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CHAPTER 1

INTRODUCTION

This report forms 'Task A' in the work statement of
the project study entitled "New Structural Systems for 'Zero-
Maintenance' Pavements". Task A is a "state-of-the-art" report
presenting a survey of the technology and identifying the
unique and infrequently used concepts and systems suitable for
"zero-maintenance" pavements. The primary objectives of the
total research contract are the following:

1. Assess potential of innovative structural concepts
and systems to serve as "zero-maintenance" pavements;
and

2. Provide pertinent documentation on design, construc-
tion and detailed investigation of the more promising
systems.

The entire research work is divided into Tasks A through G.
This report relates to the fulfillment of Task A only, which
involves identifying potentially innovative structural systems
and a preliminary selection of the promising concepts.

For this study, a "zero-maintenance" pavement is defined
as one that will provide at least 20 yvears of maintenance-free
operation on a high-volume expressway and at least 10 more years
with routine maintenance before rehabilitation is required.

It is assumed that the loads of the zero-maintenance pave-
ments will be within the limits of the National Cooperative 1
Highway Research Program study of 1973 (Whiteside et al., 1973)".

The scientific approach to the solution of an engineering
progran involves first defining its scope and functional purpose,
and then seeking solutions to the problem within the scope and
purpose defined. Having defined the zero-maintenance pavement
and the objectives of the proposed research, one can argue that
pavement design is not necessarily governed by the weight of a
vehicle; rather, the purpose of a pavement is to provide a
functional surface for the safe operation of a vehicle. The
dynamic interaction of vehicle vibration and the environmental
effects on the pavement are the primary considerations in judging
the functional purpose of a pavement system. This analogy

Whiteside, R.E. et al. (1973) "Changes in Legal Vehicle
Weights and Dimensions - Some Economic Effects on
Highways," National Cooperative Research Program Report
No. 141, Highway Research Board.



represents a departure from the accepted pavement design
analysis, wherein the weight of the vehicle is the primary
design criterion.

The state-of-the-art report is organized with the following
points of view. Most pavement structures fail because the
subgrade is weak either initially or is made weak due to en-
vironment changes, causing excessive deformations of the sub-
grade. It is, therefore, necessary to search for methods
that will improve the natural subgrade and maintain its proper-
ties during the lifespan of a zero-maintenance pavement. Con-
sequently, the first effort was to investigate the unique and
infrequently used methods for improvement of subgrade soils.
Conventional methods, e.g., lime stabilization, have not been
included. Secondly, the bases and subbases have been examined,
and finally, the new concepts involving the top surface have
been examined. After reviewing the available literature, an
effort has been made to put together the overall pavement
system using either some modifications or completely new schemes.
The study is presented in the following sequence:

Chapter 2 - Describes the problem soils and the innovative
concepts to strengthen them.

Chapter 3 - Identifies new concepts and materials that can
be used in subbase and base course.

Chapter 4 - Surveys innovative composites that can be used
Additionally, new concepts and systems of
pavements are identified and evaluated.

Chapter 5 - Selects five structural systems that show
great promise. Many subsystems can be evolved
from these five systems.

Chapter 6 -~ Summarizes results and provides recommendations
for future work,



CHAPTER 2

THE SUBGRADE

2.1 INTRODUCTION

Traditionelly, a subgrade is defined as the foundation of a
pavement structure that usually consists of the surface course
with or without additional base and/or subbase courses. The sub-
grade may be a natural soil exposed in a cut or an earth embank-
ment built on natural soils. The design and construction of an
embankment as a roadway subgrade is an important and complex but,
nevertheless, relatively standardized process. All roadway em-
bankments must be satisfactorily compacted in uniform layers to
insure adequate stability and small and uniform settlement. 1In
most instances, however, the governing factor in the design and
construction of a subgrade is the condition of the natural soil
in-place. This chapter concentrates on the techniques of treating
or stabilizing the in-situ soils for use as the subgrade of a
pavement or the foundation of a roadway embankment.

The subgrade, or the in-situ soil, must be designed to with-
stand the effects of the repetitious nature of the traffic loading
in addition to the surcharge weights of the pavement and the em-
bankment. Furthermore, the in-situ soil beneath the pavement and
the embankment must withstand the deteriorating effects of cli-
matic and environmental factors such as freezing and thawing,
moisture variations, and chemical changes. An ideal subgrade
must be able to maintain the permanency of its design properties
and to carry out its design functions with extremely small de-
flection and without requiring any maintenance.

In order to design an ideal subgrade, special stabilization
technigques have to be employed, especially when problematical
soils are encountered. Table 1 presents several major types of
soils that exhibit special problems in pavement design. The prob-
lems are usually either low strength or high volume change char-
acteristics, or both, resulting from loading, climatic effects,
or environmental changes. The stabilization techniques may,
therefore, be grouped into three general categories: densifi-
cation; strengthening; and protection against environmental
changes. Table 2 is a brief presentation of the stabilization
techniques that may be used in highway design and construction.

This chapter summarizes the results of our review of these
special stabilization techniques with particular emphasis on
their application to pavement designs and construction. The
following sections begin with a description of the stabilization
techniques related to demnsification, followed by techniques
related to strengthening and protection. Finally, the techniques
are summarized to show their adaptability to highway construc-
tion. A concept regarding building a zero-maintenance subgrade
and/or subbase and base using the conventional pavement system is
recommended. ‘



TABLE 1

SUBGRADE MATERIALS REQUIRING SPECIAL
STABILIZATION TECHNIQUES

TYPE OF MATERIAL MAJOR PROBLEMS

Loose Sand High compressibility,
especially under repetitious
loading

Soft Clay Low strength and high
compressibility

Silt and Silty Fine Sand Strength and compressibility
very sensitive to moisture
variation

Expansive Soil High volume change character-
istics under varying moisture
conditions

Organic Soil Very low strength and very

high compressibility

Frost Susceptible Soil Weakening and swelling under
repeated freeze-thaw cycles

Collapsible Soil Large deformation as a result
of saturation

Sensitive Clay Weakening under mechanical
disturbance and environmental
change

Refuse Fill Erratic in strength and

compressibility characteristics



TABLE 2

SUBGRADE STABILIZATION TECHNIQUES

PURPOSE OF STABILIZATION STABILIZATION TECHNIQUES
Densification Dynamic Consolidation
Vibroflotation

Terra-Probe
Compaction Piles
Compaction Grouting
Blasting

Strengthening Vibro-Replacement
Chemical Injection
Other Methods

Protection Against Membrane Encapsulation
Environmental Factors Insulation
Drainage



2.2 DENSIFICATION

2.2.1 Dynamic Consolidation

Dynamic consolidation is a technique that improves the mech-
anical characteristics of a weak soil by repeated application of
a very high intensity impact energy to the surface. The procedure
consists of dropping a weight of 5 to 40 tons (4.54 to 36.3 MT)
from a height of 20 to 120 ft (6.1 to 36.6 m) on the ground to be
densified. The reduction in void ratio causes the strength and
bearing capacity to increase while compressibility is greatly
reduced. With careful phasing of the tamping process and energy
levels, dynamic consolidation has successfully treated low perme-
ability, unsaturated and saturated silty and clayey soils, as well
as virtually any granular soil and refuse fill. 1In general, the
process has been found to be especially suited to large open sites
on reclaimed land, fills, and alluvial soils. The technique is
effective to a depth as much as 100 ft (30.5 m), and the improve-
ment may be 2 to 10 fold.

The technique was first described by Lewis (1957) and Parsons
and Toombs (1968) using relatively low impact energy. In recent
years, Menard (1972, 1975) has used impact devices with an ex-
tremely high energy of impact to compact soils to a depth many.
times the diameter of a wide impact mass. It has been found that
compaction depth depends very markedly on the impact energy avail—2
able per gnit area of contact, which often exceeds 50,000 ft-1b/ft
(7.3 x 107 J/m”). The shock wave and high stresses induced in the
ground result in (1) compression of micro-bubbles in the saturated
soil, or compression of air-filled voids; (2) liguefaction under
repeated impact; (3) creation of fissures and preferential drainage
paths; and (4) rapid reconsolidation (Menard and Broise, 1975).

The operation is usually carried out in a number of phases,
sometimes several weeks apart, to allow dissipation of induced
excess pore pressure. For a typical site where soil properties
are to be improved at great depth, spacing for the initial phase
of impact is 15 to 40 ft apart. Closer spacings are used in the
subsequent phases to compact the soils at shallower depths. The
effects of a series of dynamic consolidation passes on the soil
properties are shown on Figure 1.

Figure 2 shows field measurements of the variation of shear
strength and settlement with time after the treatment of a 20-
foot-thick (6.1 m), nonstratified, soft plastic clay by dynamic
consolidation (Menard and Broise, 1975). The shear strength of
the untreated clay was 12 to 20 kN/m~, and immediate settlement
of a similar embankment on untreated clay was 150 mm with no sign
of stabilization.

Figure 3 pfesents Menard pressuremeter and cone penetro-
meter results of sand hydraulic fill placed on top of deltaic silt
deposits before and after treatment by dynamic consolidation
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(Hansbo gt al., 1973). The site was to be used to constrEct three
20,000 m~ warehouses to sustain a stocking load of 10 t/m” at an
allowable differential settlement of less than 1 cm over a 10-m
distance The site was dynamic consolidated with a mean energy of
240 tm/m . The improvement in shear strength and deformation
moduli is evident on Figure 3. The deformation moduli as mea-
sured by the Menard pressuremeter increased by more than 500
percent for the first 7 m and more than 200 percent at a 15-m
depth. The point resistance, as measured by the cone penetro-
meter, increased from 2 to 10 fold above a 10-m. depth.

The dynamic consolidation process and some of its instrumen-—
tation developed for its control are covered by patent and trade
names. The technique has gained rapid acceptance in many coun-'
tries, especially in Europe. Table 3 summarizes the results of
several examples of the application of the dynamic consolidation
techniqgue. '

The site to be consolidated must first be prepared to support
the weight of the tamping machine, which may range from 60 to 2000
tons (54.4 to 1814.4 MT). When the site soils are sensitive to
water, the operation must safeguard against bad weather by pro-
viding proper surface drainage. Water rising to the surface during
the consolidation process must also be removed by means of periph-
eral trenches or drains. Fills are usually required to £ill in the
prints created by the impact.

The performance during the operation is usually evaluated
with cone penetrometer and Menard pressuremeter to measure the
change of strength and compressibility over a minimum period of 3
to 4 weeks. The evaluation is usually aided by numerous piez-
ometers, nuclear density-moisture tests, and topographic measure-
ments.

The vibration produced by the impacts is relatively large and
may prohibit the employment of this technique in urban areas.
Menard and Broise (1975) investigated the effects and modes of
vibration that resulted from the impact of dynamic consolidation.
The usual frequencies of the vibrations caused by the tamping vary
between 2 and 12 Hz and appear to be transmitted by the substratum;
the most frequent value is on the order of 3 to 4 Hz. The wave
velocity (Rayleigh wave) is very low in the zone liquefied by
tamping, and increases as it moves away and becomes normal at a
great distance. The wave train is weakly dampened and comprises 3
to 6 waves of almost constant amplitude. At 30 m from the point
of impact, the vertical and horizontal velocities of the soil par-
ticles remain much below the value of 5 cm/s admissible as an
acceptable limit for a dwelling construction. The amplitude of
the vibrations is slightly influenced by the height of fall of the
pounder, but increases noticeably with the area of impact.
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2.2.2 Vibroflotation

The principle of densification of base sand deposits by
vibroflotation was first described in 1936 by Steuerman in a
Russian journal. The first application of the method for the im-
provement of building foundation soils was made shortly there-
after in Germany; it was introduced into the United States in 1939.
Through the years, the vibroflotation method has proved to be a
viable means for densifying relatively deep deposits of loose,
cohesionless sand. Mitchell (1970, 1973) and Greenwood (1970)
summarized the state-of-the-art of the application of this tech-
nique in separate articles published in the early 1970s.

The vibroflotation process involves the sinking of a vibro-
flot probe through the zone of material to be densified. Water
under pressure 1s usually introduced at the tip of the vibroflot
in order to create a "quick" condition in the material below the
tip to facilitate the sinking of the vibratory probe under its
own weight. Actual compaction takes place during the intervals
between the 1lifts that are made in returning the vibroflot to
the surface. During the withdrawal process, sand is shoved in
from the surface, and the water from the lower jet is transferred
to the top jets to carry the sand to the bottom of the hole.
During each interval between the lifts, the vibrator is allowed
to operate until the desired density around the lower part of the
vibroflot is obtained. The desired density is measured by the
power consumption of the vibratory motor. When the measured power
consumption reaches a predetermined amount, the probe is raised
from 1 to 3 ft (30.5 to 91.5 cm), and the vibration and backfill
process continues until the entire depth of soil is compacted.
Figure 4 illustrates the vibroflotation process described above.

The vibroflot is a 2- to 2%-ton (1.81 to 2.27 MT) vibratory
compactor measuring 16 in. (40.6 cm) in diameter over its 6- to
7~foot (1.83 to 2.13 m) length. A follower or adaptor section,
varying in length depending on the depth of compaction, is
attached to the top of the vibroflot, and the total assembly is
suspended from a crawler crane (Figure 5). An eccentric weight
inside the vibroflot develops a horizontal centrifugal force of
about 10 to 18 tons (9.1 to 16.3 MT) at an 1800 to 3000 rpm vib-
ration frequency with a power input on the order of 75 KW. The
eccentric movement at the bottom is usually less than 1 inch
(2.50 cm) during operation. Little information is given in the
literature concerning the influence of the frequency and ampli-
tude of vibration, the magnitude of the vibrating force, and the
amount of power input on the degree and range of densification.
However, it is believed that the larger the power input and the
amplitude of horizontal vibration, the larger are the radius
effects (Greenwood, 1970). A study has also shown that the amount
of densification obtained increased with peak acceleration up to
a value of about 0.5 g, beyond which point further increase was
small (Mitchell, 1970).
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At the spot to
be compacted, the
VIBROFLOT is
jetted into the soil.
The compaction
sequence has four
basic stepe:

l- At start, lower jet is
opened full.

2- Water is introduced
more rapidly than it can
drain away. This creates a
momentary “quick” con-
dition ahead of the equip-
ment which permits the
vibrating machine to set.
tle of its own weight to
the desired depth,

‘The Vibroflot machine isa 2% -ton
compactor measuring 16 inches in
diameter over its 6 foot length.
The adaptor section shown will
vary in length depending on depth of compaction.
Ten tons of centrifugal force from the motor
driven eccentric cause an average settlement of.

one inch of soil per foot of Vibroflot compaction.

1l in = 2.54 cm
1 ft 0.305 mm

v
1=

7Y

3' The water from the
lower jet is transferred to
the top jets and the pres-
sure and volume is re-
duced just enough to
carry the sand to the
bottom of the hole.

1 ton = 0.907 metric ton

FIGURE

(AFTER MITCHELL, 1973)
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4' Actual compaction
takes place during the in-
tervals between the one-
foot lifts which are made
in returning the VIBRO-
FLOT to the surface. The
vibrator is first allowed
to operate at the bottom
of the crater until the
desired density around
the lower part of the
machine is attained. By
raising the vibrator step
by step and simuitane-
ously backfilling, the en-
tire depth of soil is com-

4 COMPACTION PROCESS BY VIBROFLOTATION
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Water flow from jets at the top and bottom of the vibroflot
is available at a rate of 60,to 400 gpm and at a pressure of 60
to 120 psi (42.2 to 84.4 T/m"). It is almost always necessary
to circulate water to achieve effective treatment. In highly
permeable coarse-grained cobbles, the advantages of water circu-
lation are negligible, and treatment may be undertaken without
water. The presence of ground water does not generally eliminate
the need of a water jet, nor does it affect the applicability of
the method.

The soils most suitable for densification by the vibroflo-
tation method are sands containing less than 10 percent of fines
(<0.075 mm) and 10 percent of gravel (>4.76 mm). Figure 6
shows the most desirable range of gradation of soils for treatment
by the vibroflotation method. Mitchell (1973) summarizes that the
sinking rate of the vibroflot through the typical cohesionless
soils is about 3 to more than 10 fpm (305 cm/min), while the with-
drawal rate is about 1 to 2 fpm (30 to 60 cm/min). In clean,
free dgaining soils, 3 cu ft to as much as 20 cu ft (0.08 to
0.56 m™) of sand backfill will be required per foot of compacted
depth, and a cylindrical column 8 to 10 ft (2.44 to 3.05 m) in
diameter is compacted by one penetration of the vibroflot. The
degree of compaction decreases radially from the center of the
cylindrical column. Usual spacings of vibroflot holes are 7 to
8 feet (2.13 to 2.44 m), arranged in either square or rectangular
patterns; however, the triangular pattern is preferred because it
gives the greatest compaction effort overlap (D'Appolonia, 1953;
D'Appolonia, Miller and Ware, 1955). The backfill material is
usually 20 to 70 mm in size and frequently of uniform grading
within this range.

Although the depth of treatment is usually less than 30 ft
(9.14 m) on most projects, satisfactory densification of sand to
depths greater than 62 ft (18.90 m) by vibroflotation has been
reported (Steuerman and Murphy, 1957). Relative densities of at
least 70 percent can usually be obtained at points midway between
compaction; allowable bearéng pressures subsequ@nt to compaction
are usually 2 to 3 tons/ft~ (19.53 to 29.30 T/m" ). D'Appolonia,
Miller and Ware (1955) present a procedure for determining the
vibroflot spacing required to obtain a specified minimum relative
density.

Mitchell (1970) summarized examples of vibroflotation appli-
cations in and prior to 1968 in the form of a table. Table 4
reproduces the summary, supplemented by applications published
since 1968. It is seen from this table that all the applications
are applicable to treatment of foundation soils for buildings and
industrial facilities in areas limited in size. ©No such appli-
cation has been published that is related to highway construction.
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In all examples tabulated in Table 4, sand treated by the
vibroflotation process attained a minimum relative density of 75
percent and a cgne penetrometer resistance of greater than 1000
psi (70.3 kg/cm™). Plate load tests performed on clean, relatively
uniform, medium sands (Greenwood, 1970) have also shown significant
improvement with regard to the settlement characteristics of the
sand after vibroflotation treatment. Figure 7 presents the
plate test results in terms of modulus of subgrade reaction, k,
versus applied plate pressure. The magnitude of the modulus of
subgrade reaction for the treated sands is generally 1.5 to 3 times
higher than the untreated materials.

As an aid for preliminary design, Thorburn (1975) suggested
relationships between achievable relative density and spacing of
vibration and relationships between allowable bearing pressure for
limited settlement of 1 inch (2.54 cm) and spacing of vibration;
the relationships are shown as Figures 8 and 9, respectively.
It should be appreciated that the response of cohesionless soils
to treatment will vary from site to site and will depend on the
particle size distribution of the soil, the presence of water

table, and the amplitude, frequency, and penetration and withdrawal
rates of the vibroflot.

2.2.3 Terra-Probe

In recent years, a new method known as "Terra-Probe" has been
successfully used in the United States for compacting deep, loose
sand deposits (Janes, 1973; Anderson, 1974; Brown and Glenn, 1976).
Compaction by this method is accomplished by the use of a vibra-
tory pile-driving apparatus together with an open-end tubular probe.
The tubular probe is driven into and extracted from the soil by
the vibratory energy produced by the vibrodriver, producing densi-
fication both inside and outside of the tubular probe. The con-
cept and procedure used for the Terra-Probe densification are very
similar to that described for the vibroflotation method, except
that the vibratory action is vertical and the probe is extracted
~at a slow continuous rate. Similar to the vibroflotation process,
water jetting is used during both the penetration and extraction
operations.

To date, the vibratory pile-driving apparatus used have been
in the frequency range of 720 to 1,100 cycles per minute with the
normal operating frequency being 900 cycles per minute. The device
has been able to create amplitudes of 3/8 in. to 1 in. (9.5 to 25
mm) . The best probe material used has been an open-end 30-in.
(760 mm) pipe of 3/8-in (9.5 mm) wall thickness with 4- to 6-in.
wide (100 to 150 mm) 1/2-in. (13 mm) thick bands spaced 5 to 10
ft (1.5 to 3 m) apart on the outside of the pipe together with
wider driving and clamping bands at the bottom and top of the
probe. Field usages of other sizes of tubular probes have been
accomplished but with less effect. Smaller diameters give less
densification volume inside the probe while larger pipe requires
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more vibratory energy and thicker, heavier probe material. The
length of the probe is 10 to 15 ft (3 to 4.6 m) longer than the
maximum penetration depth. This is to allow for any flexing of
the probe, particularly when probes over 50 to 55 ft (15 to 17 m)
~are used. This also allows for any cut-off requirements during
the application.

The types of soil that are suitable for the Terra-Probe ap-
plication are believed to be sand similar to those applicable to
the vibroflotation applications. To date, with this method 3- to 8-foot
(0 91 to 2.44m) spacings have generally been used. An overburden of sand
is required at the outset to allow for shrlnkage caused by the
compaction process, since material generally is not added during
the application. About 12 percent shrinkage allowance has been
sufficient for most applications, but a hydraulic fill hydrauli-
cally placed with its very low density will require about a 15
percent allowance.

In a recent comparative study (Brown and Glenn, 1976), the
Terra-Probe and the vibroflotation methods were used to compact
a clean, medium sand to about a 35-foot (10.7 m) depth at varied
spacings of 8 to 12 ft (2.44 to 3.66 m). The Terra-Probe
penetration-extraction rate was about four times greater than
that of the vibroflotation method. However, the Terra-Probe
method required about four to five times more probes than vibro-
flotation to achieve equivalent density. The maximum densities
achieved with vibroflotation were significantly greater than
achjeved with Terra-Probe regardless of probe spacing. Comparison
by Audibert (1977), however, showed that under similar conditions
the Terra-Probe and vibroflotation methods worked equally well
with a slight cost advantage for the Terra-Probe.

2.2,4 Compaction Piles

The use of piles to densify loose sandy soils derives its
benefits mainly from displacement of material equal to the pile
volume, although some densification may result from the effects
of vibration during pile driving. While compaction piles could
be timber or concrete structural piles, sand piles are generally
used when the sole purpose is densification. The sand piles are
usually installed by driving a hollow steel mandrel with a false
bottom to the required depth, filling the mandrel with sand, ap-
plying air pressure to the top of the sand column while withdrawing
the mandrel. The sequence of installing a sand compaction pile
is shown on Figure 10 (Basore and Boitano, 1969).

The amount of compaction caused by driving piles into co-
hesionless soils has been considered by Meyerhoff (1956, 1959,
1960) and Robinski and Morrison (1964). The average increase
in density over a site that is obtained when compaction piles
are driven can be computed if the volume of driven piles and the
surface settlement are known.
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Compaction piles employing low plasticity cohesive soils
have been used to compact loess soil that collapses when satu-
rated with water. The process consists of (1) sinking holes to
the required depth in the foundation area by driving a seamless
steel tube, by blasting, or by using a cable (churn) drilling
rig; and (2) filling the hole thus obtained with soil, layer by
layer; each layer is compacted with a rammer to a required den-
sity at near the optimum compaction moisture. The process is
described in detail by Abelev (1975). The installation of soil
piles enables the loessial soils to be compacted to a depth of
80 ft, achieving a stronger and less compressible mass no longer
susceptible to collapse when wetted. i

Table 5 summarizes examples of experience with compaction
piles (Mitchell, 1970). It may be seen that pile spacings are
generally in the range of 3 to 5 ft (0.91 to 1.52 m) and that
the results obtained have been good.

2.2.5 Compaction Grouting

Grouting is a process of injection of a fluid material into
a soil or rock mass for the purpose of stopping or reducing water
movement, or consolidating and strengthening the soil or rock.
While conventional or "penetration" grouting involved filling pore
spaces in soil, joints or fractures in rock with‘a very fluid
grout, "compaction”" grouting consists of injecting under high pres-
sure a very viscous grout into the soil to displace, compact, or
densify loose or weak soils. A discussion of the application of
penetration grouting for cementing or strengthening of soil mass
will be presented in the section on Soil Strengthening. This sec-
tion breifly reviews the use of compaction grouting as a stabili-
zation technique for densifying in-situ soils.

While the technology of penetration grouting is fairly wide-
spread and well documented, literature on compaction grouting is
very limited. Graf (1969), Brown and Warner (1973), and Herndon
and Lenahan (1976) recently summarized the state-of-the-~art of
compaction grouting, which provided the basis for this review.

The grout most often used consists of silty sand combined
with water and about 12 percent cement to form a very stiff, zero-
slump mortar-like mixture (Figure 11). Normally, two to four
sacks of portland cement per cubic yard of sand are used, resul~
ting in a material with unconfined cogpressive strengths ranging
from 100 to 1000 psi (70 to 700 ky/cm®). The silty sand may be
untreated local materials or blended mixture containing 30 to 70
percent particles passing the No. 200 sieve. The silt content
is necessary to provide plasticity and cohesion to the grout mix.

The grout holes are generally predrilled and cased at least
from the surface down to the top of the zone to be densified. To
prevent grout leakage, the casing (usually 2-in. (51 mm) ID) is
cemented in-place. The hole is then extended 5 to 8 ft (1.52 to
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FIGURE Il STIFF PLASTIC CONSISTENCY GROUT
EXTRUDING FROM GROUT HOSE
(AFTER BROWN AND WARNER, 1973)



2.44 m) beyond the tip of the casing by drilling through the
casing. After grouting the extended hole, the hole is further
extended by drilling through the casing and the "first stage"

grout to form a second stage of 5 to 8 ft (1.52 to 2.44 m). The
procedure is continued until competent bearing material is reached.
Holes in excess of 100 ft (30.5 m) have been completed using this
procedure. Grout holes may be 8nclined, but in most applications
they are not more than about 20~ off vertical.

Alternatively, casing may be installed to the full depth of
treatment and grout is injected as the casing is withdrawn. Al-
though this method is more economical, it is not as effective, as
grout leakage often results around the casing. The grout is usually
punmped through a 2~in. (51 mm) or 2%-in. (64 mm) hose, 25 to 100 ft
(7.62 to 30.5 m) in length. The maximum pressure,used on most
projects is within 50 to 500 psi (3.5 to 35 ky/cm’ ) at thg point
of injection. Pumping pressures up to 1000 psi (70 ky/cm™) can
be achieved with recently developed equipment. Injection,rates
usually vary between 0.2 and 1.8 cu ft (5663 to 50,968 cm™) per
minute.

Compaction grouting has been successfully used to compact a
wide range of soils including man-made fills, sands, silts, un-
saturated clays, and organic soils and peat. Ground water does
not adversely affect injection or effectiveness. Saturated clays
cannot be effectively compacted with compaction grout, and com-
paction grouting is not normally effective in the surface 2 to 4
ft (61 to 122 cm) unless superimposed loads are present.

The present-day technique of compaction grouting is an out-
growth of the "mud~jacking" technique, which has been used fairly
extensively for nearly 40 years to raise sagging pavement by in-
jecting soil-cement grout under the pavement slab. Compaction
grouting has subsequently developed into a more sophisticated tech~
nique, complex in procedure and relatively high in cost. 1In ad-
dition, it can only be used in situations where there is sufficient
confinement to permit the needed injection pressures. Therefore,
the use of compaction grouting is limited to zones of relatively
limited volume and to certain special problems, such as under-
pinning and lifting foundations of structures.

The future application of the compaction grouting technique
to stabilize a large area or stretch of highway subgrade, there-
fore, is rather limited. However, the technigque may be useful
for stabilizing the existing subgrade of a distressed pavement,
as the drilling and grouting equipment may be placed away from the
pavement area, thus resulting in minimum interruption to the traf-
fic movement.
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2.2.6 Blasting

In the treatment of deep saturated, loose cohesionless soils
by blasting, buried explosions are used to cause liquefaction
followed by expulsion of pore water and densification. The gen-
eral procedure for densification by blasting is to: (1) install
a pipe to the desired depth (usually by jetting); (2) insert an
explosive charge; (3) withdraw the pipe; (4) backfill the hole;
and (5) fire the charges according to a preestablished pattern.
While the escape of gas and water and the formation of sand boils
at the surface are to be expected, actual cratering is to be
avoided in the application of the method.

Mitchell (1970) presented an excellent summary of the appli-
cations of the blasting method for the treatment of deep, saturated,
loose sand. The summary was later updated by Mitchell (1973).
Readers are referred to these two references for more details.

Generally, densification can be obtained in soils of about
the same range of grain size as can be densified by vibroflotation,
although it has been used successfully in soils containing as much
as 75 percent finer than 200 mesh. Available data indicate that
an increase of about 15 to 30 relative density points can be ob-
tained. In some cases, however, loosened zones up to several feet
in diameter have formed around blast points. Figure 12 shows
an example of ground settlement as a function of number of explo-
sive charges, and illustrates that succeeding detonations become
progressively less effective. Individual charges of from less
than 1 to about 15 pounds (0.45 to 5.45 kg) at horizontal spacings
of 10 to 25 ft (3.1 to 7.6 m) are typical. Best effectiveness is
generally obtained when the center of charge is at a depth of about
2/3 the thickness of the stratum to be densified.

Table 6 presents examples of experience with densification
of granular soils using explosives. The table was originally
published by Mitchell (1970) and has been updated w1th a few
recent examples.

With the technique of blasting using buried explosives, 1lit-
tle densification results in the upper 3 ft (1 m) of sand. There-
fore, the surface zones must be compacted separately by rollers
(see section on Surface Compaction). There has been a study made,
however, on the detonation of a blanket of foam-type of explosive
for surface compaction of very loose sand and silt near 0 percent
relative density (Goodman, Aidun and Grove, 1965). The foam
propellant formulation contains hydrazone, ammonium perchlorate,

a hydralized protein base foam liquid, and a foam stabilizer.

The detonation of foam propellant on soil has shown a signifi-
cant increase in cone penetrometer readings and soil density up

to more than 15 inches (38 cm) in depth. Dry densities as high as
90 percent of the Standard AASHO maximum density and 100 percent
of the Modified AASHO maximum density were obtained for a well-
graded sand and for a clean bank run gravel, respectively. In-
creasing the amount of propellant per unit area yielded more
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effective results at deeper depths. Multiple detonation tech-
nigues promise to be the most effective. No practical case of
application has been found in the literature.

2.3 STRENGTHENINC

2.3.1 Vibro-Replacement

In recent years, the vibroflotation method has been extended
to the construction of foundations in soft, cohesive soils and
organic deposits. The vibroflot forces a vertical hole through
the soft ground, which is then backfilled with gravel or crusheqd
stone l-inch (25 mm) to 3-inch (76 mm) nominal size and compacted
under the action of the vibroflot. Densified columns of stone
are typically 2% to 3% ft (76 to 107 cm) in diameter and are
arranged in triangular grid patterns at spacings of 5 to 9 ft
(1.5 to 2.7 m). A 2~ to 3-foot-thick (50 to 76 cm) granular fill
placed over the tops of the columns aids in both load distribu-
tion and drainage. It has been found that when properly applied,
the vibro-replacement technique significantly reinforces soft
ground and provides substantial increases in bearing capacity and
decreases in settlement as compared to the untreated ground.

The equipment used for this type of construction is the same
vibroflotation equipment used to densify base, cohesionless sand
deposits. The stone columns have generally been used directly
under isolated footings and large mat foundations; therefore,
they are usually extended to firmer underlayers. The stone col-
umns have also been used beneath embankments to increase the sup-
porting capacity of the soft ground. The columns generally act
initially as relatively flexible piles that dilate diametrically
and develop lateral resistance in the surrounding soft material.
At the same time, pore pressure generated by the loading is quickly
dissipated by drainage through the columns so that the rate of
consolidation of the soft ground is accelerated, resulting in
rapid settlement and early strength improvement.

When the vibroflot penetrates without jetting water, it tends
to displace the soil laterally, resulting in local compaction of
soil around the boreholes or heave at the surface. The borehole
is almost the same diameter as that of the vibroflot that must
be withdrawn completely to facilitate backfilling. The suction
developed thereby is conducive to collapse of very soft material,
especially below ground water. Therefore, water circulation should
always be used where the borehole is unstable or where natural
ground water stands within the depth of the borehole. Greenwood
{(1970) stated that cohesiye soils of strength less than 400 to
500 psf (1.95 to 2.44 T/m”) cannot be treated by dry techniques.
However, with the wet techniques, stone columns can almost always
be formed in soft,grounds of strength greater than approximately
150 psf (0.73 T/m ). Circulation of compressed air through the
vibroflot to generate a back pressure in the borehole improves
stability, but below ground water level, the rising air bubbles
increase the risk of collapsing the hole.
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This method of replacing portions of soft cohesive soils was
utilized for a gravity pier at Hunter's Point Navy Yard in San
Francisco. In this particular case, sand-filled piers were con-
structed using the discharge of a hydraulic dredge to jet out
holes that were from 4 to 8 ft (1.22 to 2.44 m) in diameter and
extended for 10 to 20 ft (3.1 to 6.2 m) into soft bay mud. The
gravity pier structure was then supported on this sand replacement
type pier. Such a method has not had any broad application in
highway construction, although intuitively it can be utilized in
areas of very soft clays.

Under concentrated loading, such as beneath a small footing,
failure of the stone columns usually occurs by bulging near the
top where the major to minor principal stress ratio is maximum.
Under widespread loads such as areal fills, the lateral restraint
for the columns is much greater, and the total carrying capacity
of the column is determined by local shear failure in the soil
surrounding the column or by the end bearing capacity of the
column.

Thorburn and MacVicar (1968), Hughes and Withers (1974), and
Hughes, Withers and Greenwood (1975) studied methods for esti-
mating the ultimate column load and settlement of the stone col-
umns. Accurate estimation of column diameter is the major factor
influencing the calculation of ultimate load and settlement char-
acteristics.

Generally, the design bearing capacity of stone columns is
in the range of 10 to 40 kips (50 to 150 KN) and settlement of the
individual stone column may be expected to range from % to 1 inch
(12 to 25 mm). Figure 13 shows the relationship between allow-
able working load on a stone column and undrained shear strength
of cohesive soil at the depth of maximum radial strain of the stone
column, as suggested by Thorburn (1975).

The above design parameters provide a measure of the capacity
and performance of the individual stone columns. They only reflect
the quality of the stone columns under confinement of the surrounding
soils to withstand concentrated loading directly on the stone col-
umns; they do not represent the overall quality of the reinforced
ground. Therefore, under large areal loads such as beneath a
roadway, embankment or a large mat foundation, the performance
of the ground reinforced by the vibro-replacement technique can
be expected to differ significantly from the performance of the
individual stone columns. Watson and Prugh (1968) reported large-
scale tests on a 25-foot-square (7.62 meter-square) concrete slab
performed on ground treated by the vibro-replacement method. The
ground was underlain by strata of soft silt, peat, and hydraulically
placed pulverized fuel ash, varying from 15 to 30 ft (4.6 to 9.2 m)
in thickness. A dry vibro-replacement process was used. After
formation of a nearly cylindrical hole, granular £ill (hard, inert
4~-in. (102 mm) graded blast furnace slag) was placed in layers.

Each layer was densified by vibration, and the resulting column
diameters ranged from 24 to 48 inches (61 to 122 cm) depending on
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the condition of the ground. Stone columns were spaced at 7.5 to
9.0 ft (2.3 to 2.7 m) in a triangular pattern. The large-scale
load tests showed settlements of 1.25 and 4.4 inches (31.7 and
111.8 mp) under applied pressures of 0.5 and 1.0 tsf (4.9 and

9.8 T/m ), respectively. For untreated ground, however, the
settlement was measured to be 0.2 in. (25 mm) under a 1.0 tsf
(9.8 T/m ) load.

A 24-in.~diameter (73.2 cm) plate-bearing test was also
performed on the treated ground midway between stone columns at
7.5-foot (2.3 m) centers and on the natural uncompacted fly ash
fill material. Moduli of subgrade reaction derived from th
plate-bearing tests were 140 and 20 pci (3875 and 553 gm/cm™) for
treated and untreated grounds, respectively, an improvement of
approximately seven times.

McKenna, Eyre and Walstenholme (1975), however, reported an
unsuccessful experiment with the vibro-replacement method be-
neath a high embankment. At the site, 50 ft (15.2 m) of loose to
dense silty sand was overlain by about 40 ft (12.2 m) of soft
silty clay with a peat layer. The stone columns were about 30 in.
(91.5 cm) in diameter and 37 ft (11.3 m) long, to the top of the
silty sand stratum; they were constructed on a triangular grid at
8-foot (2.44 m) centers. The embankment was built to a height of
26 ft (7.9 m), and the base of the embankment was about 230 ft
(70.1 m) wide. The foundations of the embankment were instrumented,
and the treatment ground showed no apparent effect on the amount
and the rate of settlement of the embankment. A large section of
the embankment failed at the height of 26 ft (7.9 m).

The ineffectiveness of the stone columns was attributed to -
two reasons. First, the stone column might have lost its effec-
tiveness as a vertical drain to accelerate consolidation of soft
clays and peat due to contamination of the stone backfill by clay
slurry during construction. Secondly, the strength of the stone
column might have been inadequate, which resulted in excessive
lateral strains under the embankment loading.

‘ Unconfined peat layers such as basin bog cannot be treated by
vibro-replacement methods. Ground with peat layers not exceeding
2 to 3 ft (61 to 76 cm) in thickness and intercalated with sand or

clay deposits can be treated effectively and economically with

stone columns. Treatments of thick layers of confined peat and
organic silty clays have been reported by Thorburn and MacVicar
(1974) and Watson and Thorburn (1966).

Refuse fills, which may consist of sand, clay, brick, ash,
rubble, and demolition debris, are usually very erratic in their
compositional, as well as physical, characteristics. The state
of compaction and their response to vibration are also more vari-
able; however, they can be strengthened by the vibro-replacement
method. * Greenwood (1970) summarized the results of several cases
of applications; this summary is given in Table 7. The test
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load shown in Table 7 is approximately twice the normal working
load for housing sites; even under this overload, the total and
differential settlements are well within normal building toler-
ances. '

2.3.2 Chemical Injection

The injection of chemicals into a soil for the purpose of
providing cementation to the soil particles and thus strength-
ening the total soil mass is synonymous with the technology of
chemical grouting or penetration grouting. However, as discussed
in the section on Densification, grouting is a complex and high-
cost soil treatment method that can only be used in situations
where the volume of application is limited and where there is
sufficient confinement to permit the needed injection pressure.

In addition, the results of grouting are difficult to examine

and evaluate. Therefore, the use of chemical grouting as a general
stabilization technique for use in pavement design and construc-
tion in difficult soils has not been widespread, and the future
application of the technique in the area, in our opinion, also
appears to be rather limited. A review of the vast body of
knowledge that has been developed on chemical grouting would,
therefore, not be consistent with the goal of this report. Readers
are referred to excellent recent summaries by Mitchell (1970, 1973)
and Herndon and Lenahan (1976) for the grouting technology.

This section will, however, present a recently developed chem-
ical injection process, which has shown promise of being able to
strengthen or stabilize soft clayey soils and expansive clays.

The process is known as lime slurry pressure injection (Lundy and
Greenfield, 1968; Ingles and Neil, 19%0; Wright, 1973; Thompson
and Robnett, 1976).

The effectiveness of treating highly plastic clays and expan-~
sive clay is widely recognized (Federal Highway Administration,
1973). Lime has been used extensively in pavement construction,
in which lime varying from 4 to 10 percent by weight is mixed
mechanically into the soil, and the lime-soil mixture is then com-
pacted in thin lifts into a densely packed mass for use as a com-
pacted subgrade, or base and subbase courses at shallow depths.
With the relatively new lime injection method, however, a lime
slurry is pumped into the soisl- under pressure, forming a network
of interconnecting seams or channels as much as 20 ft (6.1 m) deep
into the in-situ soil.

The stabilizing effects of lime have been attributed to the
abilities of lime to modify the plasticity of the clays and to
stabilize the swelling and shrinkage characteristics of expansive
clays. Lime has also been known to react with the siliceous
and aluminous clay minerals in the soil to form cementing gels
that result in relatively rapid strengthening of clayey soils.
The seams or channels formed during the lime injection process
may also serve as a moisture barrier, preventing the movement of
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moisture either into or out of the soil, minimizing drastic moisture
variation and thus eliminating significant shrinkage or swelling

in expansive clays. In addition, the injection of lime slurry into
the soil may be considered as a form of prewetting, which has been
shown to be an effective method for controlling volume change in
expansive clays.

Generally, lime slurry with about 30 to 40 percent concentra-
tion is injected w%th a nozzle pressure ranging from 50 to 200 psi
(3.5 to 14.1 kg/cm™) at about 3- to 5-foot (91.5 to 152.5 cm)
injection spacings. A normal intake is about 10 gal/ft (125 1/m)
of injected depth. For treating expansive soils, a treatment depth
of 7 £t (2.13 m) is usually sufficient to be below the critical
moisture change zone, although current equipment is capable of
injecting to depths of 10 ft (3.1 m). Immediately following in-
jection, lime slurry left on the surface from injection is mixed
into the top 5 to 8 in. (127 to 203 mm) of the soil and is recom-
pacted. It appears that clays respond to the lime injection treat-
ment most effectively at times of maximum desiccation, when fissures
in the soil facilitate the groutability or extensive distribution of
the lime slurry.

Because of questions related to the groutability of fine-
grained soils with a low solubility, particulate material such
as lime at the time of injection, the insignificant rate of lime
diffusion, and the generally slow rate of lime-soil reactions,
conflicting results have been reported and the effectiveness of
the lime slurry pressure injection method has been controversial
(Graf, 1974; Thompson and Robnett, 1976). The results of field
studies of Lundy and Greenfield (1968) and Ingles and Neil (1970)
showed that injected lime slurry will penetrate only along fissures
or planes of weakness but not pores, which apparently is the most
favorable condition for achieving success of the pressure-injected
lime treatment methods. Under appropriate conditions, which are
not yet fully understood, the lime slurry pressure injection tech-
nique has shown to be relatively simple and economical, and has
been successfully used in many projects such as underpinning of
foundations, improving the stability of soft or expansive clays,
and treatment of railroad and pavement subgrades.

An alternative form of lime treatment of relatively thick
in-situ clayey soils is the use of drilled lime piles. Rural and
Urban Roads (1963) reported the use of drilled lime piles in
stabilizing highway subgrades in Oklahoma. The method consisted
of augered holes 9 in. (228 mm) in diameter and 30 in. (76 cm)
deep with 5-foot (152.5 cm) centers, putting 25 1lbs (11.4 kg) of
hydrated lime in each hole, adding water and backfilling.

Handy and Williams (1976) reported the use of the drill-lime
technique to stabilize an active landslide in montmorillonitic
clayey soils in Iowa. The process used was similar to the method
of treatment for the Oklahoma highway subgrade except that quick
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lime rather than hydrated lime was used, and that the lime treat-
ment was restricted to the apparent shear zone in the sliding

mass. Movement of the slide ceased immediately after treatment,
when soil strength increased due to a drying and expansion action
of the quick lime. Chemical tests after 1 year indicate beneficial
cementation of soil within 1 ft (30.5 cm) of a treatment hole. In-
situ shear tests after almost 3 years indicated doubling of the
soil cohesion a foot from the treatment hole and an appreciable in-
crease in internal friction. The movement of ground water in the
shear zone and the existence of extensive shear planes in the
sliding mass might have aided the lime migration process.

Several other studies have considered the drill-lime proce-
dure (Thompson and Robnett, 1976). In general, the results of
this method of treatment have been erratic. It is apparent that
the major factor limiting the effectiveness of the drill-lime
procedure is the inability to achieve lime distribution through-
out the soil mass.

2.3.3 Other Methods

2.3.3.1 Preconsolidation

Preconsolidation or precompression with or without the aid
of vertical sand drains has been a widely accepted method for im-
proving mairginal land for the construction of buildings, air-
field pavements, embankments, and a variety of tanks and water-
front structures. Large areas of poor soils, such as soft clays,
swamps, and sometimes refuse fills, have been successfully sta-
bilized. The precompression concept is relatively simple, but
the technique for proper application of the concept is a rather
complex and involved subject. Readers are referred to two state-
of-the-art papers prepared by Johnson (1970a and 1970b) for further
information.

2.3.3.2 Thermal Treatments

Both freezing and heating have been used for the in-place
treatment of foundation soils. The techniques may be complex and
the costs high. Artificial freezing is most often used as a last
resort for temporary control of ground water in water-bearing
sand stratum encountered during tunneling and shaft sinking.
Stabilization by heating treatment has little, if any, appli-
cation in the United States; however, it has been extensively
used in eastern Europe and the USSR for altering the properties
of dry or partially saturated weak clayey soils and loess, mostly
for building foundations. Readers are referred to a brief sum-
mary by Mitchell (1970) for further information.
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2.3.3.3 Chemical Admixtures

The use of additives, such as cement, lime, lime-fly ash,
bitumen, and other organic and inorganic chemicals for the con-
struction of pavement structures has been studied and used exten-
sively in the past 40 years. The additives, when properly mixed
in and compacted with in-place material, may improve the strength,
volume change, compaction, waterproofing, and/or freeze-thaw
characteristics of the soil for use as a pavement subgrade.
Comprehensive reviews and bibliographies dealing with these
stabilization techniques may be found in the Transportation
Research Board Publications.

2.3.3.4 Electro-Osmosis

Electro-osmosis has been successfully used primarily for the
purposes of dewatering and consolidating saturated clayey soils.
In addition, electro-chemical effects and electro-chemical injec-
tion processes associated with the electro-osmosis application
have resulted in strengthening of the clay soils. Readers are
referred to Mitchell (1970) for an excellent brief summary of the
fundamentals and applications of the electro-osmosis process.

Another type of stabilization, somewhat similar to electro-
osmosis, involves the introduction of calcium carbornate or other
solidifying salts by electrical methods. The procedure differs
from electro-osmosis in that the positive and negative ions would
be introduced through hollow electrolytic poles by means of aqueous
solutions. Then, when positive and negative ions make contact in
the soil, they form a sort of calcium carbonate or some other
solidifying salt that can cause very soft materials to become
quite stable. This type of work has been successfully accomplished
in laboratory experiments. Some years ago, an engineer in Portland
was trying to develop this method for commercial applications.

The method has not yet been field tested, but rationally in special
circumstances might be more effective than ordinary electro-osmosis.

2.4 PROTECTION AGAINST ENVIRONMENTAL FACTORS

It has long been recognized by highway engineers that the
supporting capacity of pavements, especially that of the subgrade,
varies with the seasonal fluctuation of moisture content and tem-
perature in the pavement components. The variation of moisture
content in the subgrade may be caused by seasonal fluctuation
of the ground water table and difference in the rate of infil-
tration or evaporation through the pavement surface and shoulders
at different times during the year. Moisture movement may also
be caused by temperature gradients in the pavement and subgrade.
Normally, temperature-induced moisture migration is of relatively
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low magnitude; however, the action of frost can cause an almost
unlimited quantity of ground water to migrate into the freezing
zone and become frozen. The resulting effects of volume change
and subsequent thawing can be detrimental to the stability of the
pavement structure.

Increases in subgrade moisture during the winter are a pri-
mary reason for the increased deflections and reduced pavement
supporting capacity in the spring (Linell and Haley, 1952; Scrivner
and Moore, 1968; Ring, 1974). The results of the 1958-1960 AASHO
Road Test (American Association of State Highway Officials, 1962)
showed that for a silty clay subgrade, a 2 percent increase in the
subgrade moisture can result in a reduced strength of from 50 to
100 percent, measured in California Bearing Ratio (CBR) values.
Figure 14 shows a typical plot of seasonal subgrade strength as
measured by plate-bearing tests for different soils.

The effects of moisture variation in a subgrade consisting of
expansive clays were studied in detail in Oklahoma (Haliburton,
1971). Generally, a 1 percent increase in the subgrade moisture
caused a 0.1 in. (.254 cm) increase in the vertical movement of the pave-
ment on Oklahoma highways, and the results of lateral expansion
of the subgrade due to the moisture increase were shown to have
even more profound effects on the pavement performance.

Research has also shown that stress-strain and strength char-
acteristics of soils are affected by temperature (Highway Research
Board, 1969), although the practical significance of such an influ-
ence is not fully understood. Studies made at the Bureau of Public
Roads, now the Federal Highway Administration (FHWA), Test Track
in Virginia show that expansion of air in the air-water system of
partially saturated pavements undergoing daily warming cycles can
generate excess pore pressures that reduce the shear strength of
granular base courses (Barber and Steffens, 1958).

Even though the combined effects of the cyclic seasonal vari-
ations of moisture, temperature, and frost action, if any, for a
given full cycle may be small, the cumulative effects of the envi-
ronmental changes after several seasonal cycles are some of the
most important factors, besides the repetitious effects of traffic
loading, that cause progress deterioration of the pavement strength
and that the design of a pavement must take into consideration.
Various techniques have been used in the past to guard the pave-
ment components against the effects of the environmental factors
such as moisture, temperature, and frost. One group of techniques
seeks to provide good soil properties for the design. Such tech-
niques include:

1. Replacing moisture-sensitive and frost susceptible
soils; and

2. Using a chemical admixture to render the soil insen-
sitive to moisture variation and nonsusceptive to
frost action.
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The other group of techniques‘involves the process of pro-
tecting or preserving the existing soil properties as used in the
design through:

1. Providing extra pavement component or thickness;

2. Protecting from moisture variation by encapsulation
of the pavement components;

3. Insulating the pavement components from temperature
variations or frost action; and

- 4, Maintaining a constant moisture condition in the pave-
- ment components by the use of drainage and/or cut-off
soil layers or membrane.

The following subsections will present our review of the
techniques of membrane encapsulation, insulation, and drainage.

2.4.1 Membrane Encapsulation

Most fine-grained soils have sufficiently high strength
at low moisture content to satisfactorily serve as highway sub-
grade and subbases. However, an increase in water content, which
may be accompanied by volume changes from either frost action on
the expansive nature of the soils, will cause a significant loss
in the strength of the soils. As a result, only a relatively
small fraction of the strength that initially exists in the soil
is used in the current design practice in order to take into
consideration the saturated or near-saturated conditions of the
soil after construction. If the soil that is sensitive to mois-
ture variations can be isolated or protected from sources of
migrating moisture, the design strength of the soil may be greatly
increased, resulting in substantial savings in the costs of
construction. Furthermore, the maintenance of a constant mois-
ture condition in the pavement components preserves the perma-
nency of the properties utilized for the design, which should
prolong the life of the pavement structure and reduce the require-
ments for maintenance.

The use of an asphalt membrane as a moisture barrier in
pavement construction dates back to as early as 1930 (Benson,
1953; Harris, 1963). Bell and Yoder (1957) advanced the concept
of enveloping pavement components with a plastic membrane.
Detailed studies were made regarding the permeability, strength,
cost, and construction techniques on the use of vinyl and poly-
ethylene sheets as moisture barriers to protect pavement subgrade
and subbase from changes in moisture content. In recent years,
the U.S. Army Corps of Engineers has experimented with the use of
polypropylene, polypropylene-asphalt combinations and other
plastic materials as moisture barriers. Terminologies such as
Membrane-Enveloped Soil Layer (MESL) and Membrane-Encapsulated
Pavement Section (MEPS) have since appeared in the literature
(Sale, Parker and Barker, 1973; Webster, 1974). This subsection
presents a review on the use of plastic moisture barriers.
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There are basically two types of plastic moisture barriers.
The first and simplest type functions as a barrier to cut off
movements of water in the vapor phase, through capillary use from
the ground water table, or from infiltration of surface water at
the exposed surface. The cut-off barrier usually extends across
the roadway section. The second type of barrier is a complete
envelope around a pavement component that is sensitive to the
moisture variations. The complete envelope is necessary when the
cut-off barriers are absent or insufficient to prevent surface
or ground water from moving into the pavement components. The
two types of barriers are illustrated on Figure 15.

Bell and Yoder (1957) studied the effectiveness of plastics
as moisture barriers and concluded that for a 6~in.-thick (152 mm)
enveloped soil layer, the maximum increase in water content of the
enveloped soils would be less than 1 percent in 10 years for a 4
mil vinyl plastic sheet and 1 percent in 100 years for a 4 mil
polyethylene envelope. However, redistribution of water within
the enveloped soil layer under severe frost conditions could cause
an increase by 2 to 3 percent of water in the upper part of the
soil layer. This increase in moisture content would be undesir-
able as it would bring about a loss of strength in the upper por-
tion of the enveloped soil layer where stresses from traffic
loads would be greatest. This moisture redistribution within the
envelope may be minimized by initially compacting the enveloped
soil at less than about 80 percent saturation. It appears that
insulation of the pavement component from freezing temperatures in
this instance, may also be advantageous (see the following section
on Insulation).

Polyethylene sheets of 6 mil thick most often have been used
as the cut off or the lower encapsulating membrane. Polyethylene
is available from many sources in sheets of 100 ft long and up
to 40 ft (12.2 m) wide. A typical 32~ by 100-foot (9.75 by 30.5 m)
sheet is supplied in a roll on an 8-foot-long (2.4 m) cardboard
core and weighs 96 1lb (43.5 kg) (Webster, 1974). Vinyl films are
superior to polyethylene films with respect to puncture resistance.
A vinyl film for the top membrane of an envelope must be at least
8 mils thick (Bell and Yoder, 1957).

The polypropylene fabric is a proprietary one and has been
used successfully in conjunction with emulsified asphalt in for-
ming the upper encapsulating membrane. Polypropylene is a black,
nonwoven material, produced from petroleum-based products. It is
generally available in 15-foot-wide (4.6 m), 100-foot-~long (30.5 m)
rolls, weighing 140 1lb (63.5 kg) (Webster, 1974) and costing several
times more than polyethylene.

Emulsified asphalt is usually sprayed under the polyethylene
to serve as an anchor and also to seal punctures that may occur
in the polyethylene during construction. It is also used to satu-
rate the polyethylene fabric when forming the upper encapsulating
membrane. The polypropylene has an asphalt retention of 270 per-
cent (Sale et al., 1973).
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Typical construction procedures are described by Webster
(1974). Special precautions are usually required to insure that
coarse aggregates in the base or subbase will not punch holes in
the encapsulating membrane. Bell and Yoder (1957) suggested that
the compacted thickness of the soil layer above the plastic mem-
brane be greater than twice the maximum aggregate size in order to
minimize puncture.

Since fine-grained soils are usually most sensitive to mois-
ture variations and frost action, soils used in the membrane en-
capsulated construction, therefore, include silty clays or clayey
silts with more than half of the particles smaller than the No. 200
sieve size. The encapsulated soil must be compacted to a satis-
factory density at a satisfactory moisture content, as evaluated
by laboratory compaction and CBR data. Webster (1974) suggested
that for base course, the encapsulated soil should be compacted
to a minimum of 90 percent of the maximum dry density as deter-
mined by the AASHO T180 Method of Compaction at a compaction mois-
ture at or slightly below the optimum moisture content; and that
for subbase course, 95 percent of the AASHO T99 maximum dry den-
sity should be achieved at 2 percent below the optimum moisture
content.

Conventional procedure of pavement thickness design is recom-
mended for designing pavement containing membrane encapsulated
soil sections. No consideration is given to the effects, if any,
of the plastic membrane on the strength and deformation character-
istics of the encapsulated soil layer. Based on limited field
tests and available literature on these plastics, a service life of
at least 20 years can be expected (Webster, 1974).

2.4.2 Insulation

The effects of cold temperature during the winter months on
the supporting strength and deformation characteristics of the
pavement components may be considered in two categories. The
first is the distribution of existing moisture within the pave-
ment structure due to the temperature differential between the
upper portion and the lower portion of the pavement. Water tends
to migrate in the form of vapor as well as in liquid through
capillary action to the low-temperature zone in the upper portion
of the pavement, resulting in weakening of the soil. The effects
of redistribution of the moisture are usually not severe, especi-
ally when the existing moisture in the pavement is low and the
moisture-sensitive, fine-grained soil is protected by other pave-
ment components or insulated by artificial means.

The second category of effects of the cold temperature on
the pavement components is frost action. Frost action occurs when
a freezing temperature penetrates into the pavement components and
causes water in the soil pore spaces to freeze. At the presence
of frost-susceptible soils and internal sources of free water such
as the ground water table, water would migrate from the ground

49



water table through the capillary of the soil into the freezing
zone and become frozen. When an excessive amount of ice lenses

is formed, frost heave would occur. During spring thaw, drainage
of the thawed water is usually prohibited by the frozen zone still
present in the lower portion of the pavement. This supersaturated
condition in the pavement components significantly weakens the
supporting capacity of the pavement and causes numerous failures
of the pavement during the spring.

Various methods have been used to design pavements in areas
where severe frost is expected (Highway Research Board, 1963).
All solutions to the problem of frost action are aimed at reducing
or entirely removing one or more of the three factors contributing
to frost action; the three factors are, as stated above, frost-
susceptible soils, source of water, and freezing temperatures.

Generally, soils containing 3 percent or more of particles
finer than 0.02 mm in diameter by weight are considered frost
susceptible for pavement design purposes, according to the defini-
tion of the U.S. Army Corps of Engineers (Linell, Hennion and
Lobacz, 1963). Many state highway departments, including those in
Canada, consider soils with more than 15 to 25 percent of fines
as being frost susceptible (Highway Research Board, 1965). Com-
plete or partial replacement of frost-susceptible soils with clean,
granular soils having low capillary conductivity to the depth of
significant frost has often been used for pavement design and con-
struction. Alternatively, chemical admixtures have been added to
render the so0ils nonfrost susceptible. Extensive research and
field experiments have been conducted in the area of chemical
soil stabilization. However, the depth of treatment is usually
rather limited and the permanency of the various treatment methods
is not fully understood. A review of this vast area of information,
therefore, is not conducted in this report.

Eliminating the source of water supply to the freezing zone
can usually be accomplished through a lowering of the water table
by subdrains and/or by installing cut-off barriers such as a clay
blanket, clean granular layer, or plastic membrane. The concept
of using a plastic membrane encapsulated pavement section was
described in the previous section. A brief discussion on the use
of subdrains will be presented in the next section on Drainage.

Reducing the penetration of freezing temperatures is usually
achieved by providing thicker pavement sections over the frost-
. susceptible soils that comprise the subbase or subgrade. 1In
recent years, many experiments have been conducted to insulate
frost~susceptible soils with styrofoam plastics. This section
presents a review of the styrofoam insulation technique based on
literature published by Oosterbaan and Leonards (1965), Young
(1965) ; Penner, Oosterbaan and Rodman (1966), Staub and Williams
(1967) , Keiner (1969), Becker (1972), and Robinsky and Bespflug
(1973).
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The styrofoam is a rigid polystyrene foam manufactured by
Dow Chemical Company. One grade of the styrofoam used in the
insulation application has a compressive strength of 35 psi at
5 percent deflection, and has a maximum water absorption of 0.25
percent of volume,,a thermal conductivity of 0.23 BTU/hr-sq ft-degy
F/in. (1851 J/hr-m -deg C/cm), and a density of 2.5 pcf (40.0 kg/m™)
(Keiner, 1969). The styrofoam is usually fabricated in boards 2 ft
by 8 ft (61 by 244 cm), or 4 ft by 8 ft (122 by 244 cm) size in
thicknesses of 1-1/2 (38 mm), 1-3/4 (44.5 mm), and 2 in. (51 mm).
The sheets are placed on top of the frost-susceptible subgrade
and held in place by wooden skewers. An asphalt emulsion may be
applied for sealing joints between sheets. However, it was found
that the cost involved in sealing and insulating a joint did not
justify the small increase of thermal efficiency that would be
realized (Oosterbaan and Leonards, 1965).

Figure 16 shows typical results of the effects of the use
of styrofoam insulation to attenuate frost penetration (Keiner,
1969). Similar success has been noted in other experiments. It
was noted that a 1-1/2 in. (38 mm) insulating layer effectively
replaced more than 3 ft (91 cm) of granular material (Oosterbaan
and Leonards, 1965). The foamed plastic insulating layer may,
therefore, be effective in reducing the thicknegs of the flexible
pavement structure normally required for satisfactory performance
in a frost area.

Results of plate load tests performed on test sections in
Michigan showed that the insulating layer increased the elastic
deformation of the pavement (Figure 17). However, the magnitude
of the deflection was believed to be tolerable (Oosterbaan and
Leonards, 1965). It has also been noted that the water content
in the subbase over the insulation layer increased substantially
during winter months because of the impremeable nature of the
styrofoam material., 1In addition, the insulating layer may also
cut off the upward conduction of heat from the warmer soil be-
neath the pavement, causing more frequent icing of pavements over
insulated subgrade and affecting traffic safety (Ring, 1974;
Withers, 1974).

The use of styrofoam insulation boards requires that the sub-
grade be fine graded so that deviations from a 10~foot (3.1 m)
straightedge are in the range of + 1/2 in. (+ 13 mm), in order to
avoid puncture of the insulating board as a result of uneven sub-
grade when compacting the overlying layers. The insulating layer
should extend across the pavement width to protect the edge of
the pavement from heat loss through the shoulders. No special
training is required for laborers to obtain a desirable quality
of workmanship.
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2.4.3 Drainage

The importance of providing adequate drainage in the pavement
components has been explained in the previous sections. Subdrains
are routinely provided in the subgrade to lower the ground water
level beneath the pavement (Figure 18), or to intercept seepage
from water-bearing stratum (Figure 19). Often base drainage
is provided, as shown on Figure 20, in order to carry away water
accumulated from surface infiltration. The material used for the
base course should, therefore, be free-draining containing little
or no fines, thereby precluding the possibility of subgrade satu-
ration and pavement breakup due to freezing and thawing.

- In cold regions, where frost action is severe, subdrains should
be installed in accordance with details as shown on Figure 21
in order to maintain maximum effectiveness of the subdrains and
minimize differential frost heave in the subgrade. 1Ice blockage
of shallow drains may be alleviated through the use of pipes made
of high heat conducting material and surrounded by a good insul-
ator, as shown on Figure 22,

In recent years, the use of layered drains for roadbed drain-
age has gradually gained wide acceptance in highway construction
(Cedergren and Lovering, 1968; Smith, Forsyth and Gray, 1970;
Cedergren, Arman and O'Brien, 1972). The layered drains consist
of a drainage layer composed of free-draining (i.e., open-graded)
aggregates and a filter layer graded so that intrusion of the in-
place soil into the drainage layer is prevented (Figure 23).

The criteria for selecting a filter material for the prevention

of erosion and the protection of drainage layers and perforated
drain pipes are well known (U.S. Army Corps of Engineers, 1941);
typical gradations and permeabilities of open-graded base and fil-
ter materials are shown on Figure 24,

Due to the difficulties and costs of obtaining quality filter
materials in many locations of the country as well as the care
required during construction, both woven and nonwoven plastic
fabrics under different brand names have been increasingly used
to replace granular materials as filters. Healy and Long (1971)
experimented with the use of the filter fabrics around prefabri-
cated, thin and channelized cores as subsurface drains. The
results were termed effective for a wide range of soil types and
were economically competitive with conventional mineral aggregate
filter-drain' systems. Dallaire (1977) recently summarized the use
of filter fabrics; it appears that, despite its wide use and ap-
parent success, the effectiveness of using filter fabrics directly
on silt or clay soils is still questionable.

2.5 SUMMARY
As was stated in the Introduction of this Chapter, an ideal
subgrade in the zero-maintenance pavement system must provide

adequate supporting capacity, and be able to maintain the perma-
nency of its design properties and carry out its design function
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with extremely small deflections and without requiring any main-
tenance during the entire design life of the permanent structure.
This Chapter first presented the review of various special stabi-
lization techniques related to densification and strengthening

that may show promise in the ability to improve the engineering
properties of in-situ soils for use as a subgrade for a zero-
maintenance pavement. This Chapter then presented the review of
techniques related to membrane encapsulation, insulation and
drainage, which may be used to maintain or preserve the design pro-
perties in the subgrade during the design life of the pavement.

Conceptualiy speaking, the zero-maintenance pavement is
achievable utilizing the conventional pavement system. The con-
cept involves:

1. Selecting design parameters for the pavement compo-
nents;

2. Using appropriate design procedures;

3. Enforcing strict quality control during construction;
and

4. Maintaining or preserving the design parameters through-

out the entire design life of the pavement.

Whether the conventional pavement system or a new, revolu-
tionary pavement system is to be developed into a zero-maintenance
pavement, it is likely that a sound subgrade or foundation that
meets the requirements of an ideal subgrade will always be re-
quired.

Table 8 summarizes the major techniques reviewed in this
Chapter. The suitable soil types that may be treated with each
technique are indicated. The techniques related to membrane en-
capsulation, insulation, and drainage may also be applicable for
treating base and subbase materials. Typical results of improve-
ment, when available, and advantages and limitations of applica-
tion for pavement design and construction are also summarized for
comparison.

62



Z%/% S9L°6
w S0€°0
Z9/B3 €0L0°0

I

FS3I T
FT
= Fsd T

1

Katsuep Aap jod

buryserq Teotu 00T I2AQ pue AjTsusp UOTIeOTITSULq pbuyaserd
ae3ze uotjoedwod aoejans ~ouooa Afaatierad | *1e1 0L I9s0 O3 ‘lyadep S3TTS pue pues aurg
extnbaz !suorleaqria punoid "3F 0f UTUITM ATTeIdusd
STTOS uoT3}EepuUnoF STITF °OSTW pue .
suoTaep | 9y3z sorogjursa {Jusuwsaed sTros otuebio ‘shero purozogyurex

ses1e pPa3TWIT pue
pautgyuod ur posn !{xaT7duwod
pue peztieroads onbruyosl

~unoz jo buruurdispun
I03 Kirewxou pasn

0 SUOT3'PUNOI POsSsaxl
-8Tp 8stea {uorjed
~-TJISUSp PIZTTRO0T

sjesun ‘s31Is ‘spues

pue uotledTyIsuLd

butinoas uotivedwo)d

‘37 oy Wadep

juaudtnbs o3 {butoeds °33 g-¢ SS80T
83Ts [lews °Y{ox x04d TRUOTIUDAUOD IS je §s907 ur A3Tsusp ‘pues 9sSIPOD 031 SUTJ uorjenIjyrsusdg’ 81td uoraoedwo)
Aap 3od 001 ¢pues ut
A3TSULP T39I %GL OL
*33 0f yadsp o3 ‘tod
UoTIRpUNO] JUSU(URGWS 009 IDA0 O3 UOTIOEWSI QuTy %01 aqoid-elia],
93TS TTBWS " T[oX Iod pue jusuiuecurs jusu speabqns jo sninpout ueyl ssaT pues uoT3BOIFISULQ pue UoTIe3IOTIOIqTIA
-3ea13] 103 ofdrsesd pue a1qeutejqo K3Ts
~Uusp *T9I $08 I2A0 O],
"33
001-0¢ uadep o3 (fKerod
a0z 3sd p09 :yibusaas
Ieays pauTjepun
STTOs @atsayoo Io3z 3oed seare abiet {pues 103 Tsd 000'T sfelo *3es pue TTTI
~-wt jo ssed yoes usemisq 203 2TqIseay {STTOS 3FO sSnInpoul 1939WaINsSsaig ‘OSTW *TOUT STTOS TTY UOT3EDTFTSUSQ uoT3IEPITOSUO) dTweuiq

paatnbax aq Aeuw syoem
Tex1249s {UOTIRIGTA PUNOCIH

obuex opTm 103 B9Tqe3lIns

{pues 103 3s3 ST
tA3toedes butieaq °3in

SNOILVLIWIT

SHOYLNYAQY

INAWFTACEJWI 40
SITINSH TYOIdAL

SAJAL 'TIOS
F1EVLINS

INAWLVIIL 40
ISONd NIVW

QJOHLEW
NOILVZITIHVLS

SANOINHOAL NOIIVZITIEYLS AAWVEOENS 40 ZYYWWAS

8 JTEYL

63



uoTioe 3S0xF
1o ‘uoT3RIFTTIUT SoevFINS

3uszuod Banjy

‘x@3em punoxb ybrty woalg juswaaed TTe yzeousd ~-STOW 9ONPII pue IS abeutexq
sjusuodwon jJuawaased I193em punoab Ismo
JO UOTIRANIVS JUDAIJ
T1e3ISutT 03 Ases K13ueoTyTUbIS UOT] sYTOS
{uoT3oni3zsuod juswesed ~exgauad 31s013 aonpey eTqradeosns 3soxd uot3oa30ad 3soxd uoriernsug
ul pesn Af{Inzssooong
uau ’
uotjer -odwoo juswaaed sy3 urt uotyeinsdeouy
-1e3ISUT U Iodqel BIIXH uor3ionIlsuos jusuwaed sxnj}sTOW @ZTTIge3}s pue STTOS pduteab-sutd jooadasyem ouvIqWSKH

utr pesn ATIngsseoons

uotjeabrTw I93EM 3JO 3IND

uorjonrzsuod Aemybiy o3
aTgqeotTdde {TeoTuwouocos
pue oTduts A{aAT3ielsy

suteb yzbusais

MOTS pue sabueyo
2IN3STOW 01 SATITSULSUT
sfe1o aatsuedxs I9p
~uax {°33 Q1 yadep on

sfe1o otiserd
pue siero eatTsuedxy

butueyzpbusals (1ioms
pue abeyuriys HBuronpad

uor3oafur suiq

uotjepUNO FUSW

K310
-edeo butzesq aseszout

s3tsodep oTuebro pue

(suumToD auo03s)

931S [TeWs °T19x1 I04 ~uUeque pue Jusun{uedque pue jusweyl31es oonpsy | sSTITI ‘ostw ‘sdeid 33os butozozuray JuaueoeTday~0IqTA
putjesxry 103 atqIsesas
SNOILVLIWIT SADVLNVAQY LNIWIAGIJHWI J0 SAJAL TIOS INFWLVINEL 40 AOHLIAW
SIINSEE TVOIdAL ATINLINS Fsoqund NIVW NOILVZITIAVLS
(ponutjuod) g II9YL

64




2.6 REFERENCES

Dynamic Consolidation Method

Dames & Moore. (1977) Project in progress near Los Angeles,
California.

Hansbo, S., Pramborg, B. and Nordin, P. (1973) "The Vanern
Terminal," Sols Soils No. 25, pp. 5-11.

Lewis, W.A. (1957) "A Study of Some Factors Likely to Affect
the Performance of Impact Compactors on Soil," Proceedings,
Fourth International Conference Soil Mechanics and Foundation
Engineering, Vol. 2, pp. 145-150.

Menard, L. (1972) "The Dynamic Consolidation of Recently Placed
Fill and Compressible Soils," Travaux; No. 452, November.

Menard, L. and Broise, Y. (1975) "Theoretical and Practical
Aspect of Dynamic Consolidation,”" Geotechnique, Vol. XXV,
No. 1, March, pp. 3-18.

Parsons, A.W. and Toombs, A.F. (1968) "The Performance of an
Arrow D500 Dropping-Weight Compactor," Road Research Labora-
tory Report LR229.

West, J.M. (1975) "The Role of Ground Improvement in Foundation
Engineering,"” Geotechnique, Vol. XXV, No. 1, March, pp. 71-78.

West, J.M. and Slocombe, B.C. (1973) "Dynamic Consolidation as
an Alternative Foundation," Ground Engineering, Vol. 6,
November, pp. 52-54.

Vibroflotation Method

i

Basore, C.E. and Boitano, J.D. (1969) "Sand Densification by
Piles and Vibroflotation," Journal of the Soil Mechanics
and Foundation Division, ASCE, Vol. 95, SM6, November, pp.
1302-1323.

Brown, R.E. and Glenn, A.J. (1976) "Vibroflotation and Terra-
Probe Comparison," Journal of the Geotechnical Engineering
Division, ASCE, Vol. 102, GT1l0, October, pp. 1059-1072.

Cassel, F. (1956) "Use of Vibration for the Deep Compaction of
Granular Soil," Civil Engineering and Public Works Review,
No. 599, May.

D'Appolonia, E. (1953) "Loose Sands: Their Compaction by
Vibroflotation," American Society for Testing and Materials,
Special Technical Publication 156.

D'Appolonia, E., Miller, C.E., and Ware, T.M, (1955) "sand Com-
paction by Vibroflotation," Transactions, ASCE, Vol. 20,
p. 154.

65



Fruhauf, B. (1949) "Wet Vibration Puts Strength in Sand," En-
gineering News Record, June 23. ‘

Greenwood, D.A. (1970) "Mechanical Improvement of Soils below
G;ognd Su;face," in Ground Engineering, The Institution of
Civil Engineers, London, England.

Grime{ A.g. apd Carthey, W.G. (1965)  "A 20-Storey Office Block
in Nigeria Founded on Loose Sand,"” The Structural Engineer,
Vol. 43, No. 2, February.

Luce, A.F. .(1968) "The Strengthening in Depth of Weak Soils by
Vibration at Tolka Quay," Institution of Civil Engineers of
Ireland, January.

Mitchell, J.D. (1970) "In~Place Treatment of Foundation Soils,"
Journal of the Soil Mechanics and Foundations Division, ASCE,
Vol. 96, No. SM1l, January.

. (1973) "Innovations in Ground Stabilization," Proceedings,
Chicago Soil Mechanics Lecture Series, Illinois Section, ASCE,
Chicago, Illinois.

Mystkowski, A. (1953) T'"Foundations for a Paper Mill - Sand
Needn't be Treacherous,” Engineering News Record, July 2.

Petersen, D.C. and Nestezenko, D. {1959) "A First Powerhouse
Stands Firm on Vibrated Soil," Engineering News Record,
August 27.

Reed, G.O.N. (1968) "Compaction of Sand Below a Rock Stratum,”
Proceedings, ASCE Specialty Conference on Placement and
Improvement of Soils, Soil Mechanics and Foundation Division,
M.I.T., Cambridge, Mass., August 26-28.

Schneider, H. (1938) "Das Rutteldruck Verfahrea," Beton and
Eisen, No. I.

Steuerman, S. and Murphy, G.J. (1957) "Foundation of the Hampton
Roads Tunnel," Proceedings, Fourth International Conference
on Soil Mechanics and Foundation Engineering, London, Vol. 1,
with discussion, Vol. 3, p. 171.

Tate, T.N. (1961l) ™"World's Largest Drydock," Civil Engineering,
December.
Thorburn, S. (1975) "Building Structures Supported by Stabilized

Ground," Geotechnique, Vol. XXV, No. 1, March.

U.S. Bureau of Reclamation (1948) "Vibroflotation Experiments at
Enders Dam," USBR Research and Geology Division, Earth
Laboratory Section EM 178, July 27.

Webb, D.L. and Hall, R.I.V. (1968) "Effects of Vibroflotation
on Clayey Sands," Proceedings, ASCE Specialty Conference
on Placement and Improvement of Soils, Session IV, Soil
Mechanics and Foundations Division, M.I.T., Cambridge, Mass.,
August 26-28, Vol. 1, Part 2.

66



Westberg, R.J. and Ireland, H.O. (1972) "Sand Compaction by
Vibroflotation at Cape May, New Jersey," Proceedings, ASCE
Specialty Conference on Performance of Earth and Earth-

Supported Structures, Purdue Univ., Lafayette, Indiana, June
11-14.

Terra-Probe Method

Anderson, R.D. (1974) "New Method for Deep Sand Vibratory Com-
paction," Journal of the Construction Division, ASCE, Vol.
100, €01, March, pp. 79-95. ’

Audibert, J.M.E. (1977) Discussion to "Vibroflotation and
Terra-Probe Comparison," Journal of the Geotechnical Divi-
sion, ASCE, Vol. 103, GT4, April, pp. 363-365.

Brown, R.E. and Glenn, A.J. (1976) "Vibroflotation and Terra-
Probe Comparison,"” Journal of the Geotechnical Division,
ASCE, Vol. 102, GT10, October.

Janes, H.W. (1973) T"Densification of Sand for Drydock by Terra-
Probe," Journal of the Soil Mechanics and Foundation Divi-
sion, ASCE, Vol. 99, No. SM6, June, pp. 451-470.

Compaction Pile Method

Abelev, Y.M. (1975) '"Compacting Loess Soils in the USSR," Geo-
technique, Vol. XXV, No. 1, March, pp. 79-82.

Abelev, Y.M. and Askalanov, V.V. (1957) "The Stabilization of
Foundations for Structures on Loess Soils," Proceedings,
Fourth International Conference on Soil Mechanics and Foun-
dation Engineering, Vol. 1, pp. 259-263.

Basore, C.E. and Boitano, J.D. (1969) "Sand Densification by
Piles and Vibroflotation," Journal of the Soil Mechanics
and Foundation Division, ASCE, Vol. 95, SM6, November, pp.

1303-1323.
Lehr, H. (1967) "Foundation Engineering Problems in Loess
Soils,” Proceedings, 3rd Asian Regional Conference on Soil

Mechanics and Foundation Engineering, Haifa, pp. 20-24.

Meyerhof, G.G. (1956) T"Penetration Tests and Bearing Capacity
of Cohesionless Soils," Jounral of the Soil Mechanics
and Foundations Division, ASCE, Vol. 82, No. SM1l, Proc.
Paper 866, January.

Meyerhof, G.C. (1959) T"Compaction of Sands and Bearing Capacity
of Piles," Journal of the Soil Mechanics and Foundations
Division, ASCE, Vol. 85, No. SM6, Proc. Paper 2292, December.

Meyerhof, G.C. (1960) "The Design of Franki Piles with Special
References to Groups in Sand,” Proceedings, Symposium on
Pile Foundations, Stockholm.

Mitchell, J.X. (1970) "In-Place Treatment of Foundation Soils,"”
Journal of the Soil Mechanics and Foundation Division, ASCE,
vVol. 96, SM1l, January.

67



Robinski, E.I. and Morrison, C.F. (1964) "Sand Displacement and
Compaction Around Model Friction Piles," Canadian Geotechnical
Journal, March.

Terzaghi, K. and Peck, R.B. (1967) Soil Mechanics in Engineering
Practice, John Wiley and Sons, New York, 2nd edition.

Compaction Grouting Method

Brown, D.R. and Warner, J. (1973) "Compaction Grouting," Journal
of the Soil Mechanics and Foundations Division, ASCE, Vol. 99,
SM8, August, pp. 589-601.

Graf, E.D. (1969) "Compaction Grouting Technique and Obser-
vations,"” Journal of the Soil Mechanics and Foundations
Division, ASCE, Vol. 95, SM5, September, pp. 1151-1158.

Herndon, J. and Lenahan, T. (1976) Grouting in Soils, Vol. 1-A
State-of-the-Art Report, Vol. 2 - Design and Operations
Manual. Reports prepared for Federal Highway Administration,
Washington, D.C.

Blasting Method

Abelev, Y.M. (1975) "“Compacting Loess Soils in the USSR,' Geo-
technique, Vol. XXV, No. 1, March, pp. 79-82.

Abelev, Y.M. and Askalanov, V.V. (1957) "The Stabilization of
Foundations for Structures on Loess Soils," Proceedings,
Fourth International Conference on Soil Mechanics and
Foundation Engineering, Vol. 1, pp. 259-263.

Civil Engineering and Public Works Review (1963) "Sandy Soils
Consolidated by High Voltage Discharges," pp. 1245-1246,
July-Aug.

Florin, V.A. and Ivanov, P.L. (1961) "Liquefaction of Saturated
Sandy Soils," Proceedings, Fifth International Conference
on Soil Mechanics and Foundation Engineering, Vol. 1, p. 107.

Goodman, L.J., Aidun, A.R. and Grove, C.5., Jr. (1965) "Soil
Surface Compaction with a Foam~-Type Explosive," Journal of
Soil Mechanics and Foundations Division, ASCE, Vol. 91, sSMl,
January, pp. 143-165.

Hall, C.E. (1962) "Compacting a Dam Foundation by Blasting,"
Journal of the Soil Mechanics and Foundation Division, ASCE,
Vol. 88, SM3, Part I, June, pp. 33-51.

Kummeneje, O. and Eide, O. (1961) "Investigations of Loose Sand
Deposits by Blasting,” Proceedings, Fifth International
Conference on Soil Mechanics and Foundation Engineering,
Vol. 1, p. 491.

638



Litvinov, I.M. (1966) "Accelerated Method of Deep Compaction
of Slumping Loess Soils of the II Type by Preliminary
Flooding and Directed Explosions,"” Osnovaniya, Fundamenty
i Mekhanika Gruntov, No. 2, pp. 22-26, March-April.

Litvinov, I.M. (1969) "Conduction of Blasting Works for Deep Compac-
tion of Slump-Prone Loess Soils in a Built-up Area," Osno-
vaniya, Fundamenty i Mekhanika Gruntov, No. 4, pp. 29-32,
July-Aug. ’

Lone, E. and George, W. (1967) "Turnagain Slide Stabilization,
Anchorage, Alaska," Journal of the Soil Mechanics and Foun-
dation Division, ASCE, Vol. 93, No. SM4, July, pp. 611-627.

Lyman, A.K.B. (1942) “Compaction of Cohesionless Foundation
Soils by Explosives," Transactions, ASCE, Vol. 107, pp.
1330-1348.

Prugh, B.J. (1963) "Densification of Soils by Explosive Vi-
brations," Journal of the Construction Division, ASCE,
Engineers, Vol. 89, No. COl, March, pp. 79-100.

Prugh, B.J. (1968) Discussion, Proceedings, ASGE Specialty Conference
on Placement and Improvement of Soil to Support Structures,
M.I.T., Cambridge, Mass., Aug. 26-28, p. 134.

wWild, P.A. and Haslam, E.F. (1962) "Towers and Foundations for
Project EHV," Journal of the Power Division, ASCE, Vol. 88,
No. P02, July, pp. 69-111.

Vibro-Replacement

Greenwood, D.A. (1970} Mechanical Improvement of Soils Below
Ground Surface in Ground Engineering, The Institution of

Civil Engineers, London, pp. 11-22.

Hughes, J.M.0O. and Withers, N.J. (1974) "Reinforcing of Soft
Cohesive Soils with Stone Columns," Ground Engineering,
May, pp. 42-49.

Hughes, J.M.O., Withers, N.J. and Greenwood, D.A. (1975) "A
Field Trial of the Reinforcing Effect of a Stone Column
in Soil," Geotechnique, Vol. XXV, No. 1, March, pp. 31-44.

McKenna, J.M., Eyre, W.A. and Walstenholme, D.R. (1975) "Per-
formance of an Embankment Supported by Stone Columns in
Soft Ground," Geotechnique, Vol. XXV, No. 1, March, pp.
51-59. -

Thorburn, S. (1975) "Building Structures Supported by Stabilized
Ground," Geotechnique, Vol. XXV, No. 1, March, pp. 83-94..

Thorburn, S. and MacVicar, R.S.L. (1968) "Soil Stabilization
Employing Surface and Depth Vibrations,"” The Structural
Engineer 46, No. 10, pp. 309~316.

69



Thorburn, S. and MacVicar, R.S.L. (1974) "“The Performance
of Buildings Founded on River Alluvium," Proceedings,
Cambridge, Conference on Settlement of Structures.

Watson, G.H. and Prugh, B.J. (1968) Discussion to "In-Place
Treatment of Foundation Soils," by J.K. Mitchell. Pro-
ceedings, ASCE Specialty Conference on Placement and Im-
provement of Soils to Support Structure, MIT, Cambridge,
Mass., Aug. 26-28, pp. 131-134.

Watson, G.H. and Thorburn, S. (1966) "Building Construction
on Soft Alluvium," Civil Engineering and Public Works
Review, Vol. 61, No. 716, pp. 295-298.

Chemical Injection (Lime Slurry Pressure Injection and Drill-
‘Lime Technigues)

Federal Highway Administration (1973) Proceedings, Workshop
on Expansive Clays and Shales in Highway Design and Con-
struction, Vol. 2, May.

Graf, E.D. (1974) "Lime is not a Panacea," Civil Engineering
Vol. 44, No. 7, July, pp. 47-49.

Handy, R.L. and Williams, W.W. (1967) "Chemical Stabilization
of an Active Landslide," <Civil Engineering, Vol. 37, No.
8, August, pp. 63-65.

Herndon, J. and Lenahan, T. (1976) Grouting in Soils, Vol. 1 -
A State-of-the-Art Report, Vol. 2 - Design and Operational
Manual. Reports to Federal Highway Administration, Wash-
ington, D.C.

Ingles, 0.G. and Neil, B.E. (1970) "ILime Grout Penetration and
Associated Moisture Movements in Soil," Proc. Symp. on
Soils and Earth Structures in Arid Climates, Adelaide,
Aust., 21-22 May, 1970, pp. 37-41.

Lundy, H.L., Jr. and Greenfield, B.J. (1968) "Evaluation of
Deep In-Situ Soil Stabilization by High-Pressure Lime Slurry
Injection," Highway Research Record No. 235, pp. 27-35.

Mitchell, J.D. (1970) "In-Place Treatment of Foundation Soils,"
Journal of the Soil Mechanics and Foundations Division, ASCE,
Vol. 96, No. SM1l, January.

Mitchell, J.D. (1970) "Innovations in Ground Stabilization,"
Proceedings, Chicago Soil Mechanics Lecture Series, Illinois
Section, ASCE, Chicago, Illinois.

Rural and Public Roads (1963) "Subgrade Improved with Drill-
Lime Stabilization," October, pp. 24-27.

70



Thompson, M.R. and Robnett, Q.L. (1976) "Pressure-Injected
Lime for Treatment of Swelling Soils," Transportation
Research Record, No. 568, pp. 24-~34.

Wright, P.J. (1973) '"Lime Slurry Pressure Injection Tames Ex-
pansive .Clays," Civil Engineering, Vol. 43, No. 10,
October, pp. 42-45.

Preconsolidation and Electro-Osmosis

Johnson, S.J. (1970a) "Precompression for Improving Foundation
Soils," Journal of the Soil Mechanics and Foundation Divi-
sion, ASCE, Vol. 96, SM1l, January, pp. 111-144.

Johnson, S.J. (1970b) "Foundation Precompression with Vertical Sand
Drains," Journal of the Soil Mechanic¢s and Foundation Divi-
sion, ASCE, Vol. 96, sSMl, January, pp. 145-175.

Mitchell, J.K. (1970) "In~Place Treatment of Foundation Soils,"
Journal of the So0il Mechanics and Foundation Division, ASCE,
vol. 96, SMl, January, pp. 73-110.

Protection Against Environmental Factors

American Association of State Highway Officials (1962) "Pave-
ment Research -~ The AASHO Road Test, Report 5," Highway
Research Board, Special Report No. 61E.

Barber, E.S. and Steffens, G.P. (1958) '"Pore Pressure in Base
Courses," Proceedings, Highway Research Board.

Becker, J.D. (1972) "Alaska Builds Highway over Muskeg and
Permafrost," Civil Engineering, Vol. 42, No. 7, July,

pp. 75-~77.
Bell, J.R. and Yoder, E.J. (1957) "Plastic Moisture Barriers
for Highway Subgrade Protection," Proceedings, Highway

Research Board, Vol. 36, pp. 713-735.

Benson, J.R. (1953) "The Use of Asphalt Membrane in Highway
and Airfield Pavements," Proceedings, The Association of
Asphalt Paving Technologists, Vol. 22, pp. 56-91.

Cedergren, H.R. (1967) "Seepage, Drainage, and Flow Nets,"
John Wiley and Sons, Inc., New York.

Cedergren, H.R., Arman, J.A. and O'Brien, K. 1972) "Guidelines
for the Design of Subsurface Drainage Systems for Highway
Structural Sections,” Federal Highway Administration,
Washington, D.C.

Cedergren, H.R. and Lovering, W.R. (1968) "The Economics and

Practicability of Layered Drains for Roadbeds," Highway
Research Record, No. 215, pp. 1-7.

71



Dallaire, G. (1977) "Filter Fabrics Can Cut Costs of River-
Bank and Shore-Protection Structures," Civil Engineering,
) VOl. 47, No. 3' MarCh, ppo 74_79¢

Haliburton, T.A. (1971) "Highway Designs to Resist Subgrade
Moisture Variations,"” Highway Research Record, No. 360,
pp. 45-56. .

Harris, F.A. (1963)""Asphalt Merbrane in Expressway Construc-
tion," Highway Research Record, No. 7, pp. 34-46.

Healy, K.A. and Long, R.P. (1971) "prefabricated Subsurface -
Drains," Highway Research Record, No. 360, pp. 57-64.

Highway Research Board (1955) "Report of Committee on the Load-
Carrying Capacity as Affected by Frost Action,"” Bulletin 96.

Highway Research Board (1963) "Pavement Design in Frost Areas, II.
Design Considerations,” Highway Research Record, No. 33.

Highway Research Board (1969) Special Report No. 103, Proceedings,
First International Conference on Effects of Temperature and
Heat on Engineering Behavior of Soils, held at Washington, D.C.

Keiner, E.P., Jr. (1969) "Ihsulated and Improved Subgrades
for Eliminating Frost Heave," Civil Engineering, Vol. 39,
No. 2, February,: pp. 38-39.

Linell, K.A. and Haley, J.F. (1952) "Investigation of the Effect
of Frost Action on Pavement Supporting Capacity," Highway
Research Board, Special Report No. 2.

Linell, K.A., Hennion, F.B. and Logacz, E.F. (1963) "Corps of
Engineers' Pavement Design in Areas of Seasonal Frost,"
Highway Research Record, No. 33, pp. 11-27.

Penner, E., Oosterbaan, M.D. and Rodman, R.W. (1966) '"Perfor-
mance of City Pavement Structures Containing Foamed Plastic
Insulation,” Highway Research Record, No. 128, pp. 1-17.

Ring, G.W. (1974) "Seasonal Strength of Pavements," Public
Roads, Vol. 38, No. 2, September, pp. 62-68.

Robinsky, E.I. and Bespflug, K.E. (1973) "Design of Insulated
Foundations," Journal of Soil Mechanics and Foundations
Division, Vol. 99, SM9, September, pp. 649~667.

Sale, J.P., Parker, F., Jr. and Barker, W.R. (1973) "Membrane
Encapsulated Soil Layers," Journal of the Soil Mechanics
and Foundations Division, ASCE, Vol. 99, SM12, December,
pp. 1077-1089.

Scrivner, F.H., Peohl, R., Moore, W.N. and Phillips, M.B. (1969)

"Detecting Seasonal Changes in Load-Carrying Capabilities,”

" National Cooperative Highway Research Program Report ’
Highway Research Board.

72



Smith, T., Forsyth, R. and Gray, W. (1970) "Performance of an
Asphalt-~Treated Drainage Blanket in a Flexible Pavement
Section," Highway Research Record, No. 310, pp. 40-51.

Staub, A.L. and Williams, W.G. (1967) "Use of Insulation to -
Uniformly Retard Frost Penetration under a Highway Pave-
ment,"” Highway Research Record, No. 181, pp. 77-93.

U.S. Army Corps of Engineers (1941) "Investigation of Filter
Requirements for Underdrains," Waterway Experiment Station,
Vicksburg, Miss., Technical Memorandum 183-1, December.

U.S. Army Corps of Engineers (1955) "Drainage and E;osion
Control, Subsurface Drainage Facilities for Airfields,”
EM 1110-345-282, July.

Webster, S.L. (1974) 1"Users Manual for Membrane Encapsulated
Pavement Sections (MEPS)," Implementation Package 74-2,
Federal Highway Administration, June.

Withers, R. (1974) "Surface Icing of Insulated Pavements,”
Research Report 24, Engineering Research and Development
Bureau, New York State Department of Transportation.

Yoder, E.J. and Witczak, M.W. (1975) Principles of Pavement
Design, 2nd Edition. Wiley-Interscience, New York.

Young, F.D. (1965) "Experimental Foamed Plastic Base Course,"
Highway Research Record, No. 101, pp. 1-10.

73



CHAPTER 3

BASE AND SUBBASE

3.1 INTRODUCTION

This chapter presents innovative concepts suggested for use
in the base and subbase. It is not the intent here to duplicate or
reproduce data on chemically treated or cement and bitumen-—
stabilized base and subbase courses that are already in the do-
main of a conventional type of pavement material and being specified
by many state and federal agencies. The conventional aggregate
materials are on the verge of becoming exhausted, and there is a
need to develop technology to use locally available aggregates
and use them with admixtures (to improve properties) in the under-
lying layers. Therefore, a section of this chapter will discuss
synthetic aggregates. New ideas of porous layers, fabric and
other interlayers will also be discussed.

3.2 ECONOCRETE

W.A. Yrijanson (1977) describes econocrete as "a portland
cement concrete designed for a specific application and environ-
ment and, in general making use of local commercially produced
aggregates." Commercially produced aggregates refers to aggre-
gates that are generally substandard compared to those
ugsually specified in the conventional quality standard pavements
Aggregates that do not meet the standards of abrasion resistance,
which become slippery under repeated loads, etc., can be used in
the econocrete concept for the lower course in a composite pave-
ment structure. For a zero-maintenance pavement, the surface
course must be of a high quality, and with proper engineering
considerations, it is possible to economize in the base. Cur-
rently the conventional pavements do not allow the use of some
manufactured limestone or coarse aggregates that polish under
traffic; gravels with an excessive amount of deterious material
that cause pop-outs; high sand content mixes; sand shell aggre-
gates; and aggregates with low abrasion resistance. The State
of Florida has an abundance of low calcium vuggy oolite (a lime-
rock) and the State of Iowa has many aggregate sources that will
not be acceptable by current prevailing specifications. Table
3-1 is a typical gradation of a crushed limestone. Except for
gradation (high fines content), this limestone meets the conven-
tional quality aggregate. Figures 25 and 26 provide the
strength and elastic modulus obtained from the aggregate grada-
tion given in Table 9, The fines portion along with entrained air
and water reducing admixture is a big help in providing a co-
hesive, workable mix with low cement factors. It should be noted
that for any new material and gradation, the physical properties
of concrete made from these materials must be determined before-
hand, and only then can their proper design in a composite pave-
ment system be undertaken.
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TABLE 9

GRADATION OF CRUSHED LIMESTONE AGGREGATE
USED IN EXPERIMENTAL SET UP

SIEVE SIZE % PASSING
1 in. 100.0
3/4 in. 95.2
1/2 in. 78.9
3/8 in. 69.6
No. 4 53.4
No. 8 | 37.0
No. 10 33.8
No. 16 25.4
No. 40 15;4
No. 50 13.6
No. 200 8.5

* 1 inch = 2.54 cm.
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Very few composite pavements have been constructed in the
United States; the ones that have been tried do present a future.

Tests have shown that a proper design mix ~ 200 to 250 pounds
of cement per cubic yard (118.7 to 148.3 kg/m~) - of econocrete
can be used as a subbase. The low cement factor requires air
entrainment (and water reducers sometimes) to obtain a plastic
workable mix. Yrijanson (1975) remarks that an econocrete subbase
would provide a very durable, erosion resistant surface that
would inhibit any tendency for joint faulting caused by erosion
of the subbase surface for high volume traffic pavements. An
econocrete subbase will also permit the paving contractor to
utilize his own mixing and placing equipment for the ‘subbase,
thus spreading his move-in costs over a greater volume of work.
The scheduling of the paving contractor's work would be more
definite than when a subbase of a different type is sublet to
another contractor. In many cases the work schedule maintained
by the base subcontractor does not mesh with the paving contractor's
schedule, and delays can result. The finish tolerances being
obtained on some stabilized subbases have resulted in excessive
concrete overruns in order to meet minimum pavement core depth
requirements. These problems can be minimized with an econocrete
subbase; in addition, an econocrete subbase will add considerably
to the load carrying capacity of a concrete pavement structure.

In the last few years, the econocrete subbases have been used
on many highways and airfield pavements (Yrijanson, 1975).

3.3 PCROUS LAYERS
3.3.1 General

The concepts of pavement drainage have been recently under-
stood by the pioneering work of Cedergren (1967) and Cedergren
and Lovering (1962, 1968), though earlier Yoder (1959) had recog-
nized that surface infiltration was a major source of water in
concrete pavements. Following the concepts, the development of
porous layers in highway design has been recommended. The Federal
Highway Administration's "Implementation Package for a Drainage
Blanket" (1972) recommends two-layered drainage blankets for
removal of ground water seepage from under highway pavements. The
two layer system is designed to serve as a subbased and can be
described as:

1. Asphalt-treated (1.6 to 2 percent of 85-10 penetration
grade asphalt cement) drainage layer (open-graded aggre-
gate, limited to the intermediate gradation range of
about 4 to 3/4 in. sieves), 4 to 6 in. thick (102 to
152 mm);

2. Filter layer of permeable material that satisfies the
filter requirements, 4 to 6 in. thick (102 to 152 mm);

3. Perforated pipe under drain system.
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Ring (1977) notes that even though 32 states advocate porous
subbases, there is serious doubt as to whether their specified
gradings permit a sufficient drainage capacity to abrogate the
effect of water on performance. Subbases with up to 20 percent
passing No. 200 sieve and a plasticity index of 6 are still per-
-mitted. Subbase materials with much fewer fines than this are
practically impervious. Despite recognized facts, the highway
engineers consider the requirements still to be in the develop-
ment stage (Cashell, 1963). Very few measurements of subbase
material permeability exist in literature. Barenberg et al.
(1974) measured the permeability of open-graded bituminous aggre-
gate mixture (OGBAM) at low heads in the laboratory. He also com-
pared the behavior in prototype with an investigation of the
tendency of plugging and ways to prevent it. Limited results
indicate that properly designed layers of OGBAM can be used to
advantage in a pavement structural system.

Currently some researchers have toyed with the idea of using
porous layer concepts even for surface layers. Though this chap-
ter is primary intended for bases and subbases, we shall discuss
the top porous layers as well in this section.

3.3.2 Porous Pavements for Urban Runoff Control

Thelen et al. (1972) reports an investigation of porous pave-
ments wherein water is intended to be passed through the pavement
for the following reasons:

1. To absorb rain where it falls, preventing runoff and
overflows from combined sewers and treatment plants re-
guired to handle stormwater loads;

2, To hold back stormwater surges to increase the capabil-
ities of existing facilities to handle them.

3. To allow the filtered water to percolate at its own rate
into the ground, and/or to store it for use;

4. To mitigate vehicular accidents and to minimize personal
injuries on playgrounds;

5. To avoid puddles on flat surfaces (such as parking lots)
and provide adequate drainage without crowns and verti-
cal contouring;

6. To conserve water and land;

7. To present a satisfying appearance;

8. To minimize damage to the ecology; and

9. To provide a possible means of disposing of certain

solid wastes.
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Among the design features for the porous pavements were the
following:

1. It shall carry the loads without damage;

2. It shall imbibe all or most of the rainfall on it, and
water from melted snow and ice;

3. It shall survive freeze-thaw and weathering; long life
is required;

4. It shall be hard to damage but easy to repair; mainte-
nance costs must be moderate;

5. It shall not plug up: removal of trash by occasional
sweeping or vacuuming may be permissible.

Among the various types of porous surfaces considered in
the investigation were:

1. Various types of open-graded asphaltic concretes;

2, Porous portland cement concrete pavements (web and
cover structure); and

3. Prefabricated brick assemblies.

The porous concrete pavement was not deemed feasible under
the conditions tested. Shifting of the base material (soil) al-
lowed for localized zones of high stress in the web and cover re-
sulting in severe crack formation under cyclic loading for wet
and dry conditions. A possible solution to this problem might
be a stabilized base. Figure 27 shows the structure. The web
openings measured 5 by 5 in (127 by 127 mm) in plan, and 4 1/2
in (114 mm) in depth. Web thickness was 2 in (51 mm); cover
thickness was 2 1/2 in (63.5 mm) with 3/4-in. (17 mm) diameter
holes centered over the web openings. Various types of pre-
fabricated brick assemblies are suggested here for use but
further investigations to determine relative merit are recommended.

Parking lots constructed of porous asphalt pavements have
been studied in a limited way ~ e.g., University of Delaware,
Newark (140 by 240 £t (42.7 by 73.2 m)) and Albion College,
Albion, Michigan (60 by 100 ft (18.3 by 30.5 m)). Some of the
disadvantages of such pavements are:

1. In regions where subgrades exhibit low permeabilities
(such as the Midwest), porous pavements are not feasible
since water infiltration is severely restricted. Once
saturated, the soils shed instead of accept water;

2. Weakened subgrade (wet or saturated) requires increased

pavement thickness to carry design loads and pavement
cost increases;
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FIGURE 27 CONCRETE WEB PLUS COVER PAVEMENT
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3. Clogging of pavement voids with o0il and debris (mainte-
nance problem);

4. Open-graded asphalts are weaker than dense-graded as-
phalts, thus requiring an increase in the open-graded
asphaltic concrete thickness for a given volume of
traffic;

5. For porous pavements on grade, water entering the porous
layers would flow toward the low point of a vertical
curve and thus emerge from the porous pavement; and

6. Incompatibility of water and asphalt resulting in a more
severe stripping problem.

The potential use of porous pavements as a practical load-
carrying pavement structure appears to be quite limited. At this
time, the disadvantages of these pavements, including initial
cost and maintenance problems, seem to prohibit their use except
in certain instances.

3.4 FABRIC AND OTHER INTERLAYERS

During the past few years, a number of state highway depart-
ments and industrial site developers have looked at plastic fil-
ter fabrics to provide economy in construction costs. The growth
of the filter fabrics started through their use in subsurface
highway drains. At places, the underdrain pipe is even elimi-
nated and drainage is achieved through highly permeable aggre-
gate encapsulated in a fabric. The fabrics have also proven to
be economical in also serving as a filter to prevent clogging
and eliminating the expensive and time-consuming traditional
sand-gravel filter. This concept opened the door for the use of
filter fabric in embankments and highways. By introducing a
layer of fabric between the granular subbase and the subgrade
fine-grained soil, the two media are separated from each other,
yet hydraulically interconnected. The filter cloth has a high
permeability, and its tensile strength allows it to mold into any
contour of the subgrade. Most manufacturers claim that the con-
tribution of the fabric to a layered pavement system goes beyond
just acting as a separator and a filter. They emphasize that the
fabric reinforces the system (like the reinforced earth concept)
(Mirafi 140, 1975). Although intuitively acceptable, the claim
has neither been experimentally nor analytically confirmed
to date.

Barenberg et al. (1975) conducted a qualitative evaluation
of soil aggregate systems with Mirafi fabric. Though a lot of
extrapolation was applied to the results of the experimental pro-
gram to produce the design curves (one of them reproduced on
Figure 28),, qualitatively it demonstrated "that inserting a
layer of fabric between the subgrade soil and the granular layer
results in improved stability of the system and permits a decrease
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in the required thickness for the granular layer. The basic func-~
tion of the fabric in these systems is to keep the subgrade soil
separated from aggregate material, and aid in distributing the
stress transmitted to the subgrade, thus effectively improving
the support conditions for the aggregate material." This later
concept of "load-spreading" and/or "increasing allowable limiting
stress" by use of fabrics has been stressed by Fukusumi et al.
(1967) in Japan and others in France. Based on his earlier work
in 1965, Barenberg feels that "a fabric, installed at soil-
granular layer interface should tend to stabilize the system by
increasing the interface shear strength", which is responsible
for the stability of the system. Experimental work also suggests
that the fabric may be effective in preventing the localized
plastic flow in the soil but does not significantly alter the ul-
timate failure stress. The fabric layers do have a potential,
but more research is required to:

1. Evaluate the strength properties of the fabric;

2. Determine the effects of the number of layers of fabric
and fabric weights on the behavior of a total system;

3. Determine a better mathematical model for design; and

4, Compare the results of the analytical model with con-
trolled laboratory tests in the first stage and with
field tests in the second stage.

3.4.1 Fabrics to Control Reflective Cracking

When cracks appear on a pavement surface and become so in-
tense that they inhibit the riding quality, the highway depart-
ment, in an attempt to improve the surface, resorts to overlaying
the surface with an asphaltic concrete layer. Shortly afterwards
they find identical cracks appearing in the overlay, directly over
cracks in the underlying pavement -- so-called reflective crack-
ing. North Carolina is currently (Civil Engineering, May 1976)
using a fabric to prevent reflective cracking. Professor William
Head of North Carolina (who is working on the project) feels that
the filter fabric may sometimes be an effective way to reduce re-
flective cracking where the underlying concrete slab is in inti-
mate contact with the subgrade. However, in those cases where
there is relative vertical movement of the concrete on opposite
sides of a crack, filter fabrics may be a possible answer. High-
way and Heavy Construction magazine (April 1976) reports that a
polypropalene fabric has demonstrated that it can minimize or
prevent reflective cracking when used between an old portland
cement concrete slab and a 1.5-in. (38 mm) ~thick asphalt overlay.
Intuition and limited experimental work indicate that plastic
fabric may be a probable method to control reflective cracking.
More experiments to set limits and to examine the environmental
effects on the life of plastic sheeting are required.
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3.5 SYNTHETIC AGGREGATES

3.5.1 Introduction

This section presents the findings of the investigation con-
ducted to determine the feasibility of using synthetic aggregates
in untreated base coarses for zero-maintenance rigid pavement
systems. This investigation excluded synthetic aggregates con-
ventionally used, such as open hearth slag, as well as aggregates
derived from crushed rock or naturally occurring gravels and
sands. Chemically treated or cement and bitumen-stabilized base
coarse utilizing synthetic aggregates are also excluded from
this section because, except for the aggregates, the techniques
are already well developed.

3.5.2 Objective and Scope

The purpose of this investigation was to search and inquire,
locate, obtain, review and evaluate existing information on a
limited number of synthetic and/or unconventional aggregates in
the hope of identifying suitable or potential replacements for
base coarse aggregates presently used. Some attention was also
given to the beneficiation of low-grade aggregates.

The types of existing information incorporated in the evalu-
ation of synthetic and/or unconventional aggregates included ex-
perimental laboratory and field tests, and performance records of
prototype installations. Foreign information on the utilization
of substitute aggregates that are not characteristic or repre-
sentative of aggregates found in the United States, such as
British reports on unburnt and/or burnt colliery shale, was not
incorporated in this investigation for obvious reasons.

The evaluation itself did not incorporate the initial cost
associated with the utilization of any of the candidate aggre-
gates. The capability of providing satisfactory and maintenance-
free service for a period of 20 years following installation, and
requiring only minor repair in order to function successfully for
an additional 10 years, was considered essential for suitable re-
placement aggregates. Personal communication with authorities
from universities, private and state research institutes, as well
as published reports and articles provided the source of infor-
mation for this investigation. The following authorities are
acknowledged for providing direction and/or assistance to this
investigation: Dr. L.K. Moulton, West Virginia University; Dr.
D. Pindzola, Franklin Institute Research Laboratories; and Mr.
Robert Collins, Valley Forge Laboratories. Reports and articles
on synthetic aggregates were also located using the Engineering
Index Manual, The John Crerar Library and the U.S. Federal High-
way Administration - Department of Transportation Library card
catalogs and also the National Technical Information Service's
computerized data base.
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3.5.3 Summary of Findings

Seven types of synthetic aggregates, which can be categor-
ized under two basic sources, are reviewed and evaluated. The
aggregate types and sources are illustrated on Figure 29. A
third source of aggregates derived from the beneficiation of ag-
gregates obtained from the processed waste materials and/or the
heat-~treated materials is also illustrated on Figure 29, < Based
on available information, it appears that suitable replacements
do not presently exist for major pavement systems subjected to
intense and extreme loads and/or severe climatic conditions.
Several potential replacements, however, are identified and may
prove to be suitable subsequent to additional research and test-
ing. The present unavailability of acceptable synthetic ag-
gregates for untreated base coarse applications does not appear
to be a serious problem if the initial cost of the zero-
maintenance pavement system is considered to be irrelevant.
Alternatives such as the importation of high quality conventional
aggregates, sophisticated quarrying or mining processes, and
treatment methods such as chemical stabilization may then be
proposed for obtaining the desired base coarse performance.

3.5.4 Review of Literature

Due to the rather recent concern for supplementing conven-
tional aggregates in all types of highway and pavement systems
applications, and also industrial concerns regarding the economic
justification of synthetic aggregate development and production,
a limited amount of engineering data useful in analyzing and
evaluating synthetic aggregates is available. Data relating to
the utilization of synthetic aggregates in base coarses, as op-
posed to its utilization in concretes and surface coarses, are
even more limited due to the economic implications. In the past
and also at present, the top dollar in pavement systems is as-
sociated with the wearing coarse.

Marek et al. (1972) compiled a report that in part presents
the proceedings of a specialty conference held in 1970 for review-
ing and predicting the needs of highway engineers concerning ag-
gregate utilization in highway construction. The report is the
second of such (NCHRP Report No. 8, 1974) sponsored by the Highway’
Research Board to provide an update on the needs, developments and
required research regarding synthetic aggregates. 1In a review of
existing available conventional high quality construction aggre-
gates, the southeastern United States, especially along the Gulf
Coast, had the most limited supply. Engineering properties and/or
characteristics of previously investigated synthetic aggregate
for use in base coarse analysis and design are not given. Better
utilization of existing conventional aggregates is believed neces-
sary for meeting anticipated demands in the near future. Possible
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Processed Waste Materials
a. Bottom Ash
i) dry bottom ash
ii) wet bottom ash (boiler slag)
b. Zinc Smelter Waste
c. Spent 0il Shale

Heat Treated Materials
a. Clays (nonbloated)
i) naturally occurring
ii) mixtures
b. Marine Muds
i) silty dredge spoil
c. Fused Garbage Residue

i) "Eco-Rock"

Beneficiatea Materials
a. Mechanically Processed
i) washed
ii) separated (heavy media)
iii) crushed
iv) sieved
b. Blended
c. Coated
d. Impregnated

FIGURE 29

SUPPLEMENTAL AGGREGATE TYPES REVIEWED
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sources for supplemental aggregates intended to help meet the in-
creasing demands, which may also simultaneously offer some ecolog-
ical benefits, are presented. These sources are illustrated on
Figure 30, and lend themselves to being reduced to the following
six broad categories (NCHRP Report No. 135, 1972):

1. Heat treatment of raw minerals;

2, Chemical and thermochemical processing of raw minerals
or solid wastes from conventional aggregate production;

3. Pelletizing of raw minerals and beneficiation to suit-
able quality;

4. Utilization of solid wastes;
5. Beneficiation of low quality aggregates; and
6. Utilization of marine deposits.

Aggregates produced utilizing four of these six methods are pre-
sented, discussed and evaluated in subsequent sections of this
chapter.

General research was proposed for some 14 topics, each topic
requiring a period of investigation of approximately 4 to 5 years
after its initiation. With delays ih awarding contracts, lack of
funds, redefinition of scope, etc., it is expected that most of
the information resulting from these studies on synthetic aggre-
gates is not yet completely available. Some preliminary results
seem to indicate that a revision of the existing material and
construction specifications as well as their associated test pro-
cedures is in order for adaptability to the sometimes peculiar
but not necessarily detrimental characteristics of synthetic ag-
gregates.

Only the most relevant findings of this investigation are
presented in the following section due to the inherent nature
of this study. Summaries with appropriate references to the
original works are presented since the information upon which
the evaluation is based is well documented and readily available.
Also included in the references are some reports concerned with
testing of conventional aggregate materials. These have been
only briefly reviewed in the hopes of gaining some additional
insight into desirable characteristics of base coarse aggregates
as well as innovative test procedures. Information obtained from
these reports is not explicitly stated in this chapter and has
only been incorporated in a very general sense in the evaluation
of supplemental aggregates. These data will be used in the analy-
sis of pavement systems under Task B of this contract, since
these pavement systems are expected to contain an integration of
both conventional and innovative components.



1. Heat treatment of suitable clays and shales
2. Pelletizing and sintering of raw materials
3. Pelletizing of raw materials and coating

4. Mechanical processing of certain wastes
a. Building and highway rubble
b. Ceramic waste

1) Devitrified waste
2) Glass cullet
3) Waste ceramic ware

c. Waste from cast-iron enameling
d. Wastes from structural clay products

1) Broken bricks
2) Broken pipe
3) Broken tile

e. Metallurgical slags

1) 1Incineration of sewage sludge
2) Incineration of garbage

f. Scrap iron and steel

5. Heat treatment of nonbloating materials including sand, soil
and loess

6. Manufacture by nuclear methods

7. Heat treatment of waste materials
a. Coal mine tailings
b. Fly ash
c. Collected mineral dusts
8. Chemical and thermochemical processing of raw materials or
solid wastes from conventional aggregate production
a. Mixing with agent, pelletizing and curing

1) Lime

2) Lime~fly-ash

3) Cements (phosphate, silicate, portland, etc.)
4) Plastics

b. Mixing with agent, casting brick, curing and crushing to
size

FIGURE 30
EXISTING POTENTIAL SOURCES FOR THE PRODUCTION OF

SUPPLEMENTAL AGGREGATES
(From NCHRP Report No. 136, 1972)



9. Mechanical processing of marine deposits
a. Reef shell

b, Beach sand

10. Beneficiation of a low~quality aggregate
a. Coating
b. Impregnation
¢. Blending
d. Mechanical processes

1) Washing

2) Separation (heavy media)
3) Crushing

4) Sieving

11. Combination of two or more of the previcusly listed sources

FIGURE 30 ({(continued)
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3.5.4.1 Criteria

Factors considered essential for base coarses of rigid pave-
ment systems intended to provide adequate stability and drainage
(Yoder, 1975) are outlined as follows:

1. Control of Pumping

a. High rainfall and/or sufficient ground water:

open—-graded aggregate with filter;

b. Low rainfall and low ground water levels:

relatively dense, well-graded aggregate;
2. Control of Frost Action
a. Non frost-susceptible aggregate

i) low absorption;
ii) very little or not fines;

b. Free draining;
3. Drainage
a. High permeability:

very little or no fines;

4, Strength

a. Hard (nonfriable), durable and angular aggregate
i) short-term for support of construction equip-
ment;

ii) long-term for load distribution;
5. Control of Shrink-Swell of Subgrade.
It is also considered desirable but not essential for the base
coarse to provide, without additional treatment, a level surface

upon which the wearing coarse can be constructed.

3.5.5 Processed Waste Materials

The utilization of waste materials as road construction ag-
gregates has received considerable attention in recent years,
partly due to the popularization of recycling. The usefulness of
recycled wastes in pavement base coarse applications is dependent
not only on the engineering properties of these materials, such
as strength, durability and permeability, but also on the com-
patibility of the materials with the environment in which they
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are used. It is the intent of this investigation, however, to
concentrate on the acceptability of all candidate materials as
possible base coarse aggregates with respect to their engineering
characteristics.

3.5.5.1 Bottom Ash

The bottom ash referred to herein is a by-product from the
burning of pulverized bituminous coal in steam generating power
plants. Two basic types of bottom ash are produced in the
United States and are commonly designated as boiler slag (also
referred to as wet bottom ash) and dry bottom ash or cinders.
The type of bottom ash produced depends on the boiler type uti-
lized by the power plants. The quality and uniformity of the
bottom ash are dependent on the coal source, degree of coal pul-
verization, burning temperatures and also the load on the plant
(Anderson et al., 1976).

Over 90 percent of the coal used annually in the United
States is in the area west of the Mississippi River (Seals et al.,
1972). It has also been estimated that 25 percent of all power
plant ash produced in the United States is boiler slag, 10 percent
is dry bottom ash and 65 percent is fly ash (Seals et al, 1972).
It is anticipated, however, that dry bottom ash production will
increase in the future (Anderson et al., 1976).

Characteristics - A preliminary study was conducted by Seals
et al. (1972) to determine some of the physical, chemical and engi-~
neering properties of bottom ash. Results from tests on both types
of bottom ash produced at several different locations in West
Virginia are presented in the report for this study. Although
properties tend to vary considerably depending on the source of
the bottom ash, some insight can be obtained into the general
characteristics of both types of bottom ash. Anderson et al.

(1976) also presents typical properties of two types of bottom
ash as shown in Table 10. Additional observations are presented
separately for each type of bottom ash and are as follows:

A. Boiler Slag

1. Hard, angular to subangular with some rod-shaped
particles having a glassy texture;

2. Poorly graded ranging in size primarily from fine
gravel with some oversized material and also non-
plastic fines;

3
3. Dry density of 90 pcf (1442 kg/m”) (based on
one rodded air sample from Seals et al., 1972);

4. Relatively little degradation during Standard

Proctor Compaction (tests results are similar to
those obtained for many sands);
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5. Coefficient of permeability of approximately 100
ft/day (30.5 m/day) at a void ratio of 0.88; and

6. At low stress levels, the compressibility is
similar to that of sand placed at the same rela-
tive density (Dr) (i.e., no noticeable effect
upon saturation;

B. Dry Bottom Ash

i. A mixture of hard and soft angular particles with
a very porous surface texture;

2. Relatively similar in size to boiler slag but well
graded (nonplastic fines and also no oversized
materials);

3. Dry density from §pproximately 50 pcf to 100 pcf;
(801 to 1602 kg/m”);

4. Susceptible to degradation during Standard Proctor
Compaction, otherwise similar to boiler slag;

5. Slightly lower permeabilities than boiler slag; and
6. Similar compressibility to boiler slag.

The primary differences between the bottom ashes are the
gradation, surface texture and particle hardness. These differ-
ences are worth noting since they directly relate to the stability
and permeability, durability and strength of base coarses uti-
lizing bottom ash.

Performance - Bottom ash has been utilized in untreated
bases for several different pavement systems in West Virginia
and several surrounding states (Moulton et al., 1973), although
national utilization of bottom ash still lags production sub-
stantially. This limited experience indicates that bottom ash
utilized in bases without screening or additional treatment
loses stability during construction operations upon drying out.
This loss in stability in an unconfined state can be remedied by
mixing the bottom ash with approximately 40 percent (by weight)
of fly ash. More than adequate required in-place densities are
obtained through vibratory compaction at "wet-of-optimum." In in-
creasing the stability according to this procedure, one in turn
then reduces the drainage capabilities of the base and increases
the susceptibility to pumping at pavement joint locations.

Beneficiation - Screening of the bottom ash and mixing with
other aggregates can result in acceptable base coarses regarding
stability.. Instances in which the bottom ash was mixed with
coarse blast furnace slag aggregate have been known to produce
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Class 1 type base coarses (Moulton et al., 1973) for West Virginia
pavement systems. Additional treatment of bottom ashes may also
be necessary on occasion, prior to utilization in base coarses,

to purge the aggregates of contaminants such as pyrite and sulfate
introduced into the coal source, thus preventing aggregate de-
gradation upon exposure to water for extended periods of time and
also protecting adjacent concrete structural systems (Anderson

et al., 1976).

Evaluation - It is concluded that bottom ash of both the dry -
and wet variety shows some promise for use in zero-maintenance
pavement systems. A more complete understanding of the behavior
of this material, obtainable through continued laboratory and
field investigations, is essential.

An .effort should be made to obtain some conclusive data on
the freeze-thaw characteristics of both bottom ash types, to
assess the performance under harsh climatic conditions. Severe
climatic conditions prevail in more than half of the United
States wherein the bulk of this material is produced and
would therefore be used. Large-scale tests utilizing representa-
‘tive samples of stable base coarses should be conducted to deter-
mine their drainage characteristics.

Due consideration must be given to the variability in the
properties of untreated bottom ash primarily resulting from the
utilization of numerous coal sources, coal additives for meeting
efficiency and/or environmental demands and also stockpiling
practices. Excessive testing to insure conformance with standard
specifications might therefore prove necessary.

Based on the information currently available, bottom ash
seems to be best suited for use in subbases of zero-maintenance
pavement systems where gradation and strength requirement are
less critical. In this manner, better utilization of conventional
high-grade aggregates in more demanding applications is permitted.

3.5.5.2 Spent 0il Shale

Spent o0il shale is the by~product of retorting processes

on raw oil shale for the production of crude shale oil. The re-
torting process may consist of indirectly heating raw o0il shale,

a fine-grained and compactosedlmentary marlstone, between tempera-
tures of approximately 700  and 950 °p (371 and 510 C) in order to
vaporize the entrapped organic substance known as kerogen (Gromko,
1975). Subsequent condensation of the vapors results in crude
shale 0il; Colorado, Wyoming and several other surrounding states
are rapidly accumulating enormous waste piles of spent oil shale
from the oil extraction processes. Methods utilizing spent oil
shale, ranging in size from chunks as large as 20 in. (508 mm) to
particles smaller than 0.0029 in. (0.07 mm, minus No. 200 sieve)
are being sought. Past research efforts have concentrated pri-
marily on the utilization of spent oil shale passing the No. 200
sieve, commonly referred to as spent o0il shale ash. A recent pre-



liminary investigation has focused on the utilization of spent
oil shale aggregates (maximum size of 3/4 in. (19 mm)) obtained
from the U.S. Bureau of Mines, Laramie Energy Research Center
(LERC), in Wyoming and originating from the Green River Formation
(Gromko, 1975).

Characteristics - Results of tests obtained from previous in-
vestigations on spent o0il shale ash, as well as results obtained
by Gromko (1975), are presented by him; aggregate characteristics
such as size, grading, toughness, particle shape, surface texture,
absorption and strength are included. General observations of the
aggregate properties are presented below (observations are based
on samples prepared by sieving and grading as shown on Figure 31.

A, Spent 0il Shale Aggregates

1. Flat, friable and angular, having a very porous and
rough surface texture;

2. Well-graded material possible upon crushing and
sieving (nonplastic fines);

3. Dry density of 85 pcf to 95 pcf (1362 to 1522 kg/m3;

4. Low abrasive resistance;
5. Very high percentages of water absorption; and
6. Angle of internal friction

a) moist, § = 35°

b) saturated, ¢ = 20°.

Performance - To our knowledge, spent oil shale aggregates
have not been incorporated in field installations of pavement
systems.

Beneficiation - Crushing and sieving of the spent o0il shale
is necessary prior to its use in base coarses. Since the
properties of spent 0il shale vary considerably with temperature
utilized in the retorting process, it seems feasible to alter and
possibly improve the aggregate characteristics through heat treat-
ment (burning) at high temperatues.

Evaluation - Based on the limited scope of work in his in-
vestigation, intended to assess the feasibility of spent oil
shale aggregate utilization in flexible pavement systems, Gromko
(1975) highly recommends the use of these aggregates as conven-
tional base coarse aggregates. This recommendation is based on
the high strength achieved by the dense well-graded samples of
moist spent shale aggregates.
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We are not in agreement with this blanket recommendation,
and more specifically do not feel the particular aggregate in-
vestigated to be suitable for general use in zero-maintenance
pavement systems based on the information presented. The follow-
ing reasons are cited:

1. Friable particles subject to degradation during handling
and compaction, therefore altering the gradation:

2. High absorption capacity indicative of limited durabil-
ity when subjected to alternate cycles of freeze-thaw
resulting in aggregate break-up; and

3. Strength loss upon saturation (possible from infiltra-
tion of water through the wearing coarse and/or joint
openings and high ground water tables) resulting in
the reduction of load carrying capacity (during or
after construction).

Possibilities might exist, however, for the utilization of
spent oil shale aggregates in subbases of pavement or in base
coarses upon some form of beneficiation as mentioned previously.
Additional investigations, both in the field and laboratory,
should be conducted to evaluate the performance of this material
more completely.

3.5.5.3 Zinc Smelter Waste

Oklahoma has available large quantities of smelter waste re-
sulting from mining operations. Hughes and Halliburton (1973) con-
ducted a study to determine the physical and engineering proper-
ties of zinc smelter waste necessary for evaluating its feasibil-
ity for use as highway construction material. Of particular
interest to this investigation are their findings regarding
mechanically stabilized base coarses.

Characteristics - Samples for testing purposes were obtained
from four types of Oklahoma zinc smelter waste. General proper-
ties of these materials are the following:

1. Brittle as well as durable cubical particles with a
sharp angular and very porous surface texture;

2. Relatively uniformly graded and void of coarse particles
(majority of particles smaller than No. 10 sieve);

3. Specific gravity of 2.18 to 3.14;

4. Water absorption (%) of 3.4 to 5.0;

5. High alkali reactivity:;

6. Subject to leaching of soluble zinc; and

7. Angle of internal friction of 47° to 54°.
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Performance - To our knowledge, zinc smelter wastes have
also not been incorporated in field installations of pavement
systems. _

Beneficiation - The sieving of zinc smelter waste and recom-
bination with other coarse aggregates is necessary to meet par-
ticular unwanted zinc leachates (damages or kills vegetation) and
adverse reactivity between zinc smelter waste and adjacent unpro-
tected portland cement concrete (PCC).

Evaluation - The types of zinc smelter wastes discussed
above are not applicable for use in their natural state in stable
free draining base coarses. However, based on the preliminary in-
formation available, zinc smelter wastes may be considered to be
an excellent potential source of fine aggregates for use in
mechanically stabilized base coarses.

3.5.6 Heat Treated Materials

Three types of synthetic aggregates produced through the
thermal transformation of highly plastic clays, incinerator
residue and marine silt are evaluated. The thermal transforma-
tion of materials in the United States is accomplished utilizing
two basic methods; namely, the rotary kiln method and the sinter-
ing method (Ledbetter, 1973).

3.5.6.1 Fire Clay Aggregates

Moore (1970) presents the results of several tests on non-
bloated synthetic aggregates produced from naturally occurring
highly plastic clays. The clays were transformed into inert,
stable, amorphous silicates under the combined action of heat
and time in a commercial rotary kiln and also in the Texas Trans-
portation Institute's (TTI) research rotary kiln. Criteria for
establishing the acceptability of these synthetic aggregates for
use in flexible bases and an evaluation of the performance of
several roads utilizing flexible bases are also presented.

Although the investigation by Moore (1970) deals primarily
with the use of fired clay in flexible bases, several observations
can be made regarding the use of these aggregates in rigid pave-
ment base coarses.

Characteristics - Laboratory test samples produced in the
TTI kiln (Moore, 1970) were prepared from three types of naturally
occurring plastic clays found in Brazos County, Texas (Table 11).
Four additional aggregate samples, produced commercially
and previously used in pavement base construction, were also
tested. Firing temperaturgs for TTI aggregatesowere de%iberately
varied from as low as 1000°F (543°C) up to 2000 F (10947C) to
determine their influence on aggregate properties. The following
represent the most pertinent observations:
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1. The clay minerals montmorillonite, illite and kaolinite
can be used in most cases to produce high quality syn-
thetic aggregates by completely dehydrating them; once
completely dehydrated they will not rehydrate;

2. The behavioral characteristics of fired aggregates vary
cons%derab%y when firéng temgeratures are raised from
1000™ (5347C) to 1500 F (816 °C). Fjiring tegperatures in
excess of 1500°F (816°C) up to 2000 F (1094°C) do not
appreciably alter aggregate characteristics;

3. Sound, hard aggregates may be ogtainedoat firing tem-
peratures of approximately 1500 F (816 C) for the clays
tested;

4. Gradation seems to be lacking (95 percent of the result-
' ing aggregates were between 1 in. (2.54 cm) and the No.
10 sieve in size;

5. None of the aggregates classified as lightweight aggres
gates (the loose unit weight exceeded 55 pcf (881 kg/m7));

6. Fired clay aggregates exhibit relatively high water ab-
sorption capacities (Ledbetter, 1973);

7. Good chemical stability (low reactivity with PCC) is
achieved; and

8. The aggregates are susceptible to degradation as a re-
sult of conventional compaction procedures and severe
climatic conditions. Experience has indicated that the
use of pneumatic rollers reduces the degradation during
field compaction (Horn, 1967).

More detailed information of fired clay aggregate properties
is presented by Moore (1970), Moore et al. (1966) and Houston
(1969).

Performance - Fired clay aggregates produced in commercial
kilns have been used in combination with approximately 30 percent
(by weight) of field sand (water content <35 percent, plasticity
index <10) in several Texas roads (Moore, 1970). The field sand
is added to meet the necessary gradation requirements. The com-
merc%ally produced aggregates were fired at approximately 1400°F
(760°C). Good performance was experienced over a service period
of approximately 6 years at the time of the investigation. No ap-
preciable disintegration had resulted, as determined from labora-
tory tests on samples obtained from these roads. ILoad and traf-
fic frequency data imposed on these roads were not presented.

Beneficiation - Although not presented in the literature re-
viewed for this investigation, several beneficiation techniques
other than mechanical processing might prove feasible in enhancing
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the quality of fired clay aggregates. Coating or impregnation of
fired clay aggregates, possibly with polymer-type materials,
would essentially eliminate the high water absorption capacities,
therefore rendering the aggregate more durable (less frost sus-
ceptible). Blending the clay minerals with certain materials
prior to the heat treatment process might also produce a more
durable product.

Evaluation - Fired clay aggregates show some promise for use
in base coarse applications for zero-maintenance pavement sys-
tems based on the preliminary information reviewed, especially in
moderate climates. More information on the properties and per-
formance of these aggregates needs to be developed and/or accumu-
lated, however, in order to present a more convincing argument.
Lytton (1977) is of the opinion that when mixed according to
proper proportions, montmorillonite, illite and kaolinite can form
the basis for a hard and durable fired aggregate suitable for use
in untreated coarses.

3.5.6.2 Fused Incinerator Residue

The aggregate that is referred to herein is produced utiliz-
ing a fusion process designed to transform incinerated municipal
refuse into paving materials. The resultant fused incinerator
residue is trade named Eco-rock. Dr. Daniel Pindzola of the
Franklin Institute Research Laboratory, initially funded by the
U.S. Public Health Service and presently by the Federal Highway
Administration's Department of Transportation, is the designer
of the process. The aggregate production process basically con-
sists of the following steps (Pindzola, 1972; Pit and Quarry,
1976) :

1. Screening incinerator residue to <l-~in. (2.54 cm)
size (the residue represents approximately 16 percent
of the original municipal refuse); i

2. Intr8duction ingo a rogary kiln for 15 minutes @ 1600°F
(871°C) to 1800 F (9827C); '

3. Combustion @ 2000°F (1094°C) in a chamber to accomplish
fusion;

4, Cooling to a solid state, approximately 700°F (371%);
and

5. Crushing and screening of aggregate to desired gradation.

Engineering properties useful in evaluating the aggregate
for suitability in rigid pavement base coarses are not yet be-
lieved to be available. The utilization of Eco-rock as aggregate
for wearing coarses has been the major objective of previous in-
vestigations (Pindzola, 1977). Excellent skid resistance is ex-
hibited by the aggregates. Good handling characteristics are
also exhibited by the aggregates.
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Performance - No performance records of Eco-rock aggregate
in pavement systems have been obtained.

Evaluation - Due to the lack of available technical informa-
tion on aggregates produced from Eco-rock, an evaluation is at
present not possible. Its utilization in base coarses does ap-
pear to have considerable potential, however, in light of its
apparent acceptability as surface coarse aggregate. Eco-rock is
presently being produced at a pilot plant in Pennsylvania under a
U.S. Department of Transportation - Federal Highway Administration
contratt. Information on any testing and developments of Eco-
rock should be obtained whenever made available and subsequently
reviewed to assess its suitability in all types of pavement ap-
plication. Aside from its potential for relieving the burden on
conventional aggregates utilized in pavement construction, Eco-
rock also offers an attractive solution for waste disposal.

3.5.7 Sintered Dredge Spoil

Dredge spoil consisting of fine-grained marine mud re-
covered from harbors and embayments along the northeast coast ofO
"the United States was sintered for approximately 4 hours at 1920°F
(1L050°C) to produce aggregates investigated for use as a construc-
tion material (Rhoads, 1975).

Characteristics - The strength-to-weight ratio of the aggre-
gates produced from sintered mud is comparable or superior to com-
mercially used lightweight expanded shale aggregates. Crushing
strengths of sintered silt aggregates were measured in a 3.0-in.
(7.6 cm) by 5.1-in. (13 cm) steel compression cell. The aggregate
size tested ranged from the No. 16 sieve (1.10 mm) to the No. 4
sieve (4.76 mm). Aggregates consisted of equiaxial particles,
and exhibited rather high permeabilities (magnitude not reported).
Crushing strengths reported for both sintered marine muds and ex-
panded shales by Rhoads (1975) are presented in Table 12, Rhoads
(1975) determined that the sintered aggregates with the best
properties are made from feed containing 50 percent illite and
chlorite with lesser amounts of other clay minerals. He also
established that the increase in the quality of shell carbonates
and/or sands in the feed resulted in rapid aggregate strength de-
gradation.

Performance - Applications of these types of aggregates in
pavement systems are not reported by Rhoads (1975) and are
presently unavailable.

Evaluation - Additional information on the physical and
engineering properties of these aggregates is necessary before
any valid conclusions can be made with respect to their use in
rigid pavement base coarses. Some positive as well as negative
observations regarding their utilization in base coarses are
the following:
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TABLE 12

CRUSHING FORCE REQUIRED TO COMPRESS AGGREGATE 2.5 cm (Sl)
AND 5.0 cm (82) IN COMPRESSION CELL

(From Rhoads, et al., 1975)

MATERIALZ d, g/cm2 Sl’ psi 82, psi Sz/db.
Sintered silt A 1.70 714 11,430 6,700
Expanded clay Rl 1.80 890 4,100 2,300
Expanded clay R2 2.28 140 610 260

4g5ilt A is a Cape Cod Bay mud; aggregates Rl and R2 are expanded
shales.

bThe S,/d ratio of the Cape Cod Bay aggregate is, respectively,

3 and“26 times that of the expanded shale ratios.

(1 psi = 0.0703 kg/cmz)
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1. Relatively large crushing strengths indicating good
load distribution characteristics;

2. Control of particle shape and gradation enhancing the
field stability (unconfined condition);

3. Noncontinuous void structure due to sintering process
resulting in reduced absorption and possibly increased
durability;

4. Increased aggregate size resulting in decreased strength
due to greater chance of shell carbonate and/or sand
particle inclusion;

5. Possible treatment of aggregate required to insure pre-
vention of leaching of soluble compounds introduced by
contaminants in the feed materials; and

6. Excessive handling and preparation as well as trans-
portation of feeder material and/or aggregates.

3.5.8 Conclusions and Recommendations

The evaluations of aggregates reviewed in this investigation
for possible use in zero-maintenance rigid pavement base
coarses have been presented separately under each aggregate type.
At present, it may be concluded that based on the information
available and reviewed for this investigation, none of the syn-
thetic aggregates considered appear to be acceptable for their
intended use. Several aggregate types do, however, exhibit a
potential for future use. Additional information regarding
synthetic aggregate properties and performance, when applicable,
needs to be determined and/or accumulated. More information from
on-going research projects should become available in the near
future. No new methods, other than those presented above, appear
to be forthcoming in the near future for the production of syn-
thetic aggregates. Better utilization of conventional aggregates
as well as the revision of existing specifications is believed
necessary to meet future aggregate demands.

3.6 CHEMICAL SOIL STABILIZATION

The use of additives, such as cement, lime, lime-fly ash,
bitumen, and other organic and inorganic chemicals, for the con-
struction of pavement structures has been studied and used ex-
tensively in the past 40 years. The additives, when properly
mixed in and compacted with locally available materials, may im-
prove the strength, volume change, water proofing, and/or freeze-
thaw characteristics of the materials for use as a pavement
subbase or base course. Comprehensive reviews and bibliographies
dealing with these stabilization techniques may be found in the
Trangportation Research Board publications.
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CHAPTER 4

THE SURFACE

4.1 INTRODUCTION

Scientists consider it respectable to define the rationale
of material behavior on a molecular level, although the.main
structural aluminum alloy of the Concorde supersonic airliner
was developed in the early 1930s, well ahead of the electron
microscope that can reveal the alloy's structure. Despite all
the contemporary aids of science, the exact molecular process
in the conversion of polymeric fibers to high modulus carbon
fiber is still a subject of some speculation nearly a decade
after the original discovery even though the fiber is moving
towards large-scale production. Nevertheless, the people con-
cerned with these inventions know what properties to look for.
This chapter, therefore, will consider the innovative materials
and concepts forming the surface of the pavement from the point
of view of their suitability for zero maintenance. The materials
reviewed include fiber and polymer reinforced concretes. The
systems studied are prefabricated, waffle, grill and corrugated.
The suitability of pavement on piles is also discussed. Relevant
discussions on innovative joints, composite systems and related
topics are also presented.

4.2 FIBER REINFORCED CONCRETE

4.2.1 Background

When considering an innovative pavement-surface material,
the energy required per unit area cracked open can be related to
real engineering situations. The possible relationship between
work of fracture (fracture energy), applied stress and permissible
crack length must be determined. Griffith (1920) first derived
the relationship for brittle materials (glass), and his work has
been generalized to cover other materials. Frgcture energy is
measured in joules per square centimeter (J/cm”) of crack area
produced. Appendix I provides a short description of how Griffith
related fracture energy and crack length to the stress needed to
produce catastrophic failure. Fracture energy in itself does not
reveal directly what is happening in the material. Griffith
noted that maximum attainable stress varies inversely as the
square root of crack length and that materials of low fracture
energy could tolerate only very small cracks That is, the crack
length needs to be reduced by a factor of 10  to make such materials
100 times stronger. Small cracks (flaws) are present in all
materials and failure occurs by propagation of a crack from
largest flaw. The larger the specimen, the more likely it is to
contain a large flaw and hence to have a low strength. If thin
fibers (having very little flaws) are embedded in a proper matrix
material, it is possible to utilize the strength of virtually all
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the fibers. The mixture of the fiber and matrix is effective in
deflecting cracks where it separates two phases of differing
modulus, and a mechanism is evolved in frustrating the crack
propagation rather than 1ncrea31ng fracture energy per se. The
above background discussion is to clarify the concept that the
role of fiber reinforcement is not really to improve static
strength but to control cracking. The controlled cracking
increases the ductility, energy absorption, and resistance to
impact and thermal loading of the composite material. Effective
control of the size of cracks may make the composite less vulner-
able to environmental effects. A brief discussion of the mechanism
of fiber reinforcement is presented in the following section.

4.2.2 Mechanics of Reinforcement

In this section, the results of putting stress fibers into a
matrix are considered. The matrix should be effective in trans-
ferring stress from fiber to fiber, so that applied loads may be
evenly distributed, but without the ready propagation of cracks
that would occur in a homogeneous brittle solid. Despite the
fact that extensive mathematical literature on composites exists,
the observed properties do not justify more than an approximate
theory. This is because the basic theoretical unit is a fiber
rather than an atom and therefore warrants a macroscopic rather
than a microscopic treatment.

The influence of fibers on the elastic properties of the
composite can be approximated by the following equation (see
Figure 32):

Ec = aEf + (1-a) Em (Equation 4-1)

E . = modulus of composite

E. = modulus of fiber

Em = modulus of matrix

o = volume fraction, or properties of cross section, occu-
pied by fibers.

This simple proportion law is sometimes called the law of mix-
tures. If the matrix exceeds the elastic limit, its stress is
still written:

O, = 00g + (l-a) o

c (Equation 4-2)

m
where

o is the stress and subscripts ¢, £ and m denote composite,
fiber and matrix

but

T # Eq €
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FIGURE 32 LAY OF MIXTURES FOR UNIDIRECTIONAL COMPOSITE
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The secondary corrections of elasticity due to differing Poisson's
ratio of fiber and matrix being small are neglected.

In general, the load carried by the fibers at fracture
greatly exceeds that which can be achieved by the pure matrix, so
that Eq. 4-2 applies with the matrix stress at fiber fracture
strain. If the fibers do break together but the matrix does not,
the weakening effect at volume fractions (of fiber), will be
described by:

o = (l-a) o

c (Equation 4-3)

m

where olm is the matrix strength.
The effect is shown graphically on Figure 33, the minimum strength
occurring when Eq. 4-2 = Eg. 4-3. One can deduce the breakdown
point for the volume fraction at which the strengthening commences
by:

- 1 - .
Sorit = (o™ om)/(of cm) (Equation 4-4)
The above equation suggests that if the fibers are short enough,
they will be unable to reach their breaking stress again.

In the case of a unidirectional model, mechanical properties
at angles other than the fiber axis can be relatively poor.
Depending on the matrix and even on strength properties of uni-
directional composition, there is considerable scatter (Dimmock
et al., 1969). 1In actual fiber-reinforced materials or composites,
the slight misalignment of fibers with each other can grossly
alter the interlaminar shear strength, which may be a favorable
effect. To account for arbitrary orientation, Eg. 4-1 can be
modified (Krenchel, 1964) as:

E = C_ a E

c . £ + (1-a) Em (Equation 4-5)

The correction factor C_ varies from 1 to zero depending on the
fibers being parallel to the force or perpendicular to the force.
For fiber distributed in all directions, a value of C_ = 0.2 was
recommended. The above equation can also be written as:

Ec/Em =1+ o (nC,. - 1) (Equation 4-6)
where n = Ef/Em, the modular ratio.

Eg. 4-6 shows the contribution of both the volume fraction and
the modular ratio on the composite and matrix behavior.

It is now almost accepted (ACI, 1973) that the composite
material approach describes the entire behavior of fibrous con-
crete until failure. To understand the transverse strength of a
composite, consider a unidirectional composite and a very simple
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FIGURE 33 WEAKENING EFFECT AT SMALL VOLUME LOADINGS
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approach of treating the fiber and matrix as a laminate sandwich
(Figure 34). A given applied stress will result in additive
strains so that:

l/Et = a/Ef + (1 - oz)/Em (Equation 4-7)

If there is shear parallel to the sandwich, the strains will
again be additive, so that:

l/Gth = a/Gf + (1 - u)/Gm (Equation 4-8)
where

Subscripts t and 2 stand for transverse and longitudinal
directions, respectively

Gm denotes the shear modulus.

Where there is more than an order of magnitude difference between
fiber and matrix stiffness, E and G. may be regarded. as infinite,
so that the composite stlffness in_ Eese directions is approxi-
mately increased by a factor (l-a) over that of matrix. If we
assume the fiber modulus is 100 times the matrix (e.g., concrete)
shear modulus and assume that 50 percent of parallel fibers in

the matrix, Young's and shear moduli of the composite will be in
the ratio 25:1. This difference between shear modulus and Young's
longitudinal modulus in a composite also leads to an apparent lack
of stiffness in the bending of short beams. This is why it becomes
necessary to use a span-depth ratio of 40:1 for isotropic material
(Tranopolisk, II et al., 1965).

Having discussed the basics, the typical load-deflection be-
havior in flexure is now considered. The load-deformation curve
of a fiber-concrete specimen can be considered linear up to a
point (see Figure 35) called "proportional or elastic limit" or
"first crack strength"; beyond that point, the behavior can be
termed "post-elastic limit" or "post-cracking" behavior. As
stated previously, the origin of fibrous concrete being based on
crack arrest and linear fracture mechanics concepts, the spacing
or fiber reinforcement was thought of as the prime factor in
predicting the elastic limit. However, the newer concept -- two-
phase composite material -- is now accepted that relates the
elastic limit to the volume, orientation and aspect ratio of the
fibers.

If during the application of load the matrix cracks, the
load is then entirely carried by the fiber; the point at which
this starts is the "elastic limit" of the composite. Under
flexural loads, a fiber reinforced beam, like any reinforced
beam, cracks at a certain critical strain in outer fiber. How-
ever, the cracks do not propagate but are arrested by the fibers
that span the cracks (Figure 36). Unlike an ordinary crack
where no load can be maintained across it, in the fibrous concrete,
some load is maintained across the crack due to the fiber bonded
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WITHOUT FIBERS

FIGURE 36 IDEALIZED CRACK ARREST MECHANISM
IN BENDING
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between thé matrix. This load is dependent upon the embedment
length of fiber, bond strength of fiber and matrix, strength of
matrix and to a lesser extent on the strength of fiber itself and
level of loading. With an increasing load, tensile strains
increase and the location of the neutral axis continues to move
up to a new location. After the cracking of the matrix, the
failure of the fiber-reinforced concrete is generally attributed
to the failure of the bond between fibers and matrix -- because
the stress in the fiber is much less than the yield stress of
fiber even up to the maximum load. It has been observed that
certain chemical and mechanical treatments can substantially
improve the bond strength as measured by a pull-out test on a
single fiber (Tattersall and Urbanowicz, 1974); however, when
such treated fibers are used in concrete, the observed improve-
ment in the composite properties is much less significant than
expected from the pull-out tests (Edington and Hannout, 1974).
This indicates that perhaps the pull-out load of a single fiber
does not provide an exact measure of the pull-out load when a
group of fibers are pulling out from a cracked surface.

Naaman and Shah (1976) conducted a study to evaluate the
pull-out behavior of the following three parameters: 1) angle of
inclination of fibers with the loading direction; 2) number of
fibers being pulled out simultaneously from the same area; and 3)
the efficiency of random orientation. The results are described
below:

1. The peak pull-out load for fibers inclined with respect
to the loading direction is almost as high as those for
fibers parallel to the loading direction (Figure 37),
Since the peak pull-out load is considered a measure of
bond efficiency, the results show that the bond effici-
ency of inclined fibers is essentially the same or
better than that of parallel fibers;

2, Just prior to the complete pull-out, the load termed as
final load (Figure 37) 1is zero for parallel fibers.
The final load for inclined fibers increases with the
angle of inclination and can be as high as the corre-
sponding peak load;

3. The final pull-out distance is equal to the embedment
for parallel fibers while it may be less than the
embedment length for the inclined fibers (Table 13).
The final pull-out distance is defined as the total
amount of observed distance at which the pull-out load
drops to zero;

4, The final load for inclined fiber increases with the
diameter of fibers (Table 13, Figure 37);

5. The work required to completely pull out an inclined
fiber is higher than that of a parallel fiber.
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FIGURE 37 VARIATION OF PEAK AND LOADS WITH ANGLE
OF FIBER ORIENTATION FOR DIFFERENT
FIBER DIAMETERS (1 in.=25.4mm 1 1b.=4.45N)
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Figures 38 and 39 show the most significant trend observed:

1. Increasing the numbey of fibers from 2 in.2 (12.9 cm2)
to 36 in.” (232.3 cm”) does not significantly influence
the peak pull-out load and the final pull-out distance
for fibers aligned parallel to the direction of loading;

2. For fibers inclined at 600, the peak pull-out load, the
final load, the final pull-out distance, and the total
pull-out work decreases with an increasing number of
fibers (Figure 39).

Thus for a group of inclined fibers, the contribution per’
fiber is less than that of a single fiber. This is analogous to
a group of piles (deep foundation) wherein the bearing capacity
of a group of piles is less than the sum of the individual piles.

Flexural Tests - Table 14 and Figure 40 show the results
of flexural tests on various specimens. The efficiency ratio,
defined as the ratio of modulus of rupture of the randomly oriented
fibers to that of parallel fibers, is shown on Figure 40. The
efficiency ratio decreases as the volume fraction of fibers in-
creases., As the number of fibers increases, the contribution of
randomly oriented fibers relative to that of parallel fibers
decreases —-- confirming the results of Figure 38.

The efficiency ratio observed in these investigations (0.66)
is higher than many theoretical deductions (for example: Drenchal,
1964 - 3/8; Christensen, 1972 - 1/3; Abolitz, 1964 - 1/2; Cox,

1952 - 1/3). Laws (1971) arrived at similar values of efficiency
ratios but with different considerations. Argon and Shack (1975)
predict that efficiency ratios after cracking may have a value
ranging from 0.4 to 1.0.

4.2.3 Fibers and Matrix Materials

Fibers of many types, sizes and shapes have been used but
the most common are steel, glass, plastics and asbestos. Uncom-
mon but in existence are fibers of aluminum alloys, tungsten wire
and carbon fibers. The natural packing of rigid fibers depends
on their aspect ratio, defined as the length divided by an equi-
valent diameter of fiber. For three-dimensionally ranggm fibers,
volume concentration in space is proportioned to (L/d4) . Wg?n
fibers are random in plane, packing is proportioned to (L/d) .,
whereas the packing of truly parallel fibers is independent of
aspect ratio: typical aspect ratios range from about 30 to 150
for fiber length dimensions of 0.25 to 3 in (6.4 to 76.2 mm).
Table 15 provides typical properties of fibers.

Steel fibers in concrete have been extensively studied,

their use originating from tunnel linings and extended to pave-
ment applications. Enormous literature and state-of-the-art
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FIGURE

Efficency ratio of reinforcement

Fibre length 1"
o .016"

Diameter 5 010"

O 1 2
Volume fraction of fibres,%

40 OBSERVED VARIATIONS OF EFFICIENCY RATIO
OF FIBER ORIENTATIONS IN FLEXURED PLATES

(1 in = 25.4 mm)
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reports are available on steel fibers. Round steel fibers in use
in the United States typically have a diameter ranging from 0.006
in. to 0.025 in. (0.152 to 0.635 mm) and 0.75 in. (19.05 mm) in
length., Flat steel fibers have dimensions typically 0.010 in. by
0.222 in. by 1 in. (0.254 by 5.64 by 25.4 mm) long. Longer fibers
than 1 in. (25.4 mm) are being used in the United States. Crimped
and deformed steel fibers have been produced to improve bond. For
the same reason, numerous coatings have been applied and are in
use. Table 16 shows the effect of chemical and mechanical treat-
ments on the pull force.

Glass fibers have diameters of 0.2 mils to 0.6 mils (5.1 to
15.2 microns), but these fibers may be bonded to produce glass
fiber elements with diameters of 0.5 to 50 mils (12.7 to 1270
microns). The soda-lime-silica glass in literature is referred
to as A-glass and bore-silicate glass as E-glass. A glass contain-
ing zirconia (ZYOZ) is now available and is called AR-glass.

Polymeric fibers of nylon, polypropylene, polyester and
rayon are available, but for pavements their contribution is not
significant. Fibers processed from natural materials like as-
bestos, cotton and vegetables provide a wide range of sizes.

New fugdamental research has shown that at very high tempera-
tures (2000 C) graphite could be oriented or drawn by an applied
tension. Thus, it is possible to convert the random microcrystal-
line structure of rayon-based carbon fiber to an oriented structure
by drawing it at a very high temperature. This led to the small-
scale production in the United States (Bacon, 1969) of a family
of carbon fibers gf high,modulus in the range 25 to 60 x 10  psi
(1.76 to 4.2 x 10" kg/cm”) as continuous. Much effort has and is
going on into the development of good carbon fiber. Only one
proprietary organic fiber, DuPont PRD 49, with a high strength of
500 ksi at 200°C has been reported. Data on this product are
very limited.

Matrix materials are portland cement, high aluminum cement
and gypsum plaster, similar to concrete. Fibrous concrete re-
quires a considerably greater amount of fine material in the mix
than does plain concrete for it to be conveniently handled and
placed by current procedures and equipment. It has also been
shown that cement content can be significantly reduced and quality
maintained; if fly ash is substituted for a portion of cement, a
water reducer is used. The concrete is air entrained and the
fineness modulus of aggregate is increased (Kesler, 1972). Such
a mix is easier to place. Significant gains occur in such a
mixture due to the pozzolanic nature of fly ash.

To achieve a durable fibrous concrete, some requirement on
the concrete constituents can be demanded. The hardened cement
paste can be considered a continuous constituent while the fiber
and aggregate are dispersed or discontinuous constituents. The
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cement matrix normally contains pores, voids and micro cracks
that result in a poor bond to the fibers and can allow the in-
trusion of aggressive fluids into the concrete. Since the matrix
has low tensile strength, the matrix cracks when fibers begin to
reach their full load carrying capacity. To satisfy the zero-
maintenance criteria, the matrix should be dense and impermeable,
have low absorption and shrinkage. This can be achieved partly
by using the lowest possible water-cement ratio and proper
consolidation.

The normal hydration of portland cement results in the
liberation of calcium hydroxide, which forms a saturated solution
in water of very high pH (12 to 14).  This solution resulting from
the presence of alkali hydroxides collects in the pore space of
the cement gel and tends to protect steel but has a degrading
effect on glass.

In summary, one can say that the following factors affect
the strength in addition to the fiber variables (i.e., length,
diameter, shape and percentage by volume of fibers):

. The age of the specimen at testing

. The water-cement ratio of the matrix mix
. The cement factor of the mix

. The aggregate size and gradation

. The cement source

. The uniformity of fiber dispersion

. The consolidation techniques

. Bond strength

. The surface condition of the fiber

It may also be noted that specimen size and type of test --
tensile or flexural -- also usually affect the results.

4.2.4 Engineering Properties

4,2.4.,1 Steel Fibrous Concrete

Steel fiber improves the engineering properties of concrete.
An infinite number of combinations of fiber variables (i.e., length,
diameter, shape and percentage by volume) are possible within the
limits set for conventional mixing operations. It is also agreed
that with higher volumes of fiber or with higher aspect ratios,
higher strengths are possible, but workability is reduced. A
choice between strength and workability becomes a controlling
factor.

Static Strength - Theoretically, the first-crack strength
(elastic limit) should not be influenced by the addition of
fibers; however, the results show that with steel fibers, up to 4
percent by volume, the first-crack strength increased as much as
2.5 times the strength of plain concrete. The ultimate strength
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depends on volume, aspect ratio, specific surface, embedment
length and the cement content of concrete. If regulated-set
cement is used instead of ordinary cement and mix proportions are
kept the same, the flexural strength and first-crack strengths of
the concrete wilth regulated-set cement were found to be higher.
The tensile strength of fibrous steel concrete increases with in-
creasing fiber content as do the tensile strains. However, an
increased aspect ratio improves the behavior. If the fibers are
randomly distributed, the tensile strength is about 90 percent of
the case when fibers are aligned parallel to the direction of
stress. Splitting tensile strength of mortar reinforced with
steel fibers was reported to be about 2 to 5 times that of un-
reinforced mortar when 3 percent fiber by volume was used and 2
times when 1.5 percent was used.

The mechanism of shear failure in compression is complex and
not well understood. The reported compressive strengths of uni-
directional composites may be high, under ideal conditions, but
these values may not be correct for normal means of construction
and loading. Design for high working stresses is inadvisable un-
less reproducibility can be thoroughly tested on actual pavements.
With 2 to 40 percent steel fibers by volume, the compressive
strength has been reported to be from 10 to 50 percent more than
the strength of plain concrete.’

Modulus cf Elasticity -~ The modulus of elasticity of steel
fibrous concrete is basically the same as that of a concrete with-
out steel fibers, ingredients of concrete being the same. If
cement content is increased, the modulus of elasticity also in-
creases. The modulus of resilience, on the other hand, is in-
fluenced by both the fiber content and the cement content of the
mix. An increase of either would result in a higher modulus of
resilience.

Ductility and Creep - Up to the elastic limit, the ductility
of steel fibrous concrete is the same as that of a plain cement
concrete. However, beyond the elastic range, the presence of a
hard particulate leads to an increased work-hardening and to
reduction of elongation to fracture. If the fibers used are be-
low their critical aspect ratio, the ductility in tension is in-
creased. 1In such a case, if the matrix adheres to the fiber,
the observed work-hardening rate is very high. The mechanism is
the same by which short fiber reinforcement reduces axial creep
(i.e., plastic flow over a period of time at a given temperature
and stress).

Toughness - The presence of steel fibers in plain concrete
increases the toughness of concrete (even though ultimate load
may be the same). So the steel fibers are directly responsible
for increase in toughness and improving the resistance to crack
propagation.
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Dynamic and Fatigue Strength - Dynamic and explosive load
tests (Birkmer et al., 1968; Williamson, 1966) demonstrated that
steel fibrous concrete has an increased resistance to spalling
and has increased impact and dynamic strength. Steel fibrous
concrete exhibited better dynamic strength than concrete made
with plastic fibers. The greater energy requirements to pull out
the fibers provides impact strength and resistance to spalling
and fragmentation.

As for fatigue behavior, fatigue strength is increased due
to use of a high modulus fiber (even though in general, fracture
energy has incidentally fallen or remained constant). Several
experimental fatigue studies have been conducted; however, beam
sizes, loading;conditions and fatigue strengths6of from 90 per-
cent at 3 x 10 cycles to 50 percent at 10 x 10 cycles for non-
reversal-type loading using 2 to 3 percent steel fiber by volume.
Reversal-type loading indicated fatigue strengths of 73 percent
for 2 to 3 percent steel fiber by volume (ACI Committee, 1973).
Post~-fatigue static flexural strength was 10 to 30 percent greater
than for similar beams with no fatigue loading history. One ex-
planation provided is that the cyclic loading reduced initial
residual tensile stresses due to shrinkage of the matrix by
accelerating the creep. However, for fiber contents of 2 percent
or less, which can be mixed and placed in the field, the results
are not as conclusive,

Environmental Effects - Little data exist on the behavior of
fibrous steel concrete under adverse environments. However, it
has been reported that the inclusion of steel fibers (0.5 to 1.5
percent by volume) did not influence the temperature gradient.
Similarly, the drying shrinkage and thermal expansion properties
of fiber-reinforced concrete were found to be similar to those of
plain concrete. Unpublished data for 2 percent by volume fiber-
reinforced mortar tested in a vacuum condition showed a 30 percent
increase in thermal conductivity as compared wigh plain goncrete
when exposed to a temperature range of from -20"C to 120 C (Schwarz,
1972) . Electrical conductivity of steel fibrous concrete is re-
ported to be slightly higher than plain concrete in tests invol-
ving passing current betweén fittings in plain and fibrous con-
crete rail cross ties. No data are available on the permeability
of fiber-reinforced concrete in general. Intuitively however, it
would seem that for a mix of similar ingredients, the permeability
of plain cement concrete and fiber-reinforced concrete should be
the same. '

The durability of steel fibrous concrete is dependent on the
rusting of steel fibers. In cracked steel, fiber-reinforced con-
crete does not deteriorate when exposed to.a variety of exposure
conditions (Edgington et al., 1975), but the cracked fibrous
concrete will lose its effectiveness with prolonged exposure, due
to rusting of exposed fibers. A parametric study, performed at
the Illinois Institute of Technology (Appendix II), of the effects
of lost fiber capacity indicates that the loss of fiber capacity
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in a modulus of rupture of beam results in loss of beam toughness
rather than strength. The loss of capacity of the fibers in a
beam on an elastic foundation results in lower fiber concrete
stresses but larger deflections and soil stresses near the load.
The tensile stresses in the fiber concrete near a cracked section
are influenced by the capacity of the fibers to transmit forces
across a cracked section.

The addition of steel fibers to concrete does not result in
improved freeze-thaw resistance over the same mix of ordinary
cement concrete.

Abrasion and erosion of steel fibrous concrete surfaces and
plain concrete surfaces have been simulated by sand blasting and
electrically driven rotary steel brushes. Based on visual exami-
nation, fiber concrete surfaces exhibit less spread and depth
deterioration with increasing fiber content. With simulated ab-
rasion and erosion of the surface, the fibrous concrete had up to
15 percent higher skid and rolling resistance than plain concrete
under dry, wet, and frozen surface conditions. In summary, the
properties of a steel fibrous concrete are dependent on length,
diameter, shape and percentage by volume of the fibers. Higher
volumes of fiber or fibers with higher aspect ratios may provide
high strengths but fibers more than 2 percent by volume decrease
workability. The following ranges of improvement in the properties
reported below relate to fiber contents of from 0.25 to 2 percent
by volumg (33 to 265 pounds per cubic yard or approximately 20 to
160 kg/m”) (Schwarz, 1972).

APPROXIMATE MAXIMUM IMPROVEMENT
OVER PLAIN (NONREINFORCED)

PROPERTIES CONCRETE IN PERCENT
~ Compression ‘_up to 30
Flexural Modulus of Rupture up to 200
Tensile Strength (Direct & Indirect) up to 200
Impact Strength and Spall Resistance up to 1000
Crack Resistance up to 200
Fatigue Strength to 2 million cycles up to 50
Abrasion up to 30
Shear and Tensional Strength up to 300
Corrosion Resistance As good as plain concrete
Freeze-Thaw >‘ As good as plain cqncréte
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4.2.4.2 Reinforced Fibrous Concrete

Not much work has been done on beams or slabs reinforced with
steel bars in addition to steel fibers. Henager and Doherty (1976)
developed an analytical method based on an ultimate strength ap-
proach to calculate the flexural strengths of reinforced steel
fibrous concrete beams. The method takes into account the bond
stress, fiber stress, fiber length/diameter ratio and volume of
the fiber. The strength computed for the fibrous concrete is
added to the strength contributed by the reinforcing bars to ob-
tain the theoretical ultimate moment. The method showed a good
relation between predicted strength and experimental values. The
following experimental results are noteworthy:

1. The use of steel fibrous concrete in reinforced concrete
beams has been shown to increase their ultimate flexural
strength. Strength increases were on the order of 25
percent for the particular beams tested;

2. Crack width and crack spacings were less in reinforced
steel fibrous concrete beams, and the first cracks oc-
curred at higher loads;

3. The post-cracking stiffness of the reinforced fibrous
beams was greater than of a conventional reinforced
beam.

4.2.4.3 Glass Fibrous Concrete

Though the first crack, flexural strength, ultimate flexural
strengths and the impact strength of glass fibrous concrete have
been found to increase linearly with increased volume percentage,
durability is a prime consideration for a material to be selected
as a zero-maintenance pavement material. As pointed out in Section
4.2.3, boro-silicate E-glass fibers have a known history of de-
terioration in the alkali environment of a cement base (Blood,
1970; Ali and Grimer, 1969). New alkali resistant (AR) glass fiber
containing zirconia (ZYOZ) is now available, which is far better
than the E-glass. However, even this glass is not totally immune
from reduction in strength when surrounded by a cementitious
matrix. Available information is conflicting as to the exact cause
of degradation and the degree of severity. The flexural strength
of the composites made with AR-glass fibers was found to have an
irregular progressive decrease beginning after 1 month and lasting
about 5 to 6 months (Figure 41). Cohen and Diamond (1975) argue
that the decrease in strength should not be attributed to alkaline
attack on the fibers solely; however, they failed to provide
another explaining mechanism for the decrease.

Dynamic fatigue life of glass fibrous concrete has been
studied by Hibbert and Grimms (1974), and a fatigue life of 1
million cycles was recorded for specimens stored 1 year under vari-
ous environmental conditions including natural weathering. Some

134



Ama\zx 6'9 = 1sd T)

SHLTSOdWOD LNIWHD AHDIOANIMY SSVID-UY

JO4d NOILVIHY IOV °*SA HIONTYLS TVIAXITd Ty HINOIA
SHIAA ‘Il
o8 oL 09 oL o o€ cz ot 0
i i ! ] T ! ] I
9Z'C = /M ©
8¢°0 = 2/M O
2€°0 = D/M ®
pv.

‘H'YM %0G OGNV 4022 LV d3UN3
SANVYLS SSVID~ UV d3JddOHD "Nt ¢/T
40 IWUNTOA AG %2 NIVINOD S3LiSO4¥H0D

£os5

0001

0C¢s!

oQQe

T7HAX3 T4 3LSOLNOD

ALONZYLS

-

1Sd

135



of. these results are shown on Figure 42, For a given stress,
the fatigue life was found to increase with increasing fiber con-
tent, but at levels above the elastic limit, the fatigue life of
glass fibrous concrete was found to reduce appreciably with mag-
nitude depending on the applied stress.

Steele's (1972) findings indicate that the glass fibrous con-
crete degrades in impact resistance with time, regardless of
whether it is cured in water or in air. This loss is shown on
Figure 43 for both E- and A-glass fibers. Though this concrete
(composite) loses impact strength, yet the residual strength is
15 times that of no-fiber matrix and 5 to 10 times that of as-
bestos reinforced cement.

The tensile and compressive strength of the glass fibrous
cement are fairly comparable to steel fibrous concrete within the
limits of workability. Nevertheless, the knowledge of the pro-
perties available suggests that the use of glass fibrous concrete
in a zero-maintenance pavement is not warranted essentially on
the basis of durability and fatigue 1life.

4.2.4.4 Polymeric Fibers

It has been observed that the bond of a cemént matrix to a
polymeric fiber is generally not good. Within a fiber volume
fraction of less than 1 percent, the total load carried by the
fibers is very small. After cracking, the stresses in the fiber
are governed by bond and the rather poor bond causes the post-
cracking strength to be fairly constant (as the fibers debond
and pull out easily). Dardare (1975) found that some increase in
flexural strength occurs in polypropylene fibrillated fibrous
concrete, and this increase is dependent on both the length and
volume fraction of the polypropylene fiber (Figure 44 and 45). It
can be observed that when volume fraction exceeded 0.6 percent,
the strengths decreased from the maximum, and for more than 1.0
percent fiber, strengths were less than the no-fiber mixture.
Monfore (1968) reported progressive decreases in strength with
nylon fiber volume for mortar.

A study of the tensile and compressive strengths of poly-
meric fibers indicates that the improvement of strength is not
worth the trouble. Based on these facts, the investigators do
not feel that polymeric fibrous concrete has at least an im-
mediate future in zero-maintenance pavements.

4,2.4.5 Fibrous Concrete from Natural Materials

Fibers such as cotton, vegetable fibers (and rayon, acrylic
and polyester) are subject to alkaline attack and are not very
effective.
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Asbestos fibers do provide increased flexural strength, but
the increase in tensile strength is not very significant (Figures
46 and 47). The post-cracking strength (from limited avail-
able data) was as good as of plain concrete (i.e., nothing). As-
bestos fibrous concrete will have significantly improved impact
resistance as per studies of Majumdar (1970) and Ali et al.
(1969). Not much data are available on asbestos fibrous concrete.

Carbon fibers have been and are being studied. A discussion
on their engineering properties follows.

Using aligned carbon fibers, investigators have found a six-
fold increase in flexural strength with increasing fiber volume

up to 13 percent (Walter, 1974). Random chopped carbon fibers
in spray-suction appllcatlogs provided a modulus of rupture as
high as 4000 psi (281 kg/cm ). The ten 1le strength of about

14,000 to 15,000 psi (984 to 1055 kg/cm ) with 9 to 10 perceng
carbon fibers (compared to 400 to 600 psi (28.1 to 42.2 kg/cm’)

of portland cement concrete) has been observed. However, a look
at Figure 48 will reveal that under tensile strain, the amount
of strain can be 10 to 40 times what might be expected for a plain
cement paste.

No data on compressive strength of carbon fibrous concrete
were available. Carbon fibers have been found to reduce flexural
creep deflection by a factor of 6 at 2 percent volume of fibers
(Briggs et al., 1974).

Carbon fibers appear to perform well in an environment of
cement. Ali et al. (1972) and Briggs et al. (1974) found good
durability and no change in modulus of rupture ug to 1 year of
exposure for water and air storage at 64 °F (17.8

Freeze and thaw resistance of carbon fibrous concrete was
found to be good by Briggs et al. (1974). The same authors ex-
amined aligned graphite fiber composites for their static fatigue
behavior at levels of stress between 8 and 27 percent of the ul-
timate strength of the composite. The experiments were conducted
in different environments (air, wet and dry, and freeze and thaw)
and lasted as long as 26 weeks. ‘All specimens (a = 7 percent)
showed a consistent deterioration in strength while in the loaded
condition; this loss ranged from 17 to 27 percent with respect to
the unloaded condition. Dry air environment was found to be the
most deteriorating irrespective of the level of stress.

Briggs et al. also reported on the effect of repeated loading
on the bending strength of aligned graphite fiber-cement compo-
sites. Specimens made with either of two types of fiber at fiber
contents of 8 percent were subjected to both low-frequency (30
cycles per minute) and high-frequency (2000 cycles per minute)
loading. The results are shown on Figure 49. The tendency of
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the curve to level off around lO8 cycles suggested that the material
had fatiguezlimits in the region of 10,150 and 11,600 psi (713.6 and
815.5 kg/cm” ) for the Type I and Type II fiber composites, respec-
tively. These limits occurred at stresses much higher than the
matrix cracking stress, thus suggesting that the cracking of the
matrix at relatively low stresses may not be harmful to the composite
performing at stresses below its fatigue limit.

Only small improvements (1.2 to 2.6 times the no~fiber strength)
have been noted in impact strength of carbon fibrous cements
(Walton and Majumdar, 1975). Combination of carbon fibers with
other lower modulus fibers has shown substantial improvements.

Though carbon fibrous concrete does provide some future hope,
the existing data are not enough to make a decision for large-
scale field application. More research in the laboratory to
evaluate the properties is needed.

4.3 POLYMERIC MATERIALS FOR CONCRETE

An enormous amount of literature currently exists and more
is being written on cement-polymer materials. No attempt is made
in the following pages to dwell upon the manufacturing technology
of such materials. It may be remarked that no difficult unsolved
technical problem remains in this area, neither in the scaling up
of laboratory experimental findings to field testing nor in the
appropriate manufacture for enterprise. The predominant problem
is economy. The winter season of 1973-74 has brought with it
abrupt changes to economic conditions everywhere in the world and
continues to do so; however, no economic considerations have been
included. The three established types of cement-polymer compo-
sites have been included and are the following: 1) Polymer Impreg-
nated Concrete (PIC); 2) Polymer Portland Cement Concrete (PPCC);
and 3) Polymer Concrete (PC).

4.3.1 Polymer Impregnated Concrete

Polymer imprenation of concrete means that one takes ordi-
nary concrete, in itself a composite material of discrete aggre-
gate particles embedded in a brittle, porous matrix of cement
paste, and improves its structural characteristic strength, dura-
bility, etc., by filling the pores of hardened matrix. Concrete
impregnated with a monomer such as methyl methacrylate followed
by in-situ polymerization has proved to have large improvements
in strength -- both in compression and tension -- in comparison
with ordinary concrete. The durability and freeze-thaw resistance
improves considerably. The PIC generally has an excellent resis-
tance to chemicals. PIC generally shows a gradual reduction in
strength with rise in temperature {(most vényl polgmers have a
glass transition temperature of about 200 F (93.3°C)). Exposure
to aggressive agents such as water or brines and elevated tempera-
tures may drastically reduce the useful temperature range, as
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chemical attack is greatly accelerated. Surface burning character-
istic tests on PIC with ASTM designation E84-70, based on a scale
of zero for asbestos-cement board and 100 for red oak floor, indi-
cated zero fuel contribution and flame spread rates of 10 to 15

for all the PIC materials and a smoke density factor of 0 to 15
(Carpenter, 1973).

Chen and Jorgenson (1974) comment that in its present form,
the PIC is expected to find only limited application because even
though the ultimate strength of PIC is high, no plastic yielding
or ductility has been observed before sudden and explosive fail-
ure. If randomly oriented steel fibers are included in a PIC,
the fibers are pulled out of the concrete mix when the specimen
reaches a certain stress level and thus contributes little to
either strength or durability (Mattisson, 1971, 1972). The
brittle behavior of PIC impregnated with polymethyl methacrylate
(MMA) , can be improved by various manometer combinations of MMA
with polybutylacrylate (BA). The higher the percentage of BA,
the greater the ductility; but this ductility is achieved at the
cost of decrease in strength and modulus of elasticity. Further
research is needed to determine an optimum percentage combination
of MMA and BA for a better co-polymer system. Table 16 and
Figures 50 and 51 show the typical behavior.

Impregnation techniques (Mehta et al., 1975) have been de-
veloped to achieve penetration up to 4 in. (10 cm).

4.3.1.1 Sulfur Impregnation

The impregnation of portland cement concrete with sulfur
(S1IC) hag been reported to yield compressive strengths as high as
2.5 X 10" psi (170 MPa) (a value higher than for typical PIC) with
a loading of only 8 percent of sulfur by weight (9 percent by
volume) (Thaulon, 1974). In addition, since sulfur is about 30
times cheaper than MMA, it is of interest as an alternate to PIC.
In view of the good freeze-thaw resistance and low water permea-
bility of sulfur concrete (Malhotra, 1973) and the excellent
resistance of sulfur to acids and salts (Berman et al., 1972),
sulfur may have potential applications in pavements, provided that
no steel corrosion problems arise due to side reactions with water
and oxygen.

Presently available methods for impregnation require the
following steps: drying, cooling the deck, impregnation, and
polymerization of monomer in the pores of concrete. All of the
four steps are expensive and tim8—consu8ing. For example, drying -

at a low temperature -- say, 250°F (120°C) -- requires an inordi-
nately long time and consequently high gosts; gn the other hand,
drying at high temperatures ~-~ say, 600 F (315 C) ~- reduces the

time drastically, but may on a large scale be limited by expansion
or. cracking of the structure.
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Potential agvantages of ysing gulfur are that it melts in
the range of 235 F-248 F (113 C-120 C) and the viscosity of the
molten sulfgr rema&ns relatively low, from a 12.5 centigose (18.5
MPa) at 248 F (120 C) to 6.6 centipose (6.6 MPa) at 320 F (160 C).
Above this temperature, the sulfur becomes highly viscous due to
polymerization (probably undesirable in this case). Also in the
impregnation of a pavement with a monomer such as MMA, the high
vapor pressure and flammability of the monomer requires that the
pavement be allowed to cool down before impregnation. Thus, an
enormous amount of energy is lost ~-- energy that could be util-
ized to reduce the viscosity of materials such as sulfur (after
drying of the concrete) for easy penetration into the concrete.
Moreover, such energy could be conserved if drying could be
effected concurrently with impregnation.

Mehta et al. (1975) proposed to combine the three steps of
drying, cooling, and impregnation into one, and to eliminate the
polymerization step necessary for a monomer. The basic idea is
to use sulfur to simultaneously dry and impregnate concrete by
covering the deck with molten sulfur. The underlying hypothesis
is that sulfur will act as an effective heat transfer medium and
dry the deck in advance of the penetration front. Of course, the
portion to be impregnated must be kept at a temperature high
enough to avoid solidification in the pores.

When a slab is heated from the surface, the moisture is seen
to migrate from the hot surface down to the cool underside, and
to condense in the cooler region (Dahl-Jorgensen et al., 1974).
It may be supposed that as the water migrates downward from a sur-
face heated with molten sulfur, the molten sulfur may follow the
water migration due to the suction created in the pores by the
moisture migration., If so, the time required for the process
should be egquivalent only to the drying time.

Tables 17 and 18 provide water absorption and strength
characteristics of laboratory tested specimens, and Figure 52
shows the strength of sulfur impregnated specimens.

4.3.2 Polymer-Cement Concrete

Polymer cement concrete is prepared by premixing or post-
mixing the concrete by polymerized materials like latexes, poly-
mer solutions and resins and monomers.

Polyvinyl esters, polyacrylics, polyvinyl chlorides and poly-
styrene are the ernioplastic latexes used in mixing with concrete.
Polyvinyl esters are susceptible to rapid alkaline degradation,
forming acetic acid, carboxylic acids and polyvinyl alcohol. As
such, the concrete made with this latex has improved properties
when dry, and rapidly loses strength when wet. Polyacrylics are
slightly better in terms of water solubility, but their slow al-
kaline degradation necessitates dry curing and limited exposure
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to moist conditions in practical applications. Both the above
materials can improve by mixing with suitable co-polymer. A
special polyvinyl chloride called Polyvinylidene chloride-PVC
Copolymer (Souran) is commercially available and produces a
polymer-cement concrete of superior mechanical properties and

is durable under moist conditions (Dow Latexes, 1973). Similarly,
a thermoplastic styrene butadiene latex formulation is commercially
available and has improved durability and moisture resistance.

Elastomeric latexes are available and are more flexible but
have lower strength than thermoplastic latexes. Mostly synthetic
rubber is used currently.

Polymer solutions (i.e., water-soluble polymers of various
kinds) have been added to fresh portland cement concrete to im-
prove strength and water-tightness of concrete. Addition of vinyl
monomers directly to the wet concrete mix followed by a later
polymerization has so far not been very successful. Nutt (1970)
describes a concrete called "Estercrete", which is produced by
a polymer/cement ratio of 0.3 (or higher) together with a water-
soluble redox catalyst for condensation. When mixed with water,

a catalyst is activated, polymerization occurs and the cement
hydrates. Celanese Coatings Company (1972) has developed an epoxy
portland cement concrete; such developments do exist in Japan and
many other countries.

The presence of a polymer phase provides desirable properties
in concrete: its ductility and durability is increased along with
the superior adhesive properties. However, several mix designs
and many different latex materials change the property factors
such as dispersed particles. Type and amount of emulsifying
agents (to increase the stability of the latex), its coalescence
on drying, etc., will affect the properties (Solamator, 1967).

The tensile and flexural strength due to increase of ducti-
lity is increased along with increased strain at failure (Figure
53). Isenburg and Vanderhoff (1974) believe that a major bene-
fit of the polymer in relation to strength is due to a strong
cement aggregate bond. The polymer itself halts propagating
microcracks and holds existing microcracks together. Table 19
presents some properties.

" As a result of lower water-amount ratios and partial filling
of pores by a polymer (also sealing of existing pores by polymer
film), the porosity is reduced (Chen et al., 1973); so permea-
bility, water absorption and water vapor transmission are reduced,
thereby making the product more durable.

Resistance to chemicals depends on the polymer and chemical,
but suitable polymer can be selected to fight any environmental
or locational chemical effects. Excellent freezing and thawing
resistarice has been observed of polymer-cement concrete.
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Abrasion and impact resistance as well as toughness is sig-
nificantly increased (Table 20). The polymer-cement concrete
shows excellent adhesive properties -- a valuable property for
use in overlays.

While information on dynamic and fatigue strength does not
exist in literature, intuitively the material should have good
dynamic and fatigue resistance. However, there are three disad-
vantages: 1) some latex modified concrete loses strength when
immersed in water or exposed to high humidities (Tables 21 and
22); 2) modified concretes, containing thermoplastic polymers,
will lose mechanical properties at higher tempgratures; and
3) increased creep behavior is observed (at 50 C); specimens of
vinyl chloride-vinylidene co-polymers failed under a stress equal
to 0.33 of the ultimate static strength.

The problem of losing strength under high humidities has now
been overcome by use of co-polymer formulations and the availability

- of various commercial mixes. It is believed that for a set of

environmental conditions, a good polymer modified concrete can be
designed with the current state-of-the-art.

4.3.3 Polymer-Concrete

In polymer-concrete, only a synthetic resin such as a poly-
ester or epoxy constitutes the binder. The aggregate used in
synthetic concrete is similar to that of portland cement con-
crete. Polymer-concrete exhibits distinct advantages as follows
(Knab, 1969):

1. Very high tensile, compressive and flexural strengths,
two to three times that of ordinary cement concrete;

2. Rapid rate of cure -- many synthetic systems achieve
near full strength in several days or less;

3. Excellent impact and abrasion resistance;

4, Very high resistance to freeze-thaw and general wea-
thering action;

5. Excellent chemical, solvent water and salt-spray resis-
tance;

6. High~strength bonding characteristics with most highway
materials.

The disadvantages are:

1. Some polymer-concrete systems are limited to dry con-
ditions;
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2. Creep increases with temperature. Increases in creep
of several hundred percent have been reported within
ragge of agticipated summer temperature fluctuations --
18 C to 49°C (Hardy Shell, 1972);

3. Loss of structural integrity at high temperatures.

4.3.4 Conclusions ,

Polymer-portland cement concrete is easiest to produce and to
place compared to polymer impregnated concrete and polymer-concrete.
We feel that from the point of view of availability of polymers,
the use of PPCC and/or PIC as a top sealing and wearing course
in a pavement system is advisable. The sulfur~impregnated con-
crete appears more promising. Except for patch repairs or res-
tricted areas, the use of polymer-concrete on a mass scale may
not be desirable.

It would be desirable to optimize the PPCC and/or sulfur-
impregnated concrete by mixing with fibrous steel concrete in
such a way that the top 2 in. (25.4 mm) of the total fibrous
steel concrete slab may have either PPCC or PIC. This would
provide the benefit of ductility, water-tightness, sealing of
existing cracks as well as to arrest the propagation of new
cracks.

4.4 WAFFLE, CORRUGATED AND ANCHORED PAVEMENTS
4.4,1 General

The ideas presented in this section were developed to. remedy
some specific problem areas that arise when rigid pavements con-
sisting of portland cement concretes are constructed. For instance,
as concrete hardens, it tends to shrink and cause tensile stresses
to form, initiating and propagating cracks. Other detrimental
effects (intrusion of water and foreign material, faulting,
pumping, etc.) are then likely to occur.

Another problem that must be considered is pavement expan-
sion and contraction due to changes in temperature. Traditionally
pavements have been designed with special joints, especially at
structures (bridges), that allow changes in length in the longi-
tudinal direction. The idea is to control rather than prevent
these effects.

Some of the concepts that have been devised include waffle-
patterned, ribbed, or corrugated subsurfaces; anchored pavements,
and pavements with variable cross sections and reinforcement
patterns.
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4.4,.2 Waffle Patterns

Very limited information exists in the literature concerning
waffle or corrugated subsurfaces or highway and/or airport pave-
ments. That which is available comes primarily from Europe.

Perhaps the first mention of waffle patterns comes from
England. In 1931, C.P. Courtenay and J.H. Walker (Walker pat-
ented the idea) developed the system and the underlying theory.
Walker called the system "Anchorete" (Road and Road Construction,
1931} ; several pavements were constructed in Great Britain in the
1930's that apparently were crackless over a period of at least 5
years. (It should be kept in mind that traffic loads were not
what they are today.) However, the "Anchorete" system can be modi-
fied to meet present and future demands.

Courtenay used unreinforced concrete that was "anchored" to
a hard pan gravel foundation, the details of which are unknown at
the present time. This pavement inhibited expansion and construc-
tion that inevitably results in crack formation.

"Anchorete" confines expansion and contraction effects to
small areas and produces small invisible cracks that do not damage
the stability of the concrete. The system involved gridding the
subgrade with 4- to 6-inch-deep (102 to 152 mm) trenches that are
on 7-foot (2.1 m) centers. Reinforcement is placed (0.59 percent
both longitudinal and transverse) and concrete is poured, creating
a continuous base material. Keys are formed in this base to hold
the surface course (see Figure 54), An unreinforced wearing
course is then placed, keying into the base.

As the surface course hardens, it contracts. Since it is
keyed to the base, however, contraction is inhibited, resulting in
the numerous small cracks mentioned. The base is somewhat insul-
ated from large thermal gradients and as a result does not expand
and contract as much, thereby reducing the total number of cracks
considerably. The upper layer can then expand and contract, the -
cracks provided from curing acting as many minute expansion and
contraction joints (Walker, 1931). With present technology, it is
possible to seal these cracks with some sort of elastic polymer
that can impregnate the upper portion of the wearing course, thus
not only preventing water to penetrate the slab, but also providing
an elastic crack filler during a contraction cycle. '

Waffle or ribbed pavements have been used elsewhere in Europe.
Many experimental pavements of prefabricated waffle-patterned slabs,
either prestressed or unstressed, have been constructed in the USSR.
Since these slabs are prefabricated, they would not key with the
base as well as poured-in-place pavements. However, they seem to
work well on soil stabilized base courses (Mogilevich et al., 1976)
either for city streets or on major highways. The prefabricated
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construction calls for some sort of leveling course (% to l-inch
(12.7 to 25.4 mm) thick) to be placed before the slab is vibrated
into place. The leveling course serves the dual purpose of
leveling the surface for the slabs and helping to bond the ribs

to the base (this requires an asphalt/sand mix or sand/cement mix).

Other types of construction include grid foundations on which
prefabricated slabs are placed. Pavements of this.type have been
constructed in Switzerland and the USSR. However, a knowledge of
their performance and construction details could not be found.

Unfortunately, only qualitative data on these types of pave-
ments exist. Evaluation is almost impossible without further
analysis of field data collected from experimental pavements con-
structed in a variety of soil conditions and climatic conditions.

4,4,3 Anchored Pavements

Anchored pavement sections have been used in Texas on jointed
concrete pavements (JCP) and continuously reinforced concrete pave-
ments (CRCP). They are used near structures to absorb the effects
of longitudinal expansion or contraction of pavements (Shelby and
Ledbetter, 1962; McCullough, 1971).

" The terminal anchorage system utilizes the passive bearing
and shear resistance of subsoils to transfer compressive stresses
in the pavement that arise from expansion or tensile stresses due
to contraction. Lugs transverse to the pavement extend beneath
the pavement to transfer the stresses (Figure 55), It was assumed
that only 500 ft (152 m) of CRCP contributes to the expansion of
the terminal section at a structure (bridge). The remainder of
the pavement is restrained by friction with the subbase. Based on
this assumption and collected data, a relation was developed linking
movement at an expansion joint with change in air temperature as
follows: .

0.1253 [ G L ]0'107
AR = 7oy i AT
¢ (N + 1)
where

AX = the total movement for a given temperature
AT = change in air temperature in Op
C = subbase coefficient of friction
N = number of lugs '
L = length of slab contributing to end movement, ft
|G| = absolute value of percent grade
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The constants were developed from a multiple regression analysis
with coefficients of friction of the subbase ranging from 1.35 to
2.65. Climatic effects were eliminated through the analysis.
Pavement age had little effect on elongation (Figure 56), Figure
57 provides a plot of rate of end movement for a dlfferent number
of lugs and various subbase materials. )

This idea can be extended for use in pavements (especially
CRCP) between structures as well as at structure locations. The
controlled movement requires conventional expansion joints that
operate in a range of expansions much lower than normal. Instead
of a joint every % mile (400 m), expansion joints can be installed
every 2 to 3 miles (3 to 5 km), dependlng on the lugs used (number,
size, etc.).

4.4.4 Additional Thickness or Reinforcement

. A pavement of variable cross section thickness or of variable
amounts of reinforcement can serve several purposes. Firstly,
stiffening a pavement through the use of a higher reinforcement
ratio under wheel locations can spread the load over a large area,
thus reducing stresses in the base and subgrade. Secondly, in-
creasing the slab thickness at the edges and transverse to the
edges stiffens the slab and can reduce curling (this is also a
possible feature of waffle slabs). Finally, more complex under-
surface contours can promote better contact with the subbase.

Slab curling can cause this loss of contact. Since stability of

a pavement is directly related to the properties of underlying
layers and contact with these layers, methods to insure good base
contact of a rigid concrete slab should be studied. Mogilevich
(1976) presents some solutions to this problem from the standpoint.
of prefabricated pavements that can also be applied to cast-in-place
pavements. low amplitude, high frequency Vlbratlon, pressure grout-
ing, slab contours (see Figure 62), etc, o

A dual reinforced pavement, that is two layers of reinforce-
ment, has been used in experimental test sections of continuous
reinforced pavement (Wagner, 1977). The pavement contains two
layers of welded wire mesh and has performed well for over 30
years. The two layers can also reduce the effects of stress re-
versals or other adverse stress conditions.

4.4.5 Conclusions

Consideration and evaluation of some of the concepts reported
are warranted. Especially promising types of pavements include
waffle or grid systems and increased thlckness of pavement edges
to reduce curling effects.
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4.5 PAVEMENT ON PILES

The heavy traffic prevailing near the metropolitan areas pro-
vided a hint to utilize some of the ideas suggested for airfield
pavements. The pavements on piles were suggested for strengthening
in-situ pavement systems by installing piles, or pile-like inclu-
sions in weak subgrades (e.g., at LaGuardia Airport). Most of the
work done in this area has been analytical, and in very few places
where the pavement on piles has been constructed, those analytical
techniques have hardly been used. In practice, a "crushed rock
pile cap" on top of wooden piles has been specifically used for
the support of storage tanks, some in New Jersey and probably in
other places as well. It is conceivable that driving piles at
some moderately spaced intervals and then constructing a compacted
earth or earth and rock fill that gains part of its support from
the piles without any structural or concrete slab on top of the
piles could have some applications in some special situations for
highway and/or bridge approach construction.

Pichumani et al. (1974) developed a three-dimensional finite
element technique to analyze a pile-supported airfield pavement
system in a most general form. A "Structural Analysis Program"
(saP), developed by Wilson (1970), was used to evaluate the effec-
tiveness of strengthening the weak subgrades. Rigid as well as
flexible pavements were analyzed. Figure 58 shows the geometry
and material properties associated with each model. The three-
dimensional finite element analysis showed that:

1. The surface deflections of both types of pavements de-
crease with increasing pile stiffness;

2. Subgrade stresses are reduced in regions surrounding
the pile while they are increased below the pile tips.
The stress reduction near the top of the subgrade is
obviously helpful, while the increase in the subgrade
stress below the piles may not be critical;

3. The horizontal tensile stress in portland cement con-
crete pavement slabs is reduced by pile inclusions.

Poulos et al. (1975) argues that the quoted cost of computer
time for each case studied by Pichumani et al. is too high to be
justifiable unless no other method is available. They suggested
an alternate analytical technique based on equations given by
Mindlin (1936), and an integration technique suggested by Poulos
and Davis (1968). This approach has been extended to produce a
computer program for analysis of strip footings that are sup-
ported both by piles and an elastic half space. This has also
been used for analysis of pile strips on finite layers of soil by
means of an approximation described by Steinbrenner (1934). The
technique of analysis currently is only suitable for strips with
a length/breadth ratio greater than three and for homogeneous,
isotropic soil masses.

168



Q5"
o Portiand cement
+ concrete siab
1" (E=3x108psi, v=0.15)
5
8" Subgrade
o5’ E.= 5x10°psi
L vs= 0.49

- - [od

A RIGID PAVEMENT

N 5
Iy ?F%Q SRt STRE 62 55 b
155 > Base course E:2§<1OPS|
2 . Subbase
84" 7 Piles E=2x104 psi,v=35
e “Ef Suograde3 .
|2 L3

S - e
L 100" ;192"

N A

B FLEXIBLE PAVEMENT

FIGURE 58 PILE-REINFORCED PAVEMENE MODELS
(1 in = 25.4 mm; 1 psi = 6.9 kN/m )

169




Analysis of the results of Pichumani et al. shows that under
a single-wheel load of 30,000 pounds (13,600 kg), the maximum
deflection was 0.018 ig. (0.46 mm) without piles (soil modulus =
5000 psi (70,300 kg/cm™)) and reduced to 0.015 (0.38 mm) with piles
having a modulus of 1 x 10" psi (70,300 kg/cm™) (Figures 59 and 60).
Comparison also shows that the,pavement with a subgrade having a
modulus of 5000 pgi (351 kg/cm”) and,reinforced by piles with a
modulus of 1 x 10 psi (70,300 kg/cm™) is equivalent in strengt
to a pavement with a subgrade having E_ = 10,000 psi (702 kg/cm™)
and no piles. The surface deflection rgduces from 0.015 in. (0.38
mm) (soil modulus 10,000 psi (702 kg/cm”), no piles) to only 0.011
(0.28 mm) by doubling the soil modulus (no piles). The effective-
ness of piles in reducing surface deflection is clearly demonstrated.

However, the operating vehicles' motion will produce (dynamic)
horizontal loads on the piles. When the pile vibrates, its stiff-
ness is modified and damping is generated through interaction of
the pile with surrounding soil. These phenomena are very complex
-and little understood. In earthquake work, horizontal response
of the piles was studied by Penzien (1970) and few others. How-
ever, experiments have shown that the vertical response can be
affected much more by the motion of the tip than is horizontal
response (Novak, 1976) because the axial stiffness of the pile is
very high. Inclusion of the motion of a pile tip in a rigorous
analytical solution is extremely difficult. An approximate ana-
lytical approach has been used by Novak (1977) using a floating
pile, which seems more applicable for the case of a pavement on
piles.

To design a pile-supported pavement structure, the structure
and damping constants of the soil-pile system at the level of pile
head are required. The stiffness and damping of piles vary with
frequency. After they have been determined, the design procedure
is similar to that used for shallow foundations. Experimental and
analytical work to date finds that:

1. The motion of the pile tip cannot be neglected unless
the pile is extremely long or the tip rests on a very
rigid layer;

2. Lack of fixity of tip reduces the stiffness and sig-
nificantly increases the damping;

3. With increasing length, the stiffness of a floating pile
increases, while stiffness of an end bearing pile de-
creases;

4. The damping of floating piles is larger than that of
end bearing piles;

5. The vertical dynamic response of a footing supported by
piles can be much smaller with floating piles than with
end bearing piles;

6. The relaxation of pile tip improves the agreement be-
tween the theory and experiments.
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4.5.1 Conclusions

The system of pavement on piles cannot be excluded from con-
sideration in a zero-maintenance system, especially when one con-
siders the meagre reduction in surface deflection by doubling the
soil modulus values (Figure 59). However, the system needs more
study. In the next Chapter, a pavement system with piles is pro-
posed and recommendations are made for an in-depth study.

4.6 PREFABRICATED PAVEMENTS
4.6.1 General

Prefabrication in the building industry has been proved
worth-while by significantly decreasing costs and construction
time, allowing greater quality control and increasing production.
The actual transition from monolithic pavement construction to the
installation of prefabricated pavement elements makes it possible
to change the organization of the construction process as well as
increase the effective use of labor forces and material resources.

Prefabricated pavement is not a new idea. Mogilevich et al.
(1976) presents numerous historic examples of prefabricated pave-
ments used throughout the USSR and Europe. 1In the United States,
many brick and cobblestone streets are still in use, some dating
back well over 100 years. These types of construction, however,
were created when materials and especially labor were relatively
inexpensive. Modern times call for speedy, economical construction
to help reduce overall cost. Thus the size of prefabricated pave-
ment slabs must increase to reflect this trend.

Slab materials include portland cement concrete, polymer con-
cretes, fiber reinforced concretes, silicate concretes, asphaltic/
bituminous concretes, slag/fly ash concretes, etc. The type used
reflects material availability, load carrying capacity, construc-
tion techniques, cost, etc., just as it does with conventional
pavements, The most promising slabs are rigid types composed of
either plain, reinforced, or prestressed concretes. Due to large
installation stresses, flexible materials such as asphaltic con-
cretes are not recommended except for base courses (Mogilevich
et al., 1976). ‘

4.6.2 Type of Slabs

4.6.2.1 Reinforced Slabs

Reinforcing of structural concretes accomplishes several
goals: - 1) reduces pavement thickness; 2) increases slab size,
thereby reduc1ng the number of joints necessary; and 3) decreases
materials required, etc. Conventional welded wire mesh and deformed
bar reinforcing or newer more exotic methods of reinforcing struc-
tural concretes such as steel or synthetic fibers, polymer impreg-
nation, etc., are available for use in reinforced prefabricated
pavement slabs. The criteria for material selection are similar
to those of conventional pavements.
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Slab shapes and paving configurations are quite varied, rang-
ing from simple rectangular slabs laid side~by-side to more com-
plicated shapes that interlock (see Figure 61). However, in the
interest of promoting more uniform and simple modular construction,
thereby reducing costs associated with manufacture and construc-
tion of slabs, it is recommended that rectangular or hexagonal
slabs be used (Mogilevich, 1976). Hexagonal slabs behave the same
way in all directions due to radial symmetry and an absence of
more acute corner angles. They are also less susceptible to
tension in upper fibers of the slab than are rectangular slabs.
However, hexagonal slabs possess some inherent flaws. They con-
tain more joints per unit surface area than a comparable pavement
composed of rectangular slabs. Construction is more involved due
to special half slabs that are required along curb or shoulder
lines. As a result of these problems, the use of hexagonal slabs
has been left for ornate walkways or squares; rectangular slabs
have been singled out for general pavement applications.

Slab cross sections are just as varied as slab shapes. Figure
62 shows some typical undersurface details including flat or con-
caved, edge anchored, or waffle-patterned surfaces. The variety
exists to provide a choice for designers who use or encounter vari-
ous different base structures or subgrade conditions. Uniform
slab to base contact is essential to efficiently transfer traffic
loads from the pavement surface to the subgrade.

The size of the slab is a function of many parameters as men-
tioned earlier. Slab sizes range from 3 to 4 £t (90 to 120 cm)
square to over 15 ft (460 cm) square. The size of the slab should
necessarily be directly linked to traffic lane widths to follow the
modular concept of prefabrication. If a pavement width is two
lanes, each 12 ft (3.7 m) wide, slabs should be 6, 12 or 24 ft
(1.8, 3.7, or 7.4 m) wide. The latter case requires either very
large slabs or narrow slabs laid with the long edge transverse to
traffic, similar to the experimental pavement constructed in South
Dakota (Hargett, 1968; Larson et al., 1972). To promote water
runoff, these large slabs require a crown in the center or eleva-
tion of one side of the slab above the other.

Unstressed reinforced slabs of dimensions of 24 ft (7.4 m)
tend to be relatively thick (to accept installation stresses) and
hence very heavy, posing transportation and construction diffi-
culties. It follows that slab dimensions should be decreased to
a more manageable size and still insure modularity.

Very little information exists on material properties of
prefabricated reinforced slabs. Mogilevich et al. (1976) gives
some general.properties of various concretes and steels (i.e.,
Young's modulus, Poisson's ratio, flexural strength, etc.), but
only qualitative information on performance of pavement constructed
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FIGURE 61 VARIETY OF SLAB SHAPES

FIGURE 62 TYPICAL SLAB CROSS-SECTIONS
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of various types of prefabricated elements is presented. It is
believed that strength and other properties of the various pre-
fabricated slabs of reinforced concretes are comparable with
those of monolithic pavements. Sharp (1977) concludes that few
problems exist from the standpoint of the structural integrity of
concretes themselves; the subbase and subgrade provide the major
source of weakness when failure develops in a pavement. Hence,
most of the effort involved in designing zero-maintenance pave-
ments must center around providing adequate foundations for
pavements, including prefabricated pavements. The superstructure
can be adequate only if the supporting structure is sound.

4.6.2.2 Prestressed/Post-Tensioned Slabs

More information exists concerning prefabricated prestressed
concrete pavements (Mogilevich, 1976; Larson et al., 1972; Hargett,
1969, 1970; Zuk, 1972). Most of these articles deal with a 900-
foot (275 m) section of experimental prefabricated pavement con-
structed near Brookings, South Dakota in 1968. This pavement
consists of a composite two-layer system of 4%-in. (114 mm) pre-
stressed concrete glabs covered with a 3-in. (76 mm) asphaltic
concrete surface course. The slabs rest on a 3-in. (76 mm) minimum
crushed gravel base.

Prestressed pavements have been recognized as a possible
economic solution to the problem of providing an efficient high-
way network (Mogilevich, 1976; Christensen et al., 1968; Pasko,
1972) . Prestressing can reduce pavement thickness 25 to 40
percent and still offer the same load carrying capacity as un-
stressed construction. Prestressed pavements are more crack
resistant, more enduring, and offer better response to moving
loads (Mogilevich, 1976). Because prestressing tends to create a
more dense concrete, frost resistance can be increased. Loads
are distributed over larger areas in prestressed pavements so
that even poor subgrades can adequately support the pavement
without costly special preparation. It, therefore, appears that
prestressed pavements are at least appealing as a prospective
zero-maintenance system. Prefabricated prestressed panels can
take this desirability a step further by providing virtually no
prestress losses to the subbase that occur with post-tensioned
poured-in-place pavements.

The slabs used on the South Dakota project are 24 by 6 ft
(7.3 by 1.8 m), containing 10 seven-strand,high strength cables
(yield stress of 279,000 psi (18,980 kg/cm™)) prestressed to
405 psi (28.5 kg/cm”) and placed in the longitudinal direction
of the slab. Transverse reinforcement consists of No. 3 deformed
bars spaced 1 ft (30.5 cm) apart (Figure 63). The transverse
reinforcement is unstressed. Slabs were laid with the long side
transverse to traffic flow, and also, in the same direction as
traffic flow, each section composing about half of the total 900-
foot (275 m) length (see Figure 64). Joints consist of tapered
grout keyways (Figure 65) that provide transfer of shear across
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FIGURE 63 TYPICAL PANEL DETAILS, SOUTH DAKOTA PROJECT

FIGURE 64 ISOMETRIC VIEW OF SOUTH DAKOTA PROJECT TEST
SECTION

(1 £t = 0.3048 m)
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FIGURE 65 GROUT KEY AND CONNECTION JOINT DETAIL,
SOUTH DAKOTA PROJECT
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the joints but are not strictly rigid joints that also provide
moment transfer (Larson et al., 1972). After 4 years of service,
only minor reflective cracking was observed during winter months,
which tended to reseal in warmer weather. Reflective cracking
can be prevented with plastic sheets similar to those described
in Highway and Heavy Construction (1976). It is not known which
method proved more successful -- longitudinal or transverse
laying of the slabs -- but it has been suggested that the number
of joints in the longitudinal direction (i.e., transverse joints)
be kept to a minimum (Mogilevich, 1976). It has also be sug-
gested to keep joint spacing between 15 and 20 ft (4.6 and 6.1 m)
(Nussbaum et al., 1977) to prevent cracking between joints. With
prestressed pavements, however, this distance may be increased,
evidenced by the behavior of the South Dakota pavement.

Once again it appears that properties of prefabricated pre-,
stressed slabs are similar to those of conventional poured and
post-tensioned pavements. Similar design processes have been
followed with the exception of treatment of joints. Joints will
be discussed later in this section.

Prestressed slabs need not be stressed with steel tendons
alone. Various synthetic materials can also be used, provided
these tendons are anchored properly and are sufficient to carry
the load. Many fibers are in existence today that possess much
higher strength-to-weight ratios than steel. The consequence is
a much lighter slab and perhaps significant savings. Perhaps a
combination prestressed concrete and fiber reinforced or polymer
impregnated concrete may prove to be a good candidate for zero-
maintenance pavements. Indications are that this material would
be quite expensive initially but may have great endurance and re-
quire little maintenance.

The positive aspects of prestressed concrete far outnumber
any shortcomings it may have. The quality control possible with
prefabrication only increases the desirability of this type of
construction.

4.6.2.3 Other Materials

This section reviews plain concretes, that is, unreinforced
materials. '

Many studies have shown the economy involved in the use of
plain concrete pavements, depending, of course, on availability
of material, especially sound aggregate. The question now arises
whether or not plain concrete can be used in a prefabricated high-
way system.

Mogilevich et al. (1976) suggests that slabs of plain con-
cretes must be relatively small to withstand installation stresses.
These same slabs must also be relatively thick to withstand traf-
fic loads. The increased number of slabs (and hence joints) in-
volved will increase construction time and labor costs, indicating |,
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little, 1f any, increase in savings. Larger number of joints
increase reflective cracking on a per unit area basis (if an
asphaltic concrete overlay is used) or may impare pavement
smoothness. These factors have a net negative connotation on

the desirability of plain concrete slabs and hence they are not
generally recommended for use in prefabricated highways (Mogilevich,
1976) .

Asphaltic or bituminous concretes are flexible in nature and
will thus pose many problems in construction if installation stresses
are to be kept to a minimum. They must either be cooled to make
the material more rigid, or be kept to very small sizes, which
will tend to render them useless. They tend to deform greatly
and are not recommended for surface courses. Mogilevich recom-
mends their use as base material, but even in that role they appear
deficient.

Composite construction such as that used in the South Dakota
project (1967-68) offers yet another alternative for the designer.
Composite pavements (i.e., monolithic concrete paved over rigid
prefabricated slabs) can provide both a crown to facilitate run-
off and also a waterproof friction surface for traffic, eliminating
wear of the actual structural concrete. As mentioned previously,
reflective cracking can be a problem because of the hinged slabs -
resting beneath the asphaltic surface course that flexes as traffic
passes above. This has to be accounted for and perhaps eliminated,
if feasible.

Composite pavements such as this may qualify as zero-maintenance
types. Consider the following: after construction, traffic is al-
lowed on the pavement. If adequately designed, the structure may
not fail within its first 20 years of service. If the surface
course shows signs of excessive wear, it may either be stripped
away (allowing examination of the slabs) and any necessary repair
or an overlay can be applied directly above the old layer, which
will add to the total structure and help to strengthen it for
subsequent service.

4.,6.3 Joints

This section contains specific information on joints for pre-
fabricated pavements. For more material on joints, see other sec-
tions of the report.

It is obvious that when concrete slabs are joined together,
the joints are very important in the transference of loads, the
prevention of water and foreign substance intrusion, the preven-
tion of differential settlement of the slabs, and their ability.
to cope with thermal expansion/contraction cycles. There are two
basic types of joints: constant width and nonconstant width.
Slab/joint configurations can be articulated joints, which permit
independent movement of slabs, elasto-pliable joints, which per-
mit limited (usually shear) load transfer, and rigid joints, which
tend to make the slab act as a monolithic pavement (Figure 686),
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FIGURE 66

5 6 7

TYPICAL JOINT TYPES: 1,2: ALLOW INDEPENDENT
SLAB DEFLECTION; 3,4,5,6,7: PROVIDE VARIOUS
DEGREES OF SHEAR TRANSFER BETWEEN SLABS;
8,9,10: SEMI-RIGID JOINTS TO TRANSFER SOME
FLEXURAL STRESSES BETWEEN SLABS
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Nussbaum (1977) concludes in his assessment of concrete pavement
improvements that loads should be transferred across joints from
slab to slab to help distribute loads over wider areas. He goes
on to state that joints should have a depth-to-width ratio not
exceeding 3:1 and that joints in the longitudinal direction should
be sufficient to hold the slabs in place, prevent faulting, and
inhibit water intrusion. With these factors in mind, rigid joints
would appear superior to others for permanent pavements. ., Rigid
joints, however, are more complex to construct.

In general, joints in prestressed slabs are of a constant
width in order to maintain uniform prestressing and to help pre-
vent prestress losses to the subbase. Some rather novel joints
for prestressed pavements include methods of jacking the slabs
apart after joining connecting bars, either with mechanical jacks
(Figure 67) or by means of a hollow tube inserted in the joint
(Figure 68), filled under pressure with a grout that hardens
(Mogilevich, 1976). Other joints can include those used to mono-
lithic prestressed pavements such as the method described by Pasko
(1972). This pavement was constructed near Washington in 1971
for the "TRANSPO 72" show; the joints were fashioned from 6-in.
(152 mm) I-beams imbedded in transition slabs between the major
post-tensioned portions of the pavement.

Other types of slab utilize variable width joints that can
expand and contract with varying temperature. These types of
joints are usually filled with elasto-plastic materials, which do
not inhibit contraction of the joint. The elasto-plastic joint
. filler must adhere well to the edges of the slab to insure that no

water will penetrate the joint and initiate pumping action. The
joint should be durable in all types of environmental conditions
it may encounter.

All pavements (especially those with constant width joints)
require expansion and/or contraction joints to combat thermally-
induced strains. Standard types in service at the present are
compatible or can be adapted for use with prefabricated pavements.

Pavement slabs can be strung together with cables (Figure
69 running through conduits cast within the slabs similar to
those described by Zuk (1972). Regardless of the method used,
however, joints should be at least as strong and enduring as the
slabs they are connecting.

4.6.4 Foundations

A crucial portion of the active pavement system is the sup-
porting structure. The pavement base must not permit excessive
sagging under traffic and must be water resistant. The surface
of the base must be even to provide full contact with rigid slabs.
Crushed gravels, either continuously graded or gap graded, which
are at least 3 in. thick, can be satisfactory. Soil cements are
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CONSTRUCTION STEPS I I

FIGURE 68 JOINT FOR PRESTRESSED SLABS USING HYDRAULIC
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also good candidates. Any material selected must have uniform
strength and density throughout and must compact uniformly to pre-
vent differential settling. Crushed stone or gravel is considered
an all-around good subbase material (Mogilevich, 1976; Child et al.,
1963) . '

Strip footings (Figures 70 through 72 can also be used to
support the slabs (Mogilevich, 1976). Piles or isolated footings
(Figure 73) are other proposed devices that may prove successful.
These types of footings can once again be’ prefabricated or cast-in-
place. The foundation should be vibro-compacted, the slab placed
on the base and itself vibrated to insure good contact so that
load transfer to the supporting layers is uniform and adequate.

Many solutions are possible, but extensive investigations are
required to determine which types of foundations can be applied to
specific site conditions.

4.6.5 Manufacturing

Prefabricated slabs can be manufactured in much the same man-
ner as prefabricated building or architectural details are manu-
factured at the present time. Many facilities are presently avail-
able to create slabs that can be stockpiled or shipped throughout
the country and used when necessary.

Plants set up especially to manufacture pavement slabs are
outlined by Mogilevich et al. (1976). They include vacuum har-
dening chambers, steam chambers, and conveyor networks that result
in assembly line efficiency of operation. With relatively 1little
capital investment, slabs could be mass-produced in this country
at costs that can effectively rival conventional poured-in-place
pavements.

4.6.6 Construction

The method used in South Dakota (Larson et al., 1972) and in
the USSR (Mogilevich, 1976) to lay the pavement slabs involves the
use of a motorized crane, either working from the shoulder of the
road or on rails running parallel to the road construction (Figure
74). At the present, the latter type of equipment would need to
be specially built. However, since rails were used (similar to
the rails used by slipform pavers) on the South Dakota project,
with apparent success, it seems likely that the use of a rail-
mounted gantry crane to pave the slabs may prove more efficient.

The sequence of operations is similar to that of conventional
pavements. The slabs must be transported to the site. The sub-
grade must be prepared, followed by placement of the base and/or
foundations. The slabs are then lifted in place and joined to-
gether. Finally, the joints are sealed.
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FIGURE 71 PREFABRICATED SLABS ON PREFABRICATED
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FIGURE 72

PREFABRICATED SLABS FOUNDED ON LONGITUDINAL

AND TRANSVERSE BEAMS

FIGURE 73

DOWELED SLABS LAID ON ISOLATED ANGULAR

FOOTINGS
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Cost of the Sough Dakota project was approximately $18 per
square yard ($23.7/m”) (Larson et al., 1972) as compared to $7 to
$8 for conventional 10-in. (25.4 cm) pavement. With a large-scale
operation, costs could drop below $15 (1968 prices) per square
yard. It must be kept in mind that this prefabricated pavement
was designed as a heavy-duty pavement, equivalent to approximately
15 in. (38.1 cm) of plain concrete. Initial cost is higher, but
maintenance cost during the first 20-year service period may prove
far less than for conventional pavements.

4.,6.7 Conclusions

After reviewing the various types of prefabricated pavement
construction, certain advantages of this type of construction should
become obvious. The desirable features cited by Mogilevich (1976)
and Zuk (1972) are indicative of the general concensus toward pre-
fabricated pavements available through the rather limited litera-
ture. The primary advantages associated with the prefabricated
pavements include: 1) better quality control and homogeneity of
the various elements with fabrication carried out in factories and
proving grounds; 2) a nondestructive method of repairing utilities,
etc., that are located beneath a street or road; 3) quicker opening
to traffic due to the absence of in-situ curing time; 4) better
allotment of labor, machinery, materials and energy; 5) ability
to dismantle and reuse the elements; and 6) the possibility of
increased durability and classification as a zero-maintenance
concept.

Because of the assembly-line nature of prefabrication and
the increased cost of raw materials and labor, prefabricated
slabs (especially the prestressed variety) may become an economi-
cally viable alternative to conventional pavement, especially if
the prefabricated pavement is classified as a zero-maintenance
type. Also recommended are areas for the best use of prefabri-
cated pavements: 1) city streets with intense traffic and many
subsurface utilities; 2) places where rapid construction is
required or where detours are impossible or very costly; 3) in
extreme weather conditions when conventional paving cannot be
used; 4) use on temporary roads or detours where dismantling
capabilities can prove economical; and 5) use in places where
conventional equipment will not fit (tunnels, etc.). Perhaps the
best use of prefabricated pavements can be for multilane high
speed highway networks.

Though prefabricated pavements possess a large number of
desirable features, some shortcomings are present. Many can
easily be overcome, however. The primary disadvantages include:
1) relatively large number of joints that may impair pavement
smoothness and increase cost; 2) load transfer between slabs at
joints; 3) difficulty of laying standard slabs (especially rec-
tangular) around small radii curves, necessitating the use of
nonstandard slabs or monolithic construction; 4) large initial
expenditure on special plants and equipment; 5) possible high con-
struction cost; and 6) the required development of special con-
struction machinery to lay the slabs and prepare the supporting

188




structures, if necessary. Many of these problems are also present
with conventional pavements, and solutions can be applied to
either type of construction after being suitably modified.

The most promising type of prefabricated paving element ap-
pears to be a prestressed slab. The material from which it is
fashioned can be portland cement concrete, steel or synthetic fiber
reinforced concretes, a PCC that has been impregnated w1th a poly-
mer material, or a combination of the above.

Soil cement base courses, strip footings, keyed sleeper slabs,
piles, etc., are good supporting structure candidates.

Composite pavements created from prefabricated rigid slabs
covered with either a flexible and waterproof wearing surface of
asphaltic concrete, or a continuous rigid concrete surface course
also seem likely candidates in the search for effective prefabri-
‘cated pavements, especially after further performance results of
the South Dakota project become available.

Many factors influence the economical design of pavements.
Perhaps further investigation of more exotic foundations and joints
will prove valuable to the body of knowledge already available.
Prefabrication can easily be tied in with these topics to perhaps
develop a virtually maintenance~free pavement.

4.7 JOINTS

4.7.1 Introduction

This chapter presents the findings of a study on innovative
and unconventional joints, as well as the evaluation of the joint
components and systems uncovered. The evaluation is based on
existing technical data and/or performance records and is intended
to demonstrate whether or not these components and systems are
feasible for use in zero-maintenance pavements or warrant fur-
ther investigation.

A brief summary of the types, functions and distresses of
conventional joint systems and components currently used is also
presented. The conditions establish the needs to be fulfilled
through innovations in joint design and also establish criteria
that can be used in designing and evaluating innovative joints.

4.7.2 Background

Relatively little information on innovative joints was found
to be in existence; it is believed, however, that a rather exhaus-
tive study was conducted on reference sources readily available.
The topic being only one of the contributing type in the total
structural system, an all-inclusive search was not justified.
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The present search for information on innovative joints in-
cluded the review of titles and abstracts of publications printed
within the past 10 years and contained in one of the following:
Engineering Index Annual, National Technical Information Services
(NTIS) publications list (last 5 years of references accessed by
computer), and the card catalogs at both the Federal Highway Admini-
stration Department of Transportation (FHWA-DOT) Library and The
John Crerar Library. Additional references and information were
obtained through contacts with personnel and faculty of the fol-
lowing institutions and universities: Georgia Department of
Transportation, J.B. Thornton; Florida Department of Transportation,
Mr. Stelzenmuller; Michigan Department of State Highways, Mr. H.
Shaffer; and Cincinnati University, Mr. Cook.

4.7.3 Joints in Rigid Pavements

Joints are an integral part of all types of existing rigid
pavement systems and therefore directly affect the performance
of these pavements. Different types of pavements incorporate joints
to varying degrees and also require joints of different sorts to
perform various functions. :

Among the different rigid pavement types presently used are
jointed plain concrete pavements (JCP), jointed reinforced con-
crete pavements (JRCP), continuously reinforced concrete pave-
ments (CRCP), and to a much lesser extent, prestressed concrete
pavements.

4.7.3.1 Conventional Joints

The types of conventional joints presently used can be grouped
according to the categories shown on Figure 75, Transverse
joints are incorporated in rigid pavements to provide for the
relief of tensile, compressive, and warping stresses. These
stresses result from pavement shrinkage, frictional restraint,
loadings, temperature changes and moisture gradients. Longitu-
dinal joints are provided to allow for the relief of curling
stresses resulting from temperature gradients. Included among
the distresses experienced by joints are faulting, raveling, spal-
ling, pumping, blowup, cracking and infiltration of incompressible
fines and water. The inadequate performance of load transfer de-
vices (LTD) and joint sealants are responsible for most, if not
all, of the above-mentioned distresses. Wagner (1977) provides
an excellent summary of the requirements joint components must
meet in order to perform successfully. Standards and specifica-
tions for materials comprising the joint components, i.e., tie
bars, sealants, etc., are also given by Wagner (1977).

Numerous excellent detailed design and construction procedures
for conventional joint systems and components are available in
NCHRP and PCA reports (1973, 1974, 1975; Carlson, 1974). 1In
dealing with new structural systems for zero-maintenance pave-
ments, one might very well integrate components of proposed and
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A. TRANSVERSE JOINTS

Weakened Plane Contraction Joints (Doweled or Plain)

Inserts (Partial or Full Depth)
Formed
Sawed

Elastic Joints

Inserts (Partial or Full Depth)
Formed
Sawed

Expansion Joints

Construction Joints (Doweled, Tied or Plain)

Butt
Keyed

Bridge Approach Joints

Multiple Expansion Joints

Bituminous Concrete Insert

Joint Utilizing Wide Flange on Sleeper Slab
Anchored Lugs

B. LONGITUDINAL JOINTS

Weakened Plane Joints

Lane Joints
Shoulder Joints

Construction Joints

Butt
Keyed

FIGURE 75

JOINT TYPES
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existing pavement systems to obtain the desired service life of
the system. For example, in studying and experimenting with new
types of rigid wearing surfaces, both longitudinal and transverse
connections between these pavements might very well consist of
joints that have been used in the past and have demonstrated the
potential for obtaining a 20-year maintenance-free life. Joints
of this type are discussed (in conjunction with the new structural
systems in which their utilization is intended) in other chapters
of this report.

4,7.3.2 Innovative and Unconventional Joints

Limited information on innovative or unconventional joint
types, load transfer devices and sealants, as well as sealant
practices, has been obtained. Since this information is well
documented elsewhere, all the details incorporated in the evalu-
ation have not been duplicated in this chapter. Instead, sum-.
maries with appropriate references to the original works are
presented in the following paragraphs. It should also be pointed
out that the associated cost expected to be incurred through the
utilization or realization of these proposed schemes and concepts
has not been considered as desirable or undesirable in the evalu-
ation.

Elastic Joints - Elastic joints have not been used exten-
sively in pavement design in the United States. Elastic joints
are a form of tied weakened plane joints that allow for the con-
trolled transverse cracking of continually reinforced concrete
pavements. Experience in Sweden (Persson and Friberg, 1969)
indicates that when these joints are incorporated in pavement
design, the 0.5 and 0.7 percent longitudinal reinforcing steel
can be reduced to as low as 0.2 percent and still provide com-
parable performance under virtually equivalent operational and
climatic conditions.

A high percentage of longitudinal steel is considered un-
necessary since its early age objective to promote the formation
of minute random cracks, through tensile stress transfer, is
partially replaced by the inclusion of these elastic joints.
Also the longitudinal steel's continuing function has been found
to be insignificant after the crack formation; crack widths at
different temperatures in mature pavements appear to be directly
related to crack spacing and temperature and not to the amount of
reinforcing steel. In this manner, a truly continuous concrete
pavement can be formed; a saving on steel, as well as labor and
material costs required to construct conventional contraction
joints, is also realized.

Elastic joints are formed by first coating the working steel
for a length of approximately 3 ft (1 m) on either side of the
weakened plane location with a steel-to-concrete bond breaker such
as cutback asphalt, and later by providing a crack inducer either
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above or below the desired location of the weakened plane joint
according to conventional methods. The joint may or may not be
sealed depending on the design, operating and climatic conditions
characteristic to a particular pavement system (discussed in more
detail in a subsequent subsection).

The 360-foot (110 m) long by 26-foot (8 m) wide and 6.3-in.
(16 cm) thick experimental section of the Swedish divided highway
with joint spacings from approximately 14 to 20 ft (4 to 6 m) was
found to be in excellent condition after years of service (Persson
and Friberg, 1964). Observations included that the 0.2 percent
reinforcing steel was apparently sufficient to provide joint mowve-
ment and adequate load transfer. The experimental'pavemsnt wag
subjected to air temperature changes of approximately 88 F (31°C)
and heavy traffic with a large percentage of trucks.

The 3-year performance record is not enough to permit the
evaluation of the proposed system for use in zero-maintenance
pavements. It is recommended to obtain and evaluate performance
records in the latter phases of this investigation for the experi-
mental pavement constructed in Sweden and any other performance
records of similar road types. An additional 10 years of service
have been provided by the Swedish road since the publication by
Persson et al., 1969.

The concept of incorporating elastic joints and in turn re-
ducing the percent of longitudinal reinforcing steel does not
have merit and shows potential for providing the required service
life in zero-maintenance pavements. The degree of steel reduc-
tion outlined above may not be feasible in all pavement appli-
cations and must be investigated further.

Rigid Joints -~ Various types of rigid joints (actually con-
nections) for rigid concrete pavements constructed from prefabri-
cated slabs have been proposed and also utilized by Russian en-
gineers (Mogilevich, 1976). These rigid joints allow for no
relative movement between adjacent slabs and fall into the cate-
gory of either unstressed or prestressed connections. The appli-
cability of prestressing rigid joints depends on the type of
prefabricated pavement connected. Russian engineers recommend
that connections for prestressed, prefabricated slabs should also
be prestressed in order to provide an even more rigid and durable,
as well as impermeable, connection. The performance of these
types of connections in either experimental or field applications
was not quantitatively described (Mogilevich, 1976). Numerous
difficulties, such as fabrication and installation techniques,
are reported in a majority of the concepts presented. Materials
or their properties are not reported as presenting problems in
transforming these concepts into operational designs. The move-
ment experienced by the rigid pavement composed of these prefab-
ricated slabs is accommodated by expansion joints with a spacing
from 40 to 100 meters (dependent on the type of rigid pavement)-
and in some cases with contraction joints. These articulated
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joints may or may not consist of the conventional type of joint
utilized in the United States. Nonconventional articulated
joints are presented in the next section under types of joints.

The technique outlined by the Russian engineers consists of
the following basic steps in constructing rigid joints:

1. Placing the prefabricated slabs at predetermined loca-
tions and spacings;

2. Removing any undesirable objects such as dirt from the
gaps;

3. If present, connecting the working steel that was left
protruding from the prefabricated slabs by either wel- -
ding or joining with attachable mechanical devices;

4, If desired, stressing the joint by exérting pressure
against the vertical sides of adjacent slabs;

5. Filling the gap not occupied by the stress inducing de-
vice with quick-setting grout;

6. Removing the stress inducing device after the concrete
has set and filling the remaining voids with additional
grout; and

7. Sealing any additional voids formed during the construc-
‘ tion process with conventional (i.e., hot and cold
poured asphaltic compounds) sealants.

Some variations to the above steps do exist, depending on
the type of concept utilized. Various concepts are presented
below. Specific design and construction details are not presented.
These details, however, will be presented in the forthcoming
design manual for the concepts showing the most potential for
providing a zero-maintenance pavement,

A. Unstressed Rigid Joint Concepts

1. The support of slab corners on embedded prefabricated
angular foundations is shown on Figure 73. Dowels
are installed between the slabs to increase the rigi-
dity of the connection. A cement grout is used to fill
the gaps between the slabs. It is noted that the
angular foundations (i.e., sleeper slabs) provide
restraint against horizontal movement of the pavement
by acting as anchoring devices:

a. A prefabricated reinforced concrete framework

could also be utilized to provide support to the
prefabricated slabs as illustrated on Figure 71;
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b. Figure 72 illustrates a derivative of the concept
shown on Figure 71, The framework supporting
the prefabricated slabs consists of longitudinal
and transverse beams. This concept, however, was
put to design and resulted in the construction of
a rigid pavement in Switzerland, consisting of
11 by 23 ft (3.5 by 7.0 m) prefabricated slabs;

2. Other types of concepts for connecting prefabricated
slabs have been presented in previous sections and
Figures 76 , 77 and 78. In all cases, either the
reinforcing steel of the prefabricated slab or embedded
hoops extending from the sides of the prefabricated
slabs serve to form the primary connection between the
slabs. All joints are again filled with a cement grout
after the steel has been spliced or connected:

a. Figure 76a shows the connection to consist of
the butt type. Additional rods are utilized in
recesses along square edges of the slabs to obtain
the necessary weld strength. A mechanism such as
the one shown on Figure 76b may be used instead
of the weld to connect the reinforcing steel;

b. Figure 77 illustrates a transverse connection
similar to the one shown on Figure 76. This
concept, however, provides for the incorporation
of additional reinforcing to be located in a space
left between the adjacent slabs, thus forming a
"reinforcing beam";

c. Figure 78 illustrates a concept applicable for
connecting prefabricated slabs manufactured with
chamfered corners. Embedded hoops extending from
the vertical sides of these corners are joined
with wire prior to filling the square void with
cement grout. A sleeper slab shown on the figure
for providing extra support to the slab edges and
rigid joints may or may not be incorporated in the
design. The hoops used in the connection process
may also be used for lifting and positioning the
slabs. Spaces between the square sides of the
prefabricated slabs are filled with conventional
sealants,

B. Prestressed Rigid Joint Concepts

Four concepts are proposed for stressing rigid joints before
they are subjected to operational loads:
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1. Post-tensioning of wire strands passed through conduits
or channels in the prefabricated slabs after the joint
filler has cured is proposed as a solution. Techno-
logical advances are still necessary to solve the
difficulties encountered in constructing the slabs and
installing the pavements (forming of the slabs, instal-
lation of strands, application of the stress, etc.);

2. Jacks inserted in a transverse gap left between adjacent
slabs are used to push the slabs apart after the working
reinforcing steel protruding from the slabs has been
joined. This is illustrated on Figure 67. After the
gap has been filled with grout and allowed to cure, the
jacks are removed, thus putting the joint in a state of
compression. The remaining steps in constructing this
joint are as outlined above;

3. The mechanical device illustrated on Figure 76b can
also be used to put the rigid joint under compression.
By leaving recesses in the prefabricated slabs, the
mechanism can be installed on the protruding steel
reinforcing bars and tightened by screwing the coupling
ends together, resulting in the application of a stress
across the joint. Prior to stress application, the
slabs can be placed in direct contact with one another
or placed such that a concrete grout can be introduced
between the slab faces. Naturally, this grout is
allowed to cure before tightening the mechanism;

4, Figure 78 illustrates a method in which the cement
grout introduced into the joint serves a dual purpose.
The grout is used to fill the gap and also used to
apply pressure by injecting it into a cellular membrane
placed between the vertical faces of adjoining prefab-
ricated slabs. The membrane may be positioned to be
flush with the pavement surface or allowed to protrude
above the pavement surface. For the latter case, the
grout-filled membrane must be cut off flush with the
pavement surface after the grout has cured.

An evaluation as to which of the above-mentioned joints is
better suited for use with prefabricated pavements in obtaining a
maintenance-free pavement system is difficult at this time, since
most of these are in the conceptual stage. Also, data on the per-
formance of the joint types presently used is not presented by
Mogilevich (1976). This limitation necessitates one to make an
evaluation based on the recommendations given in the reference,
and also on the expected difficulties due to technological short-
comings. Rigid joint concepts that appear to be least desirable
for further investigation are those discussed above in Ala, Alb
and Bl. The fact that the concepts discussed in subsections A2a,
A2c and B2 appear to be the least involved regarding construction
makes them the most attractive for further investigation. However,
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if economics is not to be considered and the performance is rated
as being the top priority, then all of the concepts proposed
should be investigated in more detail in the subsequent phases of
this project.

Articulated Joints - Only one unconventional articulated
joint was found in the literature (Mogilevich, 1976). The joint
is intended to function as an expansion joint and is illustrated
on Figure 79. The entire joint, as well as the edges of the
two adjoining slabs, is underlain by a sleeper slab. The joint
itself is composed of a rubber that is reinforced with steel
strips. The end steel strips are rigidly connected to the slabs
to prevent a separation between the reinforced rubber and the
slabs.

Design details for the joint are not presented. Whether or
not the joint has ever been constructed and put into service is
also not mentioned. The compressability and extensibility char-
acteristics of this type of joint under varying environmental
conditions must be determined experimentally. Overcompression or
extension of the joint will reduce the riding quality of the pave-
ment system. It is anticipated that a complex interaction exists
between the steel and rubber and therefore will require careful
analysis before a suitable configuration is obtained for testing.
In light of the above, this concept does not suggest much po-
tential for use in the immediate or near future.

Load Transfer Devices - Ball and Childs (1975) present the
details of a laboratory investigation of various conventional and
innovative load transfer devices (LTD) for use in rigid concrete
pavements. The types of LTD tested are illustrated on Figure
80 . Concrete beams and slabs incorporating these LTD were
subjected to static and repetitive loads, respectively. The
controlled conditions under which all tests were conducted, as
well as the performance criteria utilized, resulted in a meaning-
ful and representative baseline that was used to indicate the
relative performance of all LTD tested.

The most relevant findings of this investigation are out-
lined below:

1. Sharp trapezoidal key fillets should be avoided to in-
crease their durability, as was indicated by the longe-
vity of rounded keys;

2. Double rounded or triangular keys, as well as multiple.
trapezoidal keys, proved to be inferior to single keys;

3. Bound and elastic (anchored and coated) steel ties in
conjunction with aggregate interlock were effective and
durable. The location and amount of bound tie steel is
directly related to performance of closed joints.
Little distinction was noted in the ultimate capacity
of elastically tied joints for steel percentages of
0.56 percent and lower;
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FIGURE

79 FILLING THE JUNCTIONS OF PRESTRESSED PREFABRICATED
MONOLITH PAVEMENTS WITH RUBBER, REINFORCED WITH STEEL
STRIPS: a) DESIGN OF THE JUNCTION

b) JUNCTION AFTER TEMPERATURE COMPRESSION
DEFORMATION
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4. Nonmetallic (concrete and glass) dowels were ineffective;

5. Flat steel plates were inadequate to provide load
transfer. Vertical plates lacked bearing area and
horizontal plates lacked bending resistance;

6. The square tube tested had insufficient shearing resis-
tance;

7. Solid dowels were as good, if not better than pipe
dowels due to larger effective concrete areas resulting
from the smaller yet strength equivalent solid dowels;

8. Cement stabilized bases improved the performance of all
LTD but had the largest effect on improving the perfor-
mance of aggregate interlock joints.

Scaling effects are not evaluated in this investigation, and
it is noted that the field performance of these joint types may
be altogether different (either better or worse) than the indi-
cated performance under controlled laboratory conditions. Never-
theless, a good indication of expected field behavior is obtained
for the various LTD tested. Minor modifications are suggested
and should be incorporated in design to improve the performance
of elastic joints. The joints, as mentioned previously, are par-
ticularly promising in continually reinforced concrete pavement
applications.

4.7.4 Sealants and Sealing Practices

Silicone Seals - Silicone seals have been used in building
construction for several years and are now promoted for use as
joint sealants in rigid concrete pavements by Mr. J.B. Thornton
of the Georgia Department of Transportation.

Low modulus silicones, as for example the Dow 790 silicone,
appear to have a definite potential in rigid pavement applications
for providing long lasting maintenance-free sealants. Some of the
attributes of the silicone, as well as some of its shortcomings,
are listed below:

1. The low modulus prevents overtaxing the sealant-to-concrete
bond strength, and thus helps to prevent adhesion fail-
ures;

2, The lack of shrinkage upon curing prevents the forma-

tion of initial tensile stresses that might damage
conventional hot and cold poured sealants;

3. Unlike preformed sealants, the lack of joint uniformity
or evenness is not detrimental to sealant performance;

4. Installation is enhanced since no mixing agents are
required;

202




5. Protection must be provided for a relatively short time
after installation to prevent the intrusion of debris
into the uncured silicone; and

6. Potentially higher initial costs, as compared to other
hand-tooled sealants, appear to be outweighed by better
performance and longer life service.

Prefabricated Seals - A prefabricated insert proposed for

use in rigid concrete pavement joints is illustrated on Figure
81. The device, when installed, initiates the formation of
transverse weakened plane joints and simultaneously seals the
joint through the use of a neoprene cap. It is reported that the
device has been tested and approved for use on U.S. Navy air-
fields. The proper installation of the insert is essential for
good performance.

Problems to which this device might be susceptible, as
experienced by other similar devices, are loss of the epoxy bond
between the coarse sand and insert strips, neoprene failure due
to weathering or overextension and entrapment of incompressables
in the recess formed during wide joint openings. Existing pave-
ments incorporating these inserts should be evaluated with res-
pect to the joint performance.

4,7.4.1 Omission of Sealants

Several highways and major roads utilizing rigid pavements of
several types have been constructed on stabilized bases in Austria
and have performed well for a period of up to 10 years without
the "benefit" of transverse and longitudinal Jjoint sealants (Stege,
1976) . Joints that are not sealed are sawed into the concrete
pavement. The width of the cuts is less than conventional sealed
cuts and is approximately 0.12 in. (3 mm). The lack of adequate
and long-lasting sealants as well as economic considerations and
gain in riding comfort has brought about this trend. At present,
however, sealed joints must be provided at shoulder joints regard-
less of the base type, for pavements on unstabilized bases, for
bridge pavements and for pavements located in water conservation
districts. It is noted that the success of this practice is
directly related to the limited and uniform joint movement. Where
joint openings become larger than approximately 0.24 in. (6 mm),
it is recommended to construct a conventionally sealed saw cut
joint.

Unsealed joints appear to be best suited for continually re-
inforced concrete pavements supported on stabilized bases due to
the relatively small and uniform joint openings characteristic of
this type of pavement.
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4.7.5 Conclusions and Recommendations

A limited number of concepts and unconventional designs for
joints demonstrating potential for use in zero-maintenance 'pave-
ment systems have been presented. Continued investigation is
still necessary, however, to develop these concepts into optimal
designs that will conform to the criteria and specifications of
the pavement systems for which they are intended. Investigative
efforts should be focused on both the design and construttion of
joints since an excellent design improperly constructed or in-
stalled can render the joint useless.
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CHAPTER 5

NEW CONCEPTS

5.1 ZINTRODUCTION

A comprehensive survey of available innovative concepts has
been made, the results of which appear earlier in this report.
In this survey, in addition to locating the concepts, related
topics and problem areas in pavement design and failure were
examined. The primary criteria for selection of the promising
structural systems for "zero-maintenance" was then reaffirmed,
allowing a basis for developing new concepts. The new concepts
presented herein are intuitively sound but still in an embryonic
stage and will require further analysis (which will be performed
in the second stage of the project). It may be noted, however,
that some features of the engineering development after the
outburst of the energy crisis have changed existing prognostica-
tions and any economic notions or considerations engineers had in
the past. Therefore, final judgments will have to be made not
only from the uncertain cost estimates, but also from the point
of view of availability of a material. These aspects will in-
volve considerable and penetrating studies that are not, however,
a part of this study. Nevertheless, the assessment of present
and future energy and materials resources measured against popula-
tion growth rates and the demands on the well being of society
have established requirements with respect to the capacity and
capability of civil engineering. These requirements cannot be
met with conventional knowledge and techniques, and hence a
researching eye toward new concepts is necessary. Therefore, the
next section presents the criteria used for selecting the new
concepts.

5.2 CRITERION

Pavements are extremely complex physical systems, in-
volving a complex soil structure interaction problem with a
series of variables. Ultimately, all structures have to rest
on the in-situ soil -- called the subgrade in pavement design.
The engineer placing a structure in or on soil must answer the
following basic guestions:

1. Will the construction of pavement lead to instability
because of a shear failure of the subgrade, either
during or after construction?

2, Even if the strength of subgrade be enough to prevent
any gross shear failure, will the construction of
a pavement (and any embankments in connection with
it) lead to excessive deformation in the subgrade?
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- In engineering terminology, the above two problems are the
traditional "stability" and "deformation" problems (Ladd, 1971).

As discussed in Chapter 2, techniques are now available
to improve problematical soils from the point of view of
stability and deformation. The fact that is not well taken
by many is that even though once improved (by stabilizing or
any other strengthening techniques), the soils continually
face environmental changes. So an ideal subgrade is one that
is good not only when construction started but that can main-
tain its design properties during the design life of the "zero-
maintenance" pavement. The need to stress the adequacy of a
good subgrade and to maintain the permanency of its properties
still remains because many structural engineers tend to
ignore the subgrade and concentrate on the superstructure
only. We repeat that if an optimum quality subgrade can be
achieved and its properties maintained, even some of the con-
ventional methods may provide a .zero-maintenance system.

Stresses are transferred to the subgrade soil through
base and/or subbase. Needless to say, a proper initial
selection, design and maintenance of the properties of the
base and subbase during the life span of the pavement
system is required. Table 23 is a general format of criteria
used to examine every component of a pavement system. In
addition to those presented in Table 23 there are other
causes and mechanisms of rigid pavement failure. Recently,
Nussbaum and Lokken (1977) completed a survey of pavements
in the United States and listed several areas of greatest
potential for pavement improvement. They are as follows:

1. Loads should be transferred at transverse joints
through adequate dowels;

2. Cracking of slabs between joints can be prevented
with short joint spacing, 15 to 20 ft; (4.5 to 6.0 m);

3. The joint depth-to-width ratio should be kept under
3:1;

4, Tiebars along longitudinal joints help hold the
slab in contact, help prevent faulting, and inhibit
water intrusion; ’

5. Using concrete shoulders creates a strong struc-
tural system, reduces water intrusion at the edge
of pavement, and improves cross-surface drainage
characteristics;

6. Pavement deflections and migrations of fines can
be reduced through the use of a stabilized base
course. Subbases of this type are strong and
more erosion resistant;
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TABLE 23

PROPERTIES TO BE EXAMINED (CRITERIA)

STRENGTH

Compressive, tensile
Flexural

Dynamic (Impact, Fatigue)
Post fatigue

GENERAL -- OTHER PROPERTIES

Creep

Durability
Abrasion resistance
Toughness
Permeability

ENVIRONMENTAL EFFECTS
Salt water corrosion

Thermal conductivity
Effect of freeze-thaw

Erosion of base and/or sub-base and subgrade

DRAINAGE

215




7. Increased pavement thickness (stiffness) reduces
deflections and improves performance.

Suggestions mentioned above will be incorporated in the
proposed structural system wherever feasible.

5.3 PROPOSED SYSTEMS

The following section introduces various concepts that
are either new or are modifications of previous systems. The
systems adhere to the following basic subdivisions: /

1. Systems that improve the conventional system so-as
to strengthen each subsystem to maintain its improved
strength against environmental hazards;

2. Systems in which the stress distribution and load
transfer mechanism to the subgrade are modified by
variable thickness, anchored slab or anchored base
or subbase, etc.;

3. Systems in which the forcing function ‘7-~ad due to
the vehicle) and load transfer mechan. *o the
subgrade are both changed. :

The systems proposed are in a conceptual stage; detailed
investigation as to their feasibility and actual stress patterns,
in relation to the intuitive thinking, still has to be under-~
taken.

5.3.1 Improved Conventional Systems

Yoder, Cedergren and others have stressed many times that
pavements are subject to failure from the detrimental effects
of water penetrating through the surface of the pavements or
through a rise in the ground water table. As such, it is
necessary to incorporate a system of drains that should convey
water away from the structural system. Figure 82 presents
such a concept. Drainage trenches are cut along the edges of
a pavement and a porous pipe (or a French drain) and collector
system is installed. The soil is then strengthened (if
required) by surcharging or any other technique detailed in
Chapter 2. If the permeability of the soil strata is low,
cross draining will also be necessary. The strengthened
subgrade must extend under the pavement and shoulders (shown
as 4 on Figure 82). Over the strengthened subgrade, a mem-
brane encapsulated subbase is prepared, which will be overlain
by a base course (for instance, open-~graded bituminous
aggregate mixture, OGBAM). In between the OGBAM base and
encapsulated subbase, a layer of styrofoam is provided to
insulate the base from the subbase. It may be noted that,
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if a porous base is used, provision for drains (shown as 11
on Figure 82) will be made; alternatively, if a base of
material like asphaltic concrete or econocrete is used,
drains are not necessary. With the utilization of a porous
base and/or econocrete, it will be rational to use either a
polythene sheet or asphalt-rubber membrane in between the
base and surface layer to avoid any friction and thereby
avoid reflection cracks. With the subgrade, subbase and
base constructed in this manner, a good pavement can be made
with a surface coarse grade of any one of the following:"

1. Asphaltic concrete overlain by an asphalt-rubber
stress-absorbing membrane;

2. Jointed portland cement concrete with the top few
inches being sulfur or polymer impregnated concrete
(SIC or PIC) or polymer portland.cement concrete
or an asphalt-rubber stress—-absorbing membrane;

3. Fibrous steel concrete with the top few inches
being treated as suggested in Item 2.

When the subgrade and base are strong enough and the
aggregate used in the asphaltic concrete is of high quality,
it is possible to construct a pavement structure so that
loads are transferred to the lower layers and can be effectively
sustained. Pavements where the subgrade and base were made
of broken pieces of trap rock (igneous bassaltic rocks) and
the aggregate used in the asphaltic concrete was also from
the same material have lasted over 10 years. Rutting over a
10-year period of traffic flow cannot be avoided and has to
be corrected.

It is recommended to overlay the asphaltic concrete
pavement by a stress-absorbing membrane. It is stated that
the tensile strength of the pavement structure is insufficient
in responding without fracture to the forces acting on the
pavement (Morris and McDonald, 1976). The limited use of
elastomers in an asphalt (or asphaltic concrete even) modi-
fies the characteristics in terms of reducing the effects of
temperature change on the stiffness and elasticity of the
overall structure (Olsen, 1973). The use of asphalt-rubber
stress—-absorbing membrane has now been demonstrated in the
following three forms (Morris et al., 1971):

1. As an elastomer;
2, As an impervious membrane;

3. As a controller of reflective cracking.
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Similarly, a properly designed jointed PCC surface with
a water-sealer at the top of the surface will function equally
well. The fibrous steel concrete, if utilized, will require
less thickness than the conventional PCC slab. The concrete
slabs, due to their rigidity, are more effective in distribut-
ing the load to a larger area, and hence they do not face the
problem of rutting. If the infiltration of saltwater is
prevented by sulfur impregnation or any other techniques, the
steel fibrous concrete is a good candidate. With the steel
fibrous concrete, joints of the type shown on Figure 79
are suggested.

For the shoulder area, styrofoam insulation can
be placed directly over the strengthened subgrade and the
shoulder base and surface can be installed. Shoulder base can
be crushed stone, econocrete, open-graded bituminous aggregate
mixture, etc. The shoulder surface must be paved using any
material like econocrete, porous concrete, or asphaltic con-
crete pavement. It is now recognized that the shoulders are
to provide strength and confinement and need not have the
same structural strength as the main pavement. However, be-
tween the shoulder surface and shoulder base, a filter fabric
should be installed to stop migration of fines into the base
course, if the base is porous like crushed stone or OGBAM.

With minor modification, the system can be used in cut
as well as fill, The thicknesses of individual layers can be
designed using the available design procedures and a knowledge
of the properties of individual components.

5.3.2 Systems Based on Changing Stress-Distribution Patterns

Two types of systems are proposed: one that requires
the strengthening of the subgrade as detailed in Chapter 2 (and
used in the system of Section 5.3.1), and the other requiring
very minor preparation of the subgrade.

5.3.2.1 Systems Requiring Subgrade Preparation

The first systems are suggested on Figures 83 and 84,
The subgrade is prepared exactly in a manner similar to that
suggested on Figure 82, The two proposed systems are slightly
different. The first utilizes the variable thickness of the
pavement slab concept while the other utilizes the edge
stiffening and anchoring of the subgrade and subbase concept.
We shall discuss the system shown on Figure 83 first.

Variable Thickness Pavement - The strengthened subgrade
is overlain by an impervious membrane. Over this membrane is
laid a porous subbase followed by an econocrete base and a
steel fiber reinforced concrete whose top 3 in. (76.2 mm)
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76.2 mm or so are sulphur impregnated. The idea is to
utilize the composite concept having the top layer of fibrous
steel concrete with the lower layer of lower strength
econocrete. If the construction does not utilize the composite
concept, it is suggested that a polyethylene sheet or asphalt-
rubber membrane be inserted between the econocrete and

fibrous steel concrete so that the reflection cracks are
arrested. Shoulders are provided, and a drainage system in
the subgrade and subbase has been proposed. The drains in

the subbase and subgrade can be connected to channel the
water from the subbase into the subgrade pipes and then
disposed.

This section is superior to the previous one in that
edges of the pavement slab are stiffened with increased thick-
ness. The additional thickness provides a higher resistance
to flexure of the edges and corners that experience curling.
The T-beam shape provides higher rigidity and promotes rela-~
tive economy by reducing the thickness. The relatively econ-
omical econocrete can be used as a base.

It may be noted that, depending on the availability of
materials, the econocrete base and porous subbase (shown as
2 and 3 on Figure 83) can be made of one material. Minor
modification in the drainage system will then be required.

A modification of this system can be made by using
"waffle-patterned" slabs instead of T-beams. The choice of
these modifications will be based on topography, availability
of materials, labor and other economic considerations.

Anchored Pavement -~ The second system is suggested on
Figure ©64. A prepared and strengthened subgrade is necessary
over which a prepared base (econocrete, OGBAM crushed stone,
etc.) is placed. A surface course with edge beams is con-
structed. The top layer of surface course is composed of
steel fibrous concrete with the top 3 in. (76.2 mm) or so
sulfur impregnated. Shoulders with shoulder bases are
provided.

The edge strips can be continuous or can be interrupted,
as shown in the lower part of Figure 84, though the confining
effect in the subgrade will then be reduced. The provision
of the edge beams will help to:

1. Minimize curling at edges;

2. Reduce stresses in slab by increasing stiffness;

3. Reduce the stresses in subgrade in general, and
increase at isolated locations that will require

special attention;

4. Confine and anchor the base and subgrade thereby
increasing the stability of the whole system.
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5.3.2.2 Systems Not Dependent on Subgrade Preparation

It may be pointed out that this system can be strengthened
further by using a "waffle-pattern" slab instead of a plane slab.
The waffle-pattern slab with the edge stiffener as provided will
provide a relatively rigid slab. Such a rigid slab will require
a very careful preparation of subbase and subgrade and selection
of materials used in these, in view of the heavy stress céncen-
trations in certain zones. (A rigid slab constructed over very
weak subgrades is bound to cause distress in the slab.)

The second series of proposed systems is shown on Figures
85 and 86. All stresses from a pavement system are transferred
to the natural subgrade, and the evaluation of strength and load
carrying capacity of the subgrade are essential. It is felt,
however, that the following systems will require relatively less
work on the subgrade than the ones already described.

Waffle Base Pavement - Figure 85 is a reproduction of Figure
54, which depicts the "Anchorete" system developed by Walker.
Our examination reveals that the system with minor modification
has a great deal of merit. The system involves gridding the
subgrade with 4- to 6-in. (10.16 to 15.24 cm) deep trenches that
are on 7-foot (2.13 m) centers. Reinforcement is placed and
econocrete can be poured, creating a continuous base material.
Keys are formed in this base material to hold the surface course.
A top layer of steel fibrous concrete can then be placed that
will key into the base.

As the layer hardens, it contracts. Since it is keyed to
the base, however, the contraction is inhibited, resulting in the
numerous micro-cracks. The top layer can then be covered with
polymer portland cement concrete (thin) layer or impregnated with
sulfur. In this system, the base is relatively insulated from
large thermal ingredients and, as a result, does not expand and
contract as much. This reduces the number of cracks in the base.
The cracks in the top fibrous concrete layer will be sealed by
proper treatment procedures (PPCC or SIC),

Geometrical Pavement - Figure 86 proposes another unique
concept. It utilizes a V-shaped trench to support pavement
foundation. The V-shaped trench will have a porous layer (shown
as 4 on Figure 86) encapsulated in a filter fabric over which
will be laid a V-section -- either precast or cast-in-place
(shown as 3 on Figure 86). This V-section can be made of econo-
crete, or any economical form of concrete, depending on the stresses
derived from analyses. The space between the V-section and subgrade
will have a layer of porous drain (shown as 5 on Figure 86) under-
lain by a filter fabric to stop the migration of fines, This porous
drain layer can be made of crushed stone or any impermeable material,
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The top surface course is proposed to be fibrous steel concrete
with sulphur impregnation. Shoulder surface and base layers
are proposed.

To transfer the stresses from the V-shaped section, shal-
low friction piles are proposed (shown as 8 on Figure 86).
The piles can be of wood, stabilized crushed stone or just
by stabilizing the soil by different admixtures.

Even though a V-shape is proposed at this time, optimiza-.
tion of the shape as to parabolic, hyperbolic or any other form
can be made after suitable analyses. Prefabrication can be
used for the V-shaped section to ensure quality control as
far as strength is concerned. The unevenness of different
sections, as long as they can transfer stresses, is not of
great conseguence.

This system appears to have great potential. The
system is universal and can be applied to any soil conditions.
Of course,the thickness of the V-section, the number of
‘piles and types of piles will be dependent still on the in-
situ conditions and properties of natural subgrade.

Elaborate analytical work will be required to perfect
the system, but we feel the system has great merit.

Box - Section Pavement - In Figure 87, another innovative
concept is suggested. The system utilizes higher rigidity
due to increased thickness yet is economic by utilization of
rectangular, circular or elliplical hollow spaces. Such a
structure is relatively rigid and therefore will tend to have
higher contact stresses at the ends. Consequently, higher
thickness has been assigned near the ends. The base shape
proposed will tend to confine soil and reduce pumping. Such a
section will require relatively little attention and detail in
the preparation of the subgrade. The often encountered curling
stresses will be minimal in such a shape, and the structure
will maintain contact with the base or subgrade.

The top 2 to 3 in. (5 to 7.5 cm) can be made impermeable
by any one of the several treatment procedures suggested already.

Pavement on Hypar or Conical Strip Footings - Figure 88
presents another novel idea. The idea was first suggested
by Nicholls et al. (1968) for use in isolated footings. But
the concept can be easily extended to strip footings. The
membrane actions of hypar or conical shell considerably reduces
the stresses transferred to the subgrade. The system provides
ease of construction, confines the subgrade soil and can be used
in almost any variety of subsoil. The concept requires further
investigation in terms of optimization of shapes and actual
dimensions.
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5.3.3 Systems Where the Forcing Function is Modified

In the earthquake response to footings, it has been shown
that if a footing is isolated by an elastic strip of rubber
or other material, the intensity of earthquake waves to the
footing is diminished. The elastic isolation modifies the
forcing function. With this concept in mind, we have proposed
a pile-supported pavement as shown on Figure 89. The struc-
tural slab (shown as 1 on Figure 89) to meet the zero-
maintenance requirements is proposed of reinforced-fibrous-
steel concrete with a sulfur or polymer impregnation. Two
layers of energy absorbing elastic bearing (like elastomer
bearings used in bridges) are placed between the pavement base
and the pile cap to allow deflections and thereby damp out
any vibrations by the transient wheel loads (shown as 3 on
Figure 89).

Plain or laminated neoprene bearings of many plane dimen-
sions and thicknesses (consequently different hardness) are
available. They can accommodate deflections and rotations in
the vertical plane. Neoprene bearings are highly resistant to
deterioration by weathering and natural aging and as is shown
are simple to position.

The structural slab can be separated by a membrane or
styrofoam (shown as 4 on Figure 89) to insulate it with the
subbase. A base layer (shown as 2 on Figure 89) has been
proposed to isolate the structural slab from the natural sub-
grade. The base layer could be of econocrete, OGBAM, etc.,
and where soil conditions warrant, can be designed to transfer
a partial load of the surface slab to the in-situ soil.

Piles transfer the load to the subgrade by skin friction
and/or bearing, depending on the soil condition. Piles can
be of wood, steel, clean sand, weak cement-aggregate (the
latter two can even be lime or cement stabilized). The intent
is to transfer the major portion of the load by these pile-
like inclusions to the deeper, hard bearing strata. The pile
inclusion considerably reduces the horizontal tensile stresses
in PC pavements. Surface deflections will be controlled
dependent on the elastic bearings, which will in turn minimize
the stresses in piles and consequently the subgrade.

5.3.4 Conclusions

Seven innovative and one modified pavement system
(Figure 90) in conceptual form are proposed to meet the
requirements of zero-maintenance pavements. Several mod-
ifications within these systems can be made. Some systems .
require strengthening and preserving the properties of
subgrade during the life span of the pavement structure.
Other are universally applicable without giving any serious
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treatment to the subgrade soils. All systems exhibit promise
and potential, and can be utilized depending on the topo-
graphy, labor conditions and availability of materials.

A series of analyses will be required to determine the
actual stress distributions and optimize the dimensions and
shapes of the constituents of the entire system.

5.4 REFERENCES

Bergren, J.V. and Britson, R.A. (1977) "Portland Cement Concrete
Utilizing Recycled Pavements," Proceedings, International
Conference on Concrete Pavement Design, Purdue University,
February 15-17.

Cedergren, H.R. and Godfrey, K.A. (1974) "Water: Key Cause
of Pavement Failure?" Civil Engineering (ASCE), September,
pp. 78-820

Dallaire, Gene. (1976) "Filter Fabrics: Bright Future in Road
and Highway Construction," Civil Engineering (ASCE), May,
pp. 61-65.

Highway and Heavy Construction. (1976) "Plastic Sheet Controls
Reflective Cracking," April, p. 87.

Ladd, C.C. (1971) "Strength Parameters and Stress-~Strain
Behavior of Saturated Clays," Research Report R71-23,
series Publication 278,

Morris, G.R., and McDonald, C.H. (1976) "Asphalt-Rubber
Stress-Absorbing Membranes: Field Performance and State-
of-the-Art," Transportation Research Board, Transp.

~Research Record No. 595,

Nicholls, R.L. and Izadi, M.V. (1968) "Design and Testing of
Cone and Hypar Footings," ASCE, January.

Nussbaum, P.J. and Lokken, E.L. (1977) "Design and Construction
of Concrete Pavements," Proceedings International Con-
ference on Concrete Pavement Design, Purdue, pp. 19-71.

Wagner, Jr., W.V. (no date) "Some Design Considerations for
Jointed, Reinforced Concrete Pavements", JRCP, Purdue
University, pp. 137-148.

Yrjanson, W.A. (1977) "Econocrete in Pavement Design," Purdue
University, pp. 487-495.

232




CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

Many highways in and near urban areas are used by a huge
volume of commuters; the demands of big cities in terms of
commodities also requires heavy truck-traffic to come to
the cities. As such, these pavements have to face heavy
weights as well as large frequencies of heavy weights. This
in consequence causes distress and premature failure. To
repair a broken pavement (even a pothole) causes diverting
traffic from one lane to another, which in turn causes traf-
fic jams and very often some minor or major accidents. The
need for pavements that can withstand large periods of main-
tenance-free performance under the unusual frequency and heavy
weight of urban and commuter traffic cannot be disputed. While
many parts of the so-called zero-maintenance pavement research
is under progress by various agencies, the effect of this
research is towards the identification of new structural
systems for zero-maintenance pavements. To examine a struc-
tural system, it is necessary to examine the components of
the structural system. The components of a pavement structure
are: the subgrade, the subbase and base and the surface course.
In this state-of-the-~art report, a survey has been made of
many new as well as infrequently used components of a pave-
ment system. Based on the available data, their potential
contribution to the zero-maintenance concept has been evaluated.
The available information and the evaluation has been forged
together to produce one modified conventional and seven new
structural pavement systems that may be able to sustain
urban traffic and be qualified for zero-maintenance criterion.

6.1 SUBGRADE

An ideal subgrade in a pavement system should be such
that there are neither gross shear failures nor excessive
deformations. The strength and deformation characteristics of
the subgrade must be maintained during the life span of the
zero-maintenance pavement. Natural subgrades are not of one
type, and so different techniques are required for stabilizing
the subgrades. This report has reviewed techniques that are
relatively new and infrequently used. Established techniques
for which state-of-the-art type reports exist have not been
incorporated. However, depending on the type of soil, the
technique that works -- may it be conventional or relatively
new -- can be used. For improving the subgrade it has been
suggested to utilize densification, strengthening, and pro-
tection against environmental factors.
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6.1.1 Densification

The study points out as promising concepts: dynamic
consolidation, vibroflotation and terra~probe. The two
techniques -- compaction piles and compaction grouting --
need further study. The densification by blasting is perhaps
not applicable in near urban areas.

6.1.2 Strengthening

The strengthening techniques of chemical injections and
preconsolidatiecn are and have been promising concepts. In
addition, use of chemical admixtures such as cement, lime and
bitumen, etc., have also been very successful. A method that
requires further study is vibro-replacement (stone-columns).
Methods that may have possible related applications are electro-
osmosis and thermal treatments. Relatively little use has
been made of these concepts although the concepts in themselves
are sound.

6.1.3 Protection Against the Environment

Techniques and methods to encapsulate a subgrade by a
membrane (membrane encapsulation) show excellent promise.
Understanding of the need and improvement of drainage is ac-
celerating and also the methods to provide suitable drainage
are appearing. The insulation techniques have not yet been
fully mastered. Styrofoam was used but in some places it gave
bad results. More investigations into the area of insulation
is warranted.

6.2 BASE AND SUBBASE

Cement, lime and lime-£fly ash stabilized bases and subbases,
though not discussed in this report, have excellent promise.
Econocrete offers a promising concept worth developing in this
contract. Porous layers of base and subbase (like OGBAM) ex-
hibit promise in the concept of zero-maintenance pavement;
however, a porous pavement surface (top course) is not applic-
able in the present context.

Fabrics used as a filteration media have been found to
function well. Their strengthening characteristics have not
been properly studied and therefore require further investigation.
Some polypropylene fabrics have exhibited excellent control of re-
flective cracking phenomena.

Synthetic aggregates provide potential materials. Many
of them, such as overburnt brick ballast, have been in use in
many countries. The processed waste and other materials are
potential concepts needing further study.
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6.3 THE SURFACE

Steel fiber-reinforced concrete emerged as a promising
concept for zero-maintenance pavements. Glass, cotton vege-
table, asbestos and polymeric fibers were found not to be
applicable in fiber-reinforced concrete to be utilized for the
surface component of the pavement system under study,

Carbon fiberous concrete is a very worthwhile potential
concept that needs further study. After study, this material
may prove to be the best for zero-maintenance pavements.

Polymeric materials hold promise; however, it has been
stressed in the recommendations to utilize the sulfur impreg-
nation wherever possible in view of the availability of the
material. Polymer impregnation, polymer portland concrete
and polymer concrete-- all three will be used in some form
in pavements most promising as an impermeable topping.

Waffle, griddled and composite pavements are potential
concepts; however, they need more study. Similarly, the
concepts of anchored pavements and additional thickness or
reinforcement, though intuitively sound, need to be evaluated
further.

Prefabricated systems have obvious advantages of better
quality control. However, in view of the relatively large
joints and other disadvantages, the investigators at the present
time think it not to be an applicable concept as far as the
surface layer is concerned. However, the prefabricated system
may have a possible related application, for example in the
subbase or base, in lower intensity traffic areas, and in
detours where a quick construction may prove to be handy.

A study to investigate the suggestions or use of any in-
novative concepts in joints systems was made. Only few inno-
vative suggestions were found. Nevertheless, the performance
of even the known and prevalent joints is not accumulated and
systematically evaluated. This is a task for the highway
engineers.

Pavement on piles has been discussed in literature in very
few places and so also has been rarely used. Nevertheless,
intuitively thinking, such pavements cannot be excluded for
consideration in a zero-maintenance system. More study is
required.

6.4 RECOMMENDATIONS
While many side issues have been raised in this study that

may in the long run be as beneficial as the main investigation,
six new structural systems have emerged as a consequence of
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this study. One of the concepts is a modified conventional
pavement structure and the other seven are relatively innova-
tive concepts. These concepts are intuitively sound but need
further analysis to be optimized.

It is recommended that a preliminary analyses of all
these systems using linear theory and plane strain concept be
performed on all systems. For comparitive purposes, the modified
conventional system (Figure 82) should also be analyzed using
asphalt concrete, portland cement concrete and fibrous steel
concrete as the surface censor. : ’

The preliminary analysis can then to utilized to evaluate

the economy of a system and the two or three most economical
systems be analyzed in detail.
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APPENDIX I
FATILURE CRITERIA IN FIBER-REINFORCED CONCRETE

Griffith (1920) first derived the relationship for the so-
called "brittle" materials between work of fracture, applied
stress, and permissible crack length. His work has been gener-
alized to include other materials. Fracture eyergy is conveniently
measured in joules per square centimeter (J/cm”) of crack area
produced. Small but finite quantities of energy are involved in
local tearing as a crack progresses through a material. This
quantity is governed by the way the material in the vicinity of
the crack is permanently distorted during the passage of the
crack. Looked at in simple terms, it is a matter of force multi-
plied by the distance the material is moved or distorted. Grif-
fith, when considering glass, wag dealing with a solid having a
fracture energy of the order 10 J/cm” and it seemed reasonable
to equate this to the surface energy or surface tension of glass,
which is of the same order. It was implicit that the work done
was merely in separating two planes of atoms. More or less by
definition, structural engineering materials,to be stressed in
tension have a work of,fracture of 1-10 J/cm,, a noticeable quap-
tity of energy (1 J/cm” is about 5 ft 1lb/in.”). A factor of 10
difference is beyond experimental error and implies distortion
some distance in from the crack surfaces of a structural material.

Differences of this order make an exact calculation somewhat
superfluous and so Griffith's treatment may be applied. The es-
sential point is that a round crack with a solid, under a tension
normal to the crack, has around it a roughly spherical stress-free
zone, since no stress may be transmitted across the crack (Figure
91). For the crack to propagate, it must have a supply of
fracture energy, which need not come from external work, since
this can be arranged to be zero. Stored elastic energy is re-
leased as the stress-free zone is made larger by crack propaga-
tion, or put differently, the crack will propagate if the incre-
ment of elastic energy released is greater than, or equal to, the
work of fracture needed. Now elastic energy stored per unit
volume of material is half stress times elastic strain, or ¢ /2E,
where o is the average stress in the solid. As the crack changes
length from 2L tg 2(L + 6&L), (a) the volume of stress-free zone
increases by 47L” - 8L, and (b) energy required is 2y -+ 27LSL
where vy is the work of fracture per unit area of crack face.

Since the volume term increases as a greater power of L than
the surface term, we would expect a certain critical length for
crack propagation when

4L26L-ﬁ=2 - 27L6L
T 2E Y -
so that :
e 2 _ ~YE - 2YE .
o pit = ¥ Of  Lopip T —7 (Equation A-1)
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FIGURE 91 STRESS-FREE ZONE AROUND A CRACK (ISOTROPIC MATERIAL)
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Now strengths of engineering solids generally lie in the
range 0.1-1 percent of the modulus. Stresses can seldom exceed 1
percent E (excluding rubber) because of the need to limit Qﬁ—
flggtion. Thus, we may write Lc + 2v/c¢ yhere e is 10 to
10 °. For an aluginium alloy with Y 1 J/cm » Say at a tensile
stress of 70 MN/m“ (10 ksi)and with E = 70 GN/m“, the critical
length is 30 cm, and such cracks should be readily detectable.
For glass of the same modulus and at the same stress, the crack
lengEh would be about 0.035 mm. Raising the stress level to 700
MN/m“ (100ksi), which is possible for large pieces of pristine
glass and just within the reach of modern alloys, brings the
length down to about 3 mm for the alloy and 3000 ® for glass.
Although one might have expected the result for glass, the busi-
ness of locating cracks in a large structure with absolute cer-
tainty before they become 3 mm long is a daunting prospect,
particularly as they might well start from any sharp corner or
bolthole. 1Ideally, fracture energy should be markedly increased
to match increases in working stress.

| T

One way of avoiding this unstable crack hazard is to sub-
divide the structure or composite into a number of smaller com-
ponent parts at which the crack is frustrated. However, it is
not always possible to subdivide in this way, nor is it always
feasible to raise the work of fracture as the strength of a solid
is raised. If we assume that suitable composites are available,
however, to what extent should the critical length calculation
itself be modified? For a plane crack perpendicular to the stiff
direction of an anisotropic material, the volume behind the
crack, in which stress is zero or nearly so, will be greater
(Figure 92). The spherical stress~free zone has become an
ellipsoid, most probably with a major to minor axis ratio of
E®/2G, where E is the Young's modulus in the stiff direction and
G the corresponding shear modulus in that direction. This ratio
lengEh would be about 0.035 mm. Raising the stress level to 700
MN/m“ (100 ksi) which is possible for large pieces of pristine
glass and just within the reach of modern alloys, brings the
length down to about 3 mm for the alloy and 3000 R for glass.
Although one might have expected the result for glass, the busi-
ness of locating cracks in a large structure with absolute cer-
tainty before they become 3 mm long is a daunting prospect,
particularly as they might well start from any sharp corner or
bolthole. Ideally, fracture energy should be markedly increased
to match increases in working stress.

One way of avoiding this unstable crack hazard is to sub-
divide the structure or composite into a number of smaller com-
ponent parts at which the crack is frustrated. However, it is
not always possible to subdivide in this way, nor is it always
feasible to raise the work of fracture as the strength of a solid
is raised. If we assume that suitable composites are available,
however, to what extent should the critical length calculation
itself be modified? For a plane crack perpendicular to the stiff
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FIGURE 92 LOW SHEAR MODULUS INCREASES STRESS-FREE ZONE AROUND A
CRACK (ANISOTROPIC MATERIAL)

240




direction of an anisotropic material, the volume behind the crack,
in which stress is zero or nearly so, will be greater (Figure 92).
The spherical stress-free zone has become an ellipsoid, most
probably with a major to minor axis ratio of E%/2G, where E

is the Young's modulus in the stiff direction and G the corre-
sponding shear modulus in that direction. This ratio term oc-
curs in many similar problems of elastic stress transfer. The
critical length for the crack to be unstable will then be re-
duced by the same factor relative to an equivalent isotropic

term occurs in many similar problems of elastic stress transfer.
The critical length for the crack to be unstable will then be
reduced by the same factor relative to an equivalent isotropic
solid. For fully aligned high-modulus fibers in resin, this
length may be reduced to one seventh of that predicted by Equa-'
tion A~1. The exact calculation has been made by Sih and Liebo-
witz (1968). ”

A similar conclusion may be reached by examining the in-
crease in the concentration of stress at the tip of crack of
given length, due to the anisotropy of the material. Savin
(1961) deals with the general case of an elliptical hole in an
elastic, anisotropic sheet. For example, he calculates that the
peak tensile stress concentration, due to an elliptical hole of
eccentricity 3, is 7.0 for isotropic media but as large as 18.7
when the tension is applied along the grain for spruce. This is
because spruce has a ratio of longitudinal to transverse moduli
of 20:1. (It is common to regard a crack in a sheet as an el-
lipse of large eccentricity.) Such a statement about stress
concentration is more limited, however, and could only be inter-
preted for composites when the region of peak stress is large
compared with an individual fiber and the composite entirely
elastic in behavior.

Now reinforced resins are relatively weak in unreinforced
directions, so that applied stresses must then be made small.
However, the fracture energy of an unreinforced thermosetting
resin is very small indeed (Table 2 4) and commonly observed.
In practice, this effect is eliminated by cross-plying layers of
fibers, thereby preventing stress relaxation behind the crack in
the matrix phase. A mechanism by which increased work of frac-
ture is achieved in composites a minimum condition for crack
deflection is given exists in liteature but beyond the scope of
our discussion.

A direct, practical assessment of the fracture toughness of
a material is made by measuring the residual strength in the
presence of a crack or notch of known length. The strength per
unit length of crack may then by calculated, assuming only that
residual strength will vary inversely with the square root of
crack length. Thus, the fricture toughness is then reported in
curious units, e.g., 1lb/in.“v in. (1 1lb. = 4.45 N, 1 in. =
25.4 mm).
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TABLE 24

FRACTURE ENERGIES OF

SOME SOLIDS

Material

Fracture energy, J/cm2

Steel
Aluminum alloys
Vulcanized rubber

Polymethyl metharylate

Resins (epoxy, polyester)

Graphite
Alumina
Firebrick

‘Glass

30 - 50
1 -5

0.06
Q.Ol
0..005
0.003
0.003

0.0005
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APPENDIX II

RESPONSE OF FIBER CONCRETE SYSTEMSl

1.1 INTRODUCTION
1.1.1 Problem

The improved performance of fiber concrete systems relative
to plain concrete is related to the post-cracking behavior of the
fiber concrete. The tensile forces transmitted across cracked
sections by the fibers maintain a continuity that is lost with
cracking of plain concrete. However, the fibers that bridge the
cracked section become exposed to an external environment, and
fiber degradation may result. It is not possible to predict the
effect of loss of fiber to the environment on the behavior of
fiber concrete systems without a rational model of post-cracking
fiber concrete behavior.

1.1.2 Objective

The objective of this study is to develop a model of post-
cracking behavior of fiber concrete and to determine the qualita-
tive effect of loss of fiber capacity to transfer tensile forces
on the behavior of fiber concrete systems.

1.1.3 Scope

Two~-dimensional models of fiber concrete structures are
developed based on the available data on direct-tension behavior
of fiber concrete. The response of a modulus of rupture beam and
beams on elastic foundation is calculated for several hypothesized
stress—-elongation curves for fiber concrete with varying loss of
fiber capacity.

2.1 MECHANICAL RESPONSE OF FIBER CONCRETE
2.1.1 General

The material behavior of fiber concrete has been deduced
from the behavior of fiber concrete test specimens, which have
usually been modulus of rupture beams. Load deflection response
of fiber concrete flexural specimens generally has two stages, a
linear behavior to a "proportional limit", which is followed by
a significantly nonlinear behavior (ACI, 1973). A simple stress
analysis based on the initial geometry of the specimen has been
used to evaluate the first cracking stress and the ultimate
flexural strength from the modulus of rupture beam data. This

lThe work reported herein was undertaken by R. Abdel-Malck and
James Lott of the Illinois Institute of Technology.
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analysis is not applicable to post-cracking behavior of fiber
concrete beams because the stress redistribution associated with
the geometrical changes of crack growth and fiber bonding has
been neglected.

A stress analysis of direct-tension specimens provides a
better estimate of the material behavior of fiber concrete be-
cause the stress is approximately uniformly distributed across
the specimen both before cracking and after fully developed crack-
ing. The stress distribution is indeterminate during the random
cracking process. Data from several studies (Shah and Rangan,
1971; Naaman et al., 1973, 1974, personal communication, 1974;
Majumdar, 1974) of the response of direct-tension, fiber con-
crete specimens provide the basis for the model of fiber concrete
behavior that is developed in this study.

2,1.2 Response of Direct-Tension Specimens

In the initial studies of the direct-~tension, fiber concrete
specimens, the movement of the test machine cross-head was mea-
sured and used as the fiber concrete elongation during testing
(Shah and Rangan, 1971; Naaman et al., 1973, 1974). Typical
load-elongation behavior for these studies is shown on )

Figure 93. This behavior is not representative,of the material be-
havior of fiber concrete, since it corresponds to the resisting
force developed in the loading grips and portions of the test
machine as well as the fiber concrete specimen in response to an
imposed cross-head displacement.

The drop in load at a constant elongation of Figure 93 is
caused by the growth of a crack across the fiber concrete speci-
men. The constant elongation is the gross response of the test
machine, grips, and fiber concrete specimen. The flexibility of
the test system increases as the crack develops, and the force in-
duced by the cross-head displacement decreases. The elastic re-
covery of portions of the test system in series with the cracking
fiber concrete results in an approximation of fiber concrete be-
havior in a cracked region as shown on Figure 94. The actual
stress-elongation behavior of the cracked region during the load
drop cannot be determined because of the dynamic nature of the
cracking process.

The elastic response of the system in series with the fiber
concrete was physically removed from the measured response in a
recent study at the University of Illinois at Chicago Circle
Campus by measuring the fiber concrete elongation over a 101.6 mm.
gauge (Naaman, personal communication, 1974). Idealized load-
elongation behavior from this study is presented on Figure 95,

The elongation over the 101.6 mm. guage continually increased
throughout the test. The behaviors of Figures 94 and 95 are in
qualitative agreement, but they do not represent the behavior
of the cracked region of fiber concrete.
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Load~-crack width data have been obtained for a composite
material with gypsum matrix and parallel glass fibers (Majumdar,
1974). Typical response data are shown on Figure 96 and are
in gualitative agreement with the responses of Figures 94
and 95. The load-crack width data are the best available predic-
tion of the behavior of the cracked region of fiber concrete.
However, the data are for an approximate physical model of fiber
concrete.

2.1.3 Tensile Behavior of Fiber Concrete

It is hypothesized that the fiber concrete in a prismatic
specimen subjected to uniformly distributed axial tension pro-
gresses through four stages of behavior as shown on Figure 97.
Stage I corresponds to macroscopic, linearly elastic behavior of
the stess-elongation curve. On the microscopic level, fibers
and concrete matrix deform together without cracking or unbonding.
Stage II corresponds to the initial nonlinear behavior of the
stress-elongation curve and is associated with the development
of a crack and local unbonding at a critical, low-strength sec-
tion. The crack development is a random process, and the stress
redistribution during cracking is undeterminate. Stage III
corresponds to the opening of the fully developed cracked section.
The elongation in the region of the cracked section is the re-
sult of fiber elongation and slippage and is large relative to
the elongations that occur in the noncracked regions. Stage IV
represents the fractured specimen. The capacity to transmit
tension across the cracked section is lost through a combination
of unbonding or pull-out, fracture, and degradation of fibers at
the cracked surface.

The response of fiber concrete as indicated by the stress-
elongation curve is a function of the relative volumes of linear
elastic material and of nonlinear, crack influenced volumes of
linear elastic material and of nonlinear, crack influenced mater-
ial that are present within the measured gauge length. Most of
the material that undergoes geometric changes of cracking or un-
bonding is located within a distance of one-half of the fiber
length of the cracked section because the fibers tend to pull-out
on the side of short embedment. All analyses in this study are.
based on a 25.4 mm. gauge or element length, which corresponds to a
commonly used length of steel fiber.

2,1.4 TIdealized Stress-Elongation Curve

Two idealized stress elongation curves for a l-in.(2.54cm)
length of fiber concrete that contains a cracked section are presented
on Figure 98 as Curves A and F. Curve A, which is used as the
standard steel fiber concrete stress—elongation curve throughout
this study, and Curve F are two of many possible interpretations
of the 101.6 mm. gauge data of Figure 95 relative to the behavior
of the fiber concrete within a 25.4 mm. gauge.
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The maximum stress of Figure 95 is 570 psi, and
there is a relatively flat-topped region between elongations
of approximately 0.0203 mm. and 0.0635 mm. over the 101.6
mm. gauge. The corresgonding elongations within the 25.4
mm. gauge at 3933 kN/m” could range from 0.0051 mm., if the
0.0203 mm. elongation was uniformily distributed over 4 in.,
0.0635 mm. if all of the 0.0635 mm. elongation occurred
within the 25.4 mm. gauge. The lower limit of 0.0051 mm.
elongation at 3933 KN/m” has been used in this study because
it is conservative and predicts the least ductile material
behavior.

2,.1.5 Lost Steel Fiber Tension Capacity

Fibers that bridge a crack are exposed to an external environ-
ment that could degrade fibers with a resulting loss of fiber
capacity to transfer tensile forces. The degradation is a com-
plex function of environment, fiber composition, exposed surface
area, and duration of exposure.

Four possible stress-elongation curves for lost fiber
capacity are shown on Figure 98. Each curve represents a modi-
fication of the assumed standard behavior of steel fiber concrete,
Stress~Elongation Curve A, which has been assumed to be a function
of only elongation, which is an approximate measure of exposed
surface area. Curve B has a linear loss of fiber capacity be-
tween elongations of 0.254 mm. and 0.279 mm.; Curve C has a linear
loss of fiber capacity between elongations of 0.254 mm. and 0.508
mm.; Curve D has a linear fiber loss between elongations of 0.127
mm. and 0.1524 mm.; and Curve E has a linear fiber loss between
elongations of 0.508 mm. and 0.5334 mm. These curves are proposed
for stable conditions that are reached only after extended periods
of exposure. The analyses that utilize these curves neglect the
time~dependent nature of the stable condition, but they provide
a conservative estimate of response.

3.1 MODELS OF FIBER CONCRETE STRUCTURES
3.1.1 General

Two models are developed for post-~cracking behavior of fiber
concrete structures. One model is for plane stress bending, and
the second model is for a rectangular element loaded at the cor-
ners, which is used in a two-dimensional finite element analysis.
Each model is based on the assumption that the hypothetical stress-
elongation behavior of the fiber concrete prism subjected to uni-
form tensile stess corresponds to the behavior of fiber concrete
in the more general case of a stress gradient. This assumption
may not be valid because interaction or coupling among various
regions is possible through common fibers. However, the assump-
tion is reasonable for typical stress gradients in structures
such as pavements.
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3.1.2 Pure Bending

The model for plane stress bending is based on the addi-
tional assumption that strains or deformations in the fiber con-~
crete beam are directly proportional to the distance from the
neutral axis. The model is a 25.4 mm. length of beam that contains
the cracked concrete section, and the relative displacements of
the plane end sections are also directly proportional to the dis-
tance from the neutral axis. Since the strains and the
displacements over the unit length are comparable, strains in the
noncracked levels may be compared directly with the elongations
occurring in the cracked levels.

Any given fiber concrete beam has a unique combination of
resisting moment and rotation between the end sections for each
value of strain or elongation at a given level of the beam. These
unique combinations of moment and rotation result from stress and
strain compatibility.

The moment-rotation combinations are determined for a given
fiber concrete beam for several values of extreme tension fiber
elongation. For a given extreme tension fiber elongation, the
location of the neutral axis of the linear strain diagram is
found such that the resultant force of the stress blocks is zero.

A typical moment-rotation curve is shown on Figure 99 for
the standard steel fiber concrete stress—elongation curve. The
shape of the moment-rotation curve resembles the shape of the
fiber concrete stress-elongation curve. Each curve has continu-
ally increasing deformations with the load or stress increasing
to a maximum value and then decreasing with further deformation.

The analysis of a fiber concrete structure incorporates a
partial hinge with varying rotational stiffness at the location
of a cracked section. The various moment-rotation combinations
that occur at the partial hinge are given by the moment-rotation
relationship of the 25.4 mm. beam length.

3.1.3 Modulus of Rupture Beam

The pure bending model is used to analyze a simply supported, -
fiber concrete beam that ig loaded at mid-span. The load-
deflection at mid-span curve is generated using various points
on the moment~rotation curve. For a given combination of moment
and rotation, the corresponding applied load is obtained from
statics, the elastic mid-span deflection is calculated for this
applied load, and the mid-span deflecttion associated with the
rotation is also calculated. The total mid-span deflection is
the sum of the two calculated deflections. The resulting load-
deflection curve for a modulus of rupture beam has the general
shape as shown on Figure 99 for moment rotation.
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3.1.4 Infinite Beam on Elastic Foundation

The partical hinge associated with the cracked fiber concrete
section is incorporated in the analysis of beams on elastic
foundation. The classic solution for an infinite beam on elas-
tic foundation is modified by the partial hinge (Hetenyi, 1946).

A load-deflection curve is obtained for a single concentrated

load and deflection at the load using increasing values of rota-
tion and corresponding moments from the moment~-rotation curve for
the 25.4 mm. beam element. For each combination of moment and rota-
tion at the cracked section, there is a unigue combination of ap-
plied load and deflected configuration that satisfies stress and
strain compatibility.

Idealized load-deflection behavior for an infinite, fiber
concrete beam on elastic foundation is shown on Figure 100. The
large increase in deflection with no increase in load corresponds
to the increased flexibility of the cracked section. Behavior of
the cracked fiber concrete beam is bounded by the behavior of a
fiber concrete beam with no hinge and with a complete hinge.

3.1.5 Rectangular Element

The model of the rectangular element which is loaded at the
nodes (corners) is based on an assumption of linear variation in
edge displacements between nodes. The element is considered to
be cracked when the maximum principal stress at the centroid of
the element exceeds the proportional limit stress of Figure 98.
The cracked element is assumed to have the capacity to transmit
tensile forces that are parallel to only one pair of sides of the
rectangle. This implies that cracking develops in a plane normal
to the pair of sides and that only normal stresses are trans-~
mitted across the cracked section by the fibers. Thus the load-
ing of a cracked element becomes unidirectional.

A linear distribution of elongations normal to the cracked
surface results from the assumed linear distribution of displace-
ments between nodes.. The elongations are a function of the nodal
displacements normal to the cracked surface. Tensile stresses
corresponding to the elongations are determined from the stress-
elongation curve of the fiber concrete. The nodal forces that
induced the elongations are obtained by statics. Thus, there is
a unique relationship between the nodal displacements normal to
the cracked surface and the nodal forces.

3.1.6 Finite Element Analysis

The finite element analysis of fiber concrete structures is
conducted with a modification of the computer program VCSS (Volume
Change Stresses in Concrete), which was developed at the
University of Illinois (Naus et al., 1970). The original program
considered a plane concrete element to be cracked when the maxi-
mum principal stress at the center of the element exceeds the
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limiting tensile stress. The creacked element was removed from
the system stiffness matrix, since it was assumed to have no load
transfer capacity. In the modified program, the cracking of fiber
concrete elements is limited to a single column of elements. When
the maximum principal stress at the center of the element exceeds
the proportional limit of the stress-~elongation curve, an element
is assumed to crack and is removed from the system stiffness ma-
trix. However, nodal forces corresponding to the nodal displace-
ments are applied to the adjacent elements since the cracked ele-
ment still has tensile capacity normal to the cracked surface.
Nodal forces are calculated from the displacements based on the as-
sumption that the crack propagates upward through an element. An
iterative procedure is used to analyze the cracked system with

the addition of the new nodal forces, which are based on the dis-
placements resulting from the previous loadings. The process is
repeated until the average of the newly calculated nodal forces
agrees with the average of the previously calculated nodal

forces of all cracked elements within a prescribed limit.

The fiber concrete model of the modified program consists
of equal sized rectangular elements of unit thickness. Boundary
conditions are specified for nodal points, and the structure may
be supported on an elastic foundation of constant stiffness.
Loads are applied at nodal points. Steel reinforcement of given
cross sectional area may be present along a single line of
horizontal nodal points. The volume change aspect of the original
program has not been utilized in the modified program.

4.1 PARAMETRIC STUDIES
4.,1.1 General

The objective of the parametric studies was to determine the
effect of a modification of the steel fiber concrete stress-
elongation curve on the response to load of fiber concrete
structural systems and to determine the stress redistribution
that occurs within the fiber concrete structural system as crack-
ing develops. The effect of the modified stress-elongation curves
on response was studies for a modulus of rupture beam and for an
infinite beam on elastic foundation using the pure bending model.
Stress redistribution associated with cracking was studied for a
finite beam on elastic foundation using the modified finite ele-
ment program.

4,.1.2 Modulus of Rupture Beams

The load-deflection behavior of a 152.4 mm. by 152.4 mm x
304.8 mm. fiber concrete modulus of rupture beam is shown on
Figure 101 for the steel fiber concrete curves (A and F)
and the four lost fiber capacity curves (B, C, D, and E) of
Figure 98. The response of the beams for Curves A and F
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*are similar, with Curve F having a higher maximum load and a
greater elongation at maximum load. The response of beams
for Curves A, B, C, D, and E are similar until the extreme
tension fiber elongation reaches the threshold of loss of
fiber capacity, when the load capacity of the beam decreases
below the capacity of the beam with standard fiber behavior.

4.1.3 Infinite.Beam on Elastic Foundation

'An infinite beam of four inch (101.6 mm) ,depth and unit
width on an elastic foundation of 11072 gm/cm  stiffness was
analyzed using the pure bending model. The load-deflection
at the load curves are presented on Figure 102 for the
standard stress-elongation curve (A) and the four modified
stresselongation curves (B, C, D, and E) of Figure 98.

The dashed lines represent beams with no hinge, complete

hinge, and complete hinge with no shear capacity next to the
load. The cracked, fiber concrete beam response is bounded

by the response of the beams with no hinge and with complete
hinge. When the extreme fiber elongation reaches the threshold
of loss of fiber capacity, there is a sudden increase in
deflection toward the deflection of the beam with complete
hinge.

4.1.4 PFinite Beam on Elastic Foundation

One half of a fiber concrete beam of 101.6 mm. depth,
unit width, ,and 64-in. length on an elastic foundation of
11072 gm/cm” stiffness subjected to two concentrated loads,
P/2 located at 1 in. on each side of the center line was
modeled with the column of cracked elements adjacent to the
center line. The analysis was conducted for the standard
stress~elongation curve (A) and for one of the modified
stress-elongation curves (B) of Figure 98,

The two load-deflection curves are presented on Figure 103.
Dashed lines again correspond to beams with no hinge, complete
hinge, and complete hinge and zero shear capacity next to the
load. The load-deflection behavior of the finite beams is simi-
lar to the behavior of the infinite beams as shown on Figure 102.

Deflection configurations of the cracked fiber concrete
beam with the standard stress-elongation curve, of the beam with
no hinge, and of the beam with complete hinge are shown on
Figure 104 for increasing applied loads. As the load increases, the
partial hinge develops in the fiber concrete, and the deflection
configuration of the fiber concrete beam shifts from that of the
beam with no hinge toward that of the beam with complete hinge.
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The above deflection configurations are repeated on
Figure 105 for the load level of 5340 newtons. Deflection
configurations for the fiber concrete beam with lost fiber
capacity and for the beam with complete hinge and lost shear
capacity are also shown on Figure 105. Loss of fiber capacity
causes a shift from the deflection configuration of the beam
with standard stress—elongation curve toward the configuration
of the beam with complete hinge.

Stresses normal to the cracked surface are shown on Figures
106 to 109 for the centroid of elements in the region of crack-
ing. Maximum crack width (elongation) at the extreme tension
fiber and the nodal forces transfered through the cracked elements
are also shown on Figures 106 to 109. The beam with the standard
stress—~elongation curve is shown on Figures 106 to 109 for the
load levels on the half beam of 445, 890, 1335, and 1780 newtons,
respectively. The tensile stresses in elements adjacent to the
cracked elements are influenced by the fibers. Loss of fiber
transfer capacity results in lower tensile stresses adjacent to
the cracked elements.

4.1.5 Discussion

The analysis of fiber concrete structural systems with various
idealized fiber concrete stress-elongation curves provides insight
to the response and to the stress redistribution of fiber concrete
structures in the post-cracking region.

Loss of fiber transfer capacity results in the loss of the
remaining load capacity of fiber concrete modulus of rupture beams
as shown on Figure 101. This lost load capacity occurs on the
descending portion of the load-~deflection curve of the beam with
standard stress-elongation curve. Thus the loss of fiber capacity
results in a loss of beam toughness rather than a loss in beam
strength. :

The loss of fiber capacity in beams on elastic foundation
results in a decreased stiffness at the cracked section and
corresponding increases in deflection at the load as shown on
Figures 102 and 103 and rotational increases as shown on Figure
105. The increased deflections cause increased soil stresses
near the load, but soil stresses remain lower than the soil
stresses for the beam with complete hinge.

The stress redistribution that occurs with cracking in the
finite beam on eleastic foundation is most complex because of the
interaction between the soil stiffness and the varying beam
stiffness. Tensile stresses in regions adjacent to the cracked
elements are related to the tensile forces transmitted across
the cracked section by the fibers.
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5.1 CONCLUSIONS

It is possible to qualitatively predict the response of
cracked fiber concrete structures for various tensile transfer
capacities of the fibers at the cracked section. For the assumed
idealized stress-~elongation curves of steel fibers with various
loss of transfer capacity, the effects are as follows:

1. Loss of fiber capacity at the cracked section of a
modulus of rupture beams results in loss of beam tough-
ness but not beam strength;

2. Loss of fiber capacity at the cracked section of a beam
on elastic foundation increases the soil stiffness rela-
tive to beam stiffness and tends to reduce fiber concrete
stresses in the region of the crack. Beam deflections
and soil stresses in the region of cracking increase;

3. Loss of fiber capacity has a greater effect on the
modulus of rupture beam than on the beam on elastic
foundation because increased flexibility of the beam
on elastic foundation is compensated for by the in-
creased soil stress.

6.1 APPLICATIONS AND NEEDED RESEARCH
6.1.1 General

The simple models that have been developed may be used to com-
pare the post-cracking behavior of a fiber concrete structure to
a similar structure of portland cement concrete. The quantita-
tive comparison of simple models may be qualitatively extended
to more complex, acutal structural systems to evaluate fiber con-
crete applications.

Application of the fiber concrete models is limited by cur-
rent knowledge of the post-cracking behavior of fiber concretes
in various environments.

6.1.2 Application to Slab on Grade

Parametric studies of the beam on elastic foundation, which
would be similar to the studies of Section 4, will indicate com-
binations of design parameter that provide fiber concrete beams
-with equal or improved performance relative to portland cement
concrete beams of various depths.

The performance of fiber concrete slabs on grade relative
to plain and reinforced concrete slabs may be qualitatively predi-
cated based on the findings of the parametric studies. Thus, the
behavior of an important type of structural system to be con-
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structed of fiber concrete may be evaluated relative to be-
havior of a concrete system, with which the engineering profes-.
sion is familiar.

6.1.3 Application to Reinforced Concrete Beams

The finite element analysis of fiber concrete systems may
be utilized to evaluate the cracking behavior of fiber concrete
beams that incorporate standard tensile reinforcement. Crack
width and length and the stiffness of the cracked beam may be
studied for various combinations of reinforced concrete and fiber
concrete parameters.

The analysis will only be valid for beam response before
yielding of the tensile reinforcement. The important case of
flexural cracking under service loads is within this limitation.
The analysis is also limited in that unbonding of the tensile rein-
forcement occurs only within the length of the cracked element.
Thus, various unbonded lengths for reinforcement may be obtained
only by changing the length of the cracked element, which also
affects the system response.

6.1.4 Research Needs

Refinement of the computer program is not required until a
better understanding of the post-cracking behavior of fiber con-
crete is obtained. Research into the behavior of fiber concrete
is needed in three major areas before rational design procedures
can be developed for practical applications. Load transfer-
deformation data across cracks in fiber concrete subjected to
both tension and shear is required to obtain accurate evalua-
tions of structural response. The loss of fiber capacity to
transfer force through prolonged exposure of cracked sections to
adverse environments is needed to predict the interaction of
fiber concrete with deformed reinforcing bars to reduce
splitting at the reinforcement should be investigated to
determine the concrete reinforcing bars force transfer
mechanism, which could improve structural reliability of
reinforced concrete beams.

6.2 REFERENCES
American Concrete Institute Committee 544, (1973) "State-~of-the
Art Report on Fiber Reinforced Concrete," ACI Journal,

vol. 70.

Hetenyi, M. (1946) "Beams on Elastic Foundation," University
of Michigan Press.

Majumdar, A.J. (1974) "The Role of the Interface in Glass Fiber
Reinforced Cement," Cement and Concrete Research, Vol. 4.

265



Naaman, A.E. (1974) Private Communication, August.

Naaman, A.E., Argon, A.D. and Moavenzadeh, F. (1973) "A Fracture
Model for Fiber Reinforced Cementitious Materials," Cement
‘and Concrete Research, Vol. 3.

Naaman, A.E., Moavenzadeh, F. and McGarry, F.J. (1974)
"Probabilistic Analysis of Fiber-Reinforced Concrete,"
American Society of Civil Engineers Engineering Mechanic
Division, Vol. 100. _ '

Naus, D., Rejali, H.M., Lott, J.L. and Kesler, C.E. (1970)
"Cracking of Concrete," Engineering Experiment Station
Bulletin 504, University of Illinois.

Shah, S$.P., and Rangan, B.V. (1971) "Fiber Reinforced Concrete
Properties,” ACI Journal, Vol. 68.

266

* U.S. GOVERNMENT PRINTING OFFICE : 1977 0~730-659/1655



