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Cross-Tensioned Concrete Pavement: An
Alternative Modern PCCP Design

JerFREY HANCOCK AND MUSTAQUE HOSSAIN

The rapid deterioration of Portland Cement Concrete Pavement by applying an external force to the ends of the slabs and is done

(PCCP) is most often due to intrusion of water into the pavement and without wires, strands, or cables. Pre-tensioning is done before the
foundation layers through transverse joints and cracks. To minimize gncrete is cast. Once cast, strands, cables, or wires are used to

this problem, transverse joints are sealed with a flexible sealant thata lv compressive forces. The force is transferred to the PCCP
allows the joint to open and close while keeping water out. However, pply P ’

water does eventually get in and deterioration begins due to freezing through surface friction. Post-tensioning, on the other hand, is ap-

and thawing, erosion of the subbase, etc. One possible way to solveplied after the concrete has cured. The post-tensioning force is ap-
this problem is to eliminate all transverse joints and to constrict the plied through unbonded strands to the ends of the pavement. The
cracking tendency of the pavement by applying an external force in aforementioned procedures are generally referred to as “pre-stress-
the form of post-tensioning. The advancement of post-tensioning ing” (1) in generic term.

products and procedures over the last twenty years has made this a “p ¢ tansioning of PCCP is not a new concept. It has been tried
fairly simple and inexpensive procedure. A reduction in slab thickness

and elimination of sawing and sealing transverse joints can offset the @ll Over the world. The first construction of a post-tensioned pave-
cost of the post-tensioning hardware and process. The limited succesdnent was at the Orly Airport, Paris, in 1946. The Europeans have
of post-tensioning PCCP in the past was due to the design of long since advocated the use of post-tensioning in airport pavements.
longitudinal post-tensioning within the slabs. Longitudinally post- Europe has also taken the lead in the application of post-tensioning
tensioning PCCP requires the construction of gap slabs where the actuajg highway pavements. During the 40s, 50s, and 60s, the Europe-

post-tensioning work takes place. The gap slabs tend to deteriorate, ¢ oonsirycted over thirty post-tensioned pavements. During the
very fast. The need for gap slabs can be eliminated by cross-tensioning i the United Stat tructed onlv six ai " t
PCCP. This procedure may not only eliminate the need for any transverseS&Me UMe, the United States constructed only Six airport pavements
joints, but will also resist the tendency of the pavement to crack in any that were post-tensioned. Finally, in the early 70s three highway pave-

direction. Key words: pavement, PCCP, gap slab, cross-tensioning, ments and an access road at Dulles International Airport were con-

post-tensioning. structed. Since the 70s only one post-tensioned highway, near Phoe-
nix, has been built by the Arizona Department of Transportation
(ADOT) (2).

INTRODUCTION
THEORY

The rapid deterioration of Portland Cement Concrete Pavement
(PCCP) is most often caused by intrusion of water into the pave- post-tensioned pavement design is unlike that of any other PCCPs.
ment layers. The water usually infiltrates through transverse joints Conventional PCCP design is based on the modulus of rupture of
and cracks. During construction process and routine maintenanceconcrete and does not take advantage of the high compressive strength
the transverse joints and cracks are typically sealed with a flexible of concrete. Post-tensioned concrete pavement increases the stress
joint sealant. The sealant keeps the majority of water out, however,range during flexure of concrete. Resulting advantages are the fol-
some infiltration still happens. Concrete pavement deterioration thenjowing: (1) absence of cracks from the road surface, (2) reduced
occurs due to freezing and thawing, erosion of subbase, etc. cost through a reduction in slab thickness and elimination of joint
Elimination of transverse joints and cracks is one solution to this construction and maintenance, and (3) increase in load carrying ca-
common problem of PCCP. Pre-stressing PCCP could eliminate jointspacity (3).

and cracks. By applying an external force in the form of post-  The fundamental formula for design of pre-stressed concrete pave-
tensioning, theoretically all joints in the pavement can be eliminated, ments is g):

and no cracking should happen. Extended pavement life may also be ft +f > fAt + fF + fL
expected due to pre-stressing of PCCPs. The potential elimination of where, P
all transverse joints will provide a smooth and comfortable travelling ft = allowable concrete flexural stress
surface, lower maintenance cost, and increased load-carrying capac-
ity of the pavements. = modulus of rupture/factor of safety;
Pre-stressing is a broad term that covers many different types of
applied external forces to PCCP. The types include post-stressed, fp = compressive stress in concrete due to post-
pre-tensioned, and post-tensioned. Post-stressing is accomplished tensioning;
fAt = curling stress due to difference in temperature

Department of Civil Engineering, Kansas State University, Manhat- between top and bottom surfaces of the concrete
tan, Kansas 66506. slab;



208 MID-CONTINENT TRANSPORTATION SYMPOSIUM 2000 PROCEEDINGS

fF = stresses due to subgrade friction; and This allows the designer to design taking the creep effects of concrete
into account.
f = stresses due to traffic load. The friction between the subgrade and the PCCP also produces a

The allowable concrete flexural stress may be taken as high as 86tress that is most significant in the middle portion of the slab. For a
to 100 percent of the modulus of rupture of concrete. Introductionslab thatis less than 700 ft (220 m) in length, the frictional strgss (f
of the compressive stress in the concrete pavment changes the failuketween the sub-grade and PCCP can be estimatéd as (
criterion from a bottom tension crack to a top circular crack. The

failure load is at least twice the load that produces the first bottom max f. = -
crack. This allows the designer to choose a factor of safety betweeen 2x144
1 and 1.25 fof, (3). where,

Allowable stresses in the post-tensioning strafgsafter all c = coefficient of sub-grade friction,
losses, should not exceed 80 percent of the ultimate strggthe L = total longitudinal length between ends
post-tensioning steel. A typical post-tensioning monostrand will be of strands, and
a 0.5 in (12.5 mm) diameter strand, made with six wires twisted % = unit weight of concrete (145 Ibs./
around one wire. The ultimate strength of post-tensioning strands is cubic ft or 2323 kg/cubic meter)

270 ksi (1,862 MPa)). If the reactive force applied by the subgrade friction is too much,

The curling stresses in concrete can be calculated f8ym ( it could effect the stresses applied by the strands. Consider, for ex-
ample, that a slab is supported on the subgrade at two different points

. aE At between the ends of a post-tensioning strand. When the strand is
a 2(1-v) pulled to tension, a compressive force is exerted on the concrete slab.
where, However, the region between the two pins experiences no compres-
o = coefficient of thermal expansion (6 X1/ sive force. This is the problem that subgrade friction imposes on
At in/°F, 3.5X10" mm/mm/°C); post-tensioned PCCP. The problem becomes quite significant as the
h = temperature gradient (3°F/in, 0.63°C/mm);  slab becomes longer. For this reason, the frictional stress between
h = slab thickness in inches or millimeters; the slab and the subgrade must be considered in dékign (
E = static modulus of elasticity of conrete in psi or The coefficient of sub-grade friction is substantial with a value of
N/mn?; and 0.2 to 1.5 for slabs resting on a sand or granular subbase. For design
v = Poissons ratio for concrete (0.15). purposes, the coefficient of subgrade friction can be taken as 0.5 to

Curling stresses in post-tensioned PCCP could be caused by the.8 (6). Most historical designs of post-tensioned pavement incor-
warping of a slab due to creep or due to differences in the temperaporate two layers of 6 mil (0.15 mm) polyethylene sheeting which
ture or moisture content in the zones adjacent to its opposite facesiave a coefficient of friction of less than 0.2. However, in the ADOT
Usually concrete curls when one face is warmer or cooler than thepost-tensioned PCCP project, it was discovered that almost no dif-
other face. The warmer face of the concrete wants to expand whilderence exists in friction between the slab and the subgrade on either
the cooler face will not. This causes the slab to curl either up orl or 2 layers of polyethylene sheetir. (In either case, it is still
down depending on which is face is warmer. If the warmer face ofrecommended to use a conservative value of 0.5 for the coefficient of
the concrete is on top then the slab tends to curl down on the enddtiction in design. This gives the designer reasonable assurance that
however, if the opposite is true, the slab will tend to curl up on the the value can be achieved in the fiedji (
ends B). These changes in stress condition in the concrete slab can Conventional PCCP design consider traffic load as the primary
have adverse effects on the stresses within the strands. For exampligctor affecting the required pavement thickness. For post-tensioned
suppose we have a slab where the stressed post-tensioning stran@§CP, traffic loads induce tensile stresses at the bottom of the pave-
are in the lower half of the slab. When the lower face of the slab isment. This stress can be calculated by the Westergaard’s formula.
cooler than the top face, the slab will try to contract on the bottom The edge loading of PCCP is always the controlling criteria. The
and expand at the top. The contraction at the bottom will cause somedge is where the stress in the slab will always be the greatest under
relaxation in the strands, hence the strands will loose some of theig tire load. The stresses in the pavement induced by successive traf-
stresses. As a result, cracks may deve3pp ( fic loads can lead to elastic deformation of the slab to the point where

Fluctuations in stresses due to seasons can also cause adverée maximum moment beneath the loaded area exceeds the sum of
stress effects in concrete pavement. In Belgium, an 11,000 ft (3,353he flexural strength of the concrete and the induced force. At this
m) pavement slab was post-stressed with screw jacks. Engineergoint, a crack forms a hinge under the load, repeated load applica-
tried for four years to maintain the stress in the concrete by frequentiytions cause a moment in the slab some distance away from the loaded
adjusting the screw jacks. The results of their attempt showed fluc-area. If traffic repetitions continue, tensile cracks may form at the
tuations in prestress that ranged from nearly 0 to 1,900 psi (13.1top of the pavement. When loading is increased beyond this point,
MPa). If the total slab length were smaller, the adverse stresses caus#e load will eventually punch through the slab. For this reason, itis
by temperature differentials would not have fluctuated so drasticallyextremely important to consider traffic load in post-tensioned PCCP
2. (6).

Creep also has adverse effects on stresses. Creep is the change inWestergaard's formula for stresses due to edge loading of PCCP
length of a pavement slab under a constant stress. The sustained poit-given asg):
tensioning force in the pavement results in creep of the concrete. 08033 0 I 0
Creep has similar effect on the prestressting force as curling, how- BQIOQBFBLO'GG@H_O'OMB
ever, creep does not fluctuate as much as the curling stress. Higher where,
compressive strengths of concrete produce less creep. Furthermore, f. = maximum edge stress under load;
creep does level off after 300 to 400 days of load application. | radius of relative stiffness
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= (2]

1201 =" i

E = modulus of elasticity of concrete

interpretation of the frictional losses between the PCCP and the
subgrade. In longitudinal post-tensioning design, the designer con-

(assume 4,000,000 psi): _siders the pavement slab as having two ends that re_Sl_JIt in_transverse
K _ modulus c;f suiograde r’eaction joints. The_lengtr_] of the pavem_en_t between the two joints is the slab
(assume 100 pci); length that is subjected to the .frlc.tlonal force petween the PQCP and

p _ concentrated Ioaa Ibs.- and the subgrade. In cross-tensioning, the designer post-tensions the
e pavement in diagonal directions from both sides. By cross-tensioning,

a = contac.:t radius the PCCP cannot expand in any direction. This allows for the design

o —— of a nonjointed pavement of virtually infinite length.

The angle at which the cross tensioning should be applied varies
. between 30 and 45 degrees to the longitudinal direction of the pave-
?xle on duals, P csln bet_estltm:ted :1805,590 Olbe;sg(§)4.5 kN) and th?hent. This allows the majority of the stress force in the strands to act
Iré pressure can be estimated as psi (0. a). against the weak plane of the concrete, the transverse plane. The 30

Deflections also occur in the slab. Exc_cesswe deflections in PF:CP 45-degree specifications also give the concrete less capability of
are most often caused by softer foundation support. Post-tensione

th th ft tsin th barade. Th racking in the longitudinal direction, as did the ADOT longitudi-
pavement, however, can span the softer spols in the subgrade. Ir%ally post-tensioned PCCP. It should be noted the smaller angle of
happens due to an increase in flexural strength of the concrete due t

th t-tensioning f hich Its i trolled deflecti ¢ Bost-tensioning results in less steel strands.
€ post-tensioning force, which resulls in controfied defiection o Strand location in the slab is most important. Historically, the
the post-tensioned PCCP under repeated loads.

strands of post-tensioning steel have been placed 0.5 in. (12.5 mm)
below the mid-depth of the slab. At this depth, the strands are able to
carry very well the loads induced on them by truck traffic. Lowering
the strands to 0.5 in. (12.5 mm) below mid-depth causes the slab to
have an induced negative mome3)t (When a truck passes over the
In most post-tensioning PCCP projects, the post-tensioning had beepavement, the induced negative moment is cancelled by the moment
done in the longitudinal direction of the PCCP. This does have its generated by the axle load. Placing the strands at or above mid-depth
advantages and disadvantages. One of the advantages of this type @]l only add to the load already present due to the axle load. This
design is the simplified procedure of placing the strands in the pave-should never be done.
ment. Most slipform pavers can easily be adapted to accommodate Strand placement is also very significant at the edge of the
the insertion of the post-tensioning strands. ADOT used this ap-pavement. It is important that the strands tensioned in different
proach when it post-tensioned part of the Superstition Freeway neajirections, on the same side of the pavement and very near each
Phoenix. In longitudinal post-tensioning, a direct force perpendicu- other, be placed so they each apply a compressive force between
lar to the weak plane of the concrete, the transverse plane, is alsehem. This requires that the strands be crossed very close to the
applied. This reduces joint spacing and cracks inthe concrete.  pavement edge. For example, assume a pavement is stressed
Longitudinal post-tensioning does have its disadvantages. Firstwith the 45-degree post-tensioned strands. Consider now that
slabs can only be designed to be so long before post-tension lossege strands are laid out such that two strands, perpendicular to
such as, those induced by the frictional stresses between the subgradgch other, are very close, but not crossing at the pavement edge.
and the PCCP, become so great that they cannot be overcome unlessis will cause a tensile stress in the concrete between the two
more strands are added. For this reason, most post-tensioned slagrand ends. If the tensile stress is too great, the concrete may
tensioned in the longitudinal direction are limited to less than 500 ft. develop a transverse crack. Now consider the same two strands
(152 m) in length. Second, longitudinally post-tensioning PCCP re- a5 crossing very near the pavement edge. The only stress that
quires the work areas, known as gap slabs, be constructed betweegj|| exist between the two strands in this case is a compressive
two post-tensioned pavements. These areas are where the actuglress. It is well known that concrete is very weak in tension. In
tensioning of the strands takes place and the hardware is placedact, the American Concrete Institute (ACI) code requires that
Contractors must have enough space in the gap slab to apply théne tensile strength of concrete should be neglected in all axial
tensioning force without bumping into the slab behind them. Gap calculations 4). The tensile strength of concrete is highly vari-
slabs range in length from 6 to 10 feet (1.80 to 3.00 m). These gample and is usually considered to be only 10 to 15 percent of the
slabs have been found to deteriorate more rapidly, affecting the ridecompressive strengttb)(
quality. The elimination of gap slabs should increase the riding com-  The thickness of concrete used in post-tensioned PCCP is less
fort on post-tensioned PCCP. Eliminating gap slabs also eliminatesthan conventional PCCP thickness. Pavements as thin as 3.5 in. (90
two joints where water infiltration is likely to occur. Many different mm) have been developed for use with longitudinally post-tensioned
joints have been developed to control the inflow of water at the tranS'pa\/ementsl However, problems associated with coverage and uni-
verse jOintS on either side of the gap slab. Most are either too difﬁ-form pa\/ing make this an unfavorable choice on most h|ghway pave-
cultto install or are not at all a cost-effective solution. ments. It is recommended by ACI that a pavement thickness of at
least 65% of the thickness of an alternative plain concrete pavement
be used®). This allows for appropriate coverage and variations in
PROPOSED DESIGN construction. For most cases, a pavement thickness of 6 in. (150
mm) is sufficient for coverage and construction tolerances.
Cross-tensioning PCCP may give the designer an option to construct Special consideration needs to be given to the stressing operation.
nonjointed, uncracked concrete. The procedure for designing such & he strands cannot be tensioned to design values until the concrete
pavement is done in much the same way as that of a PCCP posthas gained sufficient strength. ADOT tensioned its longitudinally
tensioned in the longitudinal direction. The only difference is the post-tensioned PCCP in three stages. Since cracking occurs from

For a typical maximum load of 22, 000 Ibs (97,860 N) per

TYPICAL DESIGN
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volume change, thermal gradient, and subgrade restraint, itis imperashould study the effects of applying a skew force to the strands. This
tive to apply the first stage tensioning to the cables at the earlieswill cause some side force on the strand near the pavement edge.
practical time, usually within 24 hours. Some fine cracks may form Additionally, the construction of cross-tensioned pavements will need
before initial jacking; however, they should close upon application of to be reviewed. Some new and innovative construction techniques
the jacking force. The second jacking should be done within 24 may need to be developed for installation of the crossed strands.
hours of the previous one. Lastly, the final jacking should be done

when the concrete strength has reached at least 3,000 psi (21 MPa),

independent of time. Itis imperative not to jack the strands beyond

the strength of the concrete. Jacking forces should be determined

considering the size and thickness of the bearing plate end anchors
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