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PREFACE 

The study reported herein was jointly sponsored by the Federal 

Aviation Administration as part of Inter-Agency Agreement FA71WAI-218, 

"Developnent of Airport Pavement Criteria," and by the Office, Chief of 

Engineers, U.S. Army, as part of the Military Engineering Design for 

Expedient Airfields and Heliports Study and the Short-Range Airfield 

Pavement Research Program. Portions of the information used in this 

study were obtained from tests conducted by the U. S. Army Construction 

Engineering Research Laboratory with support provided by the U. s. Army 

Engineer Waterways Experiment Station (WF.S) for the Office, Chief of 

Engineers, U.S. Army. The study was conducted during the period July 

1971-December 1973, under the general supervision of Mr. James P. Sale, 

Chl ef of the Soils and Pavements Laboratory, WES. This report was pre

pared by Dr. Frazier Parker, Jr. 

Directors ot WES during the conduct of this study were BG E. D. 

Peixotto, CE, and COL r . H. Hilt, CE. Technical Director was Mr. F. R. 

Brown. 
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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI) 
UNITS OF MEASUREMENT 

U.S. customary units of measurement used in this report can be converted 

to metric (SI) units as follows: 

Multiply By To Obtain 

mils · 0.0254 millimeters 

inches 2.54 centimeters 

feet 0.3048 meters 

square inches 6.4516 square centimeters 

cubic yards 0.7645549 cubic meters 

pounds o.4535~237 kilograms 

kips o.45359237 metric tons 

pounds per cubic inch 0.0276799 kilograms per cubic centimeter 

pounds per cubic foot 16.01849 kilograms per cubic meter 

pounds per square inch 6894.757 pascals 

Fahrenheit degrees 5/9 Celsius degrees or Kelvins• 

• To obtain Celsius (C) ten1perature readings trom Fahrenheit (F) read
ings, use the following tormµJ.a: C • (5/9)(F - 32). To obtain 
Kelvin (K) readings, use: K • (5/9)(F - 32) + 273.15. 
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INTRODUCTION AND SUMMARY 

INTRODUCTION 

In the past several years, considerable interest has been gen

erated in the use of concrete conte.inin~ discrete, randomly dispersed 

steel fibers for pavement applications. The introduction of fibers into 

the concrete matrix imparts to the conc:,:ete certain characteristics, 

such as resistance to spalling and the ability t,o sustain load and keep 

cracks tightly closed after cracking, which improve the performance of 

fibrous concrete pavement when compar~d with plain or conventionally re

inforced concrete pavement. Thus, a r~duction in required thickness can 

be realized by using fibrous concrete in place of plain or convention

ally reinforced concrete. In areas vh<-,re there is a shortage of quality 

aggregate or where a reduction in requlred pavement thickness is essen-

tial because of such factors as grade or drainage considerations, it may 

be advantageous to use fibrous concrete pavement in lieu of conventional 

types of pavement. Fibers can be used with available aggregate to im

prove the quality of the concrete or it may become feasible to import 

higher quality aggregate since the addition of fibers will permit thin

ner sections and therefore require less aggregate. Cost will be the 

controlling factor in the use of fibrous concrete, but unfortunately the 

state-of-the-art has not progressed to the point at which reliable 

guidance can be given concerning the economic aspects of the use of 

fibrous concrete. This report contains the results of an investigation 

conducted by the U. s. Army Engineer Waterways Experiment Station (WES) 

for the purpose of developing criteria for the design of fibrous con

crete airport pavements and guidance for constructing these pavements. 

SUMMARY 

This re~ort contains a discussion of the behavioral properties 

of fibrous concrete and the possible effects of these pro:perties on the 

performance of pavements constructed with the material. Co~parisons of 

various characteristics of fibrous concrete and material characteris

tics desirable for airport pavement appli ~tions indicat~ that use of 
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fibrous concrete would be desirable. Pavements constructed and tested 

by WES and by other agencies are described, and the results from these 

tests are presented and analyzed. From these test results, recommended 

criteria for selecting slab thickness and joint requirements are formu

lated and guidance for constructing fibrous concrete pavements is de

veloped. The recommended criteria are comp&tible with current Federal 

Aviation Administration (FAA) and Corps of Engineers design systems. 

Specific recomendations are provided, as required, to reflect observed 

differences between the performance of fibrpus and plain or convention

ally reinforced concrete pavement. The recommended criteria will result 

in thinner pavements with larger permissible joint spacings. Construc

tion of fibrous concrete pavement can be accomplished using conventional 

batching, mixing, an,1 paving equipment. Developing procedures and 

equipment for bulk handling of fibers is the primary area in which 

additional work is needed. 
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BACKGROUND 

DEFINITION OF FIBROUS CONCRETE 

Fibrous concrete is a composite material consisting of a concrete 

matrix containing a random dispersion of small fibers. Numerous types 

of fiber material have been used including steel, fiberglass, nylon, 

asbestos, rayon, cotton, polypropylene, and polyethylene. Attention, 

particularly in the United States, is currently focused on use of steel 

and fiberglass fibers. For pavement applications, only steel fibers 

have been seriously considered. Only the use of steel fibers bas been 

considered in this study; therefore, the recommended criteria should 

only be considered applicable to concrete containing steel fibers. 

MECHANICS OF FIBER STRENGTHENING 

The inclusion of fibers in the concrete matrix alters the prop

erties of the resulting compoeite material. The ductile, high-tensile

strength fibers compensate for the low tensile strength and low ductil

ity ot the concrete and enhance the mechanical and physical properties 

of the composite. Properties such as fatigue endurance, impact resis

tance, and toughness are improved. 

The response of the composite can be explained by considering the 

manner in which brittle materials such as concrete fail. Hsu et al. 1 

attribute the low tensile strengh of concrete to the propagation of 

cracks originating from internal flaws within the matrix. The internal 

naws consist of air voids, deleterious material particles, or micro

cracks formed during curing. The ductile, high-tensile-strength fibers 

compensate for the low tensile strength and brittle character of the 

concrete by acting as arrestors which restrict the growth of the flaws. 

Mechanisms for explaining fiber strengthening were proposed and ex

perimentally verified by Romualdi and Batson. 2•3 

The fiber strengthening mechanism may be explained by considering 

Figure 1. This figure is a schematic load-deflection curve for a fi

brous concrete beam. Up to point A, the response of the beam is linear, 

but beyond this point it becomes nonlinear and reaches a maximum at 
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point B. The stress at point A is defined as the first crack strength 

and that at point Bas the ultimate strength. The fiber strengthening 

mechanism considered in the following paragraphs explains the behavior 

up to the first crack strength. After the 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 a. As the crack begins to 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 Batso_n3 that the theoretical first crack strength 

is inversely proportional to the fiber spacing, as shown in Figure 3. 
4 Romualdi and Mandel have shown that the expected ratio of first crack 

strength of mortar with short fibers to first ere.ck. strength of plain 

mortar is a function of fiber spacing, as shown in Figure 4. Also shown 

in Figure 4 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 
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problem of mixing will be considered later. The combined effects of 

spacing and fiber geometry are illustrated in Figure 5, which shows the 

results of tests conducted by Snyder and La.nka.rd. 5 General trends indi

cated in this figure are as follows: 

!.· Fibers increase the strength of the material. 

!?. • 

c. 

Increasing fiber content or conversely decreasing fiber 
spacing results in higher strength. (Two points for 0.5-
and 1.0-in.* fibers for smaller spacings are discounted 
because of poor workability.) 

Strength increases as the fiber length increases . {This 
trend illustrates the importance of bond development since 
bond development varies directly with fiber length.) 

Thus far, only the first crack strength has been considered. 

• 

However, at this point, the ultimate load-carrying capacity of fibrous 

concrete will be considered since it is the postcracking response which 

accounts for the improvements in mechanical properties and the resulting 

performance of fibrous concrete pavements. 

Fibrous concrete still has considerable load-carrying capacity 

after initial cracking, as illustrated in Figure 1. For plain concrete, 

the first· crack and ultimate strength are synonymous, but for fibrous 

concrete the cracks cannot extend without stretching or debonding the 

fibers. Consequently, additional energy is required before the ultimate 

stress and complete fracture occur. 

Before the discussion of the mechanical properties of fibrous 

concrete and the response of fibrous concrete pavement slabs to load is 

presented, the relationships between strength {first crack and ultimate) 

and fiber geometry will be examined further by considering Equ~tion l 

developed by Romualdi and Mandel4 for average fiber spacing and experi-
6 mental results presented by Waterhouse and Luke. The equation devel-

oped by Romualdi and Mandel for the average fiber spaci ng is 

s = 13.8 d~ {l) 

* A table of factors for converting U.S. customary units of measure- . 
ment to metric (SI) W1its is presented on page 5. 
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where 

s = spacing between centroids of fibers, in. 

d - fiber di~~et er, in. 

p = percent fiber reinforcement by volume 

Figure 6 illustrates the effect of fiber volume on the first 

crack and ultimate flexural strength. This figure varifies previous 

conclusions that the flexural strength varies inversely with fiber 

s:i)acing. In Equation 1, if d remains constant, the spacing will 

decrease as the volWD.e of fib..:rs increases. 

Figure 7 illustrates the effect of fiber length and fiber diam

eter ( or equivalent diameter). In Equation 1, if p and d remain 

constant, the spacing will remain constant; thus, the improvement in 

strength can be attributed to the better bond developed by the longer 

and smaller diameter fibers. Another interesting aspect of fibrous con

crete is illustrated in Figures 6 and 7, This is the problem of mixing 

fibers, which will be mentioned briefly here and discussed in more de

tail later. Based on Figures 6 and 7, the ideal situation would be to 

have long fibers with small cross-sectional areas. However, as the 

aspect ratio (length to diameter or equivalent diameter for fibers with 

cross-sectional shapes other than round) increases, the mixability 

decreases. As an example, for the study conducted by Waterhouse and 

Luke,6 the maximum length of fibers with a 0.010-in. diameter which 

could be mixed was about 1-1/4 in., while for the 0.020-in. diameter 

fibers, longer lengths could be adequately mixed. This factor should 

be kept in mind when interpreting data presented in these curves. 

Figure 8 illustrates the effect of fiber diameter. As the diam

eter decreases, the flexural strength incr~ases for a constant length 

and volume. The effect of fiber diameter can also be illustrated by 

considering Equation 1. In this equation, if p remains constant, the 

spacing should decrease as fiber diameter decreases. Therefore, the 

strength should increase as the diameter decreases. 
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summary, the following conclusions can be drawn: 

The inclusion of fibers increases the first crack and 
ultimate flexural and tensile strength. 

The inclusion of fibers in a con,..rete matrix increases the 
ductility of the composite. 

The efficiency of the fibe~s as crack arrestors is dependent 
on the spacing of the fibers (or volume of fibers), providing 
the necessary bond is developed between the fibers and the 
concrete matrix. 

d. The ability of the fibers to develop bond varies directly 
with the length and inversely with the diameter, i.e., for a 
given volume percentage and length of fibers, the smaller the , 
fiber diameter the larger will be the bond area. 

MATERIAL CHARACTERISTICS 

In addition to increasing the tensile (flexural) strength of 

concrete, the addition of fibers enhances certain other properties which 

are important from the standpoint of pavement performance. Among these 

are increased ductility and toughness, increased dynamic strength, in

creased resistance to spalling, and increased fatigue strength. Limited 

available data indicate that abrasion resistance and thermal conduc

tivity may be somewhat increased. Compressive strength is only slightly 

increased and the modulus of elasticity remains essentially unchanged. 

As illustrated in the previous section, the tensile and f'lexural 

strength of the resulting composite (fibrous concrete) is increased when 

fibers are added to concrete. Batson7 reports increases in first crack 

flexural strength of fibrous concrete of up to 2.5 times the strength of 

plain concrete with fiber contents up to 4 percent by volume. Gray and 

Rice8 indicate that increases of 150 and 200 percent can be expected for 

first crack and ultimate flexural strength, respectively. Comparisons 

such as these are rather meaningless because of the variations which 

occur between fiber types, test procedures, and methods for comparing 

data. There is also no basis for selecting comparable plain and fibrous 

concrete mixtures. The difficulties in comparing strengths are sum

marized below by Dixon and Mayfield. 9 
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Associated with this ambiguity of definition 
is the consideration of the control mix necessary 
for a datum with which to compare mixes containing 
added chopped wire. If chopped wire i s merely added 
to given constant mix proportions, the workability 
will obviously decrease, due to particle interfer
ence and the increase in surface area to be covered 
by the paste. The apparent increas~ i n strength 
shown could have been more easily and cheaply pro
duced by either a reduction of water or an increase 
in cement. If the chosen criterion is constant 
workability extra water must be added with a 
possible reduction in comparable st:r-ength. 

In order for results to be meaningful, the mix used and specific con

ditions for batching, mixing, curing, and testing must be considered. 

Much of the data reported has been for concrete that has a high fiber 

content (in many cases, higher than can be used in the field) and that 

.has been 'ts:".-:?hed, mixed, and cured in the laboratory and tested in 

small beams (less than 6- by 6"." by 36-in. beams). Under these condi

tions, higher strengths have been obtained than can be obtained under 

field conditions. Under field conditions, mixtures which can be mixed 

and placed will yield ultimate flexural strengths of about 1000 psi at 

90 days as measured with 6- by 6- by 36-in. beams tested according to 

American Society for Testing ~d Materials (ASTM) Designation: C 78-64.10 

An· expected range would be from 900 to 1300 psi depending on the worka-
11 bility required for proper placement. Results reported by Parker, 

Grambling,12 and Arnold and Brown13 and of tests conducted as part of 

this study verify this range of expected strength. · 

The ductility of fibrous concrete is greater than that of plain 

concrete. Figure 9 illustrates typical load-deflection curves for plain 

and fibrous concre·,,e ·oeems. The initial straight-line portion for both 

curves is essentially the same, so values of the modulus of elasticity 

for fibrous concrete will be essentially the same as those for plain 

concrete made from the same materials. The ultimate load for plain 

concrete corresponds to the first crack load for fibrous concrete inas

much as the ultimate load for the plain beam is the lqad at which the 

first crack propagates through the specimen. For fibrous concrete, the 
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first crack load does not result in a catastrophic failure as it does 

for plain concrete, and the specimen will withstand additional load be

fore an ultimate is reached. After the ultimate load is reached, the 

load begins to decrease but catastrophic failure does not occur at this 

point either. The behavior of the beam after the first crack condition 

is reached is a result of the debonding and stretching of the fibers 

across the cracks in the beam. 

"Toughness" is the energy required to completely separate the 

specimen. The area under the stress-strain curve (in this case, the 

load-deflection curve) is a measure of the toughness of a material. 

From Figure 9, it can be seen that fibrous concrete offers a significant 

improvement in this respect over plain concrete. 

Tests reported for the Ohio River Division Laboratories (ORDL) by 

Williamson14 ,15 and Birkiiner and Hossley16 indicate that the dynamic 

strength of fibrous concrete is greater than that of plain concrete. 

Dynamic flexural and compressive tests, impact tests, and tests with 

explosive loading conducted du.ring the studies reported in References 

14-16 all showed that fibrous concrete resists these types of loadings 

better than plain concrete. Figure 10a shows a plain concrete cylinder 

atter dynalllic compressive loading, and Figure 10b shows a fibrous 

concrete cylinder subjected to the s~e loading. The plain concrete 

shattered, while the fibrous concrete remai1-~d intact. Figure lla shows 

a plain concrete slab after being subjected to an explosive loading, and 

Figure llb shows a fibrous concrete slab atter being subjected to the 

same loading. The plain concrete slab completely disintegrated, while 

the fibrous concrete slab held tog4~ther. The explosive loading tests 

indicate that for fibrous concrete the number of fragments resulting 

from explosion can be reduced in excess of 80 percent. 

Airport pavements receive impact loadings during landings and 

rather rapid loadings during takeoffs and landings. Presently, it is 

felt that dynamic loading conditions are,not as severe in terms of pave

ment performance as static or slow moving loading conditions. It would 

appear therefore that improvements i.n the response of fibrous concrete 

to dynamic loading should enhance the performance of fibrous concrete 
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pavements subjected to slow moving loads. However, no exper i mental data 

exist nor have any theoretical studies been conducted to substM·t~ ia~e 

or disprove this effect. 

Another property of fibrous concrete which makes it superior to 

plain concrete is its resistance to spalliug. There is no quantitative 

measure for spall resistance, but qualitatively this property can be 

determined from results of dynamic and explosive loading tests as shown 

in Figui•es 10 and 11. In both of these figures, it can be seen that the 

fibrous concrete specimens do not disintegrate upon loading but are held 

together by the fibers. Although the loadings on pavements will be dif

ferent, the ability of fibrous concrete to remain intact after crackir.g 

will result in much less spalling. 

Forrest et al. 17 report that the fatigue flexural strength of 

plain concrete (2 x 106 to 10 x 106 load repetitions) ranges from about 

50 to 60 percent of the static strength. Batson et al.18 speculate that 

the fatigue strength of fibrous concrete would be increased because 

" ••• the propagation of a flaw in fibrous concrete subject to cyclic 

loading would be retarded by the use of closely spaced steel fibers •••• " 
. 18 19 

Experimental data presented by Batson et al. and Ball indi-

cate that the expected increases in fatigue strength occur only for ma

terials with 2.98 percent of fibers, a greater percentage than can be 

mixed and placed under field conditions. One series of tests with 

2.98 percent fibers and two series of tests with 2.00 percent fibers 

reported by ~al119 showed that the fatigue strengths of the resulting 

materials were comparable to that of plain concrete. It should be noted 

that some of the tests reported were for complete reversal of loading 

and others were for loading from zero to the maximum value. 

Another complicating factor to be considered when processing the 

1·esults of fatigue tests is the definition of the strength used to com

pute the stress to strength ratio. For the tests reported, the first 

crack static strength was used and fatigue failure defined as the repe-
• 

tition level at which deflections become large. The use of the ultimate 

static strengtho would have resulted in smaller stress ratios and thereby 

reduced the apparent influence of the fibers. Because of the limited 
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data available and because of the ambiguity which exists in defining 

strength ratios, it is concluded that the addition of fibers in quanti

ties which can be mixed and placed in the field has little or no effect 

on the fatigue strength of concrete. 
· . 20 

Tests conducted by Mikkelmeni indicate that the resistance to 

abrasion of concrete may be somewhat increased by the addition of fi

bers. This conclusion, however, is based on qualitative data and is 

limited to a specific set of materials and test conditions ,. 

Dixon and Mayfield9 report that the inclusion of ,;ire fibers in

creases the thermal conductivity of the concrete. Increased thermal i 

conductivity results in more uniform temperature distributions through 

slabs. This should theoretically reduce warping stresses 1n the slabs 

caused by nonuniform temperature distributions. 

__ ..... 

The rGther severe environmental conditions to which a pavement is 

subjected May result in ~orrosion of the steel fibers and loss of the 

ben~ficial effects of the fibers. The large surface area to volume 

ratio of thr fibers makes them more susceptible to corrosion than con

ventional r~inforcement. However, no data exist which show conclusively 

either the Piature of' the effect of fiber corrosion on pavement perfor

mance or evlen if it does have a significant effect. 

Some qualitative information on fiber corrosion has been accumu

lated from experimental pavements which have been in place for a number 

of years. This information is based on limited visual observations, but 

it does permit some preliminary conclusions to be drawn. The corrosion 

of fibers on the surface, within the pavement, across open cracks, and 

acroBB cracks that are held closed are considered separately. 

Based on observations of pavements constructed to date, the 

fibers o~ exposed surfaces oxidize and deteriorate rather rapidly. 

However, the deterioration appears to be limited to the surface and, as 

a result, should not affect pavement performance. 

There is no indication that fibers within pavement slabs deterio

rate. Cores taken in 1972 from fibrous concrete slabs constructed at 

ORDL in 1967 and at Lockbourne AFB, Ohio, in 1970 showed no evidence of 

fiber deterioration within the concrete. Figure 12a shows a core taken 
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from one of the slabs with no apparent deterioration of the fibe r s. A 

study by Shrorr21 indicated that no change in flexural strength occurred 

when mortar with fibers was ruternately submerged in salt water and 

dried for 90 days. All the data accumulated thus far indicate that the 

performance of fibrous concrete pavements ehould not be adversely 

affected by the corrosion of fibers within the concrete. 

When considering deterioration or corrosion of fibers at a crack, 

two distinct types of cracks must be considered. Cracks which occur due 

to shrinkage or volume change of the concrete or reflective cracks in 

overlays due to volume change in the base pavement constitute the first 

type. It has been observed that such cracks a.re sufficiently wide to 

admit water and air and that corrosion of the fibers occurs rapidly. 

However, the width of this type crack will be such that unbending or 

breaking of the fibers across the crack will have occurred, and as a 

consequence, any deterioration of the fibers due to corrosion will have 

little if any effect on the pavement performance. In a number of the 

experimental pavements built thus far, insufficient or, in some cases, 

no Joints were provided. As a result, cracks occurred which opened up 

rather wide and the fibers deteriorated rapidly. Figure 12b shows a 

core taken across such a crack which occurred in one of the slabs con

structed at ORDL in 1967. The fibers across this crack were completely 

deteriorated. 

Load-induced cracks are the other type which must be considered. 

These a.re cracks which occur upon application of loads to the pavement. 

In most cases, these cracks are not continuous and are initially held 

tightly closed by the fibers. They propagate, open up, and become 

working cracks only with the continued application of loads. If the 

fibers across such cracks deteriorate because of corrosion, then the 

performance of the pavement will be adversely affected. Sufficient 

data are not available to draw any definite conclusions concerning the 

deterioration of fibers across such cracks. As a result, the design 

criteria which a.re presented later in this report were developed based 

on a failure condition in which only a minimum amount of cracking had 

occurred. 
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RESPONSE OF FIBROUS 
CONCRETE PAVEMENT SLABS TO LOAD 

The response of fibrous concrete slabs to repeated applications 

of load will be influenced by the material properties discussed in the 

previous Stction. One of these is the high energy-absorbing character

istic or toughness of fibrous concrete. 

When pavement slabs are loaded, the critical stress in the slab 

is assumed to be the tensile stress at the bottom of the slab. There 

are conditions such as loading at corners for which the maximum tensile 

stress occurs at the top of a sl1:1.b. When the tensile strength of the 

concrete is exceeded, a crack will occur. For plain concrete pavements, 

this crack will not immediately propagate to the surface as it does with 

a beam but requires additional energy before this propagation will 

occur. The required energy is supplied by additional repetitions of 

load and changes in temperature. 

For fibrous concrete pavements, the energy requirements or load 

applications required for the crack to propagate to the surface will be 

higher than those for plain concrete because of the higher energy

absorbing characteristic of fibrous concrete. The load-deflection 

diagrams for both plain and fibrous concrete beams shown in Figure 9 

illustrate that, even after the ultimate load is reached for the fibrous 

concrete beam, considerable energy is required before complete fracture 

occurs. This characteristic is also illustrated by the response of a 

fibrous concrete beam during loading. A crack forms at the bottom of 

the beam but does not immediately propagate to the surface and cause 

failure of the beam. The load must be sustained in order to debond or 

stretch the fibers across the crack before the crack will reach the top 

of the beam. This requirement means that for compr LJ0 able fibrous con

crete and plain concrete pavements having the sr...me strength concrete, 

surface cracking should occur earlier in the plain conc~~te pavement 

than in the fibrous concrete pavement. 

After the cracks reach the surface, the fibers will prevent the 

cracks from propagating horizontally to a free ~iga. In the previous 

section, the mechanism by which fibers resist the\propagation of small 
•. 

19 

- .. .. 
. ., ,. 

'D: a s 



--· 

cracks or flaws within the concrete was discussed . On a macroscoµi c 

scale, the same phenomenon occurs. Figures 13 anJ. 1 l1 nhow cracked 

fibrous concrete slabs. From these figures , i t can be seen that vi 3i ble 

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 is 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 t o 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, 

they 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 

prevent it from propagating. Additional load applications are necessary 

to produce the energy required for the crack to open up a.nd propagate 

further. Therefore, for identical conditions of strength, thickness, 

and applied 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 stnges 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 development, and fr.om 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 opeued up sufficiently to permit 

infiltration of moisture and cause a reduction in load transfer across 
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the crack. If it is assumed that crack 3 initially occurred at some 

lower traffic level and required additional traffic to propagate and 

open up, it is apparent that the occurrence of the first crack in a 

fibrous concrete slab is not comparable to the occurrence of the first 

crack in a plain concrete slab from the standpoint of pavement perfor

mance. This conclusion leads to a rather arbitrary definition of first 

crack failure for fibrous concrete pavement. 

In plain concrete pavements, the first crack that develops propa

gates to a free edge so that first · crack failure is reached when a slab 

is broken into two to three pieces. For fibrous concrete pavements, the 

first crack that develops does not propagate to a free edge and is 

really not detrimental to the load-carrying capability of the pavement. 

As a result, the definition used to describe the first crack or initial 

failure condition for fibrous concrete pavement is only an attempt to 

describe a condition of fibrous concrete pavement which would be compa

rable to the condition of plain concrete pavement at first crack or 

initial failure. For the accelerated traffic tests, the first crack 

failure condition was selected by visually examining the condition of 

the slabs and determining when a crack or cracks similar to crack 3 in 

Figur'! 15 had developed to the point at which it would be as detrimental 

to the performance of the fibrous concrete pavement as a crack in a 

plain concrete pavement. 

Although design is usually based on the initial crack failure 

condition, the slabs can safely carry additional traffic after this con-
22 dition has been reached. According to Hutchinson, condition surveys 

and accelerated test track studies have indicated that pavements con

structed on high-strength foundations (having modulus of subgrade re

action values of 300 pci or greater) will continue to carry traffic 

without undue displacements and maintenance problems even after the 

slabs have cracked. This phenomenon leads to the definition of two 

additional failure conditions described by Hutchinson. 23 These are the 

shatt~red slab and complete failure conditions. The ability of the 

pavement to carry traffic will depend (a) on the ability of the under

lying material to resist the effects of water without pumping or 
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perm.a::. .1.ent deformation, ( b) on the abilit,y of the sl abs t o resi st f urther 

cr uL: king, and (c) on the spall resistance of' the conc:cct e ~djucent t o 

c:ct::1.cks and joints. 

In previous paragraphs, the development of cracks in fibrou~ 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 

joints 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 c.oncrete pave

ments tested. The deterioration of cracks in fibrous concrete pavements 

is characterized as raveling rather than spalling 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 Figw-e 18. 

The circular-shaped crack about 5 in. in diameter located near the 

center of the slab developed soon after traUic was started. Figure 18 

shows the condition of the slab a:t'ter considerable traffic (4500 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 improv-e the postcracking per

formance of the pavement. 
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DESCRIPI'ION OF EXPERIMENTAL INSTALLATIONS 

The experimental fibrous concrete pavement installations can be 

divided into two categories: accelerated traffic test sec·Giom and 

field test pavements. The accelerated traffic test sectiou::: •-, ere con

structed under controlled conditions and subjected to simulated aircraft 

traffic to determine the response of the pavements to repeated loads. 

Results from th~se tests were used to establish Joint and thickness de

sign criteria. The field test pavements were constructed using con

ventional construction procedures, and their behavior was observed under 

actual environmental and traffic conditions. Results from these tests 

were used to establish construction procedures and techniques and joint 

requirements and to determine the effects of environmental conditions. 

In this section of the report, the test installatic,ns will be 

described, construction of the pavements discussed, and properties of 

the materials used in the paventents presented. The tests conducted for 

this study are presented in chronological order, and this presentation 

is followed by a summary of the work conducted by other agencies. 

KEYED LONGITUDINAL JOINT TEST SECTION 

The U.S. Army Construction Engineering Research Laboratory 

sponsored the construction and testing of two fibrous concrete test 

pavements during June 1971-March 1972. These pavem .mts were constructed 

at WES as a part of a test section designed to study the effects of 

multiple-wheel heavy gear load (MWHGL) aircraft (C-5A and Boeing 747) 

c n keyed longitudinal constructi.on Joints. Results from this study are 
24 reported by Grau. The layout of the test section is shown in Figure 

19. A 6-in. fibrous concrete slab (item 5 of the test section) was 

constructed along with the other pavements. The two south slabs in 

item 3, which was a 10-in. plain portland cement concrete (PCC) ~ave

ment, failed after a limited number of load applications were applied. 

At this time, traffic was stopped and a 4-in. fibrous concrete overlay 

constructed over all four slabs in item 3, The two north slabs had 

received no traffic prior to overlaying. 
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CONSTRUCTION 

The existing heavy clay Sl.!bgrade 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 l.~-in. sand 

filter course was placed on the finished subgrade. Figure 21 shows the 

finished surface of the 4-in. sand filter course with the side forms 

and supports for the movable vibrator supports in place for item 5, 

Round fibers, 0.016 in. in diameter and l 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 Figur~s 23-25. 

The supports and pipes were removed after consolidation with the vibrat

ing scre~d 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 

7 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 7-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 aggregate 

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 

4-in. partially bonded fibrous concrete sl~b. 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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above the surface, and sweeping and washing the surface free of debris. 

The surface of the existing pavement was moistened prior to placing the 

overlay. Concrete was batched, mixed, and placed in the same manner as 

it was for item 5. Rectangular fibers, 0.010 by 0.022 in. in cross 

section and 1 in. long, as shown in Figure 29 were used. The concrete 

was practically free from balling, and the few balls that were found 

were small. Although the base pavement consisted of four 25- by 25-ft 

slabs, no joint!:\ were constructed in the overlay. 

MATERIAL PROPERTIES 

The subgrade for both items consisted of a heavy clay (CH, E-11*) 

that had a liquid limit (LL) of 73, a pl astic limit (PL) of 25, and a 

plasticity index (PI) of 48. Classification data for this soil are 

shown in Figure 30. The sand filt,er course placed over the heavy clay 

subgrade consisted of a clean sand (SP, E-2). Classification data for 

this soil are also shown in Figure 30. The results of CBR, water con

tent, density, and plate bearing tests on the subgrade and the sand fil

ter course are summarized in Table l. These tests were conducted as the 

pavement was constructed and after the completion of all traffic. 

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 192-6927 

(CRD-C 1028 ). These beams and cylinders were tested for strength and 

modulus of elasticity at the initiation and completion of traffic. The 

results of these tests are presented in Table 2 and summarized in 

Table 3. Cores and b~ams were removed from the slabs after completion of 

traffic and strength tested according to ASTM C 42-6834 (CRD-C 21
28

). 

Results of these tests are presented in Table 4. The average tensile 

strength of the fibrous concrete in item 5 was 788 psi, with a standard 

deviation of 112 psi. For the overlay of item 3, the average tensile 

strength was 795 psi, with a standard deviation of 161 psi. 

* Soil classifications given in parentheses are according to the Unified 
Soil c1agsification System (uscs)25 and the FAA soil classification 
system,2 respectively. 
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Item 
...!2.:. 

3 

5 

3 

5 

Table 1 

Results of CBR 2 Water Content, Density, and Plate Bearing 

Tests for Items 3 and 5 of the Keyed 

Longitudinal Joint Test Section 

Material 

Sand filter (SP, E-2) 
Subgrade (CH, E-11) 

Sand filter (SP, E-2) 
Subgrade (CH, E-11) 

Sand filter (SP, E-2) 
Subgrade (CH, E-11) 

Water 
Content 
percent 

As Constructed 

33.4 

36.6 

After Traffic 

32.1 

Sand filter (SP, E-2) -Subgrade (CH, E-11) 

TRAFFIC 

Dry 
Density 

pcf 

84.o 

80.7 

85.4 

CBR 

3,2 

2.1 

Modulus of 
Soil Re
action 
pci 

89 

50 

104 

92 

Test traffic was applied with the 12-wheel and twin-tandem 

assemblies shown in Figures 31 and 32, respectively, both of which were 

equipped with 49xl7 tires with a ply rating of 26. The tire pressure 

was checked and adjusted, as needed, each morning prior to testing. 

The 12-wheel assembly and test wheel configuration represented 

one main gear of the C-5A aircraft. T':ie 12-wheel assembly consisted of 

two load boxes, each carried by six load wheels which resulted in the 

wheel arrangement shown in Figure 33a. The boxes were loaded to produce 

a net weight of 360 kips distributed equally over the 12 wheels. Each 

tire was inflated to 100 psi, which resulted in a tire contact area of 

285 sq in. per tire and a contact pressure of about 106 psi. 

The twin-tandem assembly and wheel spacinr shown in Figure 33b 

represented one twin-tandem component of the Boeing 747 assembly. The 
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Table 2 

• lllterial l'roDert\H or P1bl'OWI Cononte UMd 1n I- l - ~ or the 

~ !gltudinal Joint Teat Section 

_,ii,.. or ii,iialc 
Ap at ~aliw num-&1 Tenlile lluticity 1n -Ill.WI ilr 

It.a llpecSaln 'l'eat1D,\ Btrectb* 8~H 8t.._tht Plexurett 11.utir.i tyt 

..!!!:. ....!2.:..._ ..3n- R!1 --2!!,__ _m_ 106 Hi 106 J!d 

Initiation or 'fl'afflc 

5 1-1 73 4490 
1-2 73 4490 
l•A 73 650 3.611 li.21 
2-1 73 5870 
2-2 73 5760 
2-5 73 7li5 
2-A 73 86o 5.67 5.49 
2-B 73 lOllo 
4-l 73 5590 
4-2 73 
4-5 73 
4-A 73 1120 5.68 5.16 
4-B 73 730 
5-1 73 6170 
5-2 73 6310 
5•A 73 940 5.(,IJ 5.39 

3 Bl•l 4o 7190 
Bl•2 4o 7240 
Bl-A 4o 1090 5.66 5.55 
82-1 4o 7200 
82-2 4o 6790 
B:!-5 4o 930 
112-A 4o 1180 5.38 5.76 
82°8 4o 1195 
83-1 4o 6770 
83-~ 4o ?Olio 
B3•A 4o 1130 6.17 5.65 
84°1 4o 6720 
114-2 4o 1crro 
84-5 40 61.o 
114-A 4o 1095 6.23 5.13 
114-B 4o lll5 
85-1 40 6840 
85·2 4o 6770 
B5•A 4o U6o 6.frr 5.56 

~•tion or Traffic 

1-3 255 = 1-4 255 
1°8 255 865 4.50 4.711 
2-3 255 69f.o 
2-4 255 6690 
2-6 255 74o 
2-C 255 755 5.39 5.43 
2-D 255 1065 
4-3 255 6730 
4-4 255 6570 
4-6 255 81.0 
4-c 255 790 5.50 5.75 
4-D U6o 
5-3 255 7410 
5-4 255 Booo 
5°8 255 1025 5.81. 6.05 

81-3 137 8380 
&1°4 137 8320 
Bl•B 137 1240 5.94 6.12 
112-3 137 auo 
82-4 137 8380 
82-6 137 885 
82-C 137 1140 5.54 5.84 
82°D 137 1410 

• 83•3 137 81.30 
83-4 137 8390 
83°8 137 1260 6.48 6.13 

114-a 137 8o4o 
84- 137 8250 970 
84-6 137 
84-c 137 1280 5.62 5.26 
84-11 137 1330 
85-3 137 81.60 
85-4 137 8450 
B5•B 137 1160 6.01 

• THted accor41111 to Alffll C 39-71~ (CIU>-C 142:1 • 
N THted accordl111 to Alffll C 78-64 ( CRD-C 162 ~. 
t Teated according tu AS'l1I C i.n-7130 ( ClUl-C 772 I . 

tt THted accordlnc to CRl),.C 21 . 

• Teated accordla, to AS'l1I c 215-6031 (CRD-C 1g28) . .. Teated accor41a, to AB'lW C 143-7132 (CIID-C 5 81 • 
I Teated accor41a, to AB"l!l ~ 231-72T33 (CRD-C 4128). 
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9 
9 
9 
5 
5 
5 
5 
5 
3-1/2 
3·1/2 
3•1/2 
3-1/2 
3-1/2 
3 
3 
3 

3-1/li 
3·1/li 
3-1/4 
3·1/li 
3-1/li 
3-l/li 
3-1/li 
3-1/li 
3 
3 
3 
3-1/ 2 
3-1/ 2 
3-1/2 
3-1/2 
3-1/2 
3-l/li 
3-1/li 
3-1/li 

9 
9 
9 
5 
5 
5 
5 
5 
3-1/2 
3-1/2 
3·1/2 
3-1/2 
3-1/2 
3 
3 
3 

3-1/4 
3-1/4 
3-1/li 
3-1/4 
3·1/4 
3-1/4 
3-1/4 
3-l/4 
3 
3 
3 
3-1/2 
3-1/2 
3·1/2 
3-1/2 
3-1/2 
3-1/4 
3-1/li 
3-1/4 

·--- -~ 

Alr 
Oontentl 
Mrcent 

5.3 
5.3 
5-3 
5.3 
5-~ 5. 
5.8 
5.8 
5.8 
5.8 

5.8 
5.8 
5.8 
6.5 
6.5 
6.5 
6.5 
6.5 
5.9 
5.9 
5.9 
5.7 
5.7 
5.7 
5.7 
5.7 
5.6 
5.6 
5.6 

5.3 
5.3 
5.3 
5.3 
5.3 
5.8 
5.8 
5.8 
5.8 
5.8 

5.8 
5.8 
5.8 
6.5 
6.5 
6. 5 
6.4 
6.5 
5.9 
5.9 
5.9 
5.7 
5.7 
5.7 
5.7 
5.7 
5.6 
5.6 
5.6 
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Table 3 41 

• l,. 

Simanary of Material Pr92erties of Fibrous Concrete Used in I 

Items 3 and 5 of the Keyed Longitudinal Joint Test Section )1 
I 
'\' 

Standard Coefficient of ! ' 
' I 

Pr212erty Aver~e Deviation Variation 

Flexural strength, psi 

40 days (item 3 averlay) 1138 38 0.03 

73 days (item 5) 890 164 0.18 ... 

137 days (item 3 overlay) 1260 0.06 
, 

75 ! 
255 days (item 5) 943 133 0.14 

Canpressive strength, psi 

40 days (item 3 overlay) 6963 l9f> 0.03 

73 days (item 5) 5540 698 0.13 

137 days (item 3 overlay) 8261 135 0.02 

255 days (item 5) 6683 791 0.12 

6 Modulus of elasticity,* 10 psi 

40 days (item 3 overlay) 5.8o o.47 0.08 

73 days (item 5) 5.12 ·0.72 0.14 

137 days (item 3 overlay) 5.88 0.35 0.05 

255 days (item 5) 5.40 0.50 0.09 

I Slump, in. 
~. f Item 3 overlay 3-1/4 

Item 5 5-1/8 

Air coo.tent, percent 

Item 3 overlay 5.9 
Item 5 5.5 

Note : Test methods used are presented in Table 2. 
* Represents results fran fiexural and compression tests canbined. 

;. 
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Table 4 

Results of Strength Tests on Cores and Beams from Items 3 
and 5 of the Keyed Longitudinal Joint ~\; Jt Section 

Specimen Core Beam Width Tensile 
Item Type and Length and Depth Strength* 

No. No. in. in. :ESi 

5 Core 1 6.o 720 
Core 2 6.o 725 
Core 3 6.o 710 

Core 4 6.o 685 

Core 5 6.6 975 
Core 6 6.6 910 
Beam 1 6.1 

Beam 2tt 6.o 

3 Core 7 4.5 720 

Core 8 4.7 530 
Core 9 4.4 1065 
Core 10 4.3 8o5 
Corell 4.25 875 
Core 12 4.45 775 
Beam 3 4.4 

Beam 4 4.4 

* Tested according to ASiM C 496-71 (CRD-C 77). 
** Tested according to. ASiM C 78-64 (CRD-C 16). 

Flexural 
Strength** 

:ESi 

970t 

975+ 
96ot 

935t 
l225t 

ll6ot 

ll75 
760 

970t 
78ot 

1055t 

ll25t 

1025t 

985 
1010 

t Computed from correlation between tensile end fiexural strength. 
tt Fracture observed in specimen prior to test. 
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• 
twin-tandem assembly was loaded to a net weight of 166 ki.ps : liJ. . ::> 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 Figur~ 19 indicates the location, width, and 

length of the traffic lanes. Traffic was applied over selected portions 

of the pavement. Traff~c 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 

~ection, 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) a.re shown in Figure 34. The coverage 

levels* referred to in this report a.re 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 34a. 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 a.re close enough together so that only one maximum 
stress repetition occurs for each pass of the assembly. 

30 

--1' 

I 

\ , 
I 

t\ 
I 

r 



22 passes resulted in 16 coverages in the center 60 in. of the traffic 

lane and a lesser number a.long the edges of the traffic lane. The dis

tribution of passes and coverages in lane 1 is also shown in Figure 34a. 

To apply the traffic shown, the load cart traveled for the full length 

of the traffic lane along guideline 1 (south edge of the traffic lane) 

and back along the same line; then the cart was shifted laterally to 

guidelines 2, 3, 4, and 5 in succession for one pass in each direction 

on each guideline. After tracking guideline 5 (north edge of the traf

fic lane), the guidelines were run in reverse order commencing with 

guideline 5. One pass in each direction was made on each of the five 

guidelines except for guideline 3, along which two passes were made in 

each direction to produce a uniform traffic pattern in the center of the 

traffic lane. 

Traffic with the twin-tandem assembly load cart was applied to 

lane 2 in the pattern shown in Figure 34b using five guidelines, each 

15 in. apart. The load cart was operated forward and backward a.long 

guideline land then was shifted laterally to guidelines 2, 3, 4, and 5 

in succession for one pass in each direction on each guideline. The 

load cart then made one pass in each direction along guidelines 4, 3, 2, 

3, 4, 4, 3, 2, and 3, in that order, to produce the pattern shown in 

Figure 34b. This traffic pattern required 30 passes and resulted in 

10 coverages in the central portion of the traffic lane. 

Al~ traffic patterns were started from the east maneuver area, 

and the !:'orvard direction of traffic was with the load cart moving from 

east to uest. 

1.1.'AMPA OVERLAYS 

During F~bruary 1972, two fibrous concrete overlay test pavements 

were constructed at Tampa International Airport, Florida. The construc

tion of these pavE>ments and the early performance are reported by 

Parker11 and are summarized below. 

The pavements were constructed on a taxiway parallel to one of the 

primary runways. The layout for the pavements is shown in Figure 35. 

Item 1, a 4-in. overlay of an existing PCC pavement, was situated in the 
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center of the taxiway. The section was formed by const ruc t ion of two 

25-ft-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 construct i on joi nt 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 so that one transv~rse cont~action 

joint and one longitudinal construction joint in t he 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, sp~nned 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. Bi tuminous 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 ere 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 drwn. 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 conveyor beH 

(Figure 37). A hopper and pipe arrangement (Figure 36) ws used ~or 
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weighing and charging the fly ash. Compressed air was used to move the 

fly ash up the pipe and into the horizontal drum. Cement, water, and 

additives were measured and charged directly into the horizontal drum 

where the ingredients were mixed and then transferred to the tilting 

drum for additional mixing and discharge. Very few fiber balls were 

observed in the concrete. 

A minimum of surface preparation was performed, arid no attempt 

was made either to bond the fibrous concrete to the base pavement o:: to 

completely eliminate bond between the overlay and the base pavement. 

The surface preparation consisted of first chipping to remove all loose 

material from the cracks, removing all Joint sealer that protruded above 

the surface, brooming to remove all loose material, and wetting the sur

face prior to placing the concrete. 

Concrete was hauled to the paving site in side-dump trucks and 

was either spread with a spreader for the slip-formed lanes or dumped 

directly onto the old pavement for fill-in lanes. The slip-form paver 

shown in Figure 38 was used to form the 25-ft-wide pavi ng lanes. Sur

face texture was applied with a wire comb or a stiff bristle brush mov

ing transversly across the paving lanes. After textur i ng, the surface 

was sprayed with a membrane curing compound. Longitudinal construction 

Joints were sawed and sealed, and asphalt i c concrete transition sections 

were constructed at the ends of the overlays. 

MATERIAL PROPERTIES 

The existing taxiway pavement was constructed in 1965 and was 

opened to traffic in January 1966. The pavement system was composed of 

12 in. of PCC surfacing and 3 in. of limerock base over a sand subgrade 

(E-3) with a minimum thickness of 28 in. The limer ock base was a com

pacted mixture of 50 percent crushed limerock and 50 percent in-situ 

sand. 

Based on plate bearing tests run at other locations at the air

port, the subgrade modulus k at the time of const ruction of the test 

section was between 150 and 200 pci. A k value of 165 pci had been 

used for design and analysis of the a i rport pavements. 
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The design flexurl1J. strengths of the FCC were 650 and '7l 'i ps i 

at 28 and 90 days, respectively. The pavement was constructed i n three 

25-ft-wide paving lanes. The longitudinal const r uction joints bet ween 

the paving lanes were keyed and tied with 30-in.-long No. 5 defo rmed 

bars placed at 30-in. centers. Transverse contraction j oints 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 joint s contained 

1-1/4-in.-diam, 20-in.-long dowels that were plac ed at lJ-in. centen 

and were equipped with expansion ~aps. The expans i on joints were filled 

with 3/4 in. of nonextruding, premolded compressible material t opped 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 12-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 summarized 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 

Property Average 

Slump, in. 2.3 

Entrained air content, percent 4.3 

Flexural strength, psi 

5 days 
'T days 

28 days 
90 days 

Compressive strength, psi 

28 days 
90 days 

682 
765 
827 

1007 

5282 
6376 

Modulus of ·elasticity, 106 psi 4.31 

Standard 
Deviation 

63 
114 
140 

810 
1302 

Coeffi cient 
of 

Variation 

0.08 
0.14 
0.1~ 

0.15 
0.20 

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 727 aircraft, with a few wide-bodied Jet (Boeing 747 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 concret,e on pave

ment performance. The test sections were constructe~ 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 ai. 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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• Item 1 consisted of 7 in. of fibrous concrete on a 20-in. layer of lean 

clay encased in a waterproof membrane over a heavy clay subgrade. Item 2 

consisted of 4 in. of fibrous concrete on a 17-in. layer of clay gravel 

stabilized with 6 percent portland cement over a heavy clay subgrade. 

Each item was composed of two 25- by 50-ft slabs divided by a construc

tion Joint. Details of the longitudinal construction joints are shown 

in Figure 41. 

CONSTRUCTION 

The heavy clay subgrade on which the structural layers test sec

tion was constructed had been used previously for the MWHGL test section 

and more recently for the keyed longitudinal joint test se~tion. The 

old pavement was broken up and removed to expose the subgrade. The top 

6 to 12 in. of the subgrade was reprocessed and then compacted and 

graded, as necessary, to achieve a subgrade with a CBR of about 4 and 

the propei· elevation. A view of the finished subgrade in item l is 

shown in Figure 42. 

A 20-in.-thick membrane encapsulated soil layer (MESL) was placed 

over the subgrade for item 1. Figures 43-45 illustrate the construction 

procedures. ~he lean clay was placed and compacted in one 8-in. and two 

6-in. lifts after the bottom membrane was in place. The surface was 

then fine-graded to the desired elevation, and the top membrane was 

constructed. 

A 17-in.-thick cement-stabilized base was placed over the sub

grade for item 2. Figures 46 and 47 illustrate the construction. The 

cement-treated gravel was placed in three lifts of approximately the 

same thickness. The cement for each lift was spread by hand and mixed 

with a pulvimixer, and then the lift was compacted. 

Concrete for both items was batched at a ready-mix facility, 

mixed and hauled in transit-mix trucks, and placed and cured using the 

same procedures and techniques as were used for the keyed longitudinal 

Joint test items. The three types of fibers shown in Figure 48 were used 

for the two test items. Round fibers, 0.016 in. in diam~ter and 1 in. 

long, were used in item 1. The 3/4-in.-long deformed fibers formed from 
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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 0.014 in. in cross s~ction, 

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

especially with the 1-in.-long fibers. The larger balls usually con

sisted of only fibers, whereas some of the smaller balls were co:rr.posed 

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-7) that had an LL of 43, a PL of 22, and a PI of 21. 

The cement-treated base in item 2 consisted of a clay gravel (SP-SC, 

E-5) stabilized with 6 percent portland cement by weig.1t. 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 7. 
Six- by 6- by 36-in. beams and 6- by 12-in. cylinders were 

cast during place~ent of the fibrous concrete according to ASTM C 192-69 

(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'IM 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 equipped 

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 cart 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 74 7 assembly. The load cart was 
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Table 7 

Results of CBRa Water Content 1 Densitia and Plate Bearin~ 

Tests for Items 1 and 2 of the Structural 

Laiers Test Section 

Average Average Modulus 
Water Dry of Soil 

Content Density Reaction 
Material Slab percent pcf CBR pci 

As Constructed 

Lean clay MESL (CL, E-7) 13.6 99.8 23 175 

Subgrade (CH, E-11) 31.7 86.4 2.7 47 

Cement-treated base 5.8 135,1 150+ 545 

Subgrade (CH, E-11) 34.2 84.5 3.4 85 

After Traffic 

Lean clay MESL (CL, E-7) s 15.2 99,2 230 

N 12.5 100.l 250 

Subgrade (CH, E-11) s 180 

N 27,7 92.1 200 

Cement-treated base s 490 

N 375 

Subgrade (CH, E-11) s 33,1 85.5 118 

N 
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Table 8 

Materi&l. Properties ot Fibrous Concrete Uaed in Iteu 1 and 2 

or the §truct\U'&l ~era Teat Section 

Modulus of 
Age at Co11preH1Ye Flexural Elasticity in 

Item Speci.men Testing Strength• Strength .. 
..!2:.: ~ No. d!,Y! psi psi 

28-py Testa 

1 I 1,r-c 28 5860 
I 49-B 28 805 
s 51-C 28 4790 
s 53-C 28 4290 
s 55-B 28 765 
s 58-B 28 700 

2 I 43-C 28 6080 
II 46-c 28 6120 
R 43-B 28 770 
II 46-B 28 850 
s 49-c 28 4660 
s 52-B 28 695 

Initi!tion or Traffic 

1 N 48-C 150 67T0 
R 50-B 150 1145 
s 52-C 150 6150 
s 54-C 150 6160 
s 56-B 150 965 
s 59-B 150 900 

2 N 44-C .:.50 8040 
I 46-c 150 8210 
I , 44-B 150 875 
R 4T-B 150 790 
s 50-C 150 6140 
s 53-B 150 900 

C5letioa ot '1,r&ftic 

1 R 51-B 330 
s 5T-B 330 
s 60-B 330 

2 N 45-B 330 
R 48-B 330 
s 54-B 330 

• Teated according to A8'l1I C 39-71 (CRD-C 14). 
" Teated according to A8'D4 C 78-64 ( CRD-C 16) • 
t Te1ted according to AS'D( C 469-6536 ( CRD-C 19). 

tt Te•ted according to CJID-\! 21. 
* Te•ted according to A8'D4 C J.4 3• 71 ( CRD-C 5 ) • 
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1390 
1090 
1225 

815 
1070 
lll5 

CcapreBBiont 
106 psi 

4.3T 
4.3T 

• 

Modulus or 
Elasticity 

in Flexurett 
6 10 psi 

6.93 

5,43 
5,13 

6.24 
6.91 

6.31t 

6.33 
6.98 
6.98 
6.38 
6.38 
6.31 

' 

-7, 
I 
I 

I I 

i 
I ~. 
'' " 

\ , 

! \ 

Slump* 
...J..!!.:.... 

6 
6 
5 
6 
5 ,, 
6 , 
4 
4 
4 
4 
5 
5 

6 
6 
5 
6 
5 
6 
4 
4 
4 
4 
5 
5 

6 
5 
6 
4 
4 
5 

i 

' 

, J 



• 

I.,_, !. • - ·•;J.,; - , I, ,..; i , ... M~~t- • -- -~......,,.;,,,.Jw---- -- -

Table 9 

Summary of Material ProEerties of Fibrous Concrete Used in 

Items 1 and 2 of the Structural Layers Test Section 

Average Average Compres- Modulus of 

Flexural Strength si ve Strength Elasticity* 
6 Age ESi EBi 10 .Esi 

days Item 1 Item 2 Item 1 Item 2 Item 1 Item 2 

28 757 772 4980 5620 

150 1003 855 6360 7463 5.83 5.65 

330 1235 1000 6.76 6.36 

Note: Test methods ured are presented in Table 8. Average slump for 
item 1 = 5.7 in.; average slump for item 2 = 4.3 in. 

* Represents results from flexural and compression tests combined. 
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Table 11 

Summary of Results of Strength and Modulus of Elasticity Tests 

on Beams and Cores from Items 1 and 2 of the 

Structural L~ers Test Section 

Standard Coefficient 
Property Average Deviation of Variation 

Item 1 compressive strt.lgth, psi 6745 

Item 2 tensile strength, psi 869 

Flexural strength, psi 

Item l 1044 164 0.15 

Item 2 1148 120 0.10 

Modulus of elasticity, 106 psi 

Item l* 4.94 0.52 0.10 

Item 2 5.51 1.09 0.20 

* Represents results from flexural and compression tests combined. 

43 

•• I • 

rt I ,a 

.. 

' 

) 



• 

I / 

. / 

loaded to a net weight of 200 k-·_t)s for trafficki ng lane 1 and to 240 kips 

for trafficking lane 2. For both loadings, the tire contact area was 

maintained at 267 sq in. by using inflation pressures of l '.10 a nd .'.: 50 psi 

for the 200- and the 240-kip loads, respectively . 

The layout shown in Figure 40 indicates t he l ocations of t he 

traffic lanes. Both lanes were 10 ft wide. Lane 1 was laid out so that 

the longitudinal construct ion joint co i ncided with t he edge of the area 

that received 100 percent of the traffic. Lane 2 was laid out approxi 

mately at the center of the north slabs. 

Traffic was applied i n the same manner as t hat used during the 

twin-tandem assembly traffic for the keyed longitudinal joint test 

section described earlier. The di stribution of traffic applied over the 

widths of the traffic lanes was the same as that shown in Figure 34b, 

although the loading intensity was different. 

WES ROADWAY 

On 19 July 1973, a fibrous concrete roadway was constructed on a 

street at WES. The pavement was 1000 ft long, 24 ft wide, and 4 in. 

thick. The layout for the pavement is shown in Figure 51. The pavement 

was formed by constructing a 24-ft-wide lane without any joints. The 

pavement was permitted to crack where necessary to red.uce tensile 

stresser> ind1.1c,~d during curing. The ends of the slab adjacent to an 

existing 5-in. fibrous concrete slab and a new 6-in. plain PCC pavement 

were thickened to 6 in. A 1-in. expansion join~ was provided at both 

ends of the pavement. 

CONSTRUCTION 

The site where the pavement was constructed had previously been 

graded and used for some time as an unsurfaced roadway during construc

tion of WES Building 6006 (Figure 51). Before the fibrous concrete was 

placed, the site was regraded and a 6-in. clay gravel (SP-SC, E-5) 

subbase was constructed to the required cr oss section and elevation as 

shown in Figure 51. 
Fibrous concrete for the roadway was batched at a ready-mix 
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facility. Fibers were fed onto a belt which transported the aggregate 

from the weigh hoppers to the transit-mix trucks. Figure 52a shows the 

arrangement at the ready-mix facility, and Figure 52b shows the fibers 

being hand-dumped from 40-lb boxes onto the aggregate charging belt. 

After the aggregate and fibers (5-cu-yd batches) had been fed into the 

truck, water, cement, and an air-entraining additive were added and the 

ingredients were mixed in transit-mix trucks (7-cu-yd capacity). Very 

few fiber balls were observed in the mix, and the few that were observed 

were small and created no problems in placing. 

The concrete was spread directly in front of the paver (Fig-

ure 53). The subbase was moistened prior to placing the concrete. The 

concrete was consolidated and formed to the desired cross section with a 

slip-form paver (Figure 54). No difficulties were experienced in form

ing the cross section. The surface and edges finished with no under

tearing or sagging. However, some problems were experienced in the area 

where the grade was steepest ('approximately 12 percent). In this area , 

the paver was moving downhill and upon vibration some of the mortar 

tended to move down the hill. This problem was accentuated by the fact 

that the concrete had a higher slump than is desirable for slip-form 

operations. A relatively high slump was required in order to discharge 

the concrete from the transit-mix trucks. 

Very little hand-finishing was required. A garden hose attached 

to the p~ver as shown in Figure 54b provided adequate finishing. The 

surface of the pavement was sprayed with a membrane curing compound. 

Some problems were experienced in applying the curing compound. The 

~uring compound was applied by hand and initially not enough sprayers 

were provided to keep up with the paver. Some shrinkage cracking or 

crazing was observed and additional sprayers were added. The problem 

wa3 accentuated by the high temperature (approximately 95°F), the high 

cement content (9 bags per cubic yard), the use of the garden hose 

behind the paver, which removed the free moisture from the surface, and 

by the fact that the paver was moving downhill. 

45 

t , .... " ·-~ ~-. 
··1 

Fit • /eor • 2 It 1 1 

1, 
4 

... , 

a 



, 

I 

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 constr\.\ction with a thin bituminous surfacing 

he.s 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 emphasis 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 garage·s which are subjected to large static as well as impact 

loads and extr·eme temperatures, large dolos for erosion control, hy

draulic struct·llI'eB where cavitation occurs, burial vaults, and pavements. 
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Table 12 
Material Pro~ie• ot Pibro\18 Concrete Uaed in the VIS Roa4vu 

FleX\ll'&l. Tenaile 
Specillen Type Aae Strength• Strenath" 

and llo, ~ p• i p• i 

Beal l 565 
Bea 2 l li30 

Be• 7 1 555 
Be• 8 l 770 
Beu 13 l 510 
Beu 14 l 41i5 
Cylinder core l l 305 
Cylinder core 2 l 315 
Cylinder core 7 l 315 
Cylinder core 8 l 330 
Cylinder core 13 l 310 
Cylinder core 14 l 275 

Be• 3 2 655 
Beu Ii 2 685 
Be• 9 2 580 
Beu 10 2 585 
Beu 15 2 665 
Beu 16 2 61io 
Cylinder core 3 2 li55 
Cylinder core Ii 2 li45 
Cylinder core 9 2 505 
Cylinder core 10 2 510 
Cylinder core 15 2 li85 
Cylinder core 16 2 i.oo 

Beu 5 7 670 

Be• ll 7 765 
Beu 17 1 770 
Cylinder core 5 , 590 
Cylinder core ll 7 655 
Cylinder core 17 7 580 

Beu 6 28 985 
Beu 12 28 905 
Be• 18 28 910 
Cylinder core 6 28 650 
Cylinder core 12 28 705 
Cylinder core 18 28 620 
Cylinder core 19 28 
CyllniSer core 20 28 
Cylinder core 21 28 

• THted accor41nc to AS'DI C 78-61i ( CRl>-C 16) • 
•• THted accordinc to AS'DI C li96-71 (CRD-C 77) • 
t Te•t ed accordlnc to AS'DI C 39-71 ( CIU>-D lli) • 

tt Teated accorcUnc to CRD-C 21, 
* Teated accordlnc to AS'DC C 143-71 (CIU>-C 5), 

** Te•ted accordlnc to AS'DC C 231-72T (CRD-C lil), 
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Nodlllua ot 
CoapreHive lluticity 

in Fluurett Strenatht 
106 pel p• l 

li.lili 
3.lili 
li.02 

5.05 
3,62 
3,li2 

li.23 

li.32 
li.38 

li.19 
li,75 

3.99 

5,13 

5,93 
5,52 

li,63 

5,51 
li,71 

56li0 
561io 

5980 

• a 

' f I 

' Air 
, 

t \ 

Sluapt Content** 
~ percent 

li-3/li li.2 ·1 

li-3/li li.2 
Ii 3.6 
4 3.6 ·1 
3-3/li 3,8 

3-3/li 3.8 . 
li-3/li li,2 t 
4-3/li 4,2 

Ii 3,6 
4 3.6 
3-3/ li 3.8 

3-3/li 3,8 

li-~/li li.2 

4-3/li 4.2 
Ii 3,6 
Ii 3,6 

3-3/L 3,8 

3-3/li 3.8 
3-3/li li.2 

li-3/li li.2 
4 J.6 
Ii 3.6 

3-3/li 3,8 

3-3/li 3,8 

li-3/li li.2 

Ii 3,6 

3-3/li 3,8 

li-3/li 4.2 

Ii 3,6 

3-3/9 3,8 

li-3/li li .2 
4 3,6 

3-3/li 3,8 

li-J/li li.2 
Ii 3,6 

3-3/li 3,8 

li-3/li 4,2 

Ii 3,6 

3-3/li 3,8 
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Table 13 
Summary ot Material Properties of Fibrous Concrete 

Used in the WES Roadway 

Standard Coefficient 
Property Average Deviation of VP.riation 

nexural atrengt;ll, psi 

1 day 546 112 0.21 
2 days 635 39 0.06 

7 days 735 
28 days 933 

Tensile strength, psi 

1 day 308 17 0.05 
2 days 467 38 0.08 
7 days 608 

28 days 658 
Modulus of' elasticity, 106 psi 

1 day 4.oo 0.59 0.15 
2 days 4.31 0.23 0.05 

7 days 5.53 
28 days 4.95 

Slump, in. 4-1/8 
Air content, percent 3.8 

Note: Test methods used are presented in Table 12. 
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Appendix A contains a list of nine additional pavement placements 

vlth a brief summary of the features of each. These placement were, in 

general, small and were placed by personnel who had never worked with 

fibrous concrete and with limited financial resources and equipnent. A 

great deal has been learned from these placements, but all these factors 

should be considered by the reader before drawing any conclusions re

garding the use of fibrous concrete as a paving material. Placement 9 

in Green County, Iowa, is an exception. This is a large project, and a 

great deal. of planning and effort went into its construction. The 

variables incorporated in the project should begin to answer a number of 

questions concerning the use of fibrous concrete as a paving material. 

However, the project was only completed in October 1973, and it will be 

several years before any real conclusions can be drawn. 

Experience gained from these placements has been mainly qualita

tive and is concerned primarily with construction practices and the 

response of fibrous concrete slabs to conditions other than vehicular 

traffic. Results from these placements, as well as other placements 

discussed in this section, will be summarized in the following section. 
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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 perfo:rmA.nce of 

plain 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, joint requirements, and general behavior. 

RESULTS FROM CONTROLLED, 
ACCELERATED TRAFFIC TESTS 

The conditions of the fibrous concrete pavements in the keyed lon

gitudinal joint 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 14. 

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 

which 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 

were 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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Table 14 

Coverages at Failure for Controlled, Accelerated Traffic Tests 

F'ailure Condition 

Initial (2-3 pieces) 

Shattered slab 
{6 pieces) 

Complete (35 pieces) 

Initial (2-3 pieces) 

Shattered slab 
{6 pieces) 

Complete {35 pieces) 

.. 

•• 

Keied Lo!!Sjitudinal Joint Test Section 
Item~ Item 3 

16-kip 166-kip 240-kip 
360-kip Dual- 360-kip Dual- Dual-
12-Wheel Tandem 12-Wheel Tandem Tandem 
Assembly Assembly Assembll Assembll Assembly 

350 80 2800 950 

2400 150 5000 265 

6000 320 Did not 415 
fail 

Structural Layers Test Section 
Item 1 Item 2 

200-kip 240-kip 200-kip 240-kip 
Dual- · Dual- Dual- Dual-
Tandem Tandem Tandem Tandem 

Assembly Assembly Assembly Assembly 

J:tftftn 

1000 

1800 

3000 

200 

650 

1010 

51 

-

500 

1200 

1770 

150 

400 

740 
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weak subgrade, and large assembly load resulted i n l ar ge edge deflec

tions, high vertical pressures on the soil, and large tensile st r esses 

at the slab surface. The effects of these parameters are i ndicated by 

the transverse cracking, pumping as illustr ated in Figure 59, and large 

permanent deformations as illustrated by t he cross sections shown in 

Figure 96. 

Figures 64-67 illustrate the progressive deterioration of item 5 

as traffic with the 166-kip, dual-tandem assemb~y was applied. Initial 

failure was assigned at 80 coveyages. 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. Deteriora·Uon 

t:nd.er the lfi6- kir , dual-tandem assembly was much .like that occurring 

under the 360-kip, 12-wheel assembly in that it was characterized by arc

shaped cracking at the slab edges, pumping, and large 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, 12-wheel simulated C-5A assembly. Fig-

ures 69-72 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 70. 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 performance as a continuous crack in the slab. 

Evidence of edge effects are illustrated by the arc-shaped cracks at both 
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ends of the slab. These were discounted in assigning failure since it 

was felt that they were caused primarily by construction procedures. 

The pavement was considered to have reached the shattered slab condition 

at 5000 coverages. This condition is illustrated in Figure 72. 

The cracks in the overlay tended to match the cracks in the old 

pavement. The overlay was partially bonded to the base pavement, but 

there was no evidence of reflection cracking prior to traff ic. However, 

as traffic was applied, the cracks which formed were dir, ctly over the 

cracks in the base pavement. The short transver se crack in the fore

ground in Figure ~9 was directly over the first transverse crack from the 

end in the base pav~me~t as shown in Figure 28. The longitudinal crack

ing beginning t o show in Figure 70 matched the longitudinal joint and 

two fairly distinct lcngitudinal cracks in the base pavement shown in 

Figure 28. As cracking progressed, the pattern of matching cracks became 

more apparent, as can be seen by comparing Figure 28 with Figures 71 

and 72, 

The condition of lane 2 of the item 3 overlay prior to initiation 

of traf fic with the 166-kip, dual-tandem assembly is shown in Figure 73. 

The cracks were caused by the outri gger wheels from the prime mover for 

the 12-wheel assembly. The cracks were hairline and were held tightly 

closed. The longitudinal crack corresponded to a crack in the base pave

ment, and the short transverse cracks corresponded to the transverse con

traction joint in the base pa:1rement. This cracking Wfl.S not considered 

as representative of the init ial failure conditicn • 

Figures 74-76 show the progressive deterioration of the pavement 

a3 traffic was applied. Initial failure was assigned at 950 coverages 

with the 166-kip assembly load. The condition of the slab at this cov

erage level i s illustrat ed in Figure 74. The transverse crack had pro

gressed to the edge of the slab, and the longitudinal crack ran from the 

edge to the transverse era.ck. The load on the dual-tandem assembly was 

increased to 240 kips after 950 coverages had been applied with the 

166-kip assembly load. The pavement was considered to have reached the 

shattered slab condition after 250 coverages and complete failure after 

400 coverages of the 240-kip load. The 950 coverages with the 166-kip 

, ---
. --

53 

"' .. . , .. 

~-,--------..t•L--•----•----s-----11111----.;..iiiiD•lli I~ 

-4, 
j 

' 

I 
\ 



' ,I 

load were converted to 15 equivalent coverages of the 240-kip load with 

the relative loading index procedure as outljned by Hutchinson. 23 The 

values shown in Table 14 reflect these additional 15 coverages. The 

pavement at the shattered slab condition was essentially as shown in 

Figure 75. Complete failure was assigned befo1·e the pavement reached 

the condition shown in Figure 76, 

ITEM 1, STRUCTURAL LA'.."ERS TEST SECTION 

Figure 77 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 deter·ioration of the pa-.;cment as 

t raffic was applied. Initial failure was assigned at 1000 coverages. 

'.I;'his was the level of traffic at which the condition of the slab was as 

illustrated in Figure 79. 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 

co:1tinuous 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 cltcy" 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 a·t 

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 f&il

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

Figure 82 shows the condition of the pavement in lane 2 of i~em 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 84. 
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Failure . of the pavement under both 200- and 240-kip traffic was 

characterized by multiple cracking. The cracks did not spall but did 

ravel around the edges and widen as traffic was applied, The pavements 

also experienced a maximum permanent deformation of about 0,7 in. in both 

lane land lane 2. Typical cross sections are sholln in Figure 97, The 

permanent deformations were caused primarily by densification in the lean 

cley MESL and in the clay subgrade, Density measurements (Table 7) 

showed only minor increases in average density, but measurements of the 

modulus of soil reaction showed significant increases, indicating the 

densification of the lean cley in the MESL and of the subgrade, 

· The cross sections of permanent deformations in lane 2 (Fig-

ure 97b) indicate some upheaval outside the traffic lane. Test pits dug 

across both lanes failed to reveal any major shear failures in the MESL, 

Therefore, it is believed that the permanent deformations and upheavals 

outside lanes land 2 were caused by densification of the lean cley MESL 

with shear failure in the subgrade. This conclusion, howeYer, does not 

preclude the possibiUty of shear having occurred in the MESL. The ap

plication of traffic probably caused a kn~ading or remolding of the lean 

cley which resulted in its densification. The action mey be very similar 

to that of a sheepsfoot or rubber-tired roller. 

ITEM 2, STRUCTURAL LAYERS TEST SECTION 

Figure 85 shows the condition of the pavement in item 2, lane 1, 

pr.ior to initiation of traffic with the 200-kip, dual-tandem assembly. 

Figures 86-89 shows the progressive deterioration of the pavement as 

t~affic was applied. Initial failure was assigned at 500 coverages. At 

this coverage level, the longitudinal cracking was more extensive than 

that shown in Figure 86, but the cracks had not begun to widen as shown 

in Figure 87, The pavement was considered to have reached the shattered 

slab condition at 1200 coverages. At this coverage level, some of the 

longitudinal cracks were beginning to widen, and transverse cracks con

necting the longitudinal cracks were beginning to occur. Complete fail

ure was assigned at 1770 coverages. This condition is illustrated in 

Figure 88. Multiple cracking had occurred and some of the cracks had 
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widened. Although traffic was continued up to 3000 coverages after re

pa~il)g. the ends of the slab, it was felt that the condition illustrated 

in1 F'igw:,'.e. 88 · const-ituted complete. failure. 

F~e 90, shows. the condition of the pavement in item 2, lane 2, 

prior,· to initiation ot- traffic. with the 240-kip, dual-tandem assembly·. 

Initial. failure was assigned at 150 coverases. The cracking at 150 cov

ercea was not quite. as extens.i ve as that shown in Figure 91. The cr,ack

~ was: not- considered su.f-ticient to consider the pavement failed, but 

peitD&Qent deformations of about 0.5 in. had occurred. Evidence of up

he-,al was also noted. The shattered slab condition was assigned at 

400: coverages and complete failure at 740 coverages. The condition of 

th• slab after 950 coverages is shown in Figure 92. From Figures 91 

andt.92, it can be seen that cracking and permanent deformation progressed 

~dly after 200 coverages. 

Deterioration of the pavement in lanes land 2 was characterized. 
' . 
by multiple cracking and large permanent deformations. The pavements· 

behaved more like flexible than rigid. pavements. Traffic was continued 

after the slabs were considered completely failed, and permanent defor

mat.tLons of up to 2.l in. were experienced in lane land up to 3.2 in. in 

lane 2. Such large permanent deformations are typical ot. failure 1n 

flexible -rather than rigid pavement. Typical cross sections ot permanent 

'de:£0:r.mations from both lanes are illustrated in Figure 98; The cross 

sections in Figure 98 show that considerable differential. deformation 
1ocaurred along the longitudinal construct;i.on Joint in lane 1 and that 
1considerable· upheaval occurred outside lane 2. The differential. movement· 

·1n .lane l indicates that the Joint was inadequate, and the upheaval in· 

lane 2 indicates that shear failure occurred in ~he underlying material. 

The failure of the thickened-edge longitudinal construction Joint 

was evident tran the differential movements shown in Figure 98 and illus

trated 1n Figures 93 and 94. As traffic was applied along the Joint, the 

noDth edge-of the south slab moved downward relative to the north slab. 

Th• thickened edge stittened the slab parallel to the Joint and .prevented 

cracking perpendicular to the Joint. However, since there was no load 

5transterred to the ad,Jacent slab, high vertical pressures on the base 
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e.nd subgrade resulted. This development caused some shearing in the 

cement-treated base and some densification in the subgrade. The results 

in Table 7 show that the modulus of soil reaction for the subgrade in

creased from 85 to 118 pci and for the cement-treated base decreased from 

545 to 490 pci. Although the magnitude of the changes is small, their 

directions indicate densification in the subgrade and shear in the 

cement-treated base. The test pit shown in Figure 95 confirmed that 

densification probably occurred. 

As traffic was applied in lane 1, the deformation along the Joint 

increased, resulting in longitudinal cracking as shown in Figures 86 

and 87. The pavement appeared to behave as if it were cantilevered, with 

the point of fixity located near the edge of the traffic lane. 

Failure of the pavement in lane 2 was caused by shear failures in 

the cement-treat~d base and in the subgrade as indicated by the large up

heavals occurring outside the traffic lane (Figure 98). Upheavals of up 

to 2.1 in. occurred along the north edge of the pavement. Modulus of 

soil reaction tests (Table 7) on the cement-treated base showed a de

crease from 545 to 375 pci. This decrease ind ~cates that shear fail-

ure occurred in the base course. The magnitude of the upheavals and 

the fact that upward movement occurred for a considerable distance out

side the traffic lane indicate that shear failure occurred in the sub

grade. The large deformation initially caused longitudinal cracking 

in the slab. 

AflALYSIS OF RESULTS FROM CONTROLLED, 
ACCELERATED TRAFFIC TESTS 

The performances of the four test items are analyzed in the 

following paragraphs. Material properties (primarily flexural strength 

and modulus of soil reaction) were selected to represent average condi

tions during the period traffic was applied. This selection was neces

sary since the material properties are affected by both age and the 

repeated application of load. 

The procedure for evaluating the performance of the fibrous con

crete pavement consisted of using present criteria and computing an 
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unreinforced concrete pavement thickness for the test conditions that 

wquld have ~een required for the volume of traffic applied. The methods 

uaed in evaluating the test results follow the Corps of Engineers proce

dure, but the results are CQmpatible with FAA procedure because of the 

canmon basis for both procedures. 

The required thickness was selected by first computing the stan

~d thickness. The standard thickness is the thickness required for 

5QOO coverages of the design load based on the initial or, as often 

referred to, first crack failure criterion. The standard thickness is 

selected by determining the thickness which will result in a stress a 

eq.ual to tht: design flexural strength R divided by a design factor of 

1 . 3 when the design loading is applied, i.e., 

a= _!L 
1.3 

(2) 

The selection of a design factor of 1.3 is based on the results of 

accelerated traffic tests and condition surveys and is explained by 
22 Hutchinson. The stress is computed for the edge load and dense liquid 

· 38-42 fQundation condition as developed by Westergaard from the influence 

c~arts developed by Pickett et al. 43 and Picli.ett and Ray. 44 The thick

n,ss required for the applied traffic was co1nputed by multiplying the 

standard thickness by the appropriate thickness ratio for the applied 
23 CG?Verage level determined from Figures 10-12 presented by Hutchinson. 

For the overlay of item 3 from the keyed longitudinal Joint test 

s,ction, the required overlay thickness for 5000 coverages of the re

q~ired load was computed using the eq~tion 

wpere 

h = 
0 

1.4 
1.4 

h = overlay thickness for 5000 coverages, in. 
0 

hd = standard thickness of plain concrete pavement deter
mined using the modulus of subgrade reaction of the 
underlying material, in. 
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C = condition coefficient for the base pavement depending on 
its structural condition and the design flexural strength 
for the overlay 

he= thickness of the existing pavement, in. 

hdb = standard thickness of plain concrete determined using the 
subgrade modulus of the underlying materi al and the flexural 
strength of the base pavement, in. 

22 This equation was recommended by Hutchinson for cases in which the 

flexural strength of the overlay differs from the flexural strength of 

the base pavement by more than 100 psi. This will usually be the case 

when fibrous concrete is used to overlay a plain concrete pavement. The 

standard thickness was modified by multiplying by the appropriate thick

ness ratios for the applied traffic level. The computed thickness was 

then compared with the actual thickness of the fibrous concrete, and the 

comparison was used in modifying present criteria to reflect the perfor

mance of the fibrous concrete pavement. Recommended criteria will be 

presented in the next section of this report • . 

The deflection of the pavement was also considered. Since the 

fibrous concrete slabs were relatively thin, they experienced rather 

large deflections before the flexural strength of the concrete was ex

ceeded. The magnitudes of the deflections and other response parameters 

were more characteristic of flexible pavement than of rigid pavement. 

Shear and densification in the underlying material were evident in 

several of the test pavements. If premature failure jn the underlying 

material was to be minimized, it was felt that, in addition to stress in 

the slab, some ot~er parameter such as deflection would have to be con

sidered in design. 

ITEM 5 AND ITEM 3 OVERLAY, KEYED 
LONGITUDINAL JOINT TF.ST SECTION 

From the material properties presented in Tables 1-4, the prop

erties presented in Table 15 were selected for. analyzing the performance 

of the pavements. 

The concrete modulus of elasticity value used for both items is 

the average of the values from all tests, both flexural and compressive. 

59 

• , __ 
ft a ,, 

2 



... 

' I 
.· / 

I 

ti 
I 

Table 15 

Selected Material Properties for Item 5 and the Item 3 Overlay 

of the Keyed Longitudinal Joint Test Section 

Property 

Modulus of elasticity 
of concrete E , 
106 psi C 

Modulus of soil reac
tion k, pci 

Nominal slab thick
ness h, in. 

Poisson's ratio of 
concrete v 

C 

Flexural strength of 
concrete R , psi 

C 

Item 5 

5.6 

75 

6.o 

0.2 

940 

Item 3 
0verlal, 

5.6 

4.4 

0.2 

1050 

Item 3 
Base Pavement 

6.4 

100 

9.5 

0.2 

750 

The modulus of soil reaction values were sele~ted somewhat on the high 

side. The foundation became stiffer with traffic, and the values se

lected were closer to the after-traffic mea1.n1rements thau to the as

constructed measurements. 

Average measured thickness values were used, and a value for 

Po.isson's ratio of 0.2 was assumed. A condition coefficient of 0.35 

was assigned the base pavement in lane l 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 vhich traffic was applied. 

A value of 940 psi was chosen as the flexural strength for both 

lane land 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 nonwiitorm concrete 

in the slabs. Therefore, the selection of one value was considered 
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sufficiently accurate for the analysis • 

A value of 1050 psi was chosen as the flexural strength for both 

lane land lane 2 of' the item 3 overlay. The molded beams shoved a 

strength gain of about 100 psi from the time traffic was started until 

traffic was completed. The beams and cores taken from the pavement slabs 

indicated lover 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 of' 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 ~l'able 16 shows ratios of 

the computed thickness of plain PCC to the actual thickness of' fibrous 

c.:mcrete. 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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·rable 16 
• C5!!12!i£&tive Pertormance of Item 5 !f!d the It• ~ Overl& of the 

K!l;•d Loyitudinal Joint Teat Section 

Ratio of 
Required 

PCC 
Required Standard Required to Actual 
Percent PCC PCC Fibrous 

Pailure Coverage Standard Thicknesa ThickneBB Concrete 
¥21$tiop As .. lY Level Thickneu ip. ip. ,!hickneH 

Item 5 

WtW 360-kip, 350 92 10.2 9.4 1.56 
12-vheel 

Initial 166-kip, 80 88 12.7 11.1 1.85 
dual-tude 

Sbattered 360-kip, 2400 92 10.2 9,4 1,56 
al.ab 12-vheel 

Shattered 166-ltip, 150 76 12,7 9,7 1.61 
slab dual-tandem 

C01111lete 360-kip, 6000 94 10.2 9,6 1.60 
12-vheel 

Complete 166-kip, 320 71 12,7 9,0 1.50 
dual-t&Dd• 

Ita 3 9!![l&Y 

Initial 360-kip, 2800 98 7.4 7,3 1.66 
12-vheel 

Initial 166-kip, 950 95 6.2 5.9 1,316 
dual-tud• 

Shattered 360-kip, 5000 95 7,4 7,1 1.61 
al.ab 12-vbeel 

I 
Shattered 240-kip, 265 76 9,6 7, 3 1.66 

.· ! slab dual-tandea 

Cmplete 240-kip, 415 68 9,6 6.5 1.46 
dual-tanda 
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Ratio or 
Actual 
Fibrou1 

Concrete 
to 

Standard 
PCC 

~.icll.pess 

0,59 

0,47 

0,59 

0,47 

0,59 

0,47 

0,59 

0,71 

0,59 

0.46 

0.46 
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These ratios are approximately one-half. The ratios are plotted versus 

the applied coverage levels in Figures 100 and 101. Also shown in Fig

ures 100 and 101 are curves for plain PCC as presented by Hutchinson. 23 

The locations of the points illustrate the improved performance or the 

fibrous concrete pavements. 

Maximum static elastic deflections measured before traffic was 

applied are plotted versus the coverage levels in Figure 102. Although 

there are not enough points to draw any definite conclusions, the trend 

seems to be, as would be expected, that the allowable traffic volume in

creases as elastic deflection decreases. No reliable measurements were 

available for the 360-kip, 12-wheel assembly on the item 3 overl~ or for 

the 240-kip, dual-tandem assembly. 

ITEMS l AND 2, STRUCTURAL 
LAYERS TEST SECTION 

From the material propert_ies presented in Tables 7-11, the prop

erties presented in Table 17 were selected for anaiyzing the performance 

Table 17 

Selected Material Properties for Items land 2 of the 

Structural Layers Test Section 

Item 1 Item 2 
Pro12erti Lane 1 Lane 2 Lane l Lane 2 

Modulus of elasticity of concrete 
E , 106 psi 5.6 5.6 5.6 5.6 

C 
Modulus of soil reaction k, pci 225 225 500 500 

Slab thickness h, in • 7.0 7.0 4.o 4.o 

Poisson's ratio of concrete \I 0.2 0.2 0.2 0.2 
C 

Flexural strength of concrete 
R C, psi 1000 1200 1000 1050 

of the pavements. The concrete modulus of elasticity used for both lanes 

of both items is the average of all flexural and compressive values. 

Nominal values of thickness were used, and Poisson's ratio of 0.2 was 

assumed, 

The modulus of soil reaction values were selected on the high 
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side. The MESL and subgrade in item 1 underwent considerable densif'i

cation during traffic, which resulted in increased stiffness. The value 

of 225 pci selected represents the after-traf fic conditions more closely 

than it does as-constructed conditions. 

The cernent-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 

lan~s. For la.ne 1, this value may be unconservative, and for lane 2, it 

~ be too conservative. However, the effects of such errors on the 

ana.'lysis will be small. 

Figure 103 was used in selectine; the flexural strength to use in 

the analysis. This figure shows flexural strength 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 smaller 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-

1~ of item 3 of the keyed longitudinal joint test section, the slab did 

not have access to moisture in the underlying material because of the 

impervious membrane. This ~ 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 l 

were 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 l 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 

lower (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 wt..s to 

select values wl.ich were larger than or approximately equal to the valu,!s 

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 applied traffic levels using the pro

cedure outlined previ0usly. 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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Table 18 

C0111PU'&tive .Performance of Items 1 and 2 of .tge 
,, 

4 > 

Struct:!i!:!:al lsere Tee.t Sectign 
~ 

I 

Ratio of 
Ratio of Actual 

! \ 
Required Fibrous 

PCC Concrete 
Required Standard Required to Actual to 
Percent PCC PCC Fibrous Standard 

'Failure Coverage Standard Thickness Thickness Concrete PCC 
f::o@.:'ti:on AgemW,J Level ThickneBB ip,. in. Thicknesa 1h4ckness 

ll!!!...!. . 
' 'Initial 200-kip, 1000 94 10,3 9,7 1.38 o.68 
I 

dual-tandem 

Initial 240-kip, 200 89 10,3 9,2 1.31 o.68 
dual-tande 

:Shattered 200-tip, 1800 83 10.3 8.6 1.22 o.68 
Blab dual-tandtsn 

Shattered 240-kip, 650 76 10.3 7,8 1.11 o.68 
slab dual-tandem 

Complete 200-kip, 3000 76 10.3 7,8 1.12 o.68 
dual-tandem 

Complete 240-kip, 1010 66 10.3 6.8 0.97 0.68 
dual-tandem 

ll!!!..1. 

Initial 200-kip, 500 75 8.3 6.2 1,56 o • .i.8 
dual-tandem (1,93) 

Initial 240-kip, 150 72 9,4 6.8 l. 70 o.43 
dual-tandem (2.10) 

.! Shattered 200-kip, 1200 59 8.3 4.9 1.22 o.48 
slab dual-tandem 

Shattered 240-kip, 400 51 9.4 4.8 1.20 o.43 
slab dual-tandem 

Complete 200-kip, 1770 48 8.3 4.o 1.00 o.48 
dual-tandem 

Complete 240-kip, 740 37 9.4 3,5 o.88 o.43 
d·.lal-tandem 
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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 eriterion 

which permits a reduction in thickness for high-strength foundations 

(modulus of soil reaction of 300 pci 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. RecoDDnended 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 pl~in 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 somewhat 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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RESULTS FROM FIELD INSTALLATIONS 

The results f14 om the field installations are presented in the 

following paragraphs. Results. from these installations deal primarily 

with t he construction and behavior of fibrous concrete pavements under 

field conditions. 

TAMPA OVERLAYS 

The construction of these pavements illustrated that fibrous con

crete can be produced and placed with conventional paving equipment. The 

coDstruction also demonstrated that with proper batching and mixing tech

niques balling of the fibers can be essentially eliminated and that with 

pr~per equipment low-slump (1 to 2 in.) fibrous concrete can be placed. 

The manual techniques used for introducing the fibers emphasized the 

need for bulk-handling of fibers. Th:!,.s problem is being studied and will 

be considered later. 

The overlays were partialiy bonded, but no reflection cracking was 

observed prior to opening for tre.ffic. However, as traffic has been 

applied, cracking has developed in the overlays as illustrated in Fig

ure 107. The cracks in the overlay coincide with joints or cracka in 

the base pavement. The cracks in the overlay wh~ch correspono. to joints 

in the base pavement have widened sufficient ly to cause failure (bond or 

fracture) of the fibers across the cracts. The condition of theije cracks 

illustrates that, for partially bonded fibrous concrete overlays, as 

with plain or reinforced concrete, joints in the overlay and base pave

ment should be matched. The cracks in the overlays corresponding to the 

cracks in the base pavement have not widened signific~tly, indlcating 

that the fibers across the crack are still effective. 

WES ROADWAY 

Thi~ pavement was constructed primarily to study the crack pat

tern which would develop in a fibrous concrete pavement and the nature 

of the cracks that would form. The crack pattern that developed is 

shown in Figure 108. The slab lengths ranged from 63 to 240 ft. The 

average slab length was 126. 4 ft, and the standard deviation of the 
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slab length was 56.3 ft. All seven cracks in the pavement occurred dur

ing the first night following concrete placement. The cracks widened 

considerably, i.e., they were not hairline cracks held tightly closed by 

the fibers such as have been noticed for load-induced cracks. No addi

tional cracking has been observed to this date even though the concrete 

temperature has dropped from a high of 120° Fon the day the pavem~nt 

was constructed to a low of about 35° F. 

A plot of crack width versus slab temperature for a typical crack 

is shown in Figure 109. This figure shows, as expected, that the crack 

width increased as the temperature decreased. Also, if the data points 

are examined carefully, it will be noted that the width increased with 

age for several days after construction until a stable condition was 

reached in which the crack width was basically a function of only tem

perature. The slopes of the lines between two points for a particular 

day are consistent, and, with the exception of the measurements made 

on 28 February 1974, the magnitudes of the crack widths appear to follow 

a definite trend. The measurements made on 28 February 1974 indicate 

that a gradual noncyclic or permanent opening of the crack was occurring. 

Maximum crack widths (measured at a slab temperature of 36° F) 

are shown plotted in Figure 110 versus the length of slab contributing 

to movement at the crack (one-half of the sum of the lengths of slabs on 

either side of the crack). This figure illustrates the problem of lol1g 

slabs, i.e., the crack opening will be proportional to the slab len~th. 

This problem indicates that the number of joints should be reduced, but 

such a reduction will increase difficulties involved in providing ade

quate load transfer and keeping the joints sealed. Be~ause of the pro

bability of large joint openings, it may be advisable to maintain a 

joint spacing consistent with current practices (15 to 25 ft) with say 

50 ft as a maximum if steps are taken to provide adequate load transfer 

{dowels) and proper seal (preformed compression seals). 

The magnitudes of the joint openiW!;e which occurred were magnified 

by the conditions under which the pavement was constructed. The air tem

perature during placement reached a high of 95° F. This combined with 

the high cement content (9 sacks per cubic yard) resulted in high slab 
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,. temperatures (up to 120° F measured) during hydration. Therefore, the 

measured crack widths shown in Figure 110 correspond to a temperatur·e 

droJ;> in th<! slab of about 84 ° F. The dashed curve shown in Figure 110· 

is computed from the formula 

whm-e 

~ = slab movement, ft 

X = slab length, tt 

6X = Xe6t 

e = thermal coefficient tor concrete 
0.000006 per degree Fahrenheit) 

6t = temperature drop (84° F) 

(4) 

(assumed equal to 

The correlation between the measured values and the computed relationship 

indicates that the large measured valu~s are reasonable. 

The fact t Lit all the cracks occurred during the night after the 

pavement was placed points out another factor which must be considered 

in the const:r'Uction of fibrous concrete pavement. The high cement cou

tents normally used will accelerate hydration, and therefore· the temper

ature rise should be higher. When fibrous concrete is place& during 

warm weather, the sawing or contraction Joints mus-t be closely coordi

nated in order to avoid shrinkage c~acking. 

TESTS CONDUCTED BY OTHER AGENCIES 

Visual examination of cores taken tram the slab constructed at 

ORDL in 1967 (Placement l in Appendix A) showed no evidence ot fiber 

corrosion in the uncracked concrete. Cores taken across a shrinkage 

crack showed that the exposed fibers were completely deteriorated. The 

crack was about 1/2 in. wide, and the fibers were completely exposed to 

air and moisture. 

Placements 3 and 4 were slabs which contained leave-outs for the 

installatfon of outlets tor utilities or drainage structures. Normally, 

reinforcement is placed around such openings to hold the cracks that 

form tightly closed. In the fibrous concrete slabs, the cracking around 
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the openings hae 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 nH ained 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 4-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 bona. between the overlay and the base pavement was lost over 

most of the area after ~.bout 6 months. After bond was lost, temperature 

and moisture gradients thr1)ugh 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 lb of 

fiber per cubic yard than in those containing 200 lb of fiber per cubic 

yard. The deterioration was accentuated by deficiencies in thickness 
• 

at certain locations. Those areas with 120 lb of fiber per cubic yard 
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which were only 1 to 2 in. thick were severely deteriorated after only 

3 months. Approximately three-I'ourths of the pavement was removed after 

about 10 months. A complete discussion of the performance of the over ... 

la,s is given by Arnold and Brown13 and Arnold. 45 

The Greene County, Iowa, project was completed in October 1973. 

This project incorporated a number of variables, and study of it should 

b~gip to (mswer a number of questions concerning the use of fibrous con

cretf for pavements. 

Several important questions were answered during construction. 

This placement constituted the first time that mechanical means were used 
' tq introduce the fibers into the batching sequence. A vibrating hopper 

w~th a screen for the bottom was used to disperse the fibers and dispense 

them:onto a conveyor belt which fed them onto the aggregate charging 

belt of the central-mix plant. Fibers for a batch were hand-dumped from 

boxes into the bucket of a front-end loader. The front-end loader then 

dumped the fibers into the hopper. The equipment still requires a great 

deal of refinement, but it did illustrate that such a procedure is fea

sible and neces.sar·y for the production of large quantities of fibrous 

concrete. 

It was demonstrated that it is possible to place thin (a.e small 

as 2-in.) bonded, partially bonded, or unbonded fibrous concrete with 

sli~form paving equipment. Adjustments must be made to equipment and 

concrete workability, bµt placement is possible. 

An inspection of the pavements after service of about 8 JllOnths 

revealed several aspects concerning the performance of the fibrous con

crete pavement. The 3-in. sections performed significantly better than 

the 2-in. sections. The 2-in. sections tended to begin cracking along 

the edges and Joints no matter what the bond condition. However, after 

8 months, the deterioration was most serious in the unbonded sections 

and seemed to be associated with curling or warping of the slabs. The 

cracking that occurred in the bonded and partially bonded sections 

appeared to be reflections of cracks in the base pavement. Some of the 

cracks widened considerably, depending on the cracks in the base slab, 

b:ut some remained closed. The 2-:: ,'; • ., ll . - l ong fib ~.t·u 1:a.pl,)ear to uc more 
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effective in holding the cracks closed than are the 1-in.-lcing fibers. 

The sections in which the concrete contained 160 lb of fiber per cubic 

yard performed better than the sections in which the concrete contained 

60 or 100 lb of fiber per cubic yard. 
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RECOMMENDED DESIGN CRITERIA 

PAVEMENT DESIGN 

Requirements for an adequate soil investigation and evaluation 

and: material requirements for bases and subbases for conveI1tional plain 

and. reinforced concrete pavements are ~pplicable to fibrous concrete. 

Desd.gn procedures currently used wher~ special soil and environmental 

conditions exist are also applicable to the design of fibrous concrete 

pavements. Currently used traffic area designations and traffic dis

tribution procedures are applicable to fibrous concrete. 

THICKNESS REQUIREMENTS 

It is recommended that the required thickness be computed ba.sed 

on the limiting stress criterion. The maximum tensile stress computed 

at the slab edge acting parallel to the edge will be limited by the 

strength of the concrete. 

Thickness requirements will be computed in terms of the thickness 

required for a specified volume of traffic. The Corps of Engineers con

cept of standard thickness was used in formulating the design method

ology. The standard thickness for a particular loafing o:i:- type aircraft 

is defined as the thickness required for 5000 coverages and is the 

thickness such that the induced stress in the slab (computed stress a 

multiplied by 0.75 to accou.1t for 25 percent load transfer) is equal to 

the concrete flexural strength R divided by a design factor of 1.3. 
C 

In order to determine the fibrous concrete thickness required for 

5000 coverages or any other coverage level, the computed standard thick

ness for PCC is multiplied by the thickness ratios obtained from the 

curve for fibrous concrete in Figure 111. 

The curve for fibrous concrete is based on the initial (first 

crack) failure criterion, with no allowance for reduced thickness with 

high-strength foundations. Current Corps of Engineers criteria permit a 

reduction in thicknes.s of .PCC pavements on foundations which have a 

modulus value of 300 pci or greater. The curves in Figures 104 and 105 

which,are labeled for subgrade modulus values of 300 pci or more reflect 
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the allowable thicknesg reduction for high-strength foundations. The 

points for item 2 of the structural layers test section plotted in Fig

ure 105 also reflect this reduction. However, current FAA criteria for 

unreinforced concrete permit no reduction for high-strength foundations, 

and, after evaluating the performance of item 2, it was decided that such 

a reduction would not be in agreement with the conservative nature 

desired in the design criteria. Therefore, the points plotted in Fig

ure 111 for item 2 are based on no reduction in thickness for high

strength foundations. These values are presented in Table 19, 

Table 19 
Comparative Performance Baaed on Initial Failure Criterion 

of Item 2 of the Structural Laiera Teat Section 

Ratio of 
Required Standard Required Ratio of Actual Fibrous 

Percent PCC FCC Required FCC to Concrete to 
Coverage Standard Thickness Thickness Actual Fibrous Standard FCC 

Loadie& Level Thickness in. in, Concrete Thickness Thickness 

200-kip 
dual-tandem 500 93 8.3 1.1 1.93 o.48 

240-kip 
dual-tandem 150 89 9,4 8.4 2.10 0.43 

The curve for fibrous concrete in Figure 111 is drawn through the 

upper range of the points obtained from the controlled, accelerated 

traffic tests and is parallel to the curve for plain PCC. It should be 

noted that the assigned definition of initial or first crack failure 

for the fibrous concrete pavement was rather arbitrary. For the fi

brous concrete items, initial failure was assigned when the structural 

condition of the pavement was assumed to be comparable to that of plain 

concrete pavement when the slabs are broken into two or three pieces 

(definition of initial or first crack failure of plain concrete pavement). 

Another factor which will influence the criteria is the relation

ship between the structural condition of the pavement and ~he functional 

condition of the pavement. For plain concrete pavement, the relation

ship between structural failure and functional failure has been 
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established by field observations. For fibrous concr ete, it was as sumed 

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 

assumed 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 

developnent 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 

a.re 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 
24 35 46 47 48 Grau, Burns et al., ORDL, Mellinger et al., and Ahlvin et al. 

were used to establish 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 tor fibrous concrete. As a 
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consequence, it was necessary to use data from plain and reinforced 

pavement to develop relationships between elastic deflection and pave

ment performance. It was assumed that the trends shown by the data for 

the plain and reinforced pavements would hold for fibrous concrete 

pavement. As with the limiting stress criterion, it was necessary to 

extrapolate the relationships to large coverage levels since most of the 

data from the test section studies were for less than 10,000 coverages. 

Measured values of elastic deflection are shown plotted in Fig

ure 112 versus the coverage level at which the pavement for which the 

deflection was measured failed. The deflections were obtained by load

ing the pavement with the gear which was used to apply traffic and 

measuring the vertical deflection of the surface with a rod and level, 

or with electronic instruments for those test items where instrumenta

tion was installed. There is a great deal of scatter in the data points 

which is caused by several factors. The most obvious is the inherent 

scatter or variation associated with experimental measurements such as 

these. Another is that there is probably no unique value of deflection 

which would be obtained for all pavements ~hich provide the same per

formance. Rather, the limiting deflection would depend on the composi

tion of the pavement, i.e., layer thickness, material strength, etc. 

Therefore, the curve drawn through the points for the plain and rein

forced concrete pavement is probably an approximation of a family of 

curves. 

The curve indicat~s that the limiting deflection becomes constant 

(0.05 in.) ~or coverage levels greater than about 30,000. No data are 

available to validate this trend, but it may be argued, based on a 

knowledge of material response to load, that there is a limiting cover

age level such that if the underl;ing material has experienced a certain 

deflection the indicated number of times without failure then it will 

probably withstand an infinite number of' load applications without fail

ing. This limiting coverage level is probably less than 30,000 and is 

probably a function of material type. As a consequence, for those cases 

in which the pavement is designed for a large number of coverages, the 

performance of the pavement will be controlled exclusively by fatigue 

~, ~l, ,... . , 11., . JI -- - •---' 
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Qf concrete in the slab. Conversely, for lower coverage levels , the 

thickness of the slabs may be such that the response of the under lying 

material may significantly affect the performance of the pavement, i.e., 

~erformance of the pavement (and therefore the· des i gn) may not be con~ 

trolled exclusively by fai'igue of the concrete. Therefore, th~ purpose 

of the limiting deflection criterion is to insure that pavements designed 
' t•' • 

on the basis of the limiting stress (fatigue) criterion will perform as 

designed and not fail prematurely because of factors not considered iQ 

the design. 

The measured elastic deflections for the fibrous concrete pav~~ 

ments are shown within the shaded area in Figure 112. It can be seen 

that the majority of these deflections are larger than deflections for 

comparable plain and reinf'orced concrete. The· curve through these 

points was drawn parallel to the curve for plain and reinforced concrete 

and extrapolated for coverage levels greater than 1000. 

If it were possible to compute pavement deflections accurately, 
\ 

the relationship between defl ection 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 values;_ 
I • ••• •• 

thus, it will be necessary to establish ·a relationship between measured 
I ~ ! • 

and computed values. In order to maintain consistency between analyt-. . ' 

ical procedures for predicting pavement response, elastic deflections 
38-42 were computed based on slab theory as proposed by Westergaard from 

43 · ·· 44 
influence charts developed by Pickett et al. and Pickett and Ray· .. 

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 defl etions 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 limiting deflection computed for the p11.vement becomes constant 

(0.05 in.) for coverage levels greater than about 30,000. This 

78 

... . - •" ·-

.,,,,,.h,-1 • :-- - D 1 a 

\ . 
\ 

. 
f 

. 
~ 

d 



• 

/ 

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 ~~use volw.~e 

changes in fiprous concrete Just as they do in plain concrete. These 

volume changes cause stresses in the concrete which can produce uncon

trolled cracking in the pavement · if the pavement is not properly jointed. 

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 pa,•ing lanes. 

In order to provide adequate load transfer across longitudiual 

construction Joints and to protect the underlying material against pr~

mature failure, it is recommended 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 
49 50 Manual TM 5-823-3, or TM 5-824-3, 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. F~r 

runways, which are usually eonstructed in six 01· E:ight 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 

~lab lengths will occur at transverse c~~cks 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 maximum transverse joint 

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. Curr~ntly used procedures for preparing the 

.surface of the old pavement are applicable 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 1·igid pavement. While only pa.:i:tially bonded 

overlays httve been· tested, the procedure for unbonded overlays we~ ex

trapolated from this procedure by assuming that the performance 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 over lays of rigid pavement will 

be determined from the equation 

where 

h = 
0 

h = 
d 

(5) 

required thickness of the fibrous concrete overlay, in. 

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

= required thickness of an equivalent single slab of plain 
concrete having a flexural strength equal to the f lexural 
strength of the con . .cete in the existing pavement, in. 

h = thickness or the existing pavement, in. 
e 
C = coefficient dP.scribing the condition of the existing pave

ment as presented in AC 150/5320-6B or TM 5-823-3 

I t is recommended that the thickness of unbonded overlays be 

determined from the equation 
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where the variables a.re as identified above. The factor 0.75 in Equa

tions 5 and 6 reflects the di fferences between thickness requirements 

for plain and fibrous concrete pavement as indicated by the vertical 

distance between the cl.ll·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 may be eliminated. It i s not necessary for 

joints to be over similar joints. Longitudinal contraction joints in 

the base pavement may be spanne~ in partially bonded overlays. Longi

tudinal conGtruction joints in partially bonded overlays should be 

matci'led 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 concret~ overlays should be either doweled or 

keyed-and-tied. Longitudinal construction joints in partially bonded 

overlays should be doweled. 
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RECOMMENDED CONSTRUCTION PRACTICES 

The addition of fibers to concrete complicates the selection of 

a mix design. It is recommended that a rather extensive mi:.~ design be 

carried out using available materials in order to select a mix that will 

be economical, workable, and provide the required strength and durability. 

Guidelines f or mix selection are outlined in the followin~ section. 

The addition of fibers to the concrete also requires some changes 

in batching, mixing, and placing procedures. The major differences will 

be in batching and mixing because the shape of the fibers requires that 

they be handled different l y t han aggregate, cement, or water because of 

the tendency of the f ibers to f orm into balls. In the following para

graphs, batching, mixing, and placing procedures will be discussed. 

MIX DESIGN CONSIDERATIONS 

The large surfac e area to volume ratio 'Jf the st eel f ibers re

qui res an increase in the paste necessary t o insure that t he fibers and 

aggregate are coated. The shape of t he fiber s also r equires an increase 

in the paste necessary to insure that the fibers are properly dispersed 

in order to avoid harsh mixes which are difficult t o place. Cement con

tents from 550 to 950 lb per cubic yard have been used with water-cement 

ratios between o.4 and o. 6, as repartee in an American Concrete Institute 

state-of-the-art paper. 51 

The si ze, type, and volume of f i bers will influence other param

eters in the mix. The following are t wo general rules regarding the in

fluence of fibers: 

a. An increase i n fiber content results in i ncr eased strength 
and decreased wor ~ability. Experience has shown that fiber 
contents in excess of 2 ) ercent by volume are difficult to 
mix.51 

b. An increased fiber aspect ratio ( length to diameter or 
equivalent diameter) r esults in increased strength and 
decreased workability. For proper mixing, the maximum 
aspect ratio shou.ld be about 100.51 

There are presently only a few si zes of f i ber commercially avail

able. Therefore, the us ual procedure is t o 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. J.ong and either have a round cross section 

(0.016 in. in diameter), 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.

dia.m by 2-1/2-in.-long roW1d fiber has had limited use, as have some of 

the more exotic types shown in Figure 48. 

In addition to variations in fiber type, there are several other 

parameters which are unusual 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 trial 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 parameters 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 
preclominately. 

b. 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. 

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

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 strengta. 

It is recODDnended that a flexural strength be selected not greater than 

1000 psi at 90 days measured ac·cording to ASTM C 78-64. lO Higher 

strengths are readily attainable, but placement of such mixes will 

usually be difficult. The 1000-psi maximum value can usually be 

attained with mixes that can be placed with conventional equipment and 

procedures. 
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Table 20 

Typical Fibrous Concrete Mixes 

Material 

Mix I 

Cement (type 1) 
Fine aggregate (natural sand) 
Coarse aggregate (3/8-in. maximum-size natural 

peagravel) 
Fibers (round, 1 in. long by 16 mils in diameter) 
Water 
Air-entraining agent (5% air) 

Mix II 

Cement (type 1) 
Fly a.sh 
Fine aggregate (natural sand) 
Coarse aggregate (3/4-in. maximum-size crushed 

limestone) 
Fibers (rectangular, 1 in. by 10 by 22 mils) 
Water 
Air-entraining agent (4% air) 
Set-rete.rding admixture 

Mix III 

Cement (1 - P) 
Fine aggregate (natural sand) 
Coarse aggregate (3/8-in. maximum-size natural 

peagravel) 
Fibers 
Water 
Air-entraining agent (5% air) 

Saturated Surface 
Dry Batch Weight 

lb 

846 
1700 (70%) 

728 (30%) 
250 (2%) 
390 

517 
225 

1525 (55%) 

1200 (45%) 
200 (1-1/2%) 
275 

822 
1593 (60%) 

1014 (40%) 
115 (1%) 
325 

fil.Ll 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~lays. 

Mix III resulted in slumps of about 4 in. an.d was ,.; ~d 1·0 _· ,i.2.lli.ta.Lly 
-:: ·:; :13tructed test pavemE::1,t s. 
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BATCHING 

Bulk-handling techniques for introducing the fibers during the 

batching operation have not been developed. Fiber and equipment manu

facttll'er s are currently developing equipment and techniques for shipping 

a.nd handling large quantities of fibers. The extent of this development 

will depend on the large-scale application of fibrous concre·te, 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 1-cu-ft boxes 

containing from 40 to 80 lb of fiber. This method is not an efficient 

wa:y to ship the fibers since a cubic foot of steel weighs about 490 lb. 

With this packaging procedure, additional labor 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 

a 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. 

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 m~thod 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 rtumber of 

methods for placing the fibers onto the first belt he.ve been tried. The 

most successful has been to manually dump the fibers 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 flov of the aggreeate so thRt the fibers and aggregate are pre

blended before entering the mixing drum minimizes the formation of fiber 

balls. 

MIXING 

Mixing action should be as vic;oroun A.3 possible to break up any 

balls or clumps of fibers. Mixing timl? 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 truckR are uned, special precautions should 

be taken 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 concrete, 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 hA.ndle. However, as 

with plain concrete, the water content should be kept as low as possible. 

"ith 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 i.n, Slabs 2 Rnd 3 in. thick have been suc

cessfully placed with nlip-form pavers, bnt these placements have con

sisted of higher slump concrete. Thin slabs (2 to 3 in. thick) have 

been placed with manual procedures A.nd bridge-deck finishing ma.chines, 

For these placements, concrete with slumps ranging from 3 to 6 in. has 

been used. The slump required for pro-per placement will de,pend 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 3labs placed 

with modern paving equipment. The equipment used for transporting and 

ijpreading the concrete will affect the slwnp required. 

When transit-mix trucks are used, it will be necessary to use con-

crete with at least a 3-in. slump for proper discharge. Because of the 

harshness of fibrous concrete, it is difficult and sometimes impossible 

to discharge fibrous concrete with slumps less than about 3 in. When 

mechanical spreaders are used, lower slump concrete can be used than is 

possible when manual techniques are used. 

For pavements thinner than 4 in. and relative ly 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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C0NCLUSIONS AND RECOMMENDATIONS 

Conclusions regarding the use of fibrous concrete for airport 

pavements are summarized as follows: 

a. 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 wi~h 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 
~irport paving jobs. 

c. The recommended design criteria a.re 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 followin~ areas receive further study: 

~- Additional performance data are needed. In particular, per
fo:nnance data 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. 

.£.. 

d. 

~-
!· 

---

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

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

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

The feasibility of using thin fibrous overlays for resur
facing should be investigated. .. 
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a. Plain concrete 
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b. Fibrous concrete 

Figure 11, Response of concrete slabs to an explosive loading 
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a. Core from an uncracked area 

b. Core taken at a crack 

Figure 12. Cores taken from a 
fibrous concrete slab at ORDL 
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Figure 13. Early cracking of a 6-in. fibrous concrete slab 011 

a clay subgrade 

Figure 14. Early cracking of a 4-in. fibrous concrete slab on 
a cement-treated gravel base 
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Figure 15. Typical cracks that develop in fibrous concrete 
slabs with traffic 

Figure 16. Severely spalled crack in a plain concrete test 
pavement at complete failure 
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Figure 17. Cracks in a fibrous concrete test pavement at 
complete failure 

Figure 18. Fibt·ous concrete test pavement after 4500 coverages 
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Figw-e 20. Finished surface of the subgrade (item 5) 

Figure 21. Finished surface of the sand fi lter course (item 5) 
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Figure 22. Round, 0.016-in.-diam, 1-in.-long steel fibers 

I 

Figure 23. Placing and screeding fibrous concrete 
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Figure 24. Vibration of fibrous concrete with a surface vibrator 

Figure 25. Finishing the surface of a fibrous concrete slab 
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Figure 26. Fiber ball coated with mortar 

Figure 27, Inside of fiber ball consisting of fine aggregate 

and fibers 
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Figure 28. Item 3 prior to placement of the 4-in. fibrous 
concrete overlay 

Figure 29. Rectangular 1-in.-long steel fibers, 0.010 by 
0.022 in. in cross section 
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Figure 31. 360-kip, 12-wheel assembly load cart 

Figure 32. 166-kip, twin-tandem assembly load cart 
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a . 360-KIP 12-WHEEL ASSEMBLY 
(ONE MAIN GEAR Of' C-5A) 

OUTRIGGER 
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tu"l 7.1r 

LOO 
b . 166-KIP TWIN-TANDEM ASSEMBLY 

(ONE TWIN-TANDEM COMPONENT 
OF BOEING 747 ASSEMBLY 

Figure 33. Wheel arrangements for the 
12-wheel and twin-tandem assemblies 
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Figure 38. 
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Emptying fiber s onto a conveyor belt 

Slip-form paver placing a 6- i n. overlay 
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Figure 42. 

Figure 43. 
(item 1) 

Finished surface of the subgrade (item 1) 

Bottom membrane in place over the prepared subgrade 
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Figure 44. Processed lean clay being placed in the MESL (item 1) 

F:l.gure 45. Finished surface of the MESL (item 1) 
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Figt...2·,! 46. Cement read,y for spreading ( i tern 2) 

Figure 47. Finished surface of t he cement-treated base (item 2) 
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DEFORMED FIBERS FLAT FIBERS ROUND FIBERS 

0.016 11 DIAM, 3/4" LONG 0.0lu" X 0.014", 3/4" LONG 0.016" DIAM, l" LONG 

~-· 

Figure 48. TYJ)es of steel fibers used in items 1 and 2 

Figure 49, TYJ)ical fiber balls formed during mixing of the 
fibrous concrete, item~ 1 and 2 
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a. View of re1dy-mix facility 

b. Charging fibers 

Figure 52. Batching fibrous concrete for 
the WES roadway 
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a. Finished edge 

b. Rear view of paver 

Figure 54. Finished pavement 

126 

i.._ • ..,, 1 • ., . . .. 

~ 
\ . 

\ , 
• -

~ 
\ 
\ 

,\ 
• \ 

I 

r 



I I 
j 

I --~ 

Figure 55. Item 5 pri.or to initiation of traffic 
with 360-kip, 12-wheel a ssembly 

Figure 56. t ern 5 after 144 overage s of 
360-k ip, 12-wheel as sembly 
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Figure 57. Item 5 after 504 coverages of 
360-kip, 12-wheel assembly 

Figure 58. Item 5 after 1328 coverages of 
360-kip, 12-wheel assembly 
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Figure 59. I tem 5 after 2336 coverages of 
360-kip, 12-wheel assembly 

Figure 60. I tem 5 after 3200 coverages of 
360-kip, 12-wheel assembly 
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Figure 61. Item 5 after 4176 coverages of 
360-kip, 12-wheel assembly 

Figure 62. Item 5 after 4512 coverages of 
360-kip, 12-wheel assembly 
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Figure 63. I tem 5 after 6352 coverages of 
360-kip, 12-wheel a ssembly 

Figure 64. Item 5 after 35 coverages of 
166-kip , dual-tandem as sembly 
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Figure 65, Item 5 after 130 coverages of 
166-kip, dual-tandem assembly 

I" 

Figure 66. Item 5 after 170 coverages of 
166-kip, dual-tandem assembly 
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Figure 67. Item 5 after 550 coverages of 166-kip, dual-tandem 
assembly 

Figure 68. Item 3 overlay prior to initiation of traffic with 
360-kip, 12-wheel assembly 
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Figure 69. Item 3 overlay after 1872 coverages of 360-kip, 
12-wheel assembly 

Figure 70, Item 3 overlay e.ftez· 2848 coverages of 360-kip, 
12-wheel assembly 
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Figure 71, Item 3 overlay after 3184 coverages of 
360-kip, 12-wheel assembly 

Figure 72, Item 3 overlay after 5024 coverages of 
360-kip, 12-wheel assembly 
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Figure 73, Item 3 overlay prior to initiation of 
traffit· with 166-kip, dual-tandem assembly 

Figure 74, Item 3 overlay after 950 coverages of 
166-kip, dual-tandem assembly 
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Figure 75. Item 3 overlay after 260 coverages of 
2~0-kip, dual-tandem assembly 

Figure 76. Item 3 overlay after 420 coverages of 
240-kip, dual-tandem assembly 
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Figure 77. Item 1 prior to ~nitiation of traffic with 
200-kip, dual-tandem assembly 

Figure 78. Item 1 after 200 coverages of 200-kip, dual-tandem 
assembly 
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Figure 79. Item 1 after 1000 coverages of 200-kip, dual-tandem 

assembly 

Figure 80. Item 1 after 1770 coverages of 200-kip, dual-tandem 

assembly 
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Figure 81. Item l after 3000 coverages of 200-kip, dual-tandem 

assembly 

Figure 82. Item l prior to initiation of traffic with 240-kip, 
dual-tandem assembly 
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Figure 83. Item 1 after 200 coverages of 240-kip, dual-tandem 
assembly 

Figure 84. Item 1 after 1010 coverages of 240-kip, dual-tandem 
assembly 
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Figure 85. Item 2 prior to initiation of traffic with 200-kip, 
dual-tandem assembly 

Figu.re 86. Item 2 after 200 coverages of 200-kip, dual-tandem 
assembly 
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Figure 87. Item 2 after 1000 coverages of 200-kip, dual-tandem 
assembly 

Figure 88. Item 2 after 1770 coverages of 200-kip, dual-tandem 
assembly 
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Figure 89. Item 2 after 3000 coverages of 200-kip, dual-tandem 
assembly 

Figure 90. Item 2 prior to initiation of traffic with 240-kip, 
dual-tandem assembly 
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Figure 91. Item 2 after 200 coverages of 240-kip, dual-tandem 

assembly 

Figure 92. Item 2 after 950 coverages of 240-kip, dual-tandem 
assembly 
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Figure 93, Condition of longitudinal construction joint in 
Item 2 after 200 coverages of 200-kip, dual-tandem assembly 

Figure 94. Condition of longitudinal construction joint in 
Item 2 after 3000 coverages of 200-kip, dual-tandem assembly 
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Figure 95. Test pit across longitudinal construction Joint in 
Item 2 after 3000 coverages of 200-kip, dual-tandem assembly 
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Figure 97. Permanent deformations, item 1, structural 
layers test section 
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APPENDIX A: FIBROUS CONCRETE PAVEMENT PLACm.IBNTS 

PLACEMENT 1 

Location: Ohio River Division Laboratories, Cincinnati, Ohio 

Date Placed: August 1967 

Type of Fa.c Hity: Parking lot slab ( on grade) 

Size: 120 by 10 ft by 6 in. 

Type of Joints: None 

Type of Fiber : Various steel fibers 

Mix Design: Not available 

Remarks: Crack developed at midslab on the day placed and opened 

up 3/8 to 1/2 in. wide. Cores taken on 20 April 1972 revealed that 

crack had developed at essentially an unplanned cold joint. Fibers at 

crack were completely deteriorated. Fibers in sound concrete showed no 

corrosion. 

PLACEMENT 2 (Reported by Luke 52 ) 

Location: Niles, Mich. 

Date Placed: September 1968 

Type of Facility: Left lane of entry road to industrial plant 

(on grade) 

Size: 70 by 12 ft by 4 in. 

Type of Joints: None 

Type of Fiber: 3/4- by 0.012-in. round fibers and 3/4- by 0.010-

by 0,020-in. rectangular fibers 

Mix Design: Not available 

Remarks: Direct comparison was possible with 7-1/2-in.-thick 

mesh-reinforced pavement in right lane. Mesh-reinforced pavement devel

oped three full-width transverse cracks after 3 years of moderate truck 

traffic. Mesh-!·einforced pavement was supposedly designed for a probable 

projected number of axles during a design life (numbers not available) 

to meet standard highway road construction specifications (assumed to be 

Michigan specifications). 

PLACEMENT 3 

Location: Lockbourne Air Force Base, Ohio 

Preceding page blank 
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Date Placed: July 1970 

Type of Facility: Slab 1 on parking apron (on grade); slab 2 on 

taxiway (on grade) 

Size: Slab 1 - 35 by 46 ft by 6 in. with 4- by 5-in. leave-out 

in center; Slab 2 - 5 by 22 ft by 6 in. (Note: Dimensions of slabs, 

especially thicknesses, may not be exactly correct) 

Type of Joints: None 

Type of Fiber: 1-in. by 10- by 22-mil rectangular fibers 

Mix Design: 180 lb of fiber per cubic yard; 752 lb of cement per 

cubic yard; 3/8-in. maximum-size aggregate; 0.47 water-cement ratio; 

3-in. slump; and 7 percent entrained air content 

Remarks: Information on slabs was rather sketchy. Slabs were 

6 in. thick constructed over 9 in. of a 4-bag, lean-mix concrete e..nd 

granular base course. The 6-in. fibrous concrete slabs and 9-in. lean

mix concrete were separated by 4-mil polyethylene sheeting. Cracks 

developed .... . corner of leave-out in Slab 1 but were arrested by 

fibers at about 3 to 4 ft from corners. Without fibers, cracks would 

have propagat ed to free edge, There was no distress in Slab 2, but a 

25- by 12-ft by 15-in. plain concrete slab adjacent to Slab 2 had devel

oped a longitudinal crack and a number of short transverse cracks. 

PLACEMENT 4 (Reported by Luke 52 ) 

Location: Detroit, Mich. 

Date Placed: ,July 1971 

Type of Facility: Aircraft parking apron slab (on grade) 

Size: 20 by 30 ft by 8 in. '7ith leave-out for a drain box 

(size and shape unknown) 

Type of Joints: None 

Type of Fiber: 1- by 0.016-in. round fibers 

Mix Design: Not available 

Remarks: Ad~acent slabs were 12 in. thick. Base was built up 

for 8-5.n. fibrous slab. Fibrous slab was tied to adjacent slabs with 

deformed rebars installed by drilling and grouting in adjacent slabs. 

Slab was reported to be in satisfactory coudit.i.on, but no details were 

available. 
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PLA C EMKN'I' 5 

Location: Ashl a.ud , Ohio 

Date Plac ed : Augm;t 19'71 

'I'yp8 of' Facility: Entr ance to truck weigh station (on grade) 

. _Si~ 500 hy 16 f ·c by l1 in. 

'I'ype of Joints: None 

'l'ype of Fiber : 1 - by- 0.01- by 0.022-in. rectangular fibers 

Mix uesign: 265 lb of fiber per cubic yard; 9 bags of cement 

per cubic yar d; 3 /8-in. maximum--size aggregate; 30 percent coarse 1:1.ggre

gate and 70 pE.::t·c ent f i ne aggregate; O. 56 water-cement ratio; high slumps 

(greater than 5 i n. in s ome batches ) with considerable variation; high 

air c~intent 1,r · t.l! c ons:i.de:rable vari ation 

Rema.r ks : 81.ali wa .s p.Lac ed on a 5-in. asphaltic concrete base. 

Ends were tapr:-:r ecl t o 9 :L :i. ov er a '(-ft length. Doweled expansion joints 

were i ns t-c1.l l ed at ei the ,. end . Slab cracked at midslab on fir st day. 

Second. e:r a l' k cl e v.::ilaped appr ox:i.matdy 90 ft from north end in Decem-

ber 197.1 . Bol.h c:rac-ks a,ppear ed to be about 3/8 to 1/2 in. wide. 

PIACEM.:C:i~ 'l' 6 

Loca"Lion: Champaign ~ I ll. 

Date Placed: November J.9'(1 

'l'YJ?e of Fad}} t,y-_~_ Sidewalk 

eo . ] J i O b " f t l 2 3/4 ~ ... I ·y b · -,y •· in. 

me of ,Joints: On ::: t r ansver se construction joint-butt joint with 

no seal 

!:L:Pe 0f Fiber : 1- by 0.01- by 0.022-in. rectangular fibers 

Mix Design_:.. 200 lb of' f i ber per cubic yard; 5-1/3 bags of 

cement per cub:i.c ya:r ; 225 lb ol' fly ash per cubic yard; 3/8-in. maximum

size 1:Jggregate; (J. 5li w~t,:.. r --c ernent ratio; 4-in. slump; and 6 percent en

tra:i.ne~ ~ir c)nt cnt 

~~E11:.~•k::;....:.. SJ a ewnlk w1...s placed on graded natural soil with a thin 

sand .L yer . Construction joint opened up about 1/2 in. •rwo additional 

crack s hav f ormed, !Jut t hej:r ex.act locations are not known. 

PLJI.CEMEN'l1 7 ( Reported in ACPA Newfl letter, October 197253 ) 

Loc ation : Cedar Hapids, Iowa 
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Date Placed: September-October 1n2 

Section 1: Overlay of resj_dential street; 175 by 28 ft by 3 in. ; 

old pavement, jointed reinforced concrete pavement; no joints; 1- by 

0.016-in. round fibers 

Section 2: Overlay of residential street; 200 by 24 ft by 

2-1/2 in.; old pavement, esphaltic concrete; no joints; 1- by 0.016-in. 

round fibers 

Section 3: Overlay of viaduct; 152 by 11 ft by 3 in.; placed on 

2 sheets of pc,lyethylene attached to wooden decking of viaduct; dm-reled 

expansion joints placed at c,:i.ther end between 152-ft-long section and a 

12- by 11-ft by 3-in. fiber-reinforced concrete slab; 2-1/2- by 0.025-in. 

round fibers 

8ectton 4: Overlay of airfield taxiway; 95 by 75 ft by 3 to 1 in.; 

old pavement, jointed plain concrete pavement; longitudinal butt-type 

construct:i.on joint divided section into two 95- by 37-1/2-ft slabs ; 

1- by 0.016-in. fibers used in one slab, and 2-1/2- by 0.025-in. round 

Mix Desi gn: Varied with type and quantity of fiber used; all 

concrete contained 9 bags of cement per cubic yard; 3/8-in. maximum

size aggregate .; 75 percent coarse aggregate and 25 perc ent fine 

aggregate 

Remarks: Section 4 was inspected on 5 October 1968. Section 1 

was being placed on 5 October 1968. Section 2 developed transverse 

cracks at 80 and 110 ft from one end after being subjected to construc

tion traffic and normal residential traffic. Section 3 had no cracks and 

was subjected to no traffic. Section 4 when opened t o traffic had longi

tudinal construction and contraction joints and transverse contraction 

joints in base pavement that reflected through the fibrous concrete 

overlay. 
53 PLACEMENT 8 (Reported in ACPA Newsletter, October 1972, , Arnold and 

Brown,13 and Arnold45 ) 

Location: Detroit, Mich. 

Date Placed: October 1972 

Tzye of Facility: Overlay of urban street 
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SizE: : 1300 by l,8 ft by 3 in. ( slab s vere 100 by 12, 50 by 24 , and 

50 by 24 ft) 

'l'ype of Joints: Longitudina l construction joints were but t joints; 

transverse contract:i.on j oi nts wer e sawE:d at 50- and 100-ft intervals in 

Ya.rious sections ; longtt udinal con.traction joints were sawed in a por

tion of the job 

'rype of Fiber: 1- by 0.010·- by· 0.022-in. rectan.;ula.r fibers 

Mix Des ign: 'l'wo fiber l oads were used, 120 and 200 lb per cubic 

yai·d; 9 bags of type lA cement pc:1· cubic yard; 3/8-in. maximum-size slag 

aggregate; 60 percent f i ne and ~O percent coarse aggregate; 0.37 water

cement r atio 

Rem&r ks : 1'he: c oncret e was ·batched. and mixed in a central-mix 

pl ..:J.tfi", and t:cansport r=d Jn t:nms i t-mix trucks. 'l'here were numerous fiber 

balls in t he mix. The c -::mcrete was p.rnced d i rectly on old PCC pavement 

with a slip--f'orm paver·. 'l'here wr,i: e no problems i n placement. The 

m~thod use cl f or cont rol-L i ng g ,•q.de was inA.dequate becaus,3 several thin 

areas r esu.lted. Some ar e a s reeei v ed thicknesses of' al1uu.t l in. instead 

of tlJ.e prescribed 3--in . mini mum. Sever al of the areas i n which the con

crete was t hin cracked, and la:cge pieces broke out, r equiring complete 

reU1oval !ind rC;pair. Sc,,dous c r a cl<.ing has occurred in the areas in which 

concrete containing 1.20 l b oi' fiber per cubic yard was used, and some 

cracking has develuped j_n areas in which concrete containing 200 lb of 

fiber pf!!' cub ic yard was u.sed . rrhere ha::, been a l i:,ss of bond between 

the overlay acd. the base p8N 0 Jrt (~nt. As a resu.l t , s e1·ious ctU·ling i s 

c cc1u·r ing e.long t ile slub edge s. 'I'he movement of the slab is visible 

when vehic.:l.es pa ss over the joim,s , and signs of early deterioration 

a.re ev i 1l1::nt . 
'-~4 

PLACEM:E:N'J.' 9 ( Reported in .!\CPA Newf:lett er , Oc.: t ober 1973' ) 

Locntion: G:!·ee11e C unty , Iowa 

Date Pl:lr.:ed: Scptember-(k tober 1973 

~~ype of Pi;.c~_li~~- Overlay of eounty road. 

Si 1.e : 3 -. 03 miles 1 :iug, 22 ft. wid e: , variable thic1'J1ess (Project 

(~onBists of 41 t est .;ections of approximately 400 ft in length, including 

10 dupl:l. c :9.t c-:d. s ect,1.ons for control. 'l'hese l~l sections overlay both lanes 
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of an old PCC pavement built in 1921 and 1922. Since the old PCC pave

ment was only 18 ft wide, 2-ft widening sections of PCC 4 in. in thick

i'less were constructed on each side of the old slab as part of the re-

search project. The slab to be overlayed is 22 ft wide. The old 

18-ft-wi de slab is 8-1/2 in. thick) 

Type of Fiber: 1- by 0.010- by 0.022-in. rectangular fibers, 

and 2-1/2- by 0.025-in. round fibers 

Sections 1 and 39: 5-in.-thick partially bonded plain PCC 

overlays. 

Section 40: 3-in.-thick partially bonded plain PCC overlay. 

Sections 2 and 38: 4-in.-thick partially bonded mesh-reinforced 

PCC overlays. 

Sections 3 and 6: 4- and 3-in.-thick, respectively, bonded 

continuously r einforced PCC overlays. 

Sections 4 and 5: 4- and. 3-in.-thick, respectively, unbonded 

continuously reinforced PCC o"l)'erlays with "elastic" joints on 8-ft 

center .; . This ins'tallation may be the first "elastic" ,jointed con

tinuously reinforced resurfacing job in the United States. 

Sections 22 and 40A: 3-in.-thick fibrous 'concrete overlays with 

,fly ash and placed on grade. 

Sections 12 and 21: 3-in.-thick bonded fibrous concrete overlays. 

Sections 29 and 36: 2-in.-thick bonded fibrous concrete overlays. 

Section 23: 2-1/4-in.-thick bonded fibrous concrete overlay 

·of a bridge deck. 

Sections 11 and 35: 3- and 2-in.-thick, respectively, unbonded 

fibrous concrete overlays. 

Sections 7-10 1 13-20 2 24 2 25 1 and 37: 3-in.-thick partially 

bonded fibrous concrete overlays. 

Sections 26-28 and 30-34: 2-in.-thick partially bonded fibrous 

concrete overlays. 

Mixing and Construction: Concrete was batched and mixed in a. 

central-mix plant and transported in nonagitating end-dump trucks. 

Fibers were batched by dumping boxes of fibers into a front-end loader. 

The fibers were dumped from the front-end loader onto a vibrating 
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screen which dispensed t he fiber s onto a con·,eyor belt which fed onto 

the aggregate charging belt of the central-mix plant. The screen had 

diamond-shaped openi ngs wi t h overall dimensions of 1 by 3 in. The con

crete was placed with a slip-form paver. For t :ue unbonded sections, 

t wo sheets of polyethylene were placed between the overlay and the base 

slab. For the bonded sections, bond was achieved by a layer of neat 

cement grout. For the part i ally bonded sections, the surface was 

cleaned of debr is and moistened prior to placement of the overlay. 

Remarks: Inspect ion of the pavements afte:.: about 8 months of 

service revealed t he f ol lowing : 

a. The 3- i n.-thick pavements were performing significantly 
better t han t he 2-in. pavements. 

b. 'I'he 2-i n. pavements were tending to deteriorate along the 
edges and j oint s for all bond conditions. The deterioration 
was most ser ious i n the unbonded sections and seemed to be 
associa t ed with warping and curling of the thin slabs. 

c. Bond was being l ost in t he bonded sections. 

d . The 2-1/2-in .-long 1: j_bers appeared to be more effective than 
the 1--in.-long fiber s i n preventing cr acks from widening. 

e. For t he cemenL cont ents used ( 600 and 750 lb per cubic yard), 
there was no appar ent diff erences in performance. 

t'. For t he range of fiber contents used (60, 100, and 160 lb 
per cubic yard), t he sections with 160 lb of fiber per cubic 
yard perform signifi cantly better than the sections with 100 
or 60 lb per cubi c yard. 
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APPENDIX B: PROPOSED DESIGN PROCEDURES 

; This appendix presents thickness design charts, charts for com

puting elastic· pavement deflection, and tables of limiting elastic pave

ment deflectiotl · f~·r civil and mil·it~y aircraft.· Th~se charts and 

tables form the basis of a procedure for determining the required thick

ness of fibrous concrete pavement. The curves and tables were developed 

using criteria described in the main text of this report. 

The curves and table for civil aircraft are compatible with 

Federal Aviation Administration (FAA) format as contained in FAA Advisory 

Circular AC 150/5320-6B. 26 The curves and table for military aircraft 

are compatible with Department of the Army format as contained in Tech

nical Manual TM 5-823-349 and TM 5-824-3. 50 

Required thicknesses based on the limiting stress criterion can be 

determined from Figures Bl-·B7 for civil aircraft and from Figures B8-Bll 

for military aircraft. Pavement thicknesses obtained from these charts 

can be checked by determining the elastic pavement deflection from Fig

ures Bl2-B22 for the aircraft in question, and comparing this with 

limiting deflections obtained from Table Bl or B2. 

Table Bl 

Limiting Elastic Deflections for Civil Aircraft 

Traffic Volume 
Annual Departures 

1,200 

3,000 

6,000 

15,000 

25,000 

Limiting Elastic Deflection 
in. 

0.060 

0.055 

0.050 

0.050 

0.050 

Figures Bl-B7 are entered with the aesign concrete flexural 

strength, soil modulus, aircraft load, and traffic volume to obtair. the 

required slab thickness for civil airports. Traffic volumes are shown 

Preceding page blank 
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Table B2 I ~. 
Limiti!Y1j Elastic Deflections for Militari Aircra:f't 

4> 

Limiti!!e; Deflectionz in. z for Cited -Pavement ' ,,, Special 
;\ Traffic Light-Load Medium-Load Heavy-Load Design 

Passes Pavement Pavement Pavement Pavement 

Ty-pe A Areas 

200 0.145 0.125 
1,000 0.100 0,085 r 
5,000 0.075 0.065 , 

15,000 0.060 0.055 l 
25,ooc, 0.055 0.055 
50,000 0.055 0.050 

100,000 0.050 0.050 

Type B Areas 

200 0.180 o.1S5 0.130 0.160 . 1,000 0.125 0.115 0.090 0.110 
5,000 0.090 0.085 0.065 0.080 

15,000 0.010 0.065 0.055 0.065 
25,000 0.065 0.060 0.055 0.060 
50,000 0.060 0.055 0.050 0.055 

100,000 0.055 0.055 0.050 0.055 
200,000 0.050 0.050 0.050 0.050 
300,000 0.050 0.050 0.050 0.050 
400,000 0.050 0.050 0.050 0.050 

'.l'YPe C Areas 

200 0.210 0.165 0.1.30 0.185 
1,000 0.150 0.115 0.090 0.130 
5,000 0.100 o.085 0.065 0.090 

15,000 0.080 0.065 0.055 0.075 
25,000 0.075 0.060 0.055 0.060 
50,000 0.065 0.055 0.050 0.055 

100,000 0.060 0.055 0.050 0.050 
200,000 0.055 0.050 0.050 0.050 
300,000 0.050 0.050 0.050 0.050 
400,000 0.050 0.050 0.050 0.050 

Type D Areas 

200 0.110 0.110 
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in terms of annual departures. Aircraft arrivals are neglected. The 

curves are based on a 20-year design life, i.e., each traffic curve 

represents a design i'or a. number of aircraft departures equal to 20 times 

the indicated annual departm·e l evel. 

Figures B8-Bll 6.l'.'e entered with the design concrete flexural 

strength, soil modulus, aircra:f't load, traffic volume, and traffic area 

to obtain the required slab thickness for military airfields. Traffic 

volumes in terms of total aircraft passes are shown on the curves. Re

quirements for design loadings (light, medium, heavy, and special) and 

traffic areas (A, B, C, and D) are as specified in™ 5-824-1. 55 

The thickness design curves in Figures Bl-B8 are entered with the 

desi gn f'lexurul st reneth on the vertical a.xis. From this point, the 

. required thickness is obtained by proceeding through the chart as illus

trated by the rlashed lines. F1·om the flexural strength scaJ e, a hori

zontal line is dro..wn ruitil i t i ntersects the appropriate soil modnlus 

cw--ve. From t his int ersect i on, u. vertical line is drawn until it inter

sects the appropr ·.'.. ate loac.J. ·urve . From this i nterr..:ection, a horizontal 

line is drawn until i t inte.csect s t he appropriate traffic curve. Finally, 

a vertical line is drawn through this interse.::tion until it intersects 

the horizontal t hi ckness scal e ut the required thickness. 

The pr ocedures for using Pigu.res B8-Bll are similar to the pro

cedures fo1• Figures Bl-B7. However, one additional step is added. Once 

the intersect i on with the curve for traffic volume is found, a vertical 

line is drmm until it; interGects the appropriate traffic area curve. 

From this intersection, a horizontal line is drawn until it intersects 

tl.e vertical t ldckneGs scale at ·i:;he 1·equired thickness • 

F'igUI·es Bl2-B22 aro entered with the sJ ab thickness ( from Fig

ures Bl-Bll) , soiJ. 111oduluG, and aircraft load, and the maximum elastic 

pavement de_ l eet :i.on is obtained. 'l'he deflection thus obtained is com

pared with liiniting values ob ... a i ned i'rom Table Bl for civil aircraft and 

Table B2 for mili'to.ry aircraft. It' the computed deflection is larger 

than the ljJ1liting deflection, the slab thickness must be increased until 

the comput ed deflection is less than or equal to the limiting deflection, 

' ·-
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or a new design must be initiated with different design parameters, such 

as concrete strength and soil modulus. 

Elastic deflection is obtained from Figures Bl2-B22 by entering 

the vertical thickness scale with the slab thickness and proceeding as 

indicated by the dashed lines. From the thickness scale, a horizontal 

line is drawn until it intersects the appropriate soil modulus curve. 

From this intersection, a vertical line is drawn until the appropriate 

load curve is intersected. Finally, a horizontal line is drawn through 

this intersection until the vertical deflection scale is i~tersectad at 

the resulting elastic vertical deflection • 
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