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Mechanistic Design Considerations for 
Punchout Distress in Continuously 
Reinforced Concrete Pavement 

DANG. ZOLLINGER AND ERNEST J. BARENBERG 

A ' tudy wa undertaken al the University or fllinois to develop 
a mechanistic de ign approach for continuously reinforced con­
crete (CRC) pavement to account for pun hout distress. A mech­
anism relating to the loss or load transfer and 1he progre sive 
development of punchout-related distress is pre ented. Analysis 
procedures, demon trared to implement the mechanism a a 
rationally based thickness design procedure for R pavement, 
suggest that the optimal crack interval is between 3 and 4 ft. 
Present R design methodologies focus on limiting to certain 
design criter.ia cracking intervals. crack width, and stress in the 
reinforcements. Load transfer mechanisms have not been con-
idered in the limiting design criteria mid consequently are 1101 

included in these design procedur . The e method attempted 
to determine the design pavement thickness based on lhe com­
bined effects of environmental and load-related stress on the final 
crack pacing, which mu t be limited to the design cracking cri­
teria. However, pasr experience ha indicated th at a certain per­
cen tage of crack spacing u uaUy fall.s below the pecified mini­
mum crack interval. These data suggest a greater tendency for 
punchouts to develop within this lower range of crack spacing. 
How pavement thicknes percent reinforcement, and crack spac­
ing may be con idered with r peel to pavement spa lling and lo s 
of load transfer in the proces of punchout dcvcl pment are 
outlined . 

Continuously reinforced concrete (CRC) pavements exhibit 
distinctive cracking patterns induced by the restraint to vol­
umetric strains in the concrete material caused by the rein­
forcing steel. This type of pavement, in which the longitudinal 
reinforcement is placed in ·a continuous configuration, can be 
considered as an alternative to jointed concrete pavement in 
some instances . Once the transverse cracks develop , the role 
of the reinforcement is to maintain the crack width below 
certain levels so that, in combination with the pavement thick­
ness, a high degree of load transfer efficiency can be achieved 
throughout the design life. The primary pavement distress in 
CRC pavements is the punchout and faulting between closely 
spaced transverse cracks . This distress is a manifestation of 
the loss of load transfer across the transverse cracks. There­
fore, there is evident need for thickness design analysis of 
CRC pavement based on punchout failure mechanisms to 
improve the reliability against premature punchout devel­
opment. 
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Present thickness design procedures for CRC pavements 
are either based on a thickness ratio between CRC pavement 
and jointed concrete design thickness (1,2) or are indirectly 
related to limiting design criteria for calculated structural 
response parameters (3), or both. Neither of these methods 
for selection of the design thickness of CRC pavement con­
siders load transfer across the transverse cracks directly . The 
latter method, which has been adopted into the 1986 AASHTO 
Design Guide (3) and into the Concrete Reinforcing Steel 
Institute (CRSI) design manual (4) for CRC pavement , 
approaches the design of CRC pavements by focusing on the 
prediction of crack spacing, crack width, and steel stress as a 
function of wheel load and environmentally induced contrac­
tion . The design crack width and steel stress are dependent 
on the design crack spacing, which is a function of the per­
centage of reinforcement and wheel load stress. Therefore, 
the percentage of reinforcement (and the wheel load stress 
as input) is determined so that the limiting design criterion 
applied to crack spacing, crack width, and steel stress indi­
rectly produces a design pavement thickness. The design 
thickness is derived from this procedure because the percent 
of reinforcement and the wheel load stress are a function of 
the pavement thickness. 

Present procedures recommend that crack spacing should 
be selected so that the crack width is small enough to minimize 
the entrance of surface water and to provide the necessary 
load transfer through aggregate interlock (5). The cracking 
design criteria have evolved over time to include shorter cracking 
intervals. Intervals initially were set between 5 and 8 ft based 
on deflection test results and steel corrosion studies (6). Most 
recently minimum crack spacing has changed to as low as 3 
ft based on an arbitrary load transfer and pavement stiffness 
relationship. Field performance has suggested that the max­
imum crack spacing is a function of pavement spalling and 
should range between 6 and 8 ft (7). Frequently, punchout 
distress shows up in pavement sections with crack spacing of 
1 to 2 ft. In spite of the limiting design criteria, a certain 
percentage of crack spacing usually falls below the specified 
minimum crack interval. A short cracking interval has been 
recognized as an undesirable feature (6). 

Correlations between CRC pavement thickness and jointed 
pavement thickness are taken from present serviceability index 
ratings for jointed concrete pavement. The thickness design 
of jointed pavements was derived from performance equa­
tions developed from the AASHO Road Test predicting the 
future serviceability as a function of equivalent 18-kip single­
axle load applications. These methods usually have resulted 
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in thicknesses less than that for jointed concrete pavement. 
Reported correlations were also made based on deflections 
comparisons (8) made in Texas, but they were not as conclu­
sive. The 1986 AASHTO Design Guide describes thickness 
design for jointed and continuously reinforced concrete pave­
ments by the same performance equations, meaning no reduc­
tion in CRC thickness. These equations consider the traffic 
level, concrete strength, modulus of support (K value), load 
transfer , terminal serviceability index , and design reliability . 
Load transfer is characterized by a load transfer coefficient 
(J), which is recommended in terms of the shoulder type . 
Tied concrete shoulders allow for lower J factors , which learls 
to less thickness . The J factor ranges from 2.9 to 3.2 for an 
asphalt shoulder to 2.3 to 2.9 for a tied concrete shoulder. 
Justification for the J factor has been somewhat subjective in 
past design guides (9,10) and still is to a certain extent, inas­
much as it is based on experience and mechanistic stress anal­
ysis (3). The applicability of equations and relationships 
de.scribing the performance of jointed concrete pavements to 

R pavements has never been verified . Many state thickness 
standards have established 8 in. as a minimum CRC pavement 
thickness. However, the trend has been toward greater CRC 
pavement thicknesses since reports bave been favorable of 
10-in . RC pavements under heavy traffic loads (l J). Current 
design practice in which yielding pavement thicknesses are 
too thin has been under suspicion (12) . 

Several early failures have been attributed to excessive 
deflections under heavy loads, suggesting that greater thick­
nesses will improve performance. A move toward greater 
design thicknesses for CRC pavements is likely to be bene­
ficial for performance. It appears, however, that the recom­
mended increase in thickness is arbitrarily determined in the 
most recent version of the AASHTO Design Guide, i.e., there 
appears to be no well-defined, rational method to determine 
the thickness of CRC pavement. Since punchouts are the 
primary structural type of distress in CRC pavements, there 
is a need to understand punchout distress mechanisms and 
how they relate to thickness design and pavement perfor­
mance to establish a basis for mechanistic thickness design . 
Arguments for increased CRC design thicknesses are difficult 
to justify unless punchout-related mechanisms are incorpo­
rated into the design procedure. Given Lhe u11ce1 Lain perfor­
mance of CRC pavement, there is little doubt that thickness 
design must address more directly the variables that influence 
punchout performance (12). 

Recently developed mechanistic analysis (13-15) models 
have established markedly different types of structural behav­
ior between jointed and CRC pavements. Consequently, con­
sideration for load and support conditions different from those 
of the AASHO Road Test in mechanistic terms extends beyond 
the design procedure of a simple thickness ratio (10). This 
problem is particularly evident in the consideration of stresses 
and strains leading to the development of punchout distress 
in CRC pavements. Since it is not reasonable to determine 
CRC design thickness based on jointed concrete behavior , a 
constant thickness ratio may not provide adequate reliability 
against the development of premature punchout distress . Based 
on a review (16) of the nature of and factors leading to 
punchout distress , a brief discussion and analysis of the failure 
modes associated with the punchout process in CRC pave­
ments are presented . 
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BASIC FAILURE MODES LEADING TO 
PUNCHOUT DISTRESS 

Four failure modes , relating to punchout distress based on 
the results of an in-depth field study (16) , are proposed as 
fundamental thickness design considerations for CRC pave­
ments. The analysis of the failure modes is based a priori on 
uniform support conditions. This analysis requires the use of 
a non- or low-erodible subbase. The failure modes are illus­
trated in Figure 1 in typical developmental sequence. Mode 
I failure is fracturing because of reinforcing bar pullout from 
the surrounding concrete . Fracturing of this nature has been 
noted in concrete pullout tests (17,18) and develops in the 
concrete at a steel stress range of 14 to 18 ksi. Field measure­
ments of steel strains at the crack face indicate that this range 
of stress is frequently exceeded in the colder months of the 
year. Cyclic bond stresses in the concrete induced from envi­
ronmental factors can result in a crack growth process, noted 
in the field study (16), around the reinforcing bar, effectively 
destroying the load transfer capability of the bar as a void 
develops. Additionally, a loss of bond stiffness (19) and pave­
ment bending stiffness occurs. Bearing failure or rebar loose­
ness can also lead to a void around the reinforcement and 
can have a detrimental effect on the pavement performance 
similar to the pullout fracture. Pullout failure may be difficult 
to avoid since the threshold stress is frequently exceeded. 
Therefore, the load transfer contribution of the reinforcing 
bar should be ignored. 

Mode II, spalling of the transverse crack, is a function of 
the pavement stiffness. Because of the above assumption about 
the development of rebar voids , the pavement stiffness is 
significantly reduced. A certain amount of support loss can 
be allowed because results from the field study indicate that 
good performing CRC pavements have experienced some loss 
of edge support. As suggested in one study , there may be a 
reduction in pavement stiffness at the cracks because of grad­
ual joint deterioration and declining load transfer efficiency 
(20) . These conditions provide adequate justification to deter­
mine spall-related stresses based on a reduced pavement stiff­
ness . The pavement stiffness cycles between high and low, 
mostly as a function of the temperature and the concomitant 
opening and closing of the cracks. The reduction in stiffness 
behavior, which occurs on a daily basis, can be assumed to 
predominate during the winter season. Reduced pavement 
stiffness is not only a function of the crack width (21) but also 
of the position of the reinforcing steel (22). Therefore , spall­
related stresses can be determined as a function of the pave­
ment stiffness , design crack width, steel percentage, and the 
position of the reinforcement in the lab. The narrower the 
transverse cracks the stiffer the ov rail pavement system, which 
in turn lowers the spall-related stresses. This mode of failure 
is a visual sign of progressive punchout development. 

Failure mode III, shown in Figure 1, is a loss of load transfer 
along transverse cracks. Since the bar is assumed to provide 
no load transfer, the load transfer of the crack is solely a 
function of the crack width. Given a constant crack width, 
the load transfer will decrease under repetitive loading. The 
resulting load transfer efficiency is based on test results by 
the Portland Cement Association (PCA) (5) for 1 million load 
applications, which are interpreted as 1 million coverages. 
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m 

FIGURE 1 Failure modes related to punchout distress in CRC pavement. 

The final mode of failure, mode IV, is related to bending 
stresses in the transverse direction. These stresses typically 
are not significant in CRC pavement so long as there is a high 
load transfer across the cracks (before spalling) or the crack 
spacing is greater than 4 ft. Transverse bending stresses should 
be considered in most instances since the crack spacing distri­
bution in CRC pavement typically ranges below 4 ft. The load 
transfer has been noted to decrease significantly with spalling 
(type 2) in CRC pavements with thicknesses between 8 and 
10 in. The transverse bending stresses should be increased in 
response to the change in load transfer. 

SHEAR AND LOAD TRANSFER MECHANISM 

As suggested in the description of mode I failure, a reduction 
in pavement stiffness may result from either pullout failure 
or bearing failure around the steel, both of which have been 
observed in field studies. The alternative to the development 
of excessive bar looseness is cone pullout fracture, which, if 
it occurs, will be the dominant cause for loss of pavement 
stiffness. In either case, the load transfer capability of the 

steel is lost and the load transfer consequently becomes de­
pendent on the crack width and the aggregate interlock . Col­
ley and Humphrey (5) of the PCA developed laboratory test 
data investigating the effect of crack width caused by aggre­
gate interlock on load transfer characteristics in concrete 
pavements. This study was conducted using an instrumented 
test slab shown in Figure 2 subjected to a repetitive 9-kip 
load . The joint in the test slab was an induced crack from a 
metal strip 1 in. in height placed at the pavement bottom and 
top . During the repetitive loading, measurements of joint 
opening and slab deflections on the loaded and unloaded slab 
were made at regular intervals. The loading sequence across 
the joint was similar to a continuous application of truck loads 
traveling approximately 30 mph. Test results in the form of 
joint effectiveness (E), joint opening, and loading cycles for 
a 7- and a 9-in. slab thickness using a 6-in. gravel subbase are 
shown in Figure 3a and b. Joint effectiveness is similar to load 
transfer efficiency in that if the deflections on the loaded and 
unloaded slabs are equal then the joint effectiveness is 100 
percent. [Note: the load transfer efficiency (L TE) is the 
unloaded deflection divided by the loaded deflection , in per­
cent.] 
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FIGURE 2 Plan of PCA test slab and instrumentation (5). 
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FIGURE 3 Influence of joint opening on effectiveness: (top) 
9-in. concrete slah, 6-in. gravel suhhase (5); (bottom) 7-in. concrete 
slab , 6-in. gravel subbase (5). 

The results indicate that the joint effectiveness tends to 
level off after about 700,000 to 800,000 load applications. The 
level of joint effectiveness at 1 million applications may pro­
vide a useful basis relating joint or crack width to an ultimate 
joint effectiveness for design purposes. Figure 4 shows the 
change in the final joint effectiveness with the joint opening 
for the 7- and 9-in. thicknesses. Some results were also obtained 
for other subbase types and are shown in Figure 4, which 
indicate that foundation strength can improve the load trans­
fer performance. The results from the 7- and 9-in. thicknesses 
are linearly extended to include other thicknesses. The joint 
effectiveness from the linear extensions was converted into 
load transfer efficiency and replotted in Figure 5. Further 
laboratory tests and field studies should be conducted to val­
idate the extrapolations made from the PCA test data . 

To extend the results of the PCA load tests to other load 
conditions and pavement configurations, load or shear stresses 

caused by the aggregate interlock must be determined for the 
test conditions. Using the load results directly is not reason­
able since the laboratory loading conditions are different from 
those in actual CRC pavement. This difference is mostly because 
of the width of the test specimen, load position, and the height 
of the roughened interface where the aggregate interlock func­
tioned. All of these factors can be accounted for in the slab 
analysis model ILLI-SLAB (13). This model allows deter­
mination of the load transferred by the aggregate interlock 
at each node along the transverse crack. Modeling the test 
slab with the ILLI-SLAB program yielded load stresses on 
the joint face for the test thicknesses plus the range of thick­
nesses in which the load transfer data had been extended . 
These results are shown in Figure 6. 

Shear stresses can be found from other slab configurations, 
such as CRC pavement with closely spaced cracking (Figure 
7), and related to the test slab conditions. A comparison of 
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FIGURE 7 Shear load for various load conditions. 
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a bituminous shoulder and a 2-ft extended driving lane is made 
in Figure 7 with the PCA test slab. An edge load position for 
the bituminous shoulder is adjacent to the outer pavement 
edge where an edge load position for the extended driving 
lane is 2 ft from the outer pavement edge. Greater shear 
stresses occur with a bituminous shoulder condition. The edge 
loading of a bituminous shoulder with non-uniform support 
represents the most severe loading conditions for shear stresses, 
as would be expected . The non-uniform support condition 
(see Figure 13) extends across the lane under the loaded slab 
in the ILLI-SLAB model. The loading condition for a 2-ft 
extended driving lane is not as severe as the loading conditions 
for the PCA test slab, whereas a bituminous shoulder load 
condition with the rebar contributing to the load transfer fur­
ther lowers the shear stress. However, the latter difference is 
not as pronounced with L TEs greater than 90 percent. Little 
difference in shear stress is noted between an interior load 
position (inner wheel path) and the edge load position with 
the extended driving lane. Similar results were found between 
a 10-foot tied concrete shoulder and the extended driving lane. 

Figure 6 in<lic.:ales ll1e L TE for a given thickness nnd load 
stres information that is entered into Figure 5 to <let rmine 
the required joint oreni ng (or crack width in the case of R 
pavements) to maintain the given level of LTE for 1 million 
coverage . Usi ng Figures 6 and 5, in that order, the corre-
p nding limit ing crack width ar found and illustrated in 
igure . This figure draw a c mparison of edge loading 

between a .bituminou shoulder and a 2-ft extended driving 
lane, with change in slab thickness at approximately a 95 
percent LTE. This figure de cribes a fundamenta l re lati n ·hip 
between required r limiting crack width and pavement thick­
ness in terms of load transfer applicable to CRC thickness 
design. 

SPALLING ON THE TRANSVERSE CRACK 

Spall ing in C L<. -· pavement has been h wn to be related lo 
the loss of bending stiffnes at the transverse crack (16). Dis­
cussions and results indicated that the reduction in bending 
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gross moment of inertia (lg). 
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stiffness was cyclic in nature and dependent on the overall 
pavement temperature. Effective stiffness determined from 
NDT results indicated that a reduction in pavement bending 
stiffness of 90 percent was not uncommon. On this basis, spall 
stress can be determined using equations derived from elastic 
analysis of a crack section presented for the reduced moment 
of inertia (/erk): 

d = depth of steel, 
t = pavement thickness, and 

p = percent of steel [steel area (As)/concrete area (Ac)]. 

The reduced bending stiffness is found from a ratio of the 
cracked moment of inertia to the uncracked moment of inertia 
(Figure 9). 

Zuk's (21) laboratory results for a cracked section shown 
in Figure 10 provide a relationship between the bending stiff­
ness and the crack width for a cracked section. This relation­
ship is extended to other cracked sections on the basis of the 
cracked moment of inertia, which is a function of the percent 
and position of the reinforcement. The percent reinforcement 
in the test specimens used by Zuk was 2.2 percent. The cracked 
moment of inertia for the test specimens was 17. 9 percent of 
the gross moment of inertia (/

8
). The same analysis can be 

applied to different thicknesses of CRC pavement shown in 
Figure 9 for 0.7 percent steel with various depths to the cen­
troid of the reinforcement. Using the ratio between the per-

/erk b(kd)3/3 + Nas(d - kd)2 

(kd) 3/3 + ntp(d - kd)2 (per width b) 

where 

b = unit width, 
kd = distance to the neutral bending axis of the trans­

formed section, 
n = modular ratio [steel modulus (£,)/concrete modulus 

(Ee)], 
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FIGURE 11 Transformation of cracked CRC pavement 
section. 

cent reduction in the lg for the CRC pavement sections to the 
percent reduction in lg of the Zuk test specimens, a bending 
stiffness and crack width relationship can be developed for 
CRC pavement shown in Figure 10. In this figure, a com­
parison between the bending stiffness of a Zuk test specimen 
and a 9-in. cracked CRC section with 0.7 percent steel placed 
at various depths is shown. A crack width/stiffness relation­
ship is defined as a function of the depth of steel. 

The spall stresses may be found from the compressive and 
shear stress that develop on the transverse crack face while 
under load. Shear stresses, which have been discussed pre­
viously, and compressive stresses found independent! y and 
superimposed on the crack face can be one method of finding 
the spalling stress. The compressive stresses can be deter­
mined using ILLI-SLAB to model a transformed section of 
CRC pavement. The transformed section is the equivalent of 
a cracked section with steel reinforcement that has homo­
geneous material properties and provides the same bending 
stiffness as the cracked section (Figure 11). The cracked moment 
of inertia is used to determme the depth (he) ot the trans­
formed section as he = 3V (12Icrk) (per unit width). A com­
parison between the depth to steel (d), depth to the neutral 
axis (kd), and the equivalent depth (he) indicates that the 
equivalent depth is greater than kd but less than d. The equa­
tion for k is found in terms of the depth to the centroid of 
the steel. 

k = {[pn(pn + 2r)] 112 - np}lr 

where r is the ratio of the depth to the centroid of the steel 
(d) to the pavement thickness (t). 

The equivalent depth (Figure 11) is input into ILLI-SLAB 
as the depth of the elements comprising a special case trans­
verse crack. Load transfer by aggregate interlock is normally 
modeled in the ILLI-SLAB program by a spring element with 
1 degree of freedom with displacement in the vertical direction 
at each node (13). The special case transverse crack is repre­
sented with reduced depth elements to model the change in 
bending stiffness that occurs at the crack. Modeling the trans-
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verse crack in this manner allows compressive stresses (aex) 
and the bending moment (Me) to be determined for the equiv­
alent section as 

The compressive stress (acx) of the cracked section is based 
on the equivalent bending moment (:rigure 12): 

Me= Cjd = Tjd 

= O"cxkd(d - kd/3)/2 

O"cx = 6Me/[kd2(3 - k)] 

The compressive stress is a function of the depth of the rein­
forcement (d) below the pavement surface, as shown in Figure 
13. Compressive stresses for supported and unsupported con­
ditions are included in the figure. In an unsupported condi­
tion, the pavement is only partially supported across the width 
of the lane shown in the figme. This condition is represented 
in ILLI-SLAB by a reduced K value under the loaded slab. 
The depth of steel is extended to the bottom of the pavement 
section, which represents the stresses, which are small, in an 
uncracked section. The compressive stresses approach this 
condition for high radius ofrelative stiffness (lk) values. (Note: 
lk = [Eh3/[12 (1 - µ,) 2k]}11', where E, h, andµ, are the mod­
ulus of elasticity, pavement thickness, and Poisson's ratio, 
respectively.) The compressive stresses are much greater in 
the region of low lk values. The compressive stresses are a 
function of the depth of steel in this region. 

The finite element method (FEM) was again employed to 
develop spall-related stresses from a combined loading of 
compressive and shear stresses. The FEM mesh with the 
superimposed loading is shown in Figure 14 in which a 6-in. 
section of pavement was modeled using a linear, plane strain 
element. A boundary condition of zero displacement was used 
on the opposite boundary. The FEM results were consistent 
as long as the model section of pavement was 6 in. or greater. 
The maximum tensile stress normally occurs near the neutral 
bending axis on the crack face. Field results indicated that 
severe spalling is approximately 2 to 3 in. in depth. Spalling 
can begin closer to the pavement surface for unsupported 
conditions since the shear stress may not act over the full 
pavement thickness. Shear stresses were limited to the pave­
ment above the steel for the unsupported conditions, whereas 
shear stresses were applied over the full pavement depth for 
the supported conditions. The support conditions have a sig-

d 

S~C llOR 

Equivolenl Seclion Crocked Section 

FIGURE 12 Bending moment in equivalent and 
cracked sections. 
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FIGURE 13 Compressive stress for a bituminous shoulder of a cracked section 
based on ILLI-SLAB analysis. 
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FIGURE 14 Nodal and loading layout for FEM modeling. (Element numbers 
are shown; nodal coordinates are in inches.) 

nificant effect on the spalling stresses. The modeling of unsup­
ported loading conditions tends to verify the field observa­
tions. The maximum tensile stresses are shown in Figure 15 
as a function of the depth to steel and the support condition. 
The extended driving lane and the 10-ft tied shoulder reduce 
spalling stresses approximately 30 percent. 

Figures 10 and 15 indicate that the crack width and the 
depth of steel have an influence on the pavement stiffness 
and consequently will also influence the spall stresses. Figure 
16a illustrates the relationship between spall stress and pave­
ment stiffness (caused by the effect of depth of steel). This 
information can be combined with information from Figure 
10 to draw a relationship between crack width and spall stress 
for a given depth of steel shown in Figure 16b. The change 
in spall stresses is on the order of 50 to 60 psi between the 
range of crack widths of 10 to 40 mils (1 mil = 10- 3 in.) . 
Crack widths below 10 mils correspond to low spall stresses. 

This value corresponds to conditions of high pavement stiff­
ness, as measured by lk values at transverse cracks approxi­
mately 30 in. and greater, which may exist roughly 25 percent 
of the time. 

TRANSVERSE BENDING STRESSES 

The formation of longitudinal cracking by lateral stresses caused 
by wheel load has been thoroughly reviewed by others (11) . 
Crack spacing and load transfer have been shown to signifi­
cantly affect the lateral stresses. Transverse bending stresses 
(rra), illustrated in Figure 17a, are low at high values of LTE. 
Based on ILLI-SLAB results, the effect of support conditions 
are shown for a 2-ft crack spacing in Figure 17 b. These stresses 
are significant below an LTE of 70 percent but increase at a 
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uniform rate below 90 percent LTE. In comparison, the lon­
gitudinal bending stresses (ah) are relatively low and normally 
of no concern. According to these results, loss of load transfer 
has a more significant effect on the bending stresses than does 
loss of support. The loss of load transfer must develop before 
longitudinal cracking stresses develop. This point reemphas­
izes the importance of the spalling mechanism discussed pre­
viously in a thickness design procedure. 

Figure 18 illustrates a comparison between a. and ab and 
provides some basis for selection of optimal crack spacing. 
The ab stress drops with decreasing crack spacing as long as 
the load transfer remains high. In the case of spalling and loss 
of load transfer, a crack spacing between 3 and 4 ft is desired. 
This cracking interval is selected because if the L TE remains 
high then either of the stresses within that range is not exces­
sive. However, if the LTE becomes low then the stresses 
corresponding to the high load transfer condition will not be 

exceeded. Crack spacing outside of this range will cause higher 
stresses in either case of LTE, leading to a shorter fatigue 
life. The crack spacing range of 3 to 4 ft provides a balance 
between the maximum stresses a. and ab, causing the stresses 
to be somewhat independent of the load transfer. Spall stresses 
can have a significant influence on the thickness design for a 
2-ft crack spacing but would have less of an impact for a 4-ft 
crack spacing. Deflection and subgrade stresses are not a 
problem unless the cracking spacing drops below 3 ft. A bal­
anced condition between stresses a. and ab results in the case 
of a 2-ft extended driving lane or a 10-ft tied shoulder for a 
crack spacing range between 5 and 6 ft. The stresses are much 
lower than those for the bituminous shoulder case in the 3-
to 4-ft range. The stresses in the 3- to 4-ft range for the 2-ft 
extended shoulder case are approximately 5 to 6 percent lower 
than the stresses for the bituminous shoulder case in the same 
range. 



Load Stress (psi) 
eoo ..--~~~~~~~~-,-~~~~~~~~~~~~~~~-. 

500 

400 

300 

200 

100 

LTE • 3-10% 

LTE • 70-80% 

LTE • 90-100% 

................ -- Stress A 

0 '--------~--~--~--~----'-~---'-----'-----'----' 

0 2 3 4 5 6 7 
Crack Spacing (Ft) 

8 9 10 

FIGURE 18 Comparison or <r0 and <Tb with crack spacing for a 10-in. pavement 
thickness. 

Lateral Bending Stress (psi) 
300 .------===-----------~-------, 

250 

200 

150 

100 

50 ........ ~·---··--- --- .... 

Low LTE 

High LTE 

0 1<-:-'-:-..__~~~~~~~~-->.\:-~~~--::~-==::;;,.-=:..;..:..-i 

-50 
-100 Note: Stress wllh respect to 

pavement surface(• Is tension) 
-150 

-200 
Wheel Load Pos ition 

-250 ,. 
-300 ~, ;~-~. 

0 24 48 72 96 120 144 

Distance from Pavement Edge (in) 

Lateral Bending Stress (psi) 
300 ~-----------------------~ 

250 

200 

150 

100 

50 

0 

-50 

-100 

-150 

-200 

-250 

... ....... Note: Stress wllh respect to 
pavement surlece (• Is tension) 

./ 

__ ./,, .. ~ · -

Low LTE 

High LTE 

-3oo =s~:a_ _ _i_ ___ _._ ____ .___£·~-~""""· ____ .._ _ _ _ _, 

24 48 72 96 120 144 

Distance from Edge of Shoulder (in) 

FIGURE 19 Comparison between shoulder types of stress distribution 
for 9-in. pavement (2-ft crack spacing): (top) bituminous shoulder; 
(bottom) 2-ft extended driving lane. 

168 



Zollinger and Barenberg 

The location of the maximum bending stress is between the 
wheel load positions approximately 30 in. from the pavement 
edge for a bituminous shoulder type. The maximum stress 
location of the 2-ft extended driving lane changes to the inner 
load position. The stress distribution for these two shoulder 
types is illustrated in Figure 19 for a 9-in. CRC pavement and 
for two levels of load transfer. The load behavior for a 10-ft 
tied shoulder is similar to that for a 2-ft extended driving lane, 
except that the maximum stresses with a 10-ft tied shoulder 
are 20 to 30 psi lower. 

SUMMARY 

Current thickness design procedures inadequately address 
punchout distress and mechanisms related to it. CRC pave­
ment behavior is different from jointed concrete behavior, 
and thickness design should not be based on jointed concrete 
thickness design methods. Design methods that allow for sub­
base erosion should be based on failure mechanisms leading 
to punchout distress. CRC pavement performance has indi­
cated that a small amount of erosion can be tolerated, but 
good design practice should require low or nonerodible sub­
bases. Subbase design is critical to CRC pavement perfor­
mance since loss of support leading to loss of load transfer 
has been identified as the primary cause of punchout distress. 
An optimum crack spacing between 3 and 4 ft is desirable 
since the maximum longitudinal and transverse bending stresses 
are minimized in terms of load transfer within this cracking 
range. Maintaining high load transfer is critical to good CRC 
pavement performance, particularly outside of this cracking 
interval, and is highly dependent on the crack width. 

Basic failure modes leading to punchout distress were pro­
posed based on a field study and literature surveys of CRC 
pavement performance. Failure mechanisms were suggested 
and analyzed in terms of crack widths, pavement stiffness, 
and load transfer. Although the analysis in some instances 
extended beyond the limits of the original test data, a useful 
method was established in which to consider such data and a 
basis was provided for conducting further testing. 
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