





























point B. The stress at point A is defined as the first crack strength
and that at point B as the ultimate strength. The fiber strengthening
mechanism considered in the following paragraphs explains the behavior
up to the first crack strength. After tne development of the first
crack, a different mechanism is used to explain the continued ability of
the material to sustain load.

The fiber strengthening mechanism may be developed by consider-
ing Figure 2, which shows a side view of an internal crack between two
fibers. The material in the vicinity of the crack is subjected to a
tensile stress o . As the crack begins tq grow, the strains at the
tip of the crack become larger than the average strains because of the
stress concentration at the tips. The fibers being stiffer than the
concrete resist the displacement at the crack tip. Bond stresses be-
tween the concrete and fibers are developed that act to reduce the

stress concentration at the crack tip, thereby permitting a higher level

‘of gross stress to exist before the crack propagates. The ability of

the fibers to resist crack propagation is dependent primarily on the
bond between the fibers and concrete and the fiber spacing. The bond
between the concrete and fibers is the mechanism whereby the stress is
transferred from the concrete to the fibers. A schematic distribution
of the bond stresses along the fibers is also shown in Figure 2. The
ability of the fibers to develop sufficient bond is dependent on the
fiber geometry (length and cross section). Assuming that the ge metry
of the fibers is sufficient to develop the necessary bond, it has been
shown by Romualdi and Batsqn3 that the theoretical first crack strength
is inversely proportional to the fiber spacing, as shown in Figure 3.
Romualdi and Mandelh have shown that the expected ratio of first crack
strength of mortar with short fibers to first crack strength of plain
mortar is a function of fiber spacing, as shown in Figure 4. Also shown
in Figure b are experimental data verifying this relationship.

For realistic conditions of fiber size and percentage of fibers,
sufficient bond may not be developed to significantly increase first
crack strength., For certain sizes of fibers, it may not be possible to
mix adequately enough fibers to increase first crack strength. The

10































~

-~ e

cracks or flaws within the concrete was discussed. Or a macroscopic
scale, the same phenomenon occurs. Figures 13 and 14 show crackel
fibrous concrete slabs. From these figures, it can be seen that visible
cracks are discrete and discontinuous. The cracks shown in Figure 13
probably developed because of tensile stresses in the bottom of the
slab, while those shown in Figure 14 probably developed because of ten-
sile stresses in the top of the slab. However, it should be noted that
the latter cracks are also discontinuous. The formation of discontin-
uous cracks 1s contrary to the behavior of plain concrete slabs, in
which cracks propagate to a free edge when they form. As traffic con-
tinues, cracks in fibrous concrete slabs will continue to propagate
until a free edge or another crack is encountered.

The mechanism by which fibers restrict the growth of cracks is
similar to that discussed in the preceding section for internal micro-
cracks and flaws. When cracks first occur in fibrous concrete pavement,
tlhiey are held tightly closed by the fibers. They can only be seen by
very careful examination, and at times wetting of the slab is necessary
to find them. The fibers across the cracks being stiffer than the con-
crete reduce the stress concentrations at the ends of the crack and
pfevent it from propagating. Additional load applications are necessary
to produce the energy required for the crack to oren up and propagate
further. Therefore, for identical conditions of strength, thickress,
and =pplied stress, a fibrous concrete slab should carry more repeti-
tions of load before the crack reaches the surface and propagates to a
free edge.

Figure 15 illustrates three cracks at various stages of their
development. Crack 1 is in the early stages of development and is not
visible through the layer of paint. Crack 2 has developed to the point
at which it is visible through the paint at several locations, and
crack 3 has opened up considerably and is easy to see. Crack 3 is in
an advanced stage of develcpment, and from the standpoint of performance
of the pavement, it would be as detrimental as a crack in plain concrete
which had just formed. This crack has opened up sufficiently to permit

infiltration of moisture and cause a reduction in load transfer across
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vermauent detormation, (b) on the ability of the siabs to resist further
cracking, and (c¢) on the spall resistance of the concrete adjucent to
cracks and joints.

In previous paragrapns, the development of cracks in fibrous con-
crete has been discussed, and it has been shown that the performance of
fibrous concrete should be better than that of plain concrete. Dynamic,
impact, and explosive loading tests indicate qualitatively that the
spall resistance of fibrous concrete should also be better than that of
plain concrete. This characteristic has been verified by accelerated
traffic tests. Figure 16 shows a severely spalled crack in a plain
concrete test pavement at complete failure. Spalling at cracks and
Jjoints is usually associated with failure of plain concrete pavements.
Figure 17 shows the condition of typical cracks in fibrous concrete
pavement at complete failure. The absence of deep spalls and the re-
sulting debris has been observed in all of the fibrous concrete pave-
ments tested. The deterioration of cracks in fibrous concrete pavements
is characterized as raveling rather than spelling since the edges appear
to wear away rather than break off in large pieces. The ability of fi-
brous concrete to resist spalling is clearly demonstrated in Figure 18.
The circular-shaped crack about 5 in. in diameter located near the
center of the slab developed soon after traffic was started. Figure 18
shows the condition of the slab after considerable traffic (L4500 cover-
ages). The interior of the circle was still in place even though some
deterioration had occurred around the perimeter. The fact that the
concrete between the cracks remained in place can be attributed to the
spall-resistant properties of fibrous concrete. While not contributing
significantly to the first crack performance of fibrous concrete pave-
ments, the high spall resistance should improve the postcracking per-

formance of the pavement.
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CONSTRUCTION

The existing heavy clay subgrade at the test site was constructed
previously for another test section. The top 6 in. of the subgrade was
reprocessed to produce a strength of about 4 CBR and then fine-graded.
Figure 20 shows the finished surface of the subgrade. A 4-in. sand
filter course was placed on the finished subgrade. Figure 21 shows the
finished surface of the b-in. sand filter course with the side forms
and supports for the movable vibrator supports in place for item 3.

Round fibers, 0.016 in. in diameter and 1 in. long, as shown in
Figure 22 were used in item 5. Concrete was batched at a ready-mix
facility by emptying the boxes of fibers onto a belt charging the ag-
gregate to the transit-mix truck. The concrete was mixed and hauled to¢
the site by the transit-mix truck. The concrete was deposited in the
forms, struck off, vibrated, and finished as shown in Figures 23-25.

The supports and pipes were removed after consolidation with the vibrat-
ing screec was completed, and the voids left by the removal of the sup-
ports and pipe were filled by hand. The concrete was moist-cured for

T days. Wet burlap was placed on the fresh concrete and kept wet for

24 hr. The burlap was then thoroughly wetted and covered with plastic
sheeting which was maintained in place for the remainder of the T-day
curing period.

Some balling of fibers such as that shown in Figures 26 and 27
occurred. The balls contained fibers and fine aggregate and were coated
with mortar indicating that the balling occurred in the truck after the
aggregate and fiber were charged but before the cement and water were
added. Some fiber balls were found which contained no fine sggregate
indicating that some clumps of fibers were never broken up before the
cement and water were added.

After the two south slabs of item 3 had reached a failure condi-
tion, as illustrated in Figure 28, the entire item was overlaid with a
L-in, partially bonded fibrous concrete slnb. The surface of the exist-
ing plain PCC slab was prepared by removing all loose material from the
spalled cracks (see Figure 16), removing joint sealant which protruded
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twin-tandem assembly was loaded to a net weight of 166 kips 41.> kips
per wheel) and was equipped with four tires which were inflated to a
tire pressure of 200 psi and a contact area of about 207 sq in.

The layout shown in Figure 19 indicates the location, width, and
length of the traffic lanes. Traffic was applied over selected portions
of the pavement. Traffic lane 1 was 200 in. wide and was subjected to
the 12-wheel assembly traffic. The south edge of the traffic lane was
located 132 in. north of the south edge of the test section, and the
north edge of the 200-in.-wide traffic lane was positioned 32 in. north
of the longitudinal construction joints in items 1-4 (center line of the
test section).

The traffic lane for the twin-tandem assembly traffic (lane 2)
was 120 in. wide and was located in the middle of the north paving lane
(Figure 19) to minimize the effects that the 12-wheel assembly traffic
might have had on the structural condition of the pavement. The north
edge of this lane was located 90 in. south of the north edge of the test
section, and the south edge was located 90 in. north of the longitudinal
construction joints in items 1-5 (center line of the test section).

The traffic patterns (the distribution of traffic applied over
the width of the traffic lanes) are shown in Figure 34. The coverage
levels* referred to in this report are the total number of coverages
applied in the central portion of the traffic pattern.

Traffic was applied in the 12-wheel assembly traffic lane (lane 1)
by repetitions of the traffic pattern shown in Figure 3lta. The traffic
pattern consisted of 22 passes of the load cart distributed over the
traffic lane by following five guidelines painted on the pavement sur-
face on 16-in. centers (approximately one tire print width). The

% For rigid pavements, coverages are a measure of the number of maximum
stress repetitions that occur in the pavement due to the applied traf-
fic. One coverage occurs when each point of the pavement within the
traffic lane has been subjected to a maximum stress, assuming that the
stress is equal under the full tire print width. For the 12-wheel
assembly, separate and distinct maximum stresses occur under the front
and rear 6-wheel arrays. For the twin-tandem assembly, the front and
rear twin wheels are close enough together so that only one maximum
stress repetition occurs for each pass of the assembly.
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center of the taxiway. The section was formed by construction of two
25-'t-wide paving lanes. The paving lanes were constructed so that the
center of the paving lanes coincided with the longitudinal construction
Joints in the base pavement. The longitudinal construction joint was a
butt-type Joint without load-transfer capabilities. No transverse
Joints were formed in the overlay. The ends of the section coincided
with transverse contraction Joints sc that one transvarse contraction
Joint and one longitudinal construction jJoint in the base pavement were
spanned by each lane of the overlay. Bituminous transition overlays
were constructed around the overlay.

Item 2, a 6-in. overlay of an existing PCC pavement, spanned the
entire width of the taxiway. The section was formed by constructing
three 25-ft-wide paving lanes. The longitudinal construction Joints in
the overlay matched the longitudinal construction joints in the base
pavement. Vertical faces were formed along the edges of the paving
lanes with no provisions for load transfer. No transverse Joints were
formed in the overlay; therefore, all transverse contraction Joints in
the base pavement were spanned by the overlay. One expansion joint in
the base pavement located 75 ft from the south end of the section was
spanned by the overlay. The ends of the overlay coincided with trans-
verse contraction joints in the base pavement. Bituminous transition

sections were constructed on each end of the overlay.
CONSTRUCTION

A Rex central-mix plant was used for the production of 8-cu-yd
batches of the fibrous concrete. The basic components of the plant and
batching are illustrated in Figure 36.

Aggregate was fed into the aggregate charging hopper on conveyor
belts, weighed in the aggregate weigh hoppers, and discharged onto the
charging belt, which discharged into the horizontal mixing druwan. For
the fibers, a conveyor belt was located so that fibers could be dis-
charged directly onto the charging belt, as shown in Figure 36. Forty-
pound boxes of fibers were emptied by hand onto the cconveyor belt
(Figure 37). A hopper and pipe arrangement (Figure 36) was used Zor
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The design flexurel strengths of the PCC were 650 and 715 psi '+
at 28 and 90 days, respectively. The pavement was constructed in three
25-ft-wide paving lanes. The longitudinal construction joints between
the paving lanes were keyed and tied with 30-in.-long No. S5 deformed
bars placed at 30-in. centers. Transverse contraction joints were spaced
at 25-ft intervals and were dowelled with 1-1/4-in.-diam, 20-in.-long
smooth bars placed at 15-in. centers. The expansion joints contained
1-1/4~in.~diam, 20-in.-long dowels that were placed.at 15-in. centers
and were equipped with expansion aps. The expansion joints were filled
with 3/h4 in. of nonextruding, premolded compressible material topped with
3/4 in. of hot-poured seal.

An inspection was made in February 1972 prior to placement of the
overlay test items, and the crack pattern in the base pavement was as
shown in Figure 39. All slabs in the test area contained either longi-
tudinal or transverse cracks or both. A longitudinal weakened-plane
(contraction) joint had been sawed in one of the exterior slabs in an
attempt to control the longitudinal cracking. The cracks in the exterior
slabs were similar to those in the center slabs in that they meandered
within a band approximately 2 to 4 ft wide on either side of the longi-
tudinal center line of the slabs.

Tests for slump and entrained air of the fibrous concrete were
performed at the batch plant and at the paving site. An attempt was
made to provide concrete at the paving site that would have a slump rang-
ing from 1 to 2 in. and an entrained air content of 4 to 5 percent.

One set of six 6- by 6- by 36-in. beams and two 6~ by 1l2-in.
cylinders were made from a batch that was placed in each of the five
paving lanes. The beams were tested for flexural strength at 5, 7, 28,
and 90 days. The cylinders were tested in compression for compressive
strength and modulus of elasticity. The results of these tests are

presented in Table 5 and summerized in Table 6.
TRAFFIC

Construction of the overlays was completed on 28 February 1972,
and the taxiway was opened to traffic on 6 March 1972. Traffic has
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Table 6

Summary of Material Properties of Fibrous Concrete Used

in the Tampa International Airport Overlays

Coefficient

Standard of
Property Average Deviation Variation
Slump, in. 2.3 —_— -
Entrained air content, percent 4.3 - --
Flexural strength, psi

> days 682 - -

T days 765 63 0.08

28 days 827 114 0.14

90 days 1007 140 0.1k
Compressive strength, psi

28 days 5282 810 0.15

90 days , 6376 1302 0.20

Modulus of elasticity, 106 psi 4.31 - —

consisted of taxiing aircraft landing from the north or departing to the
north on runway 18R-36L. The traffic is composed primarily of DC-9 and

Boeing T27 aircraft, with a few wide-bodied jet (Boeing T47 and DC-10-10)
operations.

STRUCTURAL LAYERS TEST SECTION

Two fibrous concrete test items were constructed and tested as a
part of full-scale pavement tests designed to study the effects of chem-
ical stabilization, insulating materials, and fibrous concrete on pave-
ment performance. The test sections were constructed and tested at WES
during the period March 1972-May 1973. The design, construction, and
behavior under traffic of the pavements in two test sections, one rigid

and one flexible, are reported by Burns et a.l.35

The construction,
material properties, and traffic applied to the two fibrous concrete test
items, which were part of the rigid test section, are described below.

A layout of the rigid pavement test section is shown in Figure 40.
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0.016-in.-diam wire were used for the north slab of item 2. The flat

fibers, which were 3/4 in. long and 0.010 by 0.01% in. in cross section,

were used for the south slab. Some balling of the fibers was noted,

especially with the l-in.-long fibers. The larger balls usually con-

sisted of only fibers, whereas some of the smaller balls were composed

of both fibers and mortar (Figure 49). ‘

MATERIAL PROPERTIES

The subgrade consisted of a heavy clay (CH, E-11) that had an LL
of 73, a PL of 25, and a PI of 48. The MESL in item 1 consisted of a
lean clay (CL, E-T) that had an LL of 43, a PL of 22, and a PI of 21. f
The cement-treated base in item 2 consisted of a clay gravel (SP-SC,
E~5) stabilized with 6 percent portland cement by weig.t. Classifica~
tion data for each soil are shown in Figure 50. Results of CBR, water
content, density, and plate bearing tests conducted on the subgrade,
MESL, and cement-treated base after construction and after traffic are

presented in Table T.
Six- by 6- by 36~in. beams and 6~ by 12-in. cylinders were

cast during placement of the fibrous concrete according to ASTM C 192-G9
(CRD-C 10). These beams and cylinders were tested for strength and
modulus of elasticity at 28 days, at the initiation of traffic, and at
the completion of traffic. The results of these tests are presented in
Table 8 and summarized in Table 9. Cores and beams were removed from
the slabs after completion of traffic and tested for strength and mod-
ulus of elasticity according to AS™ C 42-68 (CRD-C 27). Results of
these tests are presented in Table 10 and are summarized in Table 11.

TRAFFIC

Test traffic was applied with a twin-tandem assembly egquipped
with 49x17 tires with a ply rating of 26. The tire pressure was checked
and adjusted, as needed, each morning prior to testing.

The load cert used is shown in Figure 32. The wheel arrangement
and spacing used are shown in Figure 33b. This arrangement represented
one twin-tandem component of a Boeing TUT assembly. The load cart was
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MATERIAL PROPERTIES

No tests were conducted on the loess subgrade or the clay gravel
subbase. Testing and precise control of the subbase construction were
not necessary since such construction with a thin bituminous surfacing
hes been used extensively for streets at WES and has proven adequate for
the light traffic. It should also be noted that the primary purpose of
this construction was not to evaluate the pavement for structural ade-
quacy but rather to study the cracking pattern which would develop and
the behavior of the cracks.

One set of six 6~ by 6- by 36-in. beams and seven 6- by 12-in.
cylinders were cast, according to ASTM C 31-6937 (CRD-C 11), from a
batch of concrete placed near each end of the roadway and from a batch
placed near the center of the roadway. Beams were sprayed with curing
compound and stored at the paving site for curing. Beams were tested in
flexure for strength and modulus of elasticity and cylinders were tested
for splitting tensile strength at ages of 1, 2, 7, and 28 days in order
to assess the early strength. The early strength data were used for
analyzing the cracking which occurred. The results of the tests are
shown in Table 12 and summarized in Table 13.

TRAFFIC

Traffic on this pavement has been light. The pavement should be
adequate to withstand the applied traffic indefinitely, and no attempt
will be made to assess the structural performance of the pavement.
Primary emphaesis will be placed on evaluating the cracking, the behavior
of the cracks, and qualitatively the susceptibility of the fibers to

corrosion.
TESTS CONDUCTED BY OTHER AGENCIES

Fibrous concrete has been used for overlays on bridge decks,
floor slabs in industrial buildings, such as warehouses, foundries, and
parking garages which are subjected to large static as well as impact
loads and extreme temperatures, large dolos for erosion control, hy-

draulic structures where cavitation occurs, burial vaults, and pavements.
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Table 13
Summary of Material Properties of Fibrous Concrete
Used in the WES Roadway

Standard Coefficient
Property Average Deviation of Veriation
Flexural strength, psi (j
1 day 546 112 0.21
2 days 635 39 0.06 o
T days 735 - - |
28 days 933 -- - ]
Tensile strength, psi |
1 day 308 17 0.05 ‘
2 days 467 38 0.08 |
T days 608 - - |
28 days : 658 - _—
Modulus of elasticity, 106 psi
1 day 4.00 0.59 0.15
2 days 4.3 0.23 0.05
T days 5.53 - -
28 days 4.95 -— - L
Slump, in. 4-1/8 - -
Air content, percent 3.8 - -— 1

Note: Test methods used are presented in Table 12.
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RESULTS AND ANALYSIS OF TESTS

In this part of the report, the results of the various fibrous
concrete pavement tests will be presented and analyzed. The analysis of
the accelerated traffic tests consists basically of a comparison of the
structural performance of the fibrous concrete with the performance of
plein concrete. The tests of the structural layers test section provide
some information on Joint performance. Results from the field tests per-
tain primarily to construction, Jjoint requirements, and general behavior.
RESULTS FROM CONTROLLED,

ACCELERATED TRAFFIC TESTS

The conditions of the fibrous concrete pavements in the keyed lon-
gitudinal Jjoint test section and in the structural layers test section
as traffic was applied are shown in Figures 55-76 and 77-95, respec-
tively. The coverage levels at failure for each pavement with each type
load for the initial crack, shattered slab, and complete failure condi-
tions are presented in Table 1h.

ITEM 5, KEYED LONGITUDINAL

JOINT TEST SECTION

Figure 55 shows the pavement prior to initiation of traffic with
the 360-kip, 12-wheel simulated C-5A assembly. Figures 56-63 illustrate
the progressive deterioration of the pavement under traffic. Initial
failure was assigned at 350 coverages. This was the level of traffic at
vhich the transverse crack illustrated in Figure 57 first appeared. The
condition of the slab at this time was between the conditions illustrated
in Figures 56 and 57. The pavement reached the shattered slab condition
at 2400 coverages (Figure 59) and complete failure at 6000 coverages
(Figure 63). The arc-shaped cracks that developed at the edge of the
slabs were attributed to high deflections at the pavement edge which
produced pumping (Figure 59) along the edge. The edges of the slabs
vere thickened to 9 in., which resulted in an increased stiffness par-~
allel to the edge. However, at some distance from the edge, the stiff-
ness perpendicular to the edge was for a 6~in. slab. The thin slab,
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weak subgrade, and large assembly load resulted in large edge deflec-
tions, high vertical pressures on the soil, and large tensile stresses
at the slab surface. The effects of these parameters are indicated by
the transverse cracking, pumping as illustrated in Figure 59, and large
permanent deformations as illustrated by the cross sections shown in
Figure 96.

Figures 64-6T illustrate the progressive deterioration of item 5
as traffic with the 166-kip, dual-tandem assembiy was applied. Initial
failure was assigned at 80 coverages. This was the level of traffic at
which the longitudinal crack shown in Figure 65 reached the transverse
crack shown in Figure 64. The pavement was considered to have reached
the shattered slab condition at 150 coverages (prior to the condition
shown in Figure 66) and complete failure at 320 coverages. Complete
failure was assigned before the pavement reached the condition shown in
Figure 67, at which time the pavement was untraffickable. Deterioration
urder the 166-kip, dual-tandem a.ésembly was much like that occurring
under the 360-kip, l2-wheel assembly in that it was chsracterized by arc-
shaped cracking at the slab edges, pumping, and laerge permanent deforma-
tions (especially along the slab edges).

The lack of spalling was evident for traffic with both the
12-wheel and the dual-tandem assemblies. Even at complete failure, Fig-
ures 63 and 66 show no evidence of large spalls.

ITEM 3 OVERLAY, KEYED LONGITUDINAL

JOINT TEST SECTION

F.gure 68 shows the condition of the pavement prior to initiation
of traffic with the 360-kip, l2-wheel simulated C-5A assembly. Fig-
ures 69-T2 show the progressive deterioration of the pavement as traffic
was applied. Initial failure was assigned at 2800 coverages. This was
the level of traffic at which the condition of the slab was as illus-
trated in Figure T0. Although the slab had not been completely bisected
by a crack, it was felt that the multiple short cracks which existed
would be as detrimental to performauce as a continuous crack in the slab.
Evidence of edge effects are illustrated by the arc-shaped cracks at both
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load were converted to 15 equivalent coverages of the 240-kip load with
the relative loading index procedure as outlined by Hutchinson.23 The
values shown in Table 1k reflect these additional 15 coverages. The
pavement at the shattered slab condition was essentially as shown in

Figure 75. Complete failure was assigned before the pavement reached

the condition shown in Figure 76.
ITEM 1, STRUCTURAL LAVERS TEST SECTION

Figure 7T shows the condition of the pavement in item 1, lane 1,
prior to initiation of traffic with the 200-kip, dual-tandem assembly.
Figures 78-81 show the progressive deterioration of the pavcment as
traffic was applied. Initial failure was assigned at 1000 coverages.
This was the level of traffic at which the ccndition of the slab was as
illustrated in Figure T9. Although the slab was not completely bisected
by a crack, it was felt the transverse crack and permanent deformation
along the longitudinal construction joint would be as detrimental as a
cceurtinuous crack across the slab. The arc-shaped cracking occurring at
the ends of the slab was discounted in determining failure of the slabs.
It was felt that this premature cracking was caused by construction
procedures. Sufficient compaction of the lean clay in the MESL was not
obtained at the ends of the section because of the inability of compac-
tion equipment to operate in this area. The pavement was considered to
have reached the shattered slab condition at 1800 coverages. This condi-
tion is illustrated in Figure 80. Discounting the arc-shaped cracks at
either end, it was felt that the multiple cracking in the interior would
represent a structural deterioration of the pavement which would be
similar to the slab breaking into 5 or 6 distinct pieces. Complete fail-

€ ure was assigned at 3000 coverages, as illustrated in Figure 81.

Figure 82 shows the condition of the pavement in lane 2 of item 1
prior to initiation of traffic with the 240-kip, dual-tandem assembly.
Initial failure was assigned at 200 coverages. This condition is illus-
trated in Figure 83. Shattered slab failure was assigned at 650 cov-
erages and complete failure at 1010 coverages. The condition at complete
failure is shown in Figure 8k.
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Table 15
Selected Material Properties for Item 5 and the Item 3 Overleay

of the Keyed Longitudinal Joint Test Section

Item 3 Item 3
Property Item Overlay Base Pavement

Modulus of elasticity

of concrete Ec s

106 psi 5.6 5.6 6.4
Modulus of soil reac-

tion k , pei 15 100
Nominal slab thick-

ness h , in. 6.0 .4 9.5
Poisson's ratio of

concrete vc 0.2 0.2 0.2
Flexural strength of

concrete R, , psi 940 1050 750

The modulus of soil reaction values were selected somewhat on the high
side. The foundation became stiffer with traffic, and the values se-
lected were closer to the after~traffic measurements than to the as-
constructed measurements.

Average measured thickness values were used, and a value for
Poisson's ratio of 0.2 was assumed. A condition coefficient of 0.35
was assigned the base pavement in lane 1 of item 3, and 1.00 was assigned
in lane 2. The fibrous concrete flexural strength used in the analysis
was selected with the aid of Figure 99. This figure shows flexural
strength as a function of age for the beams molded during construction,
the strength of beams sawed from the pavement slabs, and the time periods
during which traffic was applied.

A value of 940 psi was chosen as the flexural strength for both
lane 1 and lane 2 of item 5. The concrete showed relatively little
strength gain from the time traffic was started until completion of
traffic, and the strengths from the beams and cores taken from the slabs
were consistent with the strengths from the molded beams. There was
also considerable scatter in the results indicating nonuniform concrete

in the slabs. Therefore, the selection of one value was considered
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sufficiently accurate for the analysis. 1
A value of 1050 psi was chosen as the flexural strength for both ’
lane 1 and lane 2 of the item 3 overlay. The molded beams showed a A
strength gain of about 100 psi from the time traffic was started until 41
traffic waes completed. The beams and cores taken from the pavement slabs
indicated lower strengths than did the molded beams. This result was not
consistent with what was expected since the sawed beams were smaller |
(4 by 4 in.), a characteristic which should have resulted in higher !
strengths than those of the 6- by 6-in. molded beams. However, dif- |
ferences in curing conditions could have caused the differences in

strengths. This item was an overlay and did not have access to moisture
from the subgrade as do slabs on grade. Therefore, both surfaces were
usually dry, with only the top surface subjected to moisture during
precipitation. On the other hand, a slab on grade is exposed to the
moisture in the underlying material. Because cf the erratic nature of
the values from strength measurements, the strength used in the analysis
was chosen as slightly higher than the average strength obtained for the
specimens from the slabs. It was felt that this value would be more
representative of the strength of the concrete in the pavement than a
higher value based on the molded and laboratory cured specimens.

With the material properties presented in Table 15, thickness
requirements were computed for the applied traffic levels using the pro-
cedure outlined previously. The computed thickness values are presented
in Table 16. The next to the last column in Table 16 shows ratios of
the computed thickness of plain PCC to the actual thickness of fibrous
concrete. For all failure modes, the ratio indicates that the fibrous

concrete pavement performed better than current criteria would have

predicted plain concrete pavement to perform. The average ratio for
both items, both loads, and all failure conditions is 1.58 and the stan-
dard deviation is 0.123. The ratios suggest that the required thick-
ness of fibrous concrete is about two~-thirds of that required for plain
concrete.

The last column in Table 16 shows the ratios of the actual fibrous
concrete thickness to the computed standard thickness of plain PCC.
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side. The MESL and subgrade in item 1 underwent considerable densifi-
cation during traffic, which resulted in increased stiffness. The value
of 225 pci selected represents the after-traffic conditions more closely
than it does as-constructed conditions.

The cement-treated base in item 2 experienced shear failure during
traffic, which resulted in a decrease in the stiffness. A value of
500 pci was selected for the modulus of soil reaction to represent both
lanes, For lane 1, this value may be unconservative, and for lane 2, it
may be too conservative. However, the effects of such errors on the
analysis will be small.

Figure 103 was used in selecting the flexural strength to use in
the analysis. This figure shows flexural stfength as a function of age
for beams molded during construction, the strength of beams sawed from
the pavement slabs, and the time periods during which traffic was
applied.

A value of 1000 psi was chosen as the flexural strength for
lane 1 of item 1, and a value of 1200 psi was chosen for lane 2 of
item 1. The field-molded specimens showed a considerable increase in
flexural strength with time. However, the specimens sawed from the slabs
indicated a smeller strength gain than the molded specimens. The differ-
ence in the molded beams and sawed beams can be explained by a difference
in molding and curing conditions as well as beam size. As with the over-
lay of item 3 of the keyed longitudinel joint test section, the slab did
not have access to moisture in the underlying material because of the
impervious membrane. This may have affected the strength gain and caused
the flexural strength values to be lower than those of the molded beams
which were moist-cured. The beams sawed from the slabs were also larger
than the molded beams, a characteristic which could have caused a reduc-
tion in measured strength. The value of 1000 psi selected for lane 1 is
consistent with results from the molded specimens and is approximately
equal to the average of the values from the sawed beams. The value of
1200 psi selected for lane 2 is lower than that obtained in the after-
traffic tests on the molded beams but higher than the average of the
values for the sawed beams. It was felt that the Beams sawed from the
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slabs better represented the strength of the concrete in the slabs.

A value of 1000 psi was chosen for the flexural strength for
lane 1 of item 2, and a value of 1050 psi was chosen for lane 2 of
item 2. The molded beams and the beams sawed from the slabs showed a
consistent gain in strength with age. The results obtained from lane 1
vere very consistent. The beams sawed from lane 2 showed a larger in-
crease than was indicated by the molded beams. The value of 1000 psi
selected for lane 1 is consistent with results from both the molded and
sawed specimens. The value of 1050 psi selected for lane 2 is higher
than the results from the after-traffic tests on the molded beams but
lover (60 psi) than the results from tests of the sawed beams. This dif-
ference is somewhat inconsistent with the criterion used in the selec-
tion of the strength for the other items since the usual procedure wus to
gselect values which were larger than or approximatel; equal to the values
for the sawed beams. However, in this case, some weight was given to
the fact that the molded beams showed an increase in strength, which was
consistent with results for the sawed beams.

With the material properties tabulated in Table 17, thickness
requirements were computed for the appiied traffic levels using the pro-
cedure outlined previously. The computed thickness values are presented
in Table 18. The next to last column in Table 18 shows ratios of the
computed thickness of plain PCC to the actual thickness of fibrous con-
crete., For the initial (or first crack) failure mode, the ratios show
that the fibrous concrete pavement performed better than current criteria
would have predicted for plain PCC pavement. However, the ratios are
not as large as they were for the two items from the keyed longitudinal
Joint test section previously considered. For the shattered slab and
complete failure modes, the ratios decrease. This development reflects
the failure of the underlying material. The criterion used for the cal-
culations is for plain PCC pavement in which failure of the underlying
material is not a factor in the performance, i.e., pressure on the under-
lying material is insufficient to cause shear or densification. However,
for these two test items, the slabs were thin enough so that the pres-

sures on the underlying material were sufficient to cause densification
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in the MESL and underlying subgrade in item 1 and shear failure in the
cement-treated base and shear failure and densification in the underlying
material in item 2. It is believed that the failure of the underlying
material accelerated the deterioration of the slabs. It should be noted
that the computed values for initial failure are based on a criterion
which permits a reduction in thickness for high-strength foundations
(modulus of soil reaction of 300 peci or greater). The numbers in paren-
theses in Table 18 (for item 2) reflect no reduction in required thick-
ness for high-strength foundations and are in agreement with the perfor-
mance observed in the previously discussed tests, i.e., the required
thickness of fibrous concrete is about two-thirds of the required thick-
ness of plain PCC. Recommended criteria reflecting no decrease in
thickness for high-strength foundations are presented in the following
section of this report.

The last column in Table 18 presents ratios of actual fibrous con-
crete thickness to the computed'standard thickness of PCC. The ratios
are plotted versus the applied coverage levels in Figures 104 and 105.
Also shown in these figures are curves for plein concrete as presented

by Hutchinson.23

The locations of the points indicate that the fibrous
concrete performed better than plain PCC for most cases. One exception
was for the complete failure mode for item 1 with the 240-kip, dual-
tandem loading. Complete failure of item 2 with the 240-kip, dual-tandem
loading would also be an exception since the ratio is less than one.
However, this is not apparent from Figure 105 since a curve for complete
failure with a modulus of soil reaction k of 500 pci is not shown.

Maximum static elastic deflections measured before traffic was
applied are plotted versus the coverage levels in Figure 106. The
general trend appears to be, as would be expected, that the allowable
traffic volume increases as the elastic deflection decreases. The points
for the 200-kip, dual-tandem loading were along the longitudinal joint
and would be expected to be somewhaet different even though load transfer
was adequate, The measurements fail to show any definite trends in this
respect, and the scatter shown is inherent in this type testing.
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the openings has been contained, and the short cracks that Have formed
are being held tightly closed.

Placement 5 illustrates, as did the WES roadway, that shrinkage
cracking will occur in long fibrous concrete slabs, that the resulting
slabs are longer than can be .‘nrtained with conventional PCC, and that
the crack widths will be larger since they are proportional to the slab
lengths. The 500-ft-long slab was placed on 9 August 1971 (air temper-
ature from 78° to 85° F). On 10 August, a crack occurred approximately
265 ft from one end of the pavement. This crack was about 1/2 in. wide
when it was observed on 19 April 1972 (temperature of approximately
45° F). During December 1971, a crack formed about 95 ft from the north
end. This crack was about 3/8 in. wide when observed on 19 April 1972.

Placement 8 illustrated several construction problems and several
response problems. The overlay was placed directly on the base pavement.
Proper grade control was not exercised and in several areas the thickness
was only about 1 to 2 in. thick, whereas the design thickness was 3 in.
A deficiency of 1 or 2 in. would not be as severe for a 6- or 8-in. PCC
overlay as it is for say a 3- or lb-in. fibrous concrete overlay.

The air temperature during construction of Placement 8 ranged from
about 40° to 55° F. Because of the thinness of the slabs, the lower
temperatures affected the strength gain of the concrete much more than
they would have affected that in a thicker slab. The slow strengtn gain
with time combined with the necessity to open the pavement to traffic at
the earliest possible date led to early failure of parts of the pavement
having a low fiber content.

The bond between the overlay and the base pavement was lost over
most of the area after sbout 6 months. After bond was lost, temperature
and moisture gradients through the slabs caused warping or curling of
the thin slabs. The warping of the thin slabs resulted in high flexural
stresses with traffic and a subsequent rapid deterioration of the over-
lays. Deterioration was more rapid in those areas which had 120 1lb of
fiber per cubic yard than in those containing 200 1b of fiber per cubic
yard. The deterioration was accentuated by deficiencies iq thickness .
at certain locations. Those areas with 120 1b of fiber per cubic yard
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effective in holding the cracks closed than are the l-in.-long fibers.
The sections in which the concrete contained 160 1b of fiber per cubic (

yard performed better than the sections in which the concrete contained '
60 or 100 1b of fiber per cubic yard.
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established by field observations. For fibrous concrete, it was assumed
that the same relationship was valid, since only the structural condi-
tion of the fibrous concrete in the test sections could be evaluated and
related to the comparable structural condition of plain concrete pave-
ment. An additional limitation of the proposed criteria is the required
extrapolation of the data for coverages greater than about 1000, It was
aspumed that the relationship between the performance of plain and
fibrous concrete established for coverage levels less than 1000 was
valid for coverage levels greater than 1000. These factors plus the
unknown effects of long-term environmental factors on the performance of
fibrous concrete pavement have led to conservative assumptions in the
development of the criteria for estimating required thickness of fibrous
concrete.

Design curves developed using the proposed criteria are presented

in Appendix B. Curves for civil and military aircraft are provided in

‘current FAA and Department of the Army format.

VERTICAL DEFLECTION LIMITATIONS

Since thickness requirements for fibrous concrete will be consid-
erably less than those for plain PCC, the pavement structure will be
more flexible. The deflections experienced by fibrous concrete pave-
ments will be greater than those for equivalent plain PCC pavements and
can lead to failure of the underlying material. Criteria are proposed
for controlling fibrous concrete pavement deflection. These criteria
are designed to minimize the possibility of pumping and densification of
or shear in the underlying material or loss of load transfer across
Joints.

Elastic deflections measured from test sections reported by
Grau,ah Burns et al.,35 ORDL,h6 Mellinger et al.,’"7 and Ahlvin et a.l.he
were used to establiesh limiting deflections. These values do not reflect
limiting or maximum deflections which the foundation material could have
withstood. Rather, they indicate deflections which proved to be ac-
ceptable for the entire pavement system.

Only a few data points are available for fibrous concrete. As a
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of concrete in the slab. Conversely, for lower coverage levels, the

thickness of the slabs may be such that the response of the underlying
material may significantly affect the performance of the pavement, i.e.,
performance of the pavement (and therefore the design) may not be con-
trolled exclusively by fatigue of the concrete. Thercfore, the purpose
of the limiting deflection criterion is to insure that pavements deqigned
on the basis of the limiting stress (fatigue) criterion will pérform as
designed and not fail prematurely because of factors not considere& in
the design. '

The measured elestic deflections for the fibrous concrete pa&e-
ments are shown within the shaded area in Figure 112. It can be seeh
that the majority of'these deflections are larger than deflections for
comparable plain and reinforced concrete. The curve through these
points was drawn parallel to the curve for plain and reinforced concréte
and extrapolated for coverage levels greater than 1000.

If it were possible to coﬁpute pavement deflections accuraéely,
the relationship between deflection and coverages shown in Figure 112
could be used directly in the design procedure. However, experience has
shown that there are discrepancies between measured and computed vglues;
thus, it will be necessary to establish a relationship between meaéufed
and computed values. In order to maintain consistency betwegn aﬁai&tf
ical procedﬁres for predicting pavement response, elastic deflections
were computed based on slab theory as proposed by Westergaard38-h2 from
influence charts developed by Pickett et al.h3 and Pickett and Ray.hh
Elastic deflections (interior load condition) for the test pavements
were computed using measured slab and foundation properties. These
computed elastic deflections, as well as measured deflections, are
plotted versus initial failure coverage levels in Figure 113. From this
figure, it can be seen that the computed defletions are all smaller than
the measured deflections but that the same trend exists. The curve for
computed elastic deflections was drawn through the points parallel to
the curve for measured elastic deflections. This curve indicates that

the 1limiting deflection computed for the pavement becomes constant

(0.05 in.) for coverage levels greater than about 30,000. This
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relationship between elastic deflection and traffic should be used in
design for limiting deflections. The elastic deflection for pavements
designed on the basis of the limiting stress criterion should be checked
to insure that it does not exceed the limiting value determined from
Figure 113.

Curves for computing elastic slab deflection for civil and mili-
tary aircraft are provided in Appendix B. In addition, tables of limit-
ing deflection obtained from Figure 113 are also provided. The curves
and tables are in a format which is compatible with the format used for

the design curves based on limiting stress.
JOINT REQUIREMENTS

Variations in temperature and moisture content cuuse volune
changes in fibrous concrete Just as they do in plain concrete. These
volume changes cause stresses in the concrete which can produce uncon-
trolled creacking in the pavement:if the pavement is not properly Jjointed.
In addition, construction joints will occur as a result of construction
operations.

As a result of the increased tensile strength of fibrous con-
crete, it may be possible to increase Joint spacing, thereby reducing
the number of joints and the problems associated with joints. It is
recommended that the minimum spacing of longitudinal joints be increased
to 25 ft for all slab thicknesses. This spacing will eliminate the need
for constructing hinged or dummy contraction Joints in the center of
25-ft paving lanes.

In order tn provide adequate load transfer across longitudinal
construction Joints and to protect the underlying material against pre-
mature failure, it is recormended that longitudinal construction joints
be either keyed-and-tied, doweled, or thickened edge with a key. The
dimensions of the key and thickened edge should be as recommended in FAA
Advisory Circular AC 150/5320-6A,26 Department of the Army Technical

N
Manual TM 5-823-3, 9 or ™ S-82h-3,50 except that the dimensions of the
key should be based upon the thickness of the thickened edge. Because

of construction problems that are associated with placement of dowels in
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longitudinal construction Joints during slip-form paving and with
shaping stabilized materials to form the thickened edge, the keyed-and-
tied joint appears to be the most satisfactory. However, some freedom
of movement must be provided. It is recommended that a maximum pavement
width of 100 ft be tied together. For taxiways, which are usually con-
structed in three or four 25-ft-wide lanes, all joints may be tied. For
runways, which are usually constructed in six or eight 25-ft-wide lanes,
the four center lanes may be tied together with the outside joints either
doweled or thickened edge with a key. For apron pavements constructed
in 25-ft-wide lanes, the Jointing layout will have three adjacent joints
keyed-and-tied with every fourth joint either doweled or thickened edge
with a key.

Transverse joint spacing may also be increased for fibrous con-
crete without resulting in cracking caused by volume change in concrete.
Experimental placements (Placement 5, Appendix A, and the WES roadway)
indicate that lengths of around 100 ft can be attained with 4-in.-thick
slabs. These placements also indicate that openings proportional to the
slab lengths will occur at transverse c¢ricks or joints and that for 100-
ft-long slabs these can be considerable. Because of the large movements
which will occur for 100-ft-long slabs, a meximum transverse Jjoint
spacing of 50 ft is recommended. For slabs greater than 6 in. in thick-
ness, the spacing may be increased, but special precautions should be
taken to insure adequate load transfer and proper sealing. It is recom-
mended that dowels and preformed compression seals be provided at all

transverse Joints where the joint spacing is greater than 50 ft.

OVERLAY DESIGN

Requirements for an adequate evaluation of the existing pavement
for conventional plain and reinforced overlays are also applicable for

fibrous concrete overlays. Currently used procedures for preparing the

.surface of the old pavement are appliceble for fibrous concrete. For

overlays that are designed to restore the load-carrying capacity of

existing pavements in poor structural condition or to increase the
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load-carrying capacity of existing pavements by providing additional

thickness, the minimum recommended thickness is 4 in.
THICKNESS REQUIREMENTS

Procedures are provided for determining thickness requirements
for fibrous concrete overlays of flexible pavement and partially bonded
or unbonded overlays of rigid pavement. While only partially bonded
overlays huve been tested, the procedure for unbonded overlays wac ex-
trapolated from this procedure by assuming that the performence of an
unbonded fibrous concrete overlay will be similar to the performance of
an unbonded plain concrete overlay.

It is recommended that fibrous concrete overlays of flexible
pavement be designed as a slab on grade by considering the flexible
pavement as a base course. The maximum value to be used as the design
subgrade modulus should not exceed 500 pci.

The thickness of partially bonded overlays of rigid pavement will

be determined from the equation

*Tl1.b hd
h = (0.75) h -C (H—)he (5)

where

h = required thickness of the fibrous concrete overlay, in.

h, = required thickness of an equivalent single slab of plain
concrete having a flexural strength equal to the flexural
strength of the fibrous concrete used for the overlay, in.

h. = required thickness of an equivalent single slab of plain
concrete having a flexural strength equal to the Iflexural
strength of the con.rete in the existing pavement, in.

o g
]

thickness of the existing pavement, in.

coefficient describing the condition of the existing pave-
ment as presented in AC 150/5320-6B or ™ 5-823-3

Q
n

It is recommended that the thickness of unbondad overlays be

determined from the equation
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h = (0.75) b° - ¢ (—9—>h (6)
o} e
where the variables are as identified above. The factor 0.75 in Equa-
tions 5 and 6 reflects the differences between thickness requirements
for plain and fibrous concrete pavement a&s indicated by the vertical

¥ distance between the cu.ves in Figure 111.
JOINT REQUIREMENTS

Joints in partially bonded fibrous concrete overlays should coin-
cide with Joints in the base pavement; however, when the transverse con-

traction joint spacing in the base pavement is 15 ft or less, every

other joint in the overlay mey be eliminated. It is not necessary for
Joints to be over similar joints. Longitudinal contraction Joints in
the base pavement may be spanned in partially bonded overlays. Longi-
tudinal construction joints in partially bonded overlays should be
matcned with longitudinal constructior joints in the base pavement.
For unbonded overlays, it is likewise unnecessary for the Joints
. to coincide with joints in the base pavement. Longitudinal construction
Joints in unbonded fibrous concrete overlays should be either doweled or
keyrd-and-tied. Longitudinal construction joints in partially bonded
overlays should be doweled. '




RECOMMENDED CONSTRUCTION PRACTICES

The addition of fibers to concrete complicates the selection of
a nmix design. It is recommended that a rather extensive mix design be
carried out using available materials in order to select & mix that will
be economical, workable, and provide the required strength and durability.
Guidelines for mix selection are outlined in the following section.
The addition of fibers to the concrete also requires some changes
in batching, mixing, and placing procedures. The mgjor differences will
be in batching and mixing because the shape of the fibers requires that
they be handled differently than aggregate, cement, or water because of ' |
the tendency of the fibers to form into balls. In the following para-

graphs, batching, mixing, and placing procedures will be discussed.
MIX DESIGN CONSIDERATIONS

The large surface area to volume ratio of the steel fibers re-

e e e

quires an increase in the paste necessary to insure that the fibers and
aggregate are coated. The shape of the fibers also requires an increase
in the paste necessary to insure that the fibers are properly dispersed
in order to avoid harsh mixes which are difficult to place. Cement con=-
tents from 550 to 950 1b per cubic yard have been used with water-cement
ratios between 0.4 and 0.6, as reported in an American Concrete Institute
state-of-the-art paper.Sl

The size, type, and volume of fibers will influence other param-
eters in the mix. The following are iwo general rules regarding the in-
fluence of fibers:

a. An increase in fiber content results in increased strength
and decreased workability. Experience has shown that fiber
contggts in excess of 2 wercent by volume are difficult to
mix.

b. An increased fiber aspect ratio (length to diameter or
equivalent diameter) results in increased strength and
decreased workability. For proper_ mixing, the maximum
aspect ratio should be about 100.

There are presently only a few sizes of fiber commercially avail-

able. Therefore, the usaal procedure is to select a type of fiber and
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then trade off strength for economy and workability. The most commonly
used fibers are 1 in. long and either have a round cross section

(0.016 in. in diemeter), as shown in Figure 22, or are rectangular in
cross section (0.010 by 0.022 in.), as shown in Figure 29. A 0.025-in.-
diam by 2-1/2-in.-long round fiber has had limited use, as have some of
the more exotic types shown in Figure L48.

In addition to variations in fiber type, there are several other
parameters which are unusuel for fibrous concrete and can be varied in
a mix design. The procedure for optimizing a fibrous concrete mix for
preselected material is similar to that used for conventional concrete.
A triel mix is selected based on experience, and then the constituents
are adjusted to produce the desired properties. Typical mixes which
have been used are shown in Table 20. Some of the other paremeters are

as follows:

a. For pavement applications, maximum-size coarse aggregate has
varied between 3/8 and 3/4 in., with the 3/8-in. size used
predominately.

o

The percentage of coarse aggregate (of the total aggregate
content) can be varied. The percentage has been varied from
25 to 60 percent for pavement application.

The composition of the cementitious constituent can be varied.
Specificelly, fly ash or other pozzolans can be substituted
for portland cement. The substitution of a pozzolan decreases
the rate of strength gain and mey increase workability.

Hel
.

d. Admixtures for air entrainment, water reduction, and set con-
trol have been used for fibrous concrete, and conventional
procedures regarding their use should be followed.

The procedures and typical values outlined above should be con-
sidered only as guidelines, and before any construction is started, a
thorough mix design survey should be conducted with available material
in order to select a workable mix which will yield the required strength.
It is recommended that a flexural strength be selected not greater than
1000 psi at 90 days measured according to ASTM C 78—6h.10 Higher
strengths are readily attainable, but placement of such mixes will
usually be difficult. The 1000-psi maximum value can usually be
atteined with mixes that cen be placed with conventional equipment and

procedures.
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Table 20

Typical Fibrous Concrete Mixes

1y
y
Saturated Surface \
Dry Batch Weight ,
Material 1b | Q
Mix I
Cement (type 1) 8u6
Fine aggregate (natural sand) 1700 (70%)
Coarse aggregate (3/8-in. maximum-size natural
peagravel) 728 (30%)
Fibers (round, 1 in. long by 16 mils in diameter) 250 (2%)
Water 390
Air-entraining agent (5% air) -
Mix II
Cement (type 1) 517
Fly ash 225
Fine aggregate (natural sand) 1525 (55%)
Coarse aggregate (3/h-in. maximum-size crushed
limestone) 1200 (45%)
Fibers (rectangular, 1 in. by 10 by 22 mils) 200 (1-1/2%)
Water 275
Air-entraining agent (4% air) --
Set-reterding admixture -
Mix III R
Cement (1 - P) 822
Fine aggregate (natural sand) 1593 (60%)
Coarse aggregate (3/8-in. maximum-size natural
peagravel) 1014 (Loz)
Fivers 115 (1%)
Water 325
Air-entraining agent (5% air) --

Mix I resulted in slumps of about 4 in. and was used for manually
constructed test pavements.

Mix II resulted in slumps of about 2 in. and was used for slip-formed
4- and 6-in.-thick ove:rlays.

Mix TIT resulted in slumps of about L in. and was .ed ior .2uuslly :
2zastructed test pavements.
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BATCHING

Bulk-handling techniques for introducing the fibers during the
batching operation have not been developed. Fiber and equipment manu-
facturers are currently developing equipment and techniques for shipping
and handling large quantities of fibers. The extent of this development
will depend on the large-scale application of fibrous concrete, and vice
versa the use of large quantities of fibrous concrete will depend on the
ability to efficiently handle large volumes of fibers.

Manual procedures have been used for introducing the fibers into
the batching operation. Fibers are presently shipped in l-cu-ft boxes
containing from 40 to 80 1b of fiber. This method is not an efficient
way to ship the fibers since a cubic foot of steel weighs about 490 1b.
With this packaging procedure, additional laebor is required for handling
because of the wasted space. However, the need for weighing is elimi-
nated and not as much effort is required to dispense the fibers as would
be required if they were packed more efficiently.

In the batching operation, fibers are generally handled as aggre~

gate, but care must be taken when the fibers are required to pass through

8 constriction since they have a tendency to bridge over an opening and
stop the flow. Efforts should also be made tc disperse the fibers as
much as possible and to achieve as much preblending of the fibers with
the aggregate as possible prior to mixing. i

Several procedures have been used successfully for ready-mix op-
erations. The most successful method has been to dump the fibers onto a
belt or through a chute carrying the aggregate to the mixing drum. With
this procedure, the fibers and aggregate are preblended before entering
the mixing drum, and this preblending helps to minimize balling. Then,
cement and water are added after the fibers and aggregate have been
charged. Another procedure that has been used is the introduction of
the aggregate into the mixing drum followed by the introduction of the
fibers and then the cement and water. When introducing the fibers, an
effort should be made to achieve as much dispersal as possible.

For control batch operations, the most successful method that has
been used is that of feeding the fibers onto a belt that deposits the
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fibers onto the charging belt of the control-mix plant. A rfumber of

methods for placing the fibers onto the first belt have been tried. The
most successful has been to manually dump the fihers directly onto the
belt. The vibrating screen used during the construction of the overlays
in Greene County, Iowa (Placement 9, Appendix A), dispersed the fibers
as they dropped onto the belt. As with ready-mix operations, regulation
of the flow of the aggregate so that the fibers and aggregate are pre-
blended before entering the mixing drum minimizes the formation of fiber
balls.

MIXING

Mixing action should be as vigorous as possible to break up any
balls or clumps of fibers. Mixing time requirements are essentially the
same for fibrous as for plain concrete, but overmixing should be avoided
since the fibers tend to ball up and the balls tend to grow as mixing is
continued. When transit-mix trucks are used, special precautions should

he teken to prevent overmixing.
PLACING

Fibrous concrete can be placed with conventional paving equipment.
Hand methods, bridge-deck machines, form-riding pavers, and slip-form
pavers have been successfully used to place fibrous concrete pavement.
Because of the harshness of fibrous concrcte, it is more difficult to
handle. This characteristic leads to the tendency to increase the water
content in order to make the concrete easier to handle. However, as
with plain concrete, the water content should be kept as low as possible.
With central-mix facilities and modern slip-form paving trains, fibrous
concrete with slumps as low as 1 in. has been placed successfully in
thicknesses as small as 4 in, Slabs 2 and 3 in. thick have been suc-
cessfully placed with slip-form pavers, but these placements have con-
sisted of higher slump concrete. Thin slabs (2 to 3 in., thick) have
been placed with manual procedures snd bridge-deck finishing machines.
For these placements, concrete with slumps renging from 3 to 6 in. has
been used. The slump required for proper placement will depend on the

slab thickness and the equipment used. Thin slabs placed with manual
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procedures will require higher slump concrete than thicker slabs placed
with modern paving equipment. The equipment used for transporting and
spreading the concrete will arfect the siump required.

When transit-mix trucks are used, it will be necessary to use con-
crate with at least a 3-in. slump for proper discharge. Decause of the
harshness of fibrous concrete, it ic difficult and sometimes impossible
to discharge fibrous concrete with slumps less than about 3 in. When
mechenical spreaders are used, lower slump concrete can be used than is
possible when manual techniques are used.

For pavements thinner than 4 in. and relatively high-slump con-
crete, surface vibration is all that is necessary for proper placement.
However, for thicker sections and low~slump concrete, internal vibration
is recommended.

The surface of fibrous concrete pavement can be finished with
conventional techniques. Because of the high cement content, the sur-
face usually finishes easily. No problems have been encountered in
finishing fibrous concrete that can be attributed to the presence of the
fibers. A burlap drag cannot be used for surface texturing since the
fibers stick in the burlap and cause tearing of the surface. Transverse
texturing with a stiff bristle brush or a wire comb has been successful.
The presence of the fibers cause no problems and the resulting texture
appears to be no different from that obtained for plain concrete.

The sawing of grooves should not present any problems. Grooving
has not been tried on any of the installations placed thus far, but no

difficulties have been encountered in sawing joints.
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CONCLUSIONS AND RECOMMENDATIONS .

Conclusions regarding the use of fibrous concrete for airport

pavements are summarized as follows:

&. Fibrous concrete pavements will perform better than comparable
plain concrete pavements having identical thicknesses, foun-
dation conditions, and concrete flexural strengths.

b. Fibrous concrete can be produced and placed with conventional
batching, mixing, and paving equipment and techniques. Bulk-
handling of fibers and a mechanical system for introducing
the fibers during batching operations will be required to
produce fibrous concrete in sufficient quantities for large
airport paving Jobs.

¢. The recommended design criteria are based on limited per-
formance data. In addition, the analysis of the data is
based on several rather arbitrary, though conservative, de-
cisions and assumptions. As a result, the criteria should be
considered as tentative and subject to change as additional
performance data are accumulated.

d. The use of fibrous concrete will result in thinner pavements
and will offer an alternative design that has several advan-
tages over conventional construction, especially for areas

in which high-quality construction materials are scarce or in
situations in which control of the pavement grade is critical.

In order to improve the reliability of the proposed criteria, it
is recommended that the following areas receive further study:

a. Additional performance data are needed. In particular, per-
formance date for overlays of flexible pavement and for un-
bonded and partially bonded overlays are needed.

b. Additional data are needed to substantiate and/or modify
proposed limiting deflection requirements.

c. Additional information on permissible Joint spacing and
types of load-transfer mechanisms is needed for large joint
openings and thin slabs.

d. Additional data are needed to determine the effects of cor-
rosion of fibers on pavement performance.

e. A mix design study is needed in order to establish more
specific guidelines for selecting a workable mix which will
produce the desired properties.

f. The feasibility of using thin fibrous overlays for resur-
facing should be investigated. P

[}
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Figure 8. Flexural strength as a function of fiber diameter
for 1 ang 2 volume percents of l-in. fibers (after Waterhouse
and Luke®)

9L




LOAD, LB

14,000

12.000}~

10,000 p--

8,000 4

6,000

4,000

2,000 -

/ FIRST CRACK LOAD

ULTIMATE LOAD

FIBROUS CONCRETE

(UL TIMATE LOAD

/ PLAIN CONCRETE

6 %6 %36 BEAM

Figure 9.

0.02 0.04 0.06 0.08
{ 1 1 }
0 0.02 0.04 0.06

DEFLECTION AT CENTER LINE OF BEAM, IN.

Typical load-deflection curves for a fibrous concrete
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