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This guide provides a perspective on a balanced combination of pavement
thickness, drainage, and subbase or subgrade materials to achieve an
acceptable pavement system for streets and local roads. Such concrete
pavements designed for low volumes of traffic (typically less than 100
trucks per day, one way) have historically provided satisfactory perfor-
mance when proper support and drainage conditions exist. Recommendations
are presented for designing a concrete pavement system for a low volume
of traffic and associated joint pattern based upon limiting the stresses in
the concrete or; in the case of reinforced slabs, maintaining the cracks in a
tightly closed condition. Details for designing the distributed reinforcing
steel and the load transfer devices are given, if required.

The thickness design of low-volume concrete pavements is based on the
principles developed by the Portland Cement Association and others for
analyzing an elastic slab over a dense liquid subgrade, as modified by field
observations and extended to include fatigue concepts.

ACI Committee Reports, Guides, Manuals, and Commentaries
are intended for guidance in planning, designing, executing,
and inspecting construction. This document is intended for the
use of individuals who are competent to evaluate the
significance and limitations of its content and recommendations
and who will accept responsibility for the application of the
material it contains. The American Concrete Institute disclaims
any and all responsibility for the stated principles. The Institute
shall not be liable for any loss or damage arising therefrom.

Reference to this document shall not be made in contract
documents. If items found in this document are desired by the
Architect/Engineer to be a part of the contract documents, they
shall be restated in mandatory language for incorporation by
the Architect/Engineer.

Full document details: ACI 325.12R-02 (2013)

Keywords: dowel; flexural strength; joint; pavement; portland cement;
quality control; reinforced concrete; slab-on-grade; slipform; subbase;
tie bar; welded wire fabric.
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CHAPTER 1—GENERAL
1.1—lIntroduction
The design of a concrete pavement system for a low traffic

volume extends beyond the process of pavement thickness
selection; it entails an understanding of the processes and the
factors that affect pavement performance. It also encompasses
appropriate slab jointing and construction practices that are
consistent with local climatic and soil conditions.

Concrete pavements for city streets and local roads are often
used in residential areas and business districts, and in rural
areas to provide farm-to-market access for the movement of
agricultural products. The term “low volume” refers to pave-
ments subject to either heavy loads but few vehicles, or light
loads and many vehicles. City streets and local roads also serve
an aesthetic function because they are integrated into the land-
scape and architecture of a neighborhood or business district.

Concrete pavement performs well for city street and local
road applications because of its durability while being contin-
uously subjected to traffic and, in some cases, severe climatic
conditions. Because of its relatively high stiffness, concrete
pavements spread the imposed loads over large areas of the
subgrade and are capable of resisting deformation caused by
passing vehicles. Concrete pavements exhibit high wear resis-
tance and can be easily cleaned if necessary. Traffic lane mark-
ings can be incorporated into the jointing pattern where the
concrete’s light-reflective surface improves visibility. Concrete

local roads are traffic, drainage, environment, construction,
and maintenance. Each of these factors may act separately or
interact with others to cause deterioration of the pavement.
Due to the nature of traffic on city streets and local roads, the
effects of environment, construction, and maintenance can
play more significant roles in the performance than traffic.
Nonetheless, complete information may not be available
regarding certain load categories that make up the mixture
of traffic carried on a given city street or local road.

1.2—Scope

This guide covers the design of jointed plain concrete
pavements (JPCP) for use on city streets and local roads
(driveways, alleyways, and residential roads) that carry low
volumes of traffic. This document is intended to be used in
conjunction with ACI 325.9R. References are provided on
design procedures and computer programs that consider design
in greater detail. This guide emphasizes the aspects of concrete
pavement technology that are different from procedures used
for design of other facilities such as highways or airports.

1.3—Background

The thickness of concrete pavement is generally designed
to limit tensile stresses produced within the slab by vehicle
loading, and temperature and moisture changes within the
slab. Model studies and full-scale, accelerated traffic tests
have shown that maximum tensile stresses in concrete pave-
ments occur when vehicle wheel loads are close to a free or
unsupported edge in the midpanel area of the pavement.
Stresses resulting from wheel loadings applied near interior
longitudinal or transverse joints are lower, even when good
load transfer is provided by the joints. Therefore, the critical
stress condition occurs when a wheel load is applied near the
pavement’s midslab edge. At this location, integral curbs or
thickened edge sections can be used to decrease the design
stress. Thermal expansion and contraction, and warping and
curling caused by moisture and temperature differentials
within the pavement can cause a stress increase that may not
have been accounted for in the thickness design procedure.
The point of crack initiation often indicates whether unex-
pected pavement cracking is fatigue-induced or environmen-
tally induced due to curling and warping behavior. Proper
jointing practice, discussed in Chapter 4, reduces these
stresses to acceptable levels.

Concrete pavement design focuses on limiting tensile stresses
by properly selecting the characteristics of the concrete slab.
The rigidity of concrete enables it to distribute loads over
relatively large areas of support. For adequately designed
pavements, the deflections under load are small and the
pressures transmitted to the subgrade are not excessive.
Although not a common practice, high-strength concrete can
be used as an acceptable option to increase performance.

Because the load on the pavement is carried primarily by
the concrete slab, the strength of the underlying material
(subbase) has a relatively small effect on the slab thickness

pavement surfaces drain well on relatively flat slopes.
The major variables likely to affect the performance of a
well-designed concrete pavement system for city streets and

needed to adequately carry the design traffic. Subbase layers
do not contribute significantly to theJoad-c mnts
the pavement. A subbase, besides pro 1ding ‘Bg@i%ﬁé‘ﬁl"'gﬁaring Hub
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provides other important functions, such as pumping and
faulting prevention, subsurface drainage, and a stable
construction platform under adverse conditions.

Thickness design of a concrete pavement focuses on concrete
strength, formation support, load transfer conditions, and
design traffic. Design traffic is referred to within the context
of the traffic categories listed in Chapter 3. Traffic distribu-
tions that include a significant proportion of axle loads greater
than 18 kip (80 kN) single-axle loads and 34 kip (150 kN)
tandem-axle loads may require special consideration with
respect to overloaded pavement conditions.

Like highway pavements, city streets and local roads have
higher deflections and stresses from loads applied near the
edges than from loads imposed at the interior of the slab.
Lower-traffic-volume pavements are usually not subjected
to the load stresses or the pumping action associated with
heavily loaded pavements.

In most city street applications, concrete pavements have
the advantage of curbs and gutters tied to the pavement edge
or placed integrally with the pavements. Curb sections act to
carry part of the load, thereby reducing the critical stresses
and deflections that often occur at the edges of the slab.
Widened lanes can also be used to reduce edge stresses in a
similar manner. Dowel bars on the transverse joints are
typically not required for low-volume road applications except,
in some cases, at transverse construction joints; however,
they may be considered in high truck-traffic situations
where pavement design thicknesses of 8 in. (200 mm) or
greater are required.

Roadway right-of-way should accommodate more than
just the pavement section, especially in urban areas. The
presence of utilities, sewers, manholes, drainage inlets, traffic
islands, and lighting standards need to be considered in
the general design of the roadway. Provisions for these
appurtenances should be considered in the design of the
jointing system and layout. Proper backfilling techniques over
buried utilities also need to be followed to provide uniform
and adequate support to the pavement.1

Intersections are a distinguishing feature contributing to
the major difference between highways and local pavements.
Intersection geometries need to be considered in the design
of the jointing system and layout. Slabs at intersections may
develop more than a single critical fatigue location due to
traffic moving across the slab in more than one direction.

1.4—Definitions
The following terms are used throughout this document. A

typical cross section in Fig. 1.1 is provided to facilitate the
design terminology.

average daily truck traffic—self-explanatory; traffic, in
two directions.

aggregate interlock—portions of aggregate particles
from one side of a concrete joint or crack protruding into
recesses in the other side so as to transfer shear loads and
maintain alignment.

California bearing ratio (CBR)—in accordance with
ASTM D1883, the ratio of the force per unit area required to
penetrate a soil mass with a 3 in.Z (1900 mm?) circular piston

City Street Local Road

9 9

Fill

1. Fill Slope 7. Subgrade

2. Original Ground 8. Pavement Structure
3. Curb and Gutter 9. Travel Lanes

4. Shoulder 10. Crown

5. Subbase (optional) 11. Drainage Ditch

6. Pavement Slab

Fig. 1.1—Typical section for rigid pavement structure.

at the rate of 0.05 in. (1.27 mm) per min to the force required
for corresponding penetration of a standard crushed-rock
base material; the ratio is typically determined at 0.1 in. (2.5
mm) penetration.

concrete pavement—this term is used synonymously
with “rigid pavement.”

crack—a permanent fissure or line of separation within
a concrete pavement formed where the tensile stress in the
concrete has equaled or exceeded the tensile strength of the
concrete.

deformed bar—a reinforcing bar with a manufactured
pattern of surface ridges that provide a locking anchorage
with the surrounding concrete.

dowel—(1) a steel pin, commonly a plain round steel bar,
that extends into two adjoining portions of a concrete
construction, as at a joint in a pavement slab, so as to transfer
shear loads; and (2) a deformed reinforcing bar intended to
transmit tension, compression, or shear through a construction
joint.

drainage—the interception and removal of water from,
on, or under an area or roadway.

equivalent single-axle loads (ESAL)—number of equiva-
lent 18 kip (80 kN) single-axle loads used to combine mixed
traffic into a single design traffic parameter for thickness
design according to the methodology described in the
AASHTO design guide.2

expansive soils—swelling soil.

faulting—differential vertical displacement of rigid slabs
at a joint or crack due to erosion or similar action of the mate-
rials at the slab/subbase or subgrade interface due to
pumping action under load.

frost heave—the surface distortion caused by volume
expansion within the soil (or pavement structure) when water
freezes and ice lenses form within the zone of freezing.

frost-susceptible soil—material in which significant detri-
mental ice aggregation occurs because of capillary action
that allows the movement of moisture into the freezing zone
when requisite moisture and freezing conditions are present.

joint—a designed vertical plane of s ujrn&ms

in a concrete pavement; int_ud d (o ai%mﬁq@rﬁlwﬂ% Hub
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control crack location and formation, or to accommodate
length changes of the concrete.
construction joint—the surface where two successive
placements of concrete meet, across which it is desirable to
develop and maintain bond between the two concrete
placements, and through which any reinforcement that
may be present is not interrupted.
contraction joint—a groove formed, sawed, or tooled
in a concrete pavement to create a weakened plane and
regulate or control the location of cracking in a concrete
pavement; sometimes referred to as control joint.
isolation joint—a joint designated to separate or isolate
the movement of a concrete slab from another slab, foun-
dation, footing, or similar structure adjacent to the slab.
load-transfer device—a mechanical means designed to
transfer wheel loads across a joint, normally consisting of
concrete aggregate interlock, dowels, or dowel-type devices.

moisture density—the relationship between the
compacted density of a subgrade soil to its moisture content.
Moisture content is often determined as a function of the
maximum density.

modulus of rupture—in accordance with ASTM C78, a
measure of the tensile strength of a plain concrete beam in
flexure and sometimes referred to as rupture modulus, rupture
strength, or flexural strength.

modulus of subgrade reaction (k)—also known as the
coefficient of subgrade reaction or the subgrade modulus; is
the ratio of the load per unit area of horizontal surface of a
mass of soil to corresponding settlement of the surface and is
determined as the slope of the secant, drawn between the point
corresponding to zero settlement and the point of 0.05 in.
(1.27 mm) settlement, of a load-settlement curve obtained
from a plate load test on a soil using a 30 in. (760 mm) or
greater diameter loading plate.

pavement structure—a combination of subbase, rigid
slab, and other layers designed to work together to provide
uniform, lasting support for imposed traffic loads and the
distribution of the loads to the subgrade.

pavement type—a portland cement concrete pavement
having a distinguishing structural characteristic usually associ-
ated with slab stiffness, dimensions, or jointing schemes. The
major classifications for streets and local roads are:

1. jointed, plain concrete pavement—a pavement
constructed without distributed steel reinforcement, with or
without dowel bars, where the transverse joints are closely
spaced (usually less than 20 ft [6 m] for doweled pavements
and 15 ft [4.5 m] or less for undoweled pavements).

2. jointed, reinforced concrete pavements—a pave-
ment constructed with distributed steel reinforcement
(used to hold any intermediate cracks tightly closed) and
typically having doweled joints where the transverse joints
can be spaced as great as 40 to 60 ft (13 to 19 m) intervals.
plasticity index (PI)—the range in the water content

through which a soil remains plastic, and is the numerical
difference between liquid limit and plastic limit, according
to ASTM D4318.

transverse or longitudinal joints and cracks and along pave-
ment edges. Pumping is caused by downward slab move-
ment activated by the transient passage of loads over the
pavement joints where free water accumulated in the base
course, subgrade, or subbase, and immediately under the
pavement.

reinforcement—bars, wires, strands, and other slender
members that are embedded in concrete in such a manner
that the reinforcement and the concrete act together in
resisting forces.

resistance value (R)—the stability of soils determined in
accordance with ASTM D2844. This represents the
shearing resistance to plastic deformation of a saturated soil
at a given density.

rigid pavement—pavement that will provide high bending
stiffness and distribute loads to the foundation over a compara-
tively large area. Portland cement concrete pavements (plain
jointed, jointed reinforced, continuously reinforced) fall in
this category.

shoulder—the portion of the roadway contiguous and
parallel with the traveled way provided to accommodate
stopped or errant vehicles for maintenance or emergency
use, or to give lateral support to the subbase and some edge
support to the pavement, and to aid surface drainage and
moisture control of the underlying material.

slab—a flat, horizontal or nearly so, molded layer of plain
or reinforced concrete, usually of uniform, but sometimes
variable, thickness supported on the ground.

slab length—the distance between the transverse joints
that bound a slab; joint spacing.

spalling—a type of distress in concrete pavements that
occurs along joints and cracks. It is associated with a number
of failure modes, but is manifested by dislodged pieces of
concrete in the surface along a joint or crack, typically within
the limits of the wheelpath area.

soil support (S) or (SSV)—an index number found in the
basic design equation developed from the results of the
AASHTO road test that expresses the relative ability of a soil
or aggregate mixture to support traffic loads through a pave-
ment structure.

stabilization—the modification of soil or aggregate layers
by incorporating stabilizing materials that will increase load-
bearing capacity, stiffness, and resistance to weathering or
displacement, and decrease swell potential.

standard density—maximum dry density of a soil at
optimum moisture content after compacting, according to
ASTM D698 or AASHTO T-99.

subbase—a layer in a pavement system between the
subgrade and base course, or between the subgrade and a
portland cement concrete pavement.

subgrade—the soil prepared and compacted to support a
structure or a pavement system.

swelling soil—a soil material (referred to as an expansive
soil) subject to volume changes, particularly clays, that exhibit
expansion with increasing moisture content, and shrinkage
with decreasing moisture content.

Thornthwaite Moisture Index—-the net D@m&nts
ence, over the course of a year, i (e ¢ “O%éﬁwgﬁaring Hub

pumping—the forced ejection of water, or water and
suspended subgrade materials such as clay or silt, along
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available for runoff and the amount of the moisture avail-
able for evaporation (less the amount stored by the soil)
relative to the potential evapotranspiration.

tie bar—a bar at right angles to, and tied to, reinforcement to
keep it in place; a bar extending across a construction joint.

warping (or curling)—a deviation of a slab or wall surface
from its original shape, usually caused by temperature, moisture
differentials, or both, within the slab or wall.

welded wire fabric—a series of longitudinal and trans-
verse wires arranged substantially at right angles to each
other and welded together at all points of intersection.

widened lane—a widening of the outer lane by posi-
tioning the shoulder lane stripe 1 to 2 ft (0.3 to 0.6 m) from
the edge of the slab, creating an “interior load” condition and
reducing the wheel load stresses in the slab from those
created by an “edge load” condition.

zip strip—a t-shaped form to support and position a remov-
able plastic insert strip placed in the surface of a fresh concrete
pavement surface to induce cracking along the edge of the
plastic insert while the concrete is hardening.

CHAPTER 2—PAVEMENT MATERIAL
REQUIREMENTS
2.1—Support conditions
Adequate subgrades are essential to good concrete pavement

performance. Because of its rigidity, concrete pavement has a
high degree of load-spreading capacity. The pressure below
the pavement slab is low and spread over a relatively large
area. Therefore, uniformity of support, rather than high
subgrade strength, is a key factor in concrete pavement
performance. Sufficient strength for anticipated construction
traffic loads should be a consideration during the construction
stages, particularly under poor drainage conditions.

Foundation-related factors that can contribute to pavement
distress are:

*  Nonuniformity of support caused by differences in
subgrade soil strength or moisture;

e Nonuniform frost heave;

*  Excessive swelling of expansive subgrade materials;

e Nonuniform compaction; or

e Poor drainage properties of the subbase or subgrade,
which can enhance the potential for erosion under the
action of slab pumping and lead to loss of support, and
ultimately, faulting at the joints.

The effect of these factors can be minimized or eliminated
through adequate design and construction of the subgrade
soils by the use of positive drainage control and moisture
control during compaction, as discussed in Section 2.1.1.34

Edge and corner support generally refers to the degree of
load transfer provided along the longitudinal edge and corner
of the pavement. Different types of edge or corner support
will provide varying degrees of structural benefits. Several
studies have shown that the critical fatigue point for jointed
concrete pavement (JCP) is along the outer edge. The presence
of adequate load transfer on the shoulder edge joint, a widened
driving lane, a thickened edge, or a tied curb and gutter,
will reduce edge stresses (Appendix A). In some climates,

cracks in the vicinity of the slab corners.>® This type of
cracking may also be important in thin slabs. Traffic
loads applied at the corner yield the maximum deflections
in the slab. Doweled joints may reduce slab deflections
nearly 50%."-11

2.1.1 Subgrade support—The subgrade is the underlying
surface of soil on which the roadway will be constructed.
The subgrade should be examined along the proposed
roadway location. The soil should be classified according to
one of the standardized systems and its properties, such as
liquid and plastic limits, moisture-density relationships, and
expansion characteristics along with in-place moisture content
and density, should be determined by standard tests. Either
the modulus of subgrade reaction k, California Bearing Ratio
(CBR), resistance value R, or soil support value (SSV) should
be determined. When local requirements or the project scope
does not warrant such extensive soil investigations, other
possible sources of information regarding the nature of the
subgrade include U.S. Department of Agriculture (USDA) soil
survey reports and soils investigations from adjacent facilities.

Where subgrade conditions are not reasonably uniform,
corrections are most economically and effectively achieved
by proper subgrade preparation techniques such as selective
grading, compaction, cross-hauling, and moisture-density
control of the subgrade compaction. Obvious trouble spots,
such as pockets of organic materials and large boulders,
should be removed.* Areas where culverts or underground
pipes exist deserve special attention as inadequate compaction
of the backfill materials will cause pavement settlement.

For a subgrade to provide reasonably uniform support, the
four major causes of nonuniformity should be controlled:

1. Variable soil conditions and densities;

2. Expansive soils;

3. Differential frost heave (and subsequent thawing); and

4. Pumping.

More detailed information on special subgrade problems can
be found in Appendix B. Experience indicates that uniform
support conditions are an important characteristic of well-
performing low-volume roads.

To give consideration to all factors that can affect the perfor-
mance of the pavement, a careful study of the service history
of existing pavements on similar subgrades in the locality of
the proposed site should be made. Conditions that may cause
the subgrade or subbase to become wetter over time, such as
rising groundwater, surface water infiltration, high soil
capillarity, low topography, rainfall, thawing after a freeze
cycle, and poor drainage conditions also can affect the future
support rendered by the subgrade. Climatic conditions such
as high rainfall, large daily and annual temperature fluctuations,
and freezing conditions can also adversely affect pavement
performance. Soil properties may vary on a seasonal basis
due to variations in the moisture levels.

The supporting strength of the foundation on which a
concrete slab is to be placed is directly measurable in the field.
The most applicable test for rigid pavements is the plate bearing
test as described in ASTM D1196 or AASHTO T-222. The
procedure consists of incrementally ﬁﬂ@u mﬁmts

undoweled pavements on stiff, stabilized bases can develop (760 mm) diameter plate whiic e uri%l&qﬁlﬁg?ﬁtigﬂgfi% Hub
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(2) ASTM Designation D 2487.
(3)"C ification of Hig y " Highway Board of the Twenty-fifth Annual Meeting, 1945, Vol. 25,

pages 376-392.

(4) Airport Paving, U.S. Department of Commerce, Federal Aviation Agency, May 1948, pages 11-16. Estimated using values given in FAA Design

Manual for Airport Pavements. (Formerly used FAA

(5) C. E.Warnes, "Correlation between R Value and k Value," unpublished report, Portland Cement A
for i

October 1971 (best-fit ion with i

(6) SeeT. A. Middlebrooks and G. E. Bertram, "Soil Test for Design of Runway

second Annual Meeting, 1942, Vol. 22, page 152.
(7) See Item (6), page 184.

Fig. 2. 1—Approximate interrelationships of soil classifications and bearing values.

plate. The results of the test are expressed as Westergaard’s
modulus of subgrade reaction (k-value), which is the pressure
on the plate divided by its deflection, expressed in units of
psi/in. (MPa/m). The test is usually conducted until the plate
deflection is 0.1 in. (2.54 mm) or a maximum plate pressure
of 10 psi (68.9 KPa) is attained. It is recognized, however,
that this test is seldom performed. Back-calculating k-values
using falling weight deflectometer (FWD) data on existing
pavements is typically a much more cost-effective approach
to get an estimate of the k-value for various local soil types
and conditions. The k-value also can be estimated from
resilient modulus testing of laboratory soil samples, the use of
the dynamic cone penetrometer (relative to the pavement
thickness), or from other sound engineering basis, such as
that shown in Fig. 2. 1.1213 Some municipal agencies rely on

now used.)

Rocky Mountain-Northwest Region,
" Highway Board Py dil of the Twenty-
12,13

experience and on approximate k-values for design purposes
that can be obtained from Fig. 2.1 for various soil classifica-
tions systems or soil strength test results, that is, CBR. In using
the material classification systems in Fig. 2.1 and the results
from the laboratory tests, the designer should recognize that
depth of soil, moisture content, and field density affect the k-
value to be used in the field. The subgrade k-value will also
vary with weather conditions throughout the year. Experience
has indicated that thickness design is relatively insensitive to
changes in k.

2.1.2 Subbase properties—A subbase is a layer of select
material placed under a concrete slab primarily for bearing
uniformity, pumping control, and erosion rgsistance. The
select material may be unbound. or stabili

cuments
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drained to prevent excess pore pressure (to resist pumping-
induced erosion) than to achieve a greater stiffness in the
overall pavement. With respect to pavement support, several
design alternatives may be considered, which include
unbound bases, widened outside lanes, thickened edges, or,
in some cases, doweled joints, that is, a doweled or thickened
edge on a gravel base versus an undoweled pavement on a
stabilized base. The use of dowel bars or stabilized bases is
typically not recommended for low-volume design appli-
cations. Design options such as unbound bases, thickened
edges, widened outside lanes, or tied curb and gutters can be
very cost effective.

Experience suggests that for pavements that fall into the
light residential and residential classifications (refer to
Chapter 3), the use of a subbase to increase structural capacity
may or may not be cost effective in terms of long-term perfor-
mance of the pavement.m’15 For streets and local roads, the
primary purpose of a subbase is to prevent mud-pumping if
conditions for mud-pumping exist. (Appendix B contains
information on mud-pumping.) Well-drained pavement
segments that carry less than 200 ADTT (18 kip [80 kN]
single-axle or 34 kip [150 kN] tandem-axle weights) are not
expected to experience mud-pumping. With adequate
subgrade preparation and appropriate considerations for
surface and subgrade drainage, concrete pavements designed
for city streets with surface drainage systems may be built
directly on subgrades because moisture conditions are such
that strong slab support may not be needed. Conditions
warranting the use of a subbase constitute special design
considerations discussed as follows. If included in the design,
however, the percentage passing the No. 200 (75 pm) sieve
size in granular subbase materials should be less than 8% by
weight.

If used under a rigid pavement, a subbase may serve the
purpose of:

* Providing a more uniform bearing surface for the
pavement;

*  Replacing soft, highly compressible or expansive soils;

*  Providing protection for the subgrade against detrimental
frost action;]6

*  Providing drainage; and

*  Providing a suitable surface for the operation of construc-
tion equipment during adverse weather conditions.

When used, a minimum subbase thickness of 4 in. (100 mm)
is recommended over poorly drained subgrades, unless stated
otherwise in Table 2.1. For arterials or industrial pavements
subjected to adverse moisture conditions (poor drainage),
SM and SC soils (Table B.1) also may require subbases to
prevent subgrade erosion due to pumping. The designer is
cautioned against the use of fine-grained materials for
subbases because this may create a pumping condition in wet
climates where traffic levels are greater than 200 ADTT.
Positive surface drainage measures such as 2 to 2.5% transverse
surface slopes and adequate drainage ditches should be
provided to minimize the infiltration of water to the
subgrade, possibly trapping water directly beneath the
pavement and saturating the underlying layers—a potentially
erosive condition. Relative to surface drainage, many problems

Table 2.1—Minimum recommended subb*ase
thicknesses (in.) for poorly drained soils

AASHTO climatic CBR' classification
classification Low Medium High
Wet-freeze 4 4% 4%
Wet 4 4% None
Dry-freeze None None None
Dry None None None

*>200 ADTT, two-way, 1 in. = 25.4 mm, 1 psi/in. = 0.27 MPa/m.

fLow CBR: < 4 (k < 20 MPa/m); medium CBR: 4 to 15 (k: 20 to 63 MPa/m); high
CBR: > 15 (k> 63 MPa/m).

*Minimum subbase thickness of 4 in. (100 mm) may be eliminated from the design if
the subgrade soils met the AASHTO Soil Drainage classification of fair to excellent.

with support and durability of pavements can be averted by
effectively draining surface water away from the pavement
so that it does not pond on the surface or enter at the edges
and joints. In particular, if an open-graded aggregate is used
for the subbase, the lowest pavement section where the water
will be exiting the system should be well drained. The neces-
sity for adequate surface drainage cannot be over emphasized.

Subbase thickness requirements are suggested in Table 2.1
as a practical means of securing the minimum thickness
needed to minimize faulting of joints. As previously noted, a
subbase serves many important purposes and in some cases
may be used to provide a stable surface for construction
expediency. This may be applicable in wet-freeze climates
where the use of a stabilized subbase is recommended,
because water can easily collect under a slab due to freezing-
and-thawing action.

Low-strength subgrades can be stabilized to upgrade the
CBR rating listed in Table 2.1 as a matter of economic
consideration. A contractor may find it advantageous to use
a subbase or a stabilized subgrade to provide a more stable
working platform during construction. Although subbases
are not generally used for local streets and roads, they can be
effective in controlling erosion of the subgrade materials
where traffic conditions warrant such measures. '

Typical values of k for various soil types and moisture
conditions are given in Appendix B, but they should be
considered as a guide only, and their use instead of the field-
bearing test is left to the discretion of the engineer. In
instances where granular subbase materials are used, there
may be a moderate increase in k-value that can be incorpo-
rated in the thickness design. The suggested increase in k-
value for design purposes is shown in Table 2.2. Usually, it
is not economical to use a granular subbase for the sole
purpose of increasing k-values or reducing the concrete
pavement thickness.

2.2—Properties of concrete paving mixtures
Concrete mixtures for paving should be proportioned in

accordance with ACI 211.1. They also should be designed to
produce the desired flexural strength; to provide adequate dura-
bility and skid resistance; and to supply a workable mixture
that can be efficiently placed, finished, and textured with the
equipment the contractor will use. Paving mixtures should use

a nominal maximum size aggregate of Q@urmﬁms
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Fig 2.2—Flexural strength gain versus age.l 2

Table 2.2—Design k-values for granular subbases
(1 MPa/m = 7 psi/in.)

Subbase thickness, in.
Subgrade k value, psi/in. 4.0 6.0
50 60 70
100 110 120
200 220 230
300 320 330

drying shrinkage. Mixtures with excessive fine aggregates
should be avoided as these tend to increase the potential for
uncontrolled shrinkage cracking. Properties of paving mixtures
should be confirmed by laboratory trial mixtures.

2.2.1 Strength—While loads applied to concrete pavement
produce both compressive and flexural stresses in the slab,
the flexural stresses are more important because loads can
induce flexural stresses that may exceed the flexural strength
of the slab. Because concrete strength is much lower in
tension than in compression, the modulus of rupture (MOR)
(ASTM C78, third-point loading) is often used in concrete
pavement thickness design. It is calculated tensile stress in
the extreme fiber of a plain concrete beam specimen loaded
in flexure that produces rupture according to ASTM C78.
The results from this procedure are used to represent the
flexural strength of a concrete slab.

Because concrete strength is a function of the type and
amount of cementitious material (portland cement plus
pozzolanic material) and the water-cementitious materials
ratio (w/cm) selected for the mixture, water-reducing admix-
tures also can be used to increase strength while maintaining
sufficient workability of the fresh mixture. Detailed informa-
tion on portland cements and pozzolanic materials can be
found in ACI 225R, 232.1R, 233R, and 234R. Aggregates
should be clean to ensure good aggregate-to-paste bond and
should conform to the quality requirements of ASTM C33.
Cubical-shaped coarse aggregates have been shown to have
a beneficial effect on workability17 that indirectly affects the
flexural strength of the slab. Mixtures designed for high
early strength can be provided if the pavement should be
used by construction equipment or opened to traffic earlier
than normal (that is, 24 h to 30 days versus 28 days).'®1°
Regardless of when the pavement is opened to traffic, the

The design methods presented herein are based on the
results of the third-point loading flexural test. Because the
required thickness for pavement changes approximately 0.5 in.
(13 mm) for a 70 psi (0.5 MPa) change in MOR, knowledge
of the flexural strength is essential for economic design. The
relationship between third-point loading and center-point

loading values for MOR is: 20!

MOR 3 pt. = 0.9 MORcenter—pt. (2-D

MOR values for 28- or 90-day strengths are normally used for
design. The use of the 90-day strength can be justified because
of the limited loadings that pavements receive before this early
age and may be considered to be the long-term design strength.
If the facility is not opened to traffic for a long period, later
strengths may be used, but the designer should be aware of
earlier environmental and construction loadings that may cause
pavement stresses that equal or exceed the early strength of the
concrete. For most streets and highways, the use of the 28-day
strength is quite conservative, and the 90-day strength may be
appropriate. Under average conditions, concrete that has an
MOR of 550 to 700 psi (3.8 to 4.8 MPa) at 28 days is most
economical. Figure 2.2 illustrates the average flexural strength
gain with age as measured for several series of laboratory
specimens, field-cured test beams, and sections of concrete taken
from pavements in service. When other data are unavailable, the
90-day strength can be estimated based on a range of 100 to
120% the 28-day value, depending on the mixture. While
design of concrete pavement is generally based on the tensile
strength of the concrete, as represented by the flexural
strength, it may be useful to use compressive-strength testing
in the field for quality-control acceptance purposes and in
the laboratory for mixture design purposes.

Although a useful correlation between compressive
strength and flexural strength is not readily established, an
approximate relationship between compressive strength
(f.) and flexural strength (MOR) is given to facilitate these
purposes by the formula

MOR = a1, >, %3 (ACI Committee 209)  (2-2)

where V.., 1s the concrete unit weight, and a; varies
between 0.6 to 1.0 for units of psi (0.012 and 0.20 for units
of MPa). If desired, however, a specific flexural-to-compres-
sive strength correlation can be developed for specific mixtures.
The strength of the concrete should not be exceeded by envi-
ronmentally induced stresses (curling and warping), which
may be critical during the first 72 h after placement.19

2.2.2 Durability—In frost-affected areas, concrete pave-
ments should be designed to resist the many cycles of
freezing and thawing and the action of deicing salts.?? In
these cases, it is essential that the mixture have a low w/cm,
adequate cement, sufficient quantities of entrained air, plus
adequate curing and a period of drying. The amounts of air

entrainment needed for concrete resistant Qewmlents

thawing vary with the maximuii-tize aggrggate,and; %lﬁaring Hub
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exposure condition. Recommended percentages of entrained
air are given in Table 2.3 and ACI 211.1.

In addition to making the hardened concrete pavement
resistant to freezing and thawing, recommended amounts of
entrained air improve the concrete while it is still in the
plastic state by:

*  Reducing segregation;

* Increasing workability without adding additional water;
and

*  Reducing bleeding.

Because of these beneficial and essential effects in both fresh
and hardened concrete, entrained air should be incorporated into
the mixture proportioning for all concrete pavements. Detailed
information on the use of chemical admixtures in concrete
can be found in ACI 212.3R.

The amount of mixing water also has a critical influence on
the durability, strength, and resistance to freezing and thawing
of hardened concrete. The least amount of mixing water with
a given cementitious material content to produce a workable
mixture will result in the greatest durability and strength in the
hardened concrete. A low water content can be achieved by
using the largest practical nominal maximum-size coarse
aggregate, preferably 1.5 in. (38 mm). In addition, the coarse
aggregate should be free of clayey coatings and as clean as
possible. Experience also has shown the use of a minimum
amount of mixture water, (w/cm ranging from 0.40 to 0.55,
depending on materials and method of paving) no greater
than that needed to meet the specified strength and work-
ability criteria provides satisfactory results.

It is poor practice to indiscriminately add water at the job
site because it can impair the durability characteristics of the
concrete. Addition of water at the job site should not be
prohibited, however. If ready-mixed concrete arrives at the
job site at a less-than-specified slump, only the additional
water needed to bring the slump within the required limits,
as provided for in ASTM C94, should be injected into the
mixer to ensure that the design w/cm is not exceeded. Before
discharging, the concrete should then be given the proper
amount of additional mixing at a mixing speed as stipulated
in ASTM C94.

Aggregate selected for paving should be resistant to
freezing-and-thawing deterioration (or D-cracking) and
alkali-silica reaction (ASR). Coarse aggregate that meets state
highway department requirements for concrete paving should
provide acceptable service in most cases. Fly ash, particularly
Class F, should serve as an effective mineral admixture to help
prevent deterioration of concrete due to ASRB Aggregate
sources should be checked for durability with respect to past
performance and freezing-and-thawing resistance.

High concentrations of soil sulfates also can cause deteri-
oration and premature failure of concrete pavements. Where
soils that may be in contact with the concrete pavement
contain sulfates, the recommendations of ACI 201.2R
should be followed.

2.2.3 Workability—Workability is an important consider-
ation in selecting concrete for paving projects. Slump for
slipform paving is usually between 0.5 and 1.5 in. (15 and
40 mm). Concrete to be placed by hand or with a vibratory

Table 2.3—Recommended percentage*air content
for air-entrained concrete (ASTM C94)

Recommended average air content for
. . . air-entrained concretes, %
Nominal |Typical air contents

maximum size of non-air- Mild Moderate Severe
aggregate, in. |entrained concretes| exposure | exposure | exposure

3/8 3.0 4.5 6.0 7.5

172 2.5 4.0 5.5 7.0

3/4 2.0 3.5 5.0 6.0

1.0 1.5 3.0 4.5 6.0

1.5 1.0 2.5 4.5 5.5

Note: 1 in. = 25.4 mm.

“Tolerances: for average air content of 6% or greater, +2%; for average air content
less than 6%, +1-1/2%.

Exposure conditions:

Mild exposure—Concrete not subject to freezing and thawing, or to deicing agents.
Air may be used to impart some benefit other than durability, such as improved work-
ability or cohesion.

Moderate exposure—Outdoor exposure in a cold climate where the concrete will be
only occasionally saturated with water before freezing, and where deicing salts will
not be used.

Severe exposure—Outdoor exposure in a cold climate where the concrete may be
exposed to wet freezing-and-thawing conditions, or where deicing salts may be used.

or roller screed should have a higher slump, no greater than 4 in.
(100 mm). Water content, aggregate gradation, and air content
are all factors that affect workability. Recent developments in
the research of aggregate gradations have led to improvements
in workability-related properties of concrete mixtures.”*

2.2.4 Economy—Economy is an important consideration in
selecting the concrete to be used for paving. Well-graded aggre-
gates, minimum cement content consistent with strength and
durability requirements, and use of both mineral and liquid
admixtures are all factors that should be considered in propor-
tioning economical concrete. Mixtures proportioned with locally
available materials are usually the most economical mixtures.

2.2.5 Distributed and joint reinforcement—Concrete pave-
ments are usually classified as plain or reinforced, depending
on whether the concrete contains distributed steel reinforce-
ment. Plain pavements also may be divided into those with or
without load transfer devices at the joints. Most low-volume
pavement designs do not require dowels. The thickness design
methods are the same for plain or reinforced pavements
because the presence or lack of distributed reinforcement has
no significant effect on the load-carrying capacity or thickness.

The use of reinforcement is only recommended for low-
volume applications on a limited basis. These limited cases
occur when irregular panel shapes are used or when joint
spacings are in excess of those that will effectively control
shrinkage cracking. Although reinforcing steel cannot be
used to address cracking caused by nonuniform support
conditions, distributed reinforcement steel may be included
to control the opening of unavoidable cracks. The sole function
of the steel is to hold together the fracture faces if cracks
should form. The quantity of steel varies depending on joint
spacing, slab thickness, coefficient of subgrade resistance,
bar size, and the tensile strength of the steel. Refer to Chapter 4
for further details of pavement reinforcement design.

CHAPTER 3—PAVEMENT THICKNESS DESIGN
3.1—Basis of design

The most cost-effective pavement ngOQumntS
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