ST %
N | e an | K
635 . é§ S RN\
i & :::1:::::::'_:::::::":::::::::::1"::::'.:::

Y

E
ﬂl P 4.76 mm

Figure 6. Impact resistance test set-up (3).




RESTRAINED DRYING SHRINKAGE(Provisional test no Specs Assigned)

Restraint of drying shrinkage movements in hardened concrete is a common cause of
cracking in concrete systems. In concrete pavements drying shrinkage cracking of concrete
can be due to subbase friction or it can occur in a full-depth patch from the restraint
provided by dowel bars.

Large concrete surface areas can easily undergo drying shrinkage cracks, so it is hard in the
laboratory to reproduce actual restrained drying shrinkage conditions. In the laboratory,

ring-type specimens are as shown in Figure 7.

Figure 7. Ring Specimens

The specimens are cast in two layers. After 24 hours the outer mold is removed exposing
the concrete surface. The top and bottom faces of the rings are covered with silicone

rubber sealer to prevent any moisture movements other than through circumferential area.

15




The specimens are then exposed to air at approximately 23°C and 40% R.H. The steel
ring inside the concrete specimen restrains the concrete specimen causing it to shrink.
This restraint will develop internal tangential tensile stresses, which causes concrete to
crack. The width and '1ength (area) of these cracks will then represent the damaging

effect. The dimensions of the ring tests specimen are shown in Figure 8.

46— STEEL BASE

TOP VIEW STEEL RING
CONCRETE SPECIMEN
|—>A SILICONE RUBBER
/ SEALER
Ll I:
SECTION AA ;14 %T
|
h 4

' 12 14" »)

L
ry
=
Y

Figure 8. Restrained Drying Shrinkage Test Ring (2).
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MECHANICAL PROPERTIES-FIELD SAMPLES

The field molded concrete specimens were cured on site for 24 hours and then returned to
an environmental chamber for subsequent curing. The environmental chamber was at
100% relative humidity and 73°F temperature. The specimens were under these
controlled conditions until appropriate test ages were reached. In general, all specimens
were tested at 3, 7, 14, 28, and 56 days.

Compressive Strength

Table 4 and Figure 9 summarize the compressive strength test data (in accordance with
ASTM (39-86 “Standard Test Method for Compressive Strength of Cylindrical Concrete
Specimens). The target 28-day compressive strength for this mixture design (as suppligd

by the contractor, Table 2) was 24 MPa.

Table 4. Compressive Strength Results
Time Sample | | Sample 2 | Sample 3 Average*
0 0 0 0 0
3 22.05 21.56 21.75 2179
7 26.43 26.08 26.21 26.24
4 28.08 26.83 27.24 27.39
21 28.97 28.47 28.97 28.80
28 30.24 31.38 31.72 3111
56 32,76 33.10 33.28 33.05
*Measured in Mpa.
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Figure 9. Compressive Strength Gain as a Function of Time.

The laboratory strength of the field-molded cylinders was in excess of 30 MPa.
Approximately 85% of the 28-day strength was developed in the first seven days of
curing. The contractor specified concrete mixture was replicated in the laboratory and

Figure 10 illustrates the compressive strength gain for that mixture.
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Figure 10.  Compressive Strength Gain as a Function of Time for the Laboratory
Replicated Mixture.
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Flexural Strength

Table 5 and Figures 11 and 12 summarize the flexural strength test data (third point
loading). The test was performed in accordance with ASTM C78-84 “Standard Test
Method for Flexural Strength of Concrete. A target 28-day flexural strength for this
mixture design was not specified. A visual examination of the beams after testing

revealed excellent aggregate interlock across the crack faces.

Table 5. Flexural Strength Data, in MPa.
Time, days{ Sample} | Sample2 |Sample3| Average
0 0.00 0.00 0.00 0.00
3 3.12 3.18 3.14 3.15
7 3.63 3.66 3.50 3.60
14 3.70 3.75 3.62 3.69
28 4.10 3.80 4.00 3.97
56 4.20 4,00 4.30 4.17
5
. 4 —®
&
=
£ 3
=
&
0
0 10 20 30 40 50 60
Time, days
Figure 11.  Flexural Strength gain as a Function of Time.
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Figure 12.  Flexural Strength Gain as a Function of Time for the Laboratory

Replicated Mixture.
Utilization of a strong and angular large coarse aggregate resulted in a greater percentage
of the fracture area, thus creating a ball and socket configuration.
Indirect Tensile Strength (IDT)
The IDT specimeﬁs were 150 mm. in diameter and 300 mm. in length and the load was
transmitted through 2 bearing strips (made out of wood) 3.2 mm thick. 25 mm wide and
marginally longer than the specimen length (in accordance with ASTM (496-90,
“Standard Test Method for Splitting Tensile Strength of Cylindrical Concrete
Specimens). The stress distribution schematic is illustrated in Figure 13 and the test

results are illustrated in Figure 14. Equation 3 was used for calculating the tensile stress.

2P

- = 3
nelLeD )
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where:

= horizontal tensile stress;
= applied compressive load;
length of specimen; and
diameter of specimen.
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Figure 13.  Stress Distribution across Loaded Diameter for a Cylinder
Compressed between two flat plates.
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Figure 14.  IDT Test Results.

Impact Testing

Plain concrete is brittle in nature, which is one of the biggest drawbacks of using plain
concrete in pavements, which are subjected to various types of impact loads. Impact
resistance measures the dynamic energy absorption as well as strength of the concrete. The
test procedure as adopted by ACI Committee 544.2R-89 was explained in the previous
sections of this report. Table 6 and Figure 15 summarize the impact test results of the field-

molded samples. The results are expressed in number of blows to first crack.

Table 6. Impact Test Results,
Time, days | Sample 1 | Sample 2 | Sample 3§ Average
0 0 0 0 0
3 7 15 i3 i2
7 21 28 25 25
14 3t 36 41 36
21 29 43 48 42
28 51 44 48 48
56 60 50 49 53
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Figure 15.  Impact Test Results.

MECHANICAL PROPERTIES OF PCC CORES

The Michigan Department of Transportation (MDOT) extracted {8 cores to determine as-
built slab depth. 16 cores were turned over to the research team to conduct mechanical

property tests on the as placed concrete. The results of the core tests are presented below

in Table 7

Table 7 summarizes the as-buiit thickness of the PCC slab.
measurements were made (one on each quadrant) and then averaged. As can be seen
from the summary statistics presented in Table 7 the within the core standard deviation

and coetficient of variation are very small.

13.11” with a standard deviation of 0.826" and a coefficient of variance of 6.3%.

Four thickness

The overall average core thickness was

Table 7. Summary of Core Data Measurements.
Specimen No. Length (1) | Length (2) | Length (3) | Length (4) | Avg. Length | Std. Dev | COV
4 13.500 13.563 13.750 13.375 13.547 0.156 1.15%
5 12.125 {2.250 12.250 12.063 12.172 0.094 0.77%
6 14.250 14.188 14.250 14,250 14.234 0.031 0.22%
7 [3.250 13.438 £3.250 13.125 13.266 0.129 0.97%
8 14.375 14.313 14.188 - 14.250 14.281 0.081 0.56%
9 12.375 12,438 12.313 12.500 12.406 0.081 0.65%
10 12.438 12.438 12.375 12.500 i2.438 0.051 0.41%
11 13.750 £3.438 13.625 13.750 13.641 0.148 1.08%
12 14.438 14.813 14.625 14.625 14.625 0.153 1.05%
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13 13.000 13.188 13.000 12.938 13.031 0.108 0.83%
{6 12.688 12.875 12.875 12.938 12.844 0.108 0.84%
17 13.438 13.500 13.438 13.438 13.453 0.031 0.23%
18 12.375 12,313 12.438 12.250 12,344 0.081 | 0.65%
19 12.500 12.500 12.438 12.500 12.484 0.031 0.25%
20 13.250 13.438 13.313 13.250 13.313 0.088 0.66%
21 11.875 11.688 11.750 11.813 11.78t 0.081 0.68%
Average 13.102 13.148 13,117 13.098 13.116 SR
Standard 0.815 0.852 0.830 0.824 0.826
Deviation
cov 6.22% 6.48% 6.33% 6.29% 6.30%

Note: All measurements are in inches.
Table 8 summarizes the 28-day TDT data for the cores. 5 cores were tested with 2
replicates. The average IDT strength for the 10 samples was 3.04 MPa. as compared to

3.05 Mpa. IDT strength of the field molded samples.

Table 8. IDT Strength Data for PCC Cores.
Specimen # Sample |l | Sample 2 Average Std. Dev COv
9 3.25 3.02 3.14 0.16 5%
10 3.11 3.63 C3.07 0.06 2%
11 3.19 3.04 3.12 0.11 3%
12 2.83 2.61 2.72 0.16 6%
13 3.09 3.20 3.15 0.08 2%
Average 3.09 2.98 3.04 SRR e
Std. Dev 0.16 0.22 0.18
cov 5% 7% 6%

Table 9 summarizes the 28-day compressive strength test results for the PCC cores
extracted from the field. The average compressive strength for the 10 samples was 31.23
MPa. as compared to 28.5 MPa. compressive strength of the field molded samples.

Table 9. Compressive Strength Data for PCC Cores.

Specimen # Samplel | Sample2 Average Std. Dev Ccov
4 29.28 21 28.14 1.61 6%
5 32.36 29.22 30.79 222 7%
6 2678 28 27.39 0.86 3%
7 29 26 27.50 2.12 8%
8 29.28 279 28.59 0.98 3%
Average 29.34 27.62 28.48
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Std. Dev 1.99 1.20 i.38
cov % 4% 5%

PROJECT 1: I-75 IN WAYNE COUNTY

The construction boundaries for this project extended from milepost 4.578 to milepost
7.000 in Wayne County, Metro region (IM 82194-36005A). The construction involved
the reconstruction of the existing freeway mainline, shoulders, and ramps. The mainline
pavement (both in the north and south directions) was reconstructed as a 117 jointed plain
portland cement concrete pavement resting on an existing 16” subbase (47 OGDC, 4G
with a geotextile separator). The concrete mixture designs for this project is summarized
in Table 10.

Table 10. Concrete Mixture Design {as provided by the contractor).

Mixture Ingredients

I-75 (South)*
Mass, kg. (SSD)

I-75 {North)*
Mass, kg. (SSD)

Cement 267.40 310.30
Sand, Pit#63-48 880.80 894.50
Fly Ash (Type F) 42,50 -
Coarse Agg | (4AA) 381.70 381.70
Pit#75-5

Coarse Agg 2 (6AAA) 579.40 579.40
Pit#75-5

Water 138.10 138.10
AEA, Axim Catexoi AE- 98.51mL 98.51mL

260

*All weights are in kg/m”

The bulk specific gravity of the coarse aggregate (dolomitic limestone) 4AA and 6AAA
was 2.656 and 2.637 respectively. The coarse aggregate 4AA and 6AAA were blended in
a 40-60 ratio. The specific gravity of the fine aggregate was not reported on the concrete
mixture design report. The grain size distribution is illustrated in Figures 16 through 18,

The physical properties of the blend are summarized in Table 3.
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Figure 16.  Particle Size Distribution for 4AA.
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Figure 17.  Particle Size Distribution for 6AAA.
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Figure 18.  Particle Size Distribution 40%(4AA)-60%(6AAA).

MECHANICAL PROPERTIES-FIELD SAMPLES

The field molded concrete specimens were cured on site for 24 hours and then returned to
an environmental chamber for subsequent curing. The environmental chamber was at
100% relative humidity and 73°F temperature. The specimens were under these
controlled conditions until appropriate test ages were reached. In general, all specimens
were tested at 3, 7, 14, 28, and 56 days.

Compressive Strength |

Tables 1la and 11b and Figure 19 summarize the compressive strength test data (in
accordance with ASTM (C39-86 “Standard Test Method for Compressive Strength of
Cylindrical Concrete Specimens). The target 28-day compressive strength for this mixture
design (as supplied by the contractor) was 24 MPa.

Table 11a.  Compressive Strength Results (North Bound), in Mpa.

Time Sample 1 | Sample 2 {Sample 3 Average
0 0 0 0 0
1 22.07 23.72 24.00 2326
4 24.83 25.86 25.34 2534
3 28.83 30.17 28.34 29.i1
14 30.58 30.68 31.00 30,75




28 32.49 3443 33.00 33.31
56 36.00 37.00 36.40 36.47
Table 11b. Compressive Strength Results (South Bound), in Mpa.
Time Sample 1 | Sample 2 |Sample 3 Average
0 0 0 0 0
! 23.41 22,74 24.68 23.61
4 24.73 26.00 23.60 24.59
8 32.70 32.33 30.00 31.68
14 36.41 34.50 33.00 34.64
28 39.71 38.12 36.00 37.94
56 42.00 40.00 41.00 41.006
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Figure 19.

Flexural Strength

Tables 12a and 12b and Figure 20 summarize the flexural strength test data (third point
loading). The test was performed in accordance with ASTM (C78-84 “Standard Test
Method for Flexural Strength of Concrete.. No target 28-day flexural strength for this
mixture design was specified. It appears that the fly ash concrete mixture (south bound

lanes) develops a higher late age strength when compared to the mixture design used for

Compressive Strength Gain as a function of Time.

the north bound lanes.
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Table 12a.  Flexurai Strength Data (North Bound), in Mpa.
Time Sample 1 Sample 2 Average
0 0 0 "0
t 2.9 2.6 2.75
4 3.2 33 3.25
8 37 s 3.6
i4 4.1 4.4 4.25
28 4.6 5 4.8
56 5.1 5.3 5.2
Table 12b.  Flexural Strength Data (South Bound), in Mpa.
Time Sample 1 Sample 2 Average
0 0 0 0
{ 2.3 2.0 2,45
4 3 13 3.45
8 4.4 39 4
14 4.5 4.1 43
23 4.8 4.5 4.65
56 5.3 5.1 5.2
6
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Figure 20.  Flexural Strength Data.




Indirect Tensile Strength

The IDT specimens were 150 mm. in diameter and 300 mm. in length and the load was
transmitted through 2 bearing strips (made out of wood) 3.2 mm thick, 25 mm wide and
marginally longer than the specimen length (in accordance with ASTM C496-90,
“Standard Test Method for Splitting Tensile Strength of Cylindrical Concrete

Specimens). The test data is illustrated in Figure 21
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Figure 21. IDT Test Data.
Impact Testing
Plain concrete is brittle in nature, which is one of the biggest drawbacks of using plain
concrete in pavements, which are subjected to various types of impact loads. The test
procedure as ado.pted by ACI Committee 544.2R-89 was explained in the previous
sections of this report. Tables 13a and 13b and Figure 22 summarize the impact test
results of the field-molded samples. The results are expressed in number of blows to first

crack.



Table 13a.

Impact Test Data (North Bound)

Time, days ; Sample 1 | Sample 2 | Sample 3 Average
8 8 i 7 9
14 23 21 28 24
21 36 41 35 37
28 46 41 39 42
Table 13b.  Impact Test Data (South Bound)
Time, days | Sample 1 | Sample 2 | Sample 3 Average
3 5 £3 8 9
8 14 9 11 11
14 23 28 18 23
28 45 18 42 35
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Figure 22.  Impact Strength Test Data.

MECHANICAL PROPERTIES OF PCC CORES

The Michigan Department of Transportation (MDOT) extracted 22 cores to determine as-
built slab depth. 6 cores were turned over to the research team to conduct mechanical
property tests on the as placed concrete. The physical measurements are presented in

Table 14 and the mechanical property test results of the core samples are presented in the



subsequent sections below. The average core depth was 318 mm with a standard

deviation of 9 mm

Table 14, Summary of Field Core Data (as provided by MDOT).
Specimen No. Depth, mm Depth, inches
1 325.000 12,795
2 323.000 12.717
3 318.000 12.520
4 320.000 12.598
5 314.000 12.362
6 330.000 12.992
7 310.000 12.205
8 300.000 {1.811
9 324.000 12.756
10 330.000 12.992
11 324.000 12.756
12 322.000 12.677
13 320.000 12.598
14 301.000 11.850
15 320.000 12,598
I6 310.000 12.205
17 307.000 12.087
18 302.000 11.890
19 316.000 12.441
20 335.000 £3.189
21 314.000 12.362
22 315.000 12,402
Average 318.188 12.527
Standard Deviation 9043 .355
cov 2.83% 1.83%

Table 15 summarizes the 29-day compressive strength test results for the PCC cores

extracted from the field. The average compressive strength for the 9 samples ranges from

34 MPa. to 37 MPa. as compared to 38 MPa. compressive strength of the field molded

samples.
Table 15. Compressive Strength Data (29-days) for PCC Cores.
Specimen Number Sampile 1 Sample 2 Sample 3 Average
1 34.63 37.00 35.93 35.85
2 38.23 3595 37.35 37.18
3 32.54 33.89 36.00 34.14
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Table 16 summarizes the 28-day IDT data for the cores. S5 cores were tested with 2
replicates. The average IDT strength for the 9 samples was 3.02 MPa. as compared to 3

Mpa. IDT strength of the field molded samples.

Table 16. IDT Strength Data (29-days) for PCC Cores.

Specimen Number Sample 1 Sample 2 Sample 3 Average
I 3.40 3.60 2.98 3.33
2 2.67 3.00 2.57 2.75
3 3.30 3.1 2.68 299
DURABILITY PROPERTIES

Table 17 summarizes the results from the ring restrained shrinkage test (this is stiil a
provisional test and is not a standard test method adopted by AASHTO or ASTM). The
test results are presented in the form of crack area versus the drying period after casting.
The results suggest that the standard concrete mixture (MDOT 35-P) is prone to early
cracking when compared to the large stone mixture. This is in line with the hypothesis
that large stone mixtures require a lesser amount of cement and hence its potential to
exhibit shrinkage cracks is greatly reduced. The large stone mixtures exhibited no cracks
after 12 days, whereas, the control mixture rings developed cracks after 10 days of
placement. ‘After three months, the large stone mixture exhibited a cracked area which
was 62% less than that of a standard mixture. Similar trends were observed at the 10 and
30-day intervals. It is worth noting that the variability associated with this test is high,
however it provides a basis for comparison on a relative scale rather than an absolute

scale.
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Table 17.

Restrained Shrinkage Data

Mix Type Sample No. | # of Cracks | First Crack(days)
| 4 10
Standard Mixture 3 6 11
3 5 7
Average 3 9.33
Std. Deviation 1 2.08

Cracked Area (mm?)

Mix Type Sample No. 10 days 30 days 90 days
1 0 13.17 19
Standard Mixture 3 ) 13.35 77
3 7.23 20.45 3343
Average 241 15.66 24.82
Std. Deviation 4.17 415 7.63
Mix Type Sample No. # of Cracks | First Crack(days)
1 4 2
Large Stone 2 3 11
3 4 13
Average 333 12.00
Std. Deviation .15 1.00
Cracked Area {mm")
Mix Type Sample No. 10 days 30 days 90 days
1 0 8.42 9.9
Large Stone 7 ) 0 98
3 0 7.86 8.2
Average £ 0.60 543 9.30
Std. Deviation 0.00 4.71 0.95

Formation of micro-cracks at a very early age due to plastic shrinkage cracking is one of the
main reasons of premature concrete deterioration. Reduction in plastic shrinkage cracking
due to the reduced cement content can prove to be very beneficial for the long term
performance of concrete pavements. Table 18 summarizes the plastic shrinkage data. It is
clear from the cracking ratio that the large stone mixture exhibited only a 29% area cracked
when compared to the standard concrete mixture. This is in line with the hypothesis that

large stone mixtures require a lesser amount of cement and therefore its potential to exhibit

shrinkage cracks is greatly reduced.




Table 18. Plastic Shrinkage Data (110°F,40% R.H.)

Mix Type [Standard Mixture Large Stone Mixture
3.502 1.208
Crackingvvalue 3.632 0.989
(mm’) 3838 1124
3610 0.978
Mean 3.65 1.07
Std. Dev 0.140 0.111
Crack Ratio 100.000 29.483
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Chapter 3

Conclusions and Future Research Needs

The preliminary investigation shows that utilizing the largest possible top size coarse

aggregate in a portland cement concrete mixture is an important component for producing

a highly durable, and cost efficient concrete pavement. The large coarse aggregate

mixtures not only enhance the mechanical properties of the mixture, but also permit the

use of a lesser quantity of cementitious material, than currently specified. Based on the
field and laboratory data presented in this report, the following conclusions were made:

o The laboratory tested physical properties of the coarse aggregates were similar to
those reported by the contractor. The 4AA and 6AAA gradations were in accordance
with the MDOT speciﬁcatioﬁs. Based on the laboratory testing for a fineness
modulus (fine aggregates) of 2.80 and a maximum coarse aggregate size of 50 mm,
the b/b, was 0.74.

e [t is evident that large coarse aggregate concrete mix‘tures- exhibit adequate
consistency and mechanical properties and present no major construction problems.
No conclusive inferences about the in place durability characteristics can be made at
this time due to the short in-service life of the pavements.

e The compressive strength properties of both field molded and laboratory molded
specimens were well above the contractor’s target 28-day strength.

o There is considerable agreement between the mechanical properties of the extracted
cores and the field and laboratory molded specimens,

e A visual examination of the fractured beams after testing revealed excellent aggregate

interlock across the crack faces. Utilization of a strong and angular coarse aggregate
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resulted in a greater percentage of fracture area, thus creating a ball and socket
configuration. This configuration is considered to be a very important mechanism
toward maintaining integrity for transferring a wheel load across a pavement crack.

e The relative impact properties of both field samples and 1ab0rat0ry~molded samples
appear to be adequate.

e It was clear that the addition of type “F” fly-ash impacted the 28- and 56-day
mechanical properties when compared with non-fly-ash mixtures.

Future Research Needs

e [t is strongly recommended that an on-going (on a yearly basis) monitoring program
be initiated to monitor both the mechanical and durability properties of the concrete
mixture.

e For the [-75 Monroe project a comparison can be made between the large coarse
aggregate mixtures used in the right truck lane and the traditional full-depth concrete
mixtures, since extensive full depth patches have been placed in the middle and
median left lanes.

e In order to test the premise that a reduction in cement content and addition of

W pozzolanic improves the volumetric properties (shrinkage and creep) of the mixture
extensive plastic, and drying shrinkage tests need to be performed.

e A Volumetric Surface Texture Analysis needs to be performed on extracted PCC
cores from large coarse aggregate mixture pavements to determine the distribution of
macro- and micro-texture and whether this can be related to load transfer efficiency

across a crack,




Chapter IV

References

. Goodspeed, C., Vanikar, S., and Cook, R., “High Performance Concrete Defined for
Highway Structures: Version 1.0,” October 1995.

. ASTM C.09.03.04 Task Group on Shrinkage Testing Draft 6 June 1992, * Standard
Test Method for Evaluating Cracking of Restrained Fiber Reinforced Concrete”.

. ACI 544.2R-89 “Measurement of Properties of Fiber Reinforced Concrete” reported
by ACI Committee 544.

38



Appendix

Plastic Shrinkage Test Procedure

39



TRANSPORTATION RESEARCH RECORD 1382

69

Plastic Shrinkage Cracking of Restrained
Fiber-Reinforced Concrete

ANTONIO NANNI, DENNIS A. Lupwig, AND MIcHAEL T. McGILLIS

[t is well established that the low-volume addition of fibers (syn-
thetic or steel) to concrete can significantly reduce cracking due
to plastic shrinkage. However, as of today. there is no consensus
standard test method available to measure this effect. A test
procedure is under scrutiny at ASTM. In this procedure, the
surface cracks of a piain concrete panel are compared with those
of a fiber-reinforced concrete panel under conditions of severe
and controlled moisture loss. The results of an experimental pro}-
ect aiming to determine the validity and repeatability of the test
procedure on plastic shrinkage under consideration by ASTM are
reported. For this purpose. various fiber types (i.e., svnthetics
and steel), in different configurations (i.e.. monofilament. fi-
brillated, deformed) and of various lengths, were used with the
same concrete marrix. The results show that the proposed ASTM
standard has merit. Its major drawback is that specimen perfor-
mance characterization is based exclusively on crack width.

Volume changes of fresh concrete are due to water absorption
and evaporation, sedimentation and segregation, cement hy-
dration, and thermal changes. In additicn to the mixture con-
stituents and proportions, volume changes are influenced by
the surrounding environment (i.e.. temperature. humidity,
and wind speed}. Plastic shrinkage cracking occurs in the
superficial layer of fresh concrete within a few hours after
placement. The principal cause of this type of cracking is an
excessively rapid evaporation of water from the concrete sur-
face, such that it exceeds the rate at which bleeding water
rises to the surface (/,2). The formation of piastic shrinkage
cracking takes place when internal stress is higher than the
tensile strength of concrete. Internal stress is closely related
to the capillary pressure of the pore water within the fresh
concrete (I}. Plastic shrinkage cracking occurs most often in
slabs and pavement construction exposed to hot and dry
weather. Construction operations (screeding and finishing)
have a very significant effect on plastic shrinkage cracking
{3). Cracking can be avoided with the proper concrete mixture
design and the proper construction and curing procedure.

In recent years, the use of fibers, particularly of the syn-
thetic type, has become common to minimize piastic and early
drying shrinkage cracking in slab-on-grade construction. From
here, the need has emerged for a testing procedure that would
quantify the beneficial effects of fiber addition and could help
in selecting the most appropriate fiber parameters (i.e., fiber
type, length, volume percentage) for a specific concrete ma-
trix subjected to specific environmental conditions. Several
test methods have been proposed (4-6). In 1985, Kraai men-
tioned in the introduction to his paper that a testing procedure

Department of Architectural Engineering, Pennsylvania State Uni-
versity, 104 Engineering Unit A, University Park, Pa. 16802.

was under consideration by ASTM (4). But 7 years later, no
standard test has been approved. A task group within ASTM
Subcommittee C09.03.04 has arrived at the fifth draft of a
proposed method for evaluating plastic shrinkage cracking of
restrained fiber-reinforced concrete (FRC). No data have been
published in the literature on the performance of this pro-
posed test method other than a summary diagram presented
by Berke et al. (8). The diagram shows only the average crack
area for nine mixtures using the same fiber type at three
different lengths and three different volumes, The salient fea-
ture of the test procedure being considered is in the specimen
configuration (see Figure 1). In this case, the restraining effect
of a perimeter wire mesh as proposed by Kraai (4) is substi-
tuted with three stress risers. Shrinkage cracking is expected
to initiate at the central riser, where the specimen thickness
is reduced from 100 mm (4 in.} to 38 mm (1.5 in.). The
experimental results obtained by Berke et al. {8) with this
specimen are very similar to those obtained by Kraai and
presented by Vondran and Webster (7). Significant shrinkage
cracking reduction was obtained when using fibers in the con-
crete matrix.

The objective of this research project was to evaluate inde-
pendently the validity and reliability of the proposed ASTM
procedure by obtaining several experimental results on platn
concrete and FRC mixtures.

TEST PROGRAM
Materials

The concrete matrix used for the entire project had the fol-
lowing proportions: portiand cement Type L. 335 kg/m’: water,
208 kg/m?; coarse apgregate (20 mm maximum size), 1037 kg/
m?; fine aggregate. 814 kg/m>. This mixture had a very high
cement content and a very high water-cement ratio. and it
did not contain any chemical or mineral admixtures. The slump
was 180 mm (7 in.), the unit weight was 2286 kg/m’ (3,853
Ib/yd?), and the air content was 0.9 percent. The 28-day com-
pressive strength was 24.7 MPa (3,590 psi} with a standard
deviation of 2.5 MPa (361 psi) for 15 specimens.

The fibers used in the testing program are described in
Table 1; their sources are not identified. Two types of steel
fibers were used from two different manufacturers. Three
mixtures (B, C, and D) contained steei fibers (straight and
deformed) at the low dosage of 0.62 percent by weight (cor-
responding to 25 Ibjyd?). The remaining nine FRC mixtures
were made with synthetic fibers of two base materials and
different configurations (monofilament and fibrillated). The
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first type was used in different lengths and at the same dosage
in three mixtures (E. F. and G). The second type was used
in six mixwures (H, I, 3. K. L. and M) with different lengths
and at different dosages.

Fabrication and Testing Procedures

Each testing day 0.16 m® (5.5 {t’} of concrete was batched.
First, gravel and sand stored in sealed containers were placed
into the mixer. While the aggregates were being weighed. the
specimen molds were lightly oiled for bond breaking and pre-
venting water absorption along the wooden sides of the molds.
At the same time, predetermined amounts of fibers were
prepared. After the aggregates were placed in the mixer. the
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mixer was turned on and half of the mixing water was added,
Foilowing a 3-min premixing. portland cement and, after.
ward. tie rest of the mixing water were added, The concrete
was then left to mix for another 3 min. A Known amount of
concrete was then discharged from rhe mixer. Part of this
ATGURE wis used for the piain M speCimen. Conpression
cylinders, and fresh concrete tesis (slump and air content).
At this peint. the selected fibev type was added o the concrete
remaining in the mixer and mised for an additional 3 min,
This amount of TREC wis sufficient for two identical speci-
mens. After discharzing the first FRC bateh. the mixer was
reivaded with an equal amount of plain mairix and the second
firer tvpe was added for two more FRC specimens.

Five molds were filled with concrete and vibrated on a
vibratory table for 12 sec and then screeded. floated. and
wetghed. The specimens were moved o an environmentally
controlied room t¢ be placed into individual air ducts. The
room was equipped with a thermostat and a dehumiditier. At
the start of each Jav. the rovm temperature was kept at ao-
proximately 38°C 1 100°F1 and the refative humidity between
2% and 30 percent. Water pans were filled and weighed and
then placed 1n eaca duet on a weighing seule positioned beside
the specimen (su that the evaporation from the specimen
would not interfere with the evaporation from the pan, and
vice versa), The fans were turned on. pushing air across the
specimens. Initiai readings were taken (dir snd concrete tem-
perature. humidity. and wind speed). Subsequent readings
were taken every 20 min for 3 hir tfor a total of seven readings).
At the compietion of the 3 hr period. the fans were turned
oft. a finul water pan weight reading was taken. and the spec-
imens were removed from the duets, The specimens were then
weighed and the length and width of cracks were measured.

he width of each crack was measured with a crack scale at
approximately every inch along its length. The crack length
was determined by placing a string along the crack and then
measuring the length of the string. The average width and
the length were muitiptied to compute the area ot one crack.
This procedure was repeated for each crack. and the total
crack area was caiculated by summing up individual values.
After ail measuremenes were taken. the specimens were dis-
posed of.

With respect to the proposed ASTM test procedure. some
commients that coutd lead to future improvements are offered:

e The procedure for filling the mold should be clearly spelied
out. To the operatos. it is natural to place scoops of concrete
to the left and right of the central stress riser and then dis-
tribute the material over the entire mold. If this is done. the
number of fibers crossing the riser may not be representative
of the nominal fiber volume in the mixture.

o The water pan should be piaced beside the specimen rather
than behind it. The water pan placed on the scale in the wind
stream can wobbie and spiil easily. if the pan is filied according
to the proposed standard. the water will blow out of the pan.

e The specimens are large and unwieldy even for two peopie.

DISCUSSION OF RESULTS
Environmental Conditions

The proposed test procedure does not specify the environ-
mental conditions in terms of temperatire and relative hu-
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midity, but it specifies a minirnum air tlow velocity of 4.5 m/
sec (10 mph). Any combination of these three parameters is
suitable, provided that the evaporation rate in the water pan
is at least 980 g/m*hr (0.2 1b/ft¥/hr). To satisfy this require-
ment. it was attempted to maintain enviranmental conditions
inside the duct as close as possibie to 35°C (Y5°F), 40 percent
relutive humadity. and a wind speed of 5.2 m/sec (11.5 mph).
The crack areua of plain matrix specimens can he plotted as a
function of the average temperature, reiative humidity. and
wind speed recorded during the 3-hr test. In this case, it
appears that matrix cracking is insensitive 1o environmental
conditions within the ranges experienced during this project.
Even the combination of the three independent variables in
one single parameter (directly proportional to temperature
and wind speed and inversely proportional to relative humid-
itv) has no effect on cracking area. It is therefore concluded
that, as fong as the evaporation rate in the water pan remains
close to the prescribed value of 98 g/m~/hr. no significant etfect
on cracking is expected due to slight changes in environmental
conditions.

The first shrinkage crack in all specimens was visible at the
fifth (120 min) or sixth (130 min} interval reading. No sig-
nificant difference in cracking time between plain matrix and
FRC was observed. The average concrete temperature at the
beginning of the test was 21.9°C (71.4°F) with a standard
deviation of 1.1°C (1.9°F). After 3 hr. at the end of the test
the average concrete temperature had climbed to 30.83°C
{87.4°F) with a standard deviation of 2.9°C {5.2°F). The average
room temperature and refative humidity over a 3-hr period
were 36.8°C (98.2°F) and 38 percent.

Evaporation from Specimens

The addition of fibers to concrete has been reported to de-
crease the amount of water biceding (7). The weight loss of
all specimens was measured at the end of the 3-hr test. The
crack area of all specimens can be plotted as a fuaction of the
weight loss {i.e., evaporated water). In this case, the trend
of the data points would indicate that the higher the moisture
loss. the higher the crack area. [n addition. data points relative
to the unreinforced matrix tend to ciuster at the upper-right
side of the diagram corresponding to higher values of evap-
oration and cracking. It can be concluded that, in generai.
water evaporation in FRC is less (and with less cracking} than
for the respective plain matrix.

Plain Concrete and FRC Cracking

All specimens (plain matrix and FRC) cracked during the
performance of the test. Given the specimen geometry and
configuration, once a crack started over the central stress
riser, it usually extended over the full width of the specimen
and, obviously, could grow no further. The parameter that
characterizes the performance of different sampies becomes,
therefore, the width of the crack. This is demonstrated by the
two diagrams in Figure 2. In this diagram. the crack area is
plotted as a function of the crack width for all specimens. The
crack width given here represents the average value of ail

‘measurements for each sample. The first observation is that

average crack width varied widely between 0.1 and 1 mm (one
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FIGURE 2 Crack area versus crack width (all specimens).

order of magnitude between maximum and minimum vaiues),
whereas the total length of cracks was about 380 mm {15 in.)
(the width of the specimen was 356 mm. or I4in.). The second
observation is that the data points relative to the matrix con-
centrate at the higher values of the abscissa {wider cracks).
It is concluded that for the specimen size and configuration
of the proposed test method. the paramount characterization
parameter is crack width.

Evaluation of Proposed ASTM Standard

The average crack area of each FRC mixture (four sampies).
expressed as a percentage of the companion plain matrix spec-
imen. is shown in Figure 3. In this diagram. the sample stan-
dard deviation is also plotted above and below the average
value. From this figure. it is observed that with the exception
of FRC Mixture F. the shrinkage cracking area of any FRC
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FIGURE 3 Average crack area (and standard deviati9n)
for each FRC mixture relative to respective plain matrix.
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is lower than that of the companion matrix. The variability
is rather high but may be attributed to the nature of the
parameter under study (shrinkage cracking) rather than the
procedure ifself.

Looking at the results from o practical endl assume that
this project wis intended to identify the most suituble fiber
types to reinforce a given matrix. Would the proposed test
method huve heiped? The answer s probably ves. The en-
gineer couid set an acceptability threshold (say. 30 percent
shrinkage crack aren reduction). consider all fiber types with
better performance. and use this information with other pa-
rameters {e.2.. vost, workability, ete.) to select the most de-
sirable product. What is missing 15 the verification of the test
results in terms of tield pertormance. For this, only time and
more work can provide the answer.

CONCLUSIONS

The objective of this work was to generate experimental data
with a proposed ASTM standard test method meant 1o eval-
uate the ability of fibers to control plastic shrinkage eracking.
The authors have concluded that the proposed method has
merit and is not irremediably flawed. The major concern is
in the fact that, because of the specimen configuration, crack
width becomes the primary parameter to characterize the
shrinkage cracking potential of different specimens. Rather
than continuing an endless discussion. it is probably in the
best interest of the public and the fiber industry 10 adept a
standard test method for the evaluation of plastic shrinkage
cracking, The method can then be reevaluated after a fixed
period.
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