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Warping Stresses and Deflections in

Concrete Pavements: Part III

A. S. REDDY, G. A. LEONARDS, and M. E. HARR, respectively, Research Assistant,
School of Civil Engineering; Professor of Soil Mechanics; and Associate Professor
of Soil Mechanics, Purdue University

The role of theoretical analyses in the development of reliable design
criteria for concrete pavements is reviewed. Available theories are
examined in the light of performance records. As the underlying as-
sumptions are incomplete, the usefulness of these theories is limited;
moreover, the concepts involved have restricted planning of field ex-
perimentsto the point where significant variables have notbeen meas-
ured, with the result thatinterpretation of the data is confused and the
findings inconclusive.

A theory is presented which accounts for warping produced by non-
linear temperature and moisture variations of sufficient magnitude to
result in a partly supported slab, and the subgrade support character-
istics are generalized to include time-dependent deformations. The
behavior of concrete pavements predicted by thistheory is found to be
compatible with field performance; its use as a basis for designing
more significant field experiments is recommended.

eACCORDING to Farrell and Paterick (1), expenditures for all types of surfacing on
primary and secondary roads have comprised about 40 percent of the construction
funds for highways as compared with about 25 percent, each, for grading and struc-
tures. In 1960, about 4, 000 miles of new concrete pavements were constructed in the
United States (g), an increase of approximately 60 percent over that being constructed
during the previous five years. Thus, expenditures for concrete pavements represent
an important and increasing fraction of the nation's highway investment. The need for
improved design criteria is now more pressing than ever.

DEVELOPMENT OF DESIGN CRITERIA

Over a period of some 50 years, each of the following approaches has aided materi-
ally in the development of design procedures for concrete pavements: (a) laboratory
experiments, (b) controlled field experiments—test sections and test roads, (c) obser-
vations of prototype performance, and (d) theoretical analyses. The relative utility of
these techniques will be reviewed briefly.

Highway pavements are among the most complex structures with which the civil
engineer has to deal. The loads are variable in magnitude, space, and time, and large
numbers of load repetitions must be taken into account; major changes in topography,
subgrade materials, ground water and drainage conditions are common; the behavior
of layered systems with widely different strength and displacement tolerances must be
evaluated; and local variations in climatic conditions affect performance to a greater
extent than in virtually any other structure of concern to the civil engineer.

Faced with such variety of significant variables, laboratory tests in which it is
feasible to control only a limited number of variables and geometries can be of value
primarily for the purpose of elucidating specific phenomena, such as, the effects of
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repeated loads on cumulative deflections, the pumping characteristics of various types
of subbases, the relative shear strength of subgrade soils, and the effects of compac-
tion. Although such studies are very useful, in the absence of a mechanism for com-
bining the interactions of these properties with other factors affecting pavement per-
formance, laboratory tests are inherently incapable of leading to the formulation of
more reliable overall design procedures.

Test sections and test roads permit control of a number of variables under specific
prototype conditions. Highway engineers have had the foresight to use this tool to a
greater extent than their counterparts in structural and foundation engineering, yet
these efforts have not led to the development of generally valid design criteria. This
is because prototype conditions vary widely from locality to locality and adequate pro-
cedures for translating behavior—and the interactions contingent upon this behavior —
from one locality to another are not yet available. Perhaps the most valuable aspect
of a test road is its use to assess the validity of a design procedure. Comparisons of
this nature have almost invariably demonstrated that large disparities exist between
predicted and observed behavior. It is still widely believed that the stronger the sup-
port beneath a concrete pavement the better the performance of the pavement for a
given set of loading conditions. Table 1 is an abbreviated summary of the rigid pave-
ment survival data obtained at the AASHO Road Test (§). It is apparent that subbase
thickness had a minor influence on performance. In contrast to the behavior of flexible
pavements, single-axle loads were hardly more damaging than their (theoretically)
equivalent tandem-axle loads, but what assurance can be given that this will also be
the case under a different set of prototype conditions ? On the other hand, if an analysis
were available that could predict such performance, and this prediction could be veri-
fied in a test road under another set of conditions, designs for other environments and
loading arrangements could subsequently be made with confidence. These considera-
tions illustrate the strength and weaknesses of the test road approach in furthering the
development of reliable design concepts.

Observation of prototype performance still remains a primary basis of pavement
design procedures. Investigation of failures has led to a gradual evolution in design
practices so that today satisfactory pavements can be constructed to suit local condi-
tions almost anywhere in the United States. However, this approach has many draw-
backs. In the 1940's, when vehicle loads and numbers were increasing rapidly, ex-
perience could not keep pace with changing conditions. The situation has been partly
remedied by enacting laws to limit vehicle loads, yet evidence is lacking to the effect

TABLE 1

ABBREVIATED SUMMARY OF PERFORMANCE DATA, NONREINFORCED
CONCRETE PAVEMENTS AT AASHO ROAD TEST

Axia Subt Axle Applications (1,000's) to Failure®
Loop Load Thickness P 17 5 1y e 12-
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aFailure is taken at a serviceabillty index of 1.5. Numbers in parentheses are serviceability in-
dices at end of test (no failure). S = single axle, T = tandem axle.



that current legal restrictions represent an optimum combination of road costs and
vehicle efficiency and experiments with vehicle design (as related to pavement design)
have been greatly restricted. Furthermore, due to changes in local conditions, vir-
tually every state uses a different design procedure, hampering exchanges in experience
between states and greatly limiting the possibilities of utilizing 50 years of road-build-
ing experience in this country in the design of equally satisfactory roads abroad. Most
serious of all, although a number of current designs have proven satisfactory, there is
no basis for deciding that they are necessarily the most economical. Some recent de-
signs have been disappointing, and proposals for radical changes in pavements sec-
tions, such as the use of insulating layers for the purpose of attenuating the detrimental
effects of frost action, cannot be fully accepted until a record of satisfactory perfor-
mance based on trial and error techniques has been developed.

It is apparent, therefore, that the lack of adequate theory has been the largest
single factor hampering further progress in highway pavement design. The validity
of a theory can readily be assessed, partly in the laboratory, but principally by the
use of test sections or by observations of prototype behavior. If a theory embraces
the significant aspects of the problem, it can form the strongest link possible for trans-
lating experience from one locality to another. No restrictions need be placed on
changing conditions, and the most economical (yet satisfactory) design can quickly be
arrived at for any specific set of conditions. The history of technological develop-
ment in every area of human endeavor bears eloquent testimony to the validity of these
facts. A sustained and concerted effort to develop more reliable theories of pavement
design is urgently needed if the public is to receive the fullest possible benefits from
its highway dollar.

REVIEW OF AVAILABLE THEORIES

In earlier papers (4, 20,), the factors that influence the performance of concrete
pavements were reviewed. Although it was recognized that the development of cracks
in concrete pavements was not necessarily indicative of impending failure, cracks in
existing roads generally reflect deficiencies in design and construction practices. The
occurrence of these cracks may not be injurious initially from the standpoint of driving
comfort, but rather from the danger of water penetration (and subsequent loss of sup-
port), from the loss of effective load transfer and reduced mass of the individual slabs,
and from the danger of spalling and increased pavement deterioration. The gradual
elimination of diagonal (corner) and longitudinal cracks in concrete pavements was
traced, and it was shown that (except in special cases) failure of modern concrete
pavements could not be attributed to weak subgrade support, pavement pumping, frost
action, poor load transfer at joints, or deterioration of unsound concrete. Extensive
performance data were cited to show that by far the major proportion of cracks were
oriented transversely to the direction of the road and that they were caused primarily
by the combined effects of pavement warping and superimposed traffic loads. Unequiv-
ocal evidence was presented to the effect that, for typical ambient conditions, varia-
tions in temperature and moisture with slab thickness induced warping of sufficient
magnitude to result in partlally supported slabs.

Although Goldbeck (5) in 1919 and Older (6) in 1921 independently derived a ''corner
formula" for the required thickness of concrete pavement slabs (to account for loss of
support at the corners due to weak subgrades and temperature and moisture differ-
entials), the first completely rational theoretical analysis was contributed by Wester-
gaard (7) in 1926. In 1927 Westergaard (8) extended his analysis to the consideration
of stresses and deflections induced in the slab by uniform temperature gradients. With
mod1f1cat10ns to account for the effects of adjacent loads (9), impact (10), load repetl—
serves as a framework around which. cﬁreﬁfde_mgn_ procedures for concrete pave-
ments are built. It is pertinent, therefore, to review the basic assumptions made in
this theory; namely, (a) that the temperature gradients are uniform, (b) that the slab
remains at all times in full contact with its support, and (c) that the support can be
represented by independent elastic springs of constant stiffness, as suggested earlier
by Winkler (16).



The consequences of these assumptions has been the development of a conceptionally
inadequate basis for predicting the behavior of concrete pavements. They suggest that
the critical stresses will produce diagonal cracks at the corners, whereas the majority
of cracks are now transverse. They indicate that, for a given set of conditions, an
increase in subgrade modulus would permit the use of a reduced slab thickness, where-
as it has been known for some time that concrete pavements placed on rock break up
rapidly. The general lack of correlation between subgrade modulus and pavement per-
formance is now well documented (3). Moreover investigations to evaluate the behavior
of concrete pavements have generated considerable confusion, as deflections and strains
have been measured without full knowledge of the actual support conditions at the time
the measurements were taken,

In 1959, Harr and Leonards (4 40) solved the ''slab on ground' problem to include
the (more common) case where warping due to temperature and/or moisture gradients
results in partly supported slabs. For the first time, it was shown analytically that
high values of the subgrade modulus (K) can result in increasing (rather than decreas-
ing) critical stresses due to warping and that interactions between slab size and thick-
ness, degree of subgrade support, and concrete quality may result in either increasing
or decreasing critical (tensile) stresses with increasing values of K. However, the
concept of a subgrade modulus (Winkler foundation), and the assumption of a uniform
temperature gradient was retained.

The Winkler type foundation lacks continuity in the medium (shear stresses are ne-
glected) and poses severe problems in determining appropriate values of K (17). For
this reason, a number of investigators have preferred to replace the Winkler founda-
tion with an elastic continuum (18). Hetenyi (19) observed: 'Though the first type
[Winkler foundation] is mathematically simpler, one should not regard it, as some
investigators do, as an approximate or elementary solution for the elastic solid founda-
tion, because of its own physical characteristics and significance."

Full scale experiments (20) on a slab warped by temperature gradients to a condi-
tion of partial support corroborate this view for short-term loadings. However, under
sustained loadings (such as the weight of the slab), most subgrade soils suffer time-
dependent deformations due to consolidation or creep processes, or to a combination
of these factors. (Depending on the relative rates of these processes, creep in the con-
crete slab may also be important,) Such time-dependent deformations may be simu-
lated by viscoelastic models (21, 22).

A variety of mechanical models has been proposed (23) to simulate the behavior of
the viscoelastic materials. These generally consist of various combinations of three
fundamental types: (a) Maxwell element, (b) Kelvin element and (c) standard solid ele-
ment (Fig. 1). Freudenthal and Lorsch (24) discussed the three mechanical models
and compared the behavior of these models with the actual behavior of soil. Graphs
were presented to indicate that the standard solid model gives the best approximation
to the actual behavior of soil.

For problems whose geometry does not vary with time, the time dependency of the
viscoelastic problem can be removed by taking the Laplace transform of the differen-
tial equations and boundary conditions. This operation transforms the viscoelastic
problem into an elastic problem, and the inverse transform of the solution gives the
solution to the viscoelastic problem. Using this method, Freudenthal and Lorsch (24)
solved the problem of an infinite beam on a viscoelastic foundation; Hosken and Lee
(25) solved the problem of an infinite elastic plate on a v1scoe1ast1c foundation; Pister
and Williams (2 6) solved the problem of an infinite plate on a viscoelastic foundatmn
taking into account Reissner's (27) shear interactions; and Kerr (28) solved the prob-
lem of a rigid circular plate on a viscoelastic foundation taking into account shear in-
teractions. Lee (29), and Boley and Weiner (30), discuss other methods of solving
viscoelastic problems and include excellent bibliographies. For the special case
where the slab is in full contact with its support, the principle of superposition may be
applied and the use of the Laplace transform method is justified. However, for the
more common case of partial support, superposition is not applicable (even though the
differential equations are linear) because each component of loading has an independent
effect on the distance to the point of zero support (Fig. 2).
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Figure 1. Basic elements of viscoelastic models.
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Figure 2. Simplified diametral section of a warped slab.

In their solution of the partly supported slab on a Winkler foundation Harr and
Leonards (4, 20) assumed linear temperature (or moisture) variations through the
thickness of the slab, although observations by Teller and Sutherland (15), Lang (31),
and the Corps of Engineers (32) showed that curved temperature variations represent
the more usual distribution. This was based on the fact that Teller and Sutherland con-
cluded from their observations that linear variations are more critical, and the fact
that Thomlinson's analysis (33) of a simple harmonic variation in temperature at the
top surface of the slab (which resulted in curved temperature variations) gave values
of computed stresses less than those of Westergaard for a fully supported slab. How-
ever, once the solution to a partly supported slab on a viscoelastic foundation was ob-
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tained, it was realized that non-linear temperature (or moisture) variations could be
more critical than linear variations.

In summary, realistic analysis of the crilical siresses and delleclions thal develop
in concrete slabs on ground due to their weight, superimposed loads, and temperature
(and/or moisture) variations must take into account at least the following three physi-
cal phenomena:

1. Warping of sufficient magnitude to result in only partial support of the slab by
the ground;

2. Non-linear temperature (and/or moisture) variations as a function of slab
thickness; and

3. Subgrade reactions that are time-dependent.

This report presents an analysis that includes all three of these factors. Numerical
solutions were obtained for the Maxwell and standard solid models for linear (equiva-
lent) temperature variations, and for the case where the temperature variations can
be represented by the combination of a linear and a (symmetrically) curved variation.
Comparisons are made with the solutions obtained by Leonards and Harr (4) and with
field performance records. On the basis of these comparisons, the utility of the new
theory is assessed.

THEORY

Assumptions

1. Homogeneous, isotropic, circular slab with a free edge boundary obeying Hooke's
law.

2. The supporting medium is homogeneous and is represented at each point of con-
tact by an independent viscoelastic element.

3. Deflections of the slab are small in comparison to its thickness.

4, External forces acting on the slab are those due to gravity and/or a uniformly
distributed load acting normal to the surface of the slab. Inertia forces are neglected.

5. The slab is subjected to a temperature (and/or moisture) variation with depth
that is independent of time. The variation in temperature is constant on all planes
parallel to the upper and lower slab surfaces.

Notation

force
length
temperature
time
deflection, considered positive in the upward direction (L)
deflection at the nodal point n after mth increment in the value of the
radial distance to the point of zero deflection (L)
Young's modulus (F/L?)
Poisson's ratio
slab thickness (L)
any arbitrary distance from the center of the slab, positive down (L)
uniformly distributed load due to the weight of the slab and/or surface
loading (F/L?)
E H

T 12(1-p?)

temperature at depth y (T)

temperature difference between top and bottom of slab

spring constant for Winkler foundation or Maxwell model (F/L%
spring constant of upper spring in standard solid model (F/Ls)
spring constant of lower spring in standard solid model (F/ L?)
upward reaction on the slab at time t (F/L?)
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p' (t) = reaction on dash pot at time t (F/L?)
P (t) = reaction on lower spr'mg in standard solid model at time t (F/L?)
6 = dash pot constant (Ft/L°)
7 = dimensionless time factor (Kt/6)
o = linear coefficient of thermal expansion (T %)
XA = distance between two nodal points (L)
r = radial distance (L)
b = radial distance to point of zero deflection (L)
a = radius of slab (L)
tm = time required for the mth increment in the value of b (t)
V (r) = shear at point r (F/L)
M (r) = radial bending moment at point r (FL/L)
o (r) = radial stress at point r (F/L?)
2
vz T = a + .1_ i
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Analysis

The thermoelastic problem is first reduced to an equivalent elastic problem with
initial and boundary stresses. Consider a slab that is initially at a uniform tempera-
ture. Let the temperature at any distance y from the center of the slab be changed by
T (y). Stresses will be applied at the boundary to prevent deformations from occurring
within the slab due to the change in temperature. For the strains at all points to be
zero (30):

& ©r - kg + aT(y) = 0 (1a)
= (0 - KOP) + AT (y) = O (1b)

From Eqgs. la and 1b,
°r=-°iE:r£)=°e @)

Inasmuch as oy and og are equal, the values of the stresses in any other direction
must also equal 0.

Thus, to prevent deformations at all points within the slab, stresses or and og
given by Eq. 2 must be applied at every point within the slab and at the boundary of the
slab. However, since the boundary at r = a was initially assumed to be free, the
radial stress _ﬁgﬁ(ﬁﬂ must be removed at the boundary. This can be done con-
veniently by substituting a statically equivalent force system (which has the same re-
sultant force and moment per unit length) along the boundary but of opposite sign. The
thermoelastic problem is reduced to an elastic problem with a moment at r = a and
initial stresses at all values of r given by

_— +H/2
M(r)]r=a=m T (y) y dy (3)



i H/2
op (initial) = 7“;—5’1‘%—) + m”‘lf_#; . 2f+ - (v) dy (4)

Invoking Saint-Venant's principle (30, 34), the solution obtained using this substitu-
tion is very accurate at distances from the free edge larger than the thickness of the
slab.

The case where temperature increases with the depth of the slab (upward warping)
is treated in this paper. The slab is divided into zones as shown in Figure 2, Zone 1
represents the region that is in contact with the viscoelastic foundation. Zone 2 repre-
sents the region having no contact with the foundation.

The differential equation for zone 1 is (35)

&

D(a‘ﬂv +%83w _12

1 ow
S = 32 + F_B;) =q - p (t) (5)

ar® i

in which q is the superimposed axisymmetrical load and p (t) is the time-dependent
subgrade reaction.
The differential equation for zone 2 is (35)

DViw =q (6)

For the Maxwell model, p and w are related by

dw 13
RN )
For the standard solid maodel they are related by
ow _ 1 %p 1 3p°
3t T Kadt * Kp o (8a)
or
dw 12 A
e K—A _apt_ + % (8b)

The equivalent elastic problem is solved by the finite-difference method. The cen-
tral difference equations (36, 37) for the first four partial derivatives are (A, the dis-
tance between nodal points):

ozlw
© &
©
®

¥
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A diffel_-ence equation will be obtained for each of the interior points within zones 1
and 2. It is appgr:ent from Eq. 5 that a singularity occursatr = 0. The difficulty is
overcome by writing the differential equation in rectangular coordinates,

d%w . 23%w . d'w
ax*  xP3y? a3yt

a_p®
D D (10)
Taking the same origin for both polar and rectangular coordinates, due to radial sym-

metry atr = 0,

dw ow _ dw

% "3y 3 \Liz)
32y azw %y
o2 3y or® (11b)

T = = = '—w (110)

ox dy* 3% 3y?  ar?
Therefore
48%27:& -w(atr=0) (12a)
X D D
or
d
223 9 PO o (12b)

2w p dw
M = DI — B i S 13a
x (ar2 " r or e
2.
Asr-0, 13Ww 3w
r or dr?
Therefore .
o°w
Mr] =D (1 + p) —
atr = 0 % Vit

There are (n + 3) unknowns (Fig. 3); one nodal point at r = 0, n nodal points in
the slab, and 2 nodal points representing the boundary conditions; n equations are ob-
tained from interior points. At the boundary, two additional equations are obtained.
For the nodal point that is common tn zones one and two, another equation is obtained
by equating the difference equations for the common point. (Alternately, the summation
of vertical forces may be equated to zero (38). However, consideration of the differ-
ence equation for the nodal point common to zones 1 and 2 is much simpler from the
standpoint of obtaining numerical results on the computer.) Therefore there are as
many equations as unknowns.

If n is the nth nodal point, and using the sign conventions as shown in Figure 3,
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Figure 3. Nomenclature and sign convention for finite difference procedure.

-~ -

dW Wn+l = Wp-1
ﬁ S —__—Zk (143)
3%y _ Wni1 - 2wy + wWpog
ar? A2 ()
3% _ Yn+2 ~ 2wy 1 v 2%, _q - Wpop (14c)
ar® 223
3'w - Vneg " AW, q + Bwy - dw, g W (14d)
51‘4 —~ Xi
Taking the downward loading as q for zones 1 and 2:
D (V'w) = - ¢ + p(t) (15)
For any nth nodal point the difference equations are given by
o (2n® + 2n%) + w (-8n* - 4n* - 2n + 1) +
o® A2 ¥m, n+2 w0 / Wm, n+1 *
Wm, n (12n® + 4n) + Wm, n-1 (-8n® + 4n® - 2n - 1) +
Wm, n-2 n® - ZnZ)] = -a+ Pm, n (16)

where m is the mth increment in the value of b, the common point for zones 1 and 2.
For zone 2, p = 0 and for zone 1, p is a function of time.
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The relation of p with deflection and time for a Maxwell element is given by Eq. 7.
Writing the difference equation for this relation,

Ym, 5~ ¥Ym-1,n _ 1 (Pm,n - Pm-1,n) B Pm, n (17)
At K At §

m

where p,, , is the contact pressure at the nth nodal point after mth increment of b and
Aty is thé time required for increasing b from (m-1)th increment to mth increment,
Therefore,

KAtm
KWm,n =~ m-1,n) = ®m,n ~ Pm-1, n * —p Pm, n (18a)
KAt
K(Wm,n - wm—]_,n) = Pm, n (1 + —e—‘)' pm-]_,n (18b)
_ K(Wm, n” Y¥m-1, )+ Pm-1,n _
pm’ n KAtm
1+ —5) (18¢)
Kw Kw p
m, n N m-1,n m-1,n
KAty KAty KAt

(1 + ) =) (1+ )

Att = 0, thatis, form-1 = 0, KWy , = Po n (initial condition),

The relation of p with deflection and time of the standard solid element is given by
Eqs. 8a and b. Proceeding in the same manner as for the Maxwell element (38)

. KAWm,n "
Pm, n K, [Kpht, o
P Rg| T AL
14—
6
(pm—l,n KAwm—l,n) .
1 = By KBAtm/G
K'B KBAtm
1+
2]
K_At 1 + (K_At |
K, \ B~ m/6 B m/6
T P
K m-1,n
B - K_A KBAtm/G
KB . KBAtm (19)
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Att = 0, thatis, form-1 = 0, p’o n = 0 (initial condition).

Difference Equations for Boundary Conditions

For the shear atr = a to be zero,

3
-D 37 (V’w) = 0 (20a)
or
3%w 1 sw 1 3%
- D = — —
[ars Ear * o arz] . 0 (20b)

for which the difference equation is (n = a/A),

_D[Wm, a/A+2 = 2%m a/x+1 * 2Wyn a/A-1 - ¥m a/r-2
2x?

1 (wm, a/A+1 ~ Vm, a/x- 1)
-2 2

(Wm, a/A+l 2Wm, a/A " Vm, a/x- 1)] _ 0

1
= 21
a % 1)
For the moment at r = a to be Mg, as given by Eq. 3
3w g ow (
D{— + &= — = = 22
( = ¥ 5 Br) r a M, 22)
for which the difference equation is
D [(wm, a/A+l = 2y a/n * Vip, a/A-1 |
)\2
(w - w -1)
_“ m, a/k+1 2m, a./)\ 1 - MO (23)
2aX A
RESULTS

Computation Procedures

It is more convenient to work with increments in b, the radial distance to the point
of zero deflection and to calculate the corresponding time increment At rather than to
work directly with increments in time., In order to reduce the number of variables
involved, the solutions are presented in terms of a dimensionless "time factor."

For the Maxwell model:

At (24)

_X
T=%
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For the standard solid model:
K _At
r ==t (25)

The cogesponding time increments can be obtained from a knowledge of the relaxation
time, 6.

The starting point in the computations (t = 0) is the solution for a Winkler founda-
tion (g). From this value of b, the first increment in b is taken to the immediately
adjacent nodal point; thereafter, the increments in b equal the nodal point spacing A.

A decision must be made regarding the number of nodal points to be used in the nu-
merical solution. The number must be large enough to give sufficiently precise results
but not so large as to make the computational procedure too cumbersome. Further-
more, the value of A must be small enough so that data can be obtained for a sufficient
number of T-values to show the effects of the viscoelastic foundation as a function of
time.

For a =240 in., a value of A = 5 in. was selected; that is, a = 48 A. Thus, the
total number of nodal points is 48 + 1, the nodal point at r = 0. With the two differ-
ence equations representing the boundary conditions, the total number of simultaneous
equations to be solved is 51. A flow diagram (Fig. 4) for the FORTRAN source pro-
gram (39) is used in the solution; the complete program is given by Reddy (38). To
examine the precision of the result, a comparison of the deflection and stress atr =
0 for a = 48 A (51 equations), anda = 96 XA (99 equations), is given in Table 2, It
is apparent that A = 5 in. is a sufficiently small increment to give more than adequate
precision for practical purposes.

Numerical Results

Due to the large number of variables involved, it is impractical to present the re-
sults as an assembly of charts similar to those prepared by Harr and Leonards (4) for
the Winkler foundation. Numerical results are available (38) for the following combi~
nation of datafor the case of linear variation in temperature with depth: a = 240 in.;
H = 4& 12, and 24 in.; 4 = 0.15;« = 6 x 10~%in./in. /°F; AT = 30 F; and E =
3 x 10°and 5 x 10°% psi.

For the Maxwell model the values of K selected equal 100, 200, 400, and 700 pci;
for the standard solid model computations were made for the ratio Kpo/Kp equal to 0.5,
1.0, 3.0, and 10,0 with Ko = 100, 200, 400, and 700 pci.

For illustrative purposes, sets of three curves giving the deflection, radial stress
at upper surface of slab, and subgrade reaction as a function of radius and time factor
for a few combinations of the parameters listed above are shown in Figures 5 through
10. In spite of an extensive search of the literature, values of relaxation time K/8 ap-
propriate to this problem were not found. Therefore, interpretation of the results in
terms of actual times must await experimental determination of K/6-values,

If the temperature distribution is nonlinear the procedure is the same, except that
the initial stresses and deflections (at 7 = 0) must be determined for the case of a
slab on Winkler foundation with initial stresses and end moments as given by Eqs. 3
and 4 (40). If the temperature distribution can be approximated by

T(y) = Ay’Kk + By (26)

where, A and B are constants and k is any positive integer, the solution is greatly
simplified. Eq. 26 can be separated into two parts:

T = By 217)

T = Ayk (28)

Eq. 27 represents a linear temperature distribution whose solution has already been
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COMPARISON OF DEFLECTIONS AND TENSILE STRESS AT r

TABLE 2

15

0

b Time Factor Deflection (in. x 107%) Stress (psi)
(in.)
A =51In. A=2,51In, A =51In, A=2,5In, A =51In, A=2.5In.
175 0.3204 0.3200 2.000 1.973 527.0 526.9
180 1.540 1.536 3.388 3.389 529.5 528.8
185 3.560 3.586 5,697 5.633 538. 6 538.0
190 6. 662 6. 68 9.839 9.573 555.4 556.3
195 11,01 11,11 17.40 16.93 576.8 580.0
200 17.07 17,117 30.39 29,76 597.3 602.0
205 25.22 25.28 50.96 50.24 611.7 616.8
210 36.02 36.03 81.29 80.74 616.9 621.7
215 50. 14 50. 10 123.5 123.4 611.6 615.4
220 68.41 68.38 179.7 180.5 595.3 597.8
Maxwell model: K = 200 pci;a = 240 in.; E = 5,000, 000 psi; AT 30F; and
H = 4in.

T=0.85184 |

T = |.8524

I

E = 5,000,000 PSI

K = 200 PCI

AT = 30°F

H = 24

IN.

—1 008

—— 0.04

0.04

-0.08

-012

016

-0.20

240

220

200 180

Figure 5.

Deflection curves for slab on Maxwell foundation.
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E * 5,000,000 PSI \
K = 200 PCI

AT = 30°F

280 ——

RACIAL STRESS AT UPPER SURFACE OF 5LAR, IN PSI

40 220 200 180 160 140 120 100 80 &0 40 20 D
RADIAL DISTANCE,r, IN INCHES

Figure 6. Radial stresses for slab on Maxwell foundation.

= 5,000,000 PS!
K = 200 PCI
AT = 30°F —
H= 24 IN.

200 180 160 140 120 100 80 60 40 20 0
RADIAL DISTANCE, r, IN INCHES

Figure 7. Subgrade reaction for slab on Maxwell foundation.

SUBGRADE REACTION,p, IN PSI
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T = 0.50288
T =1.0009
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Figure 8. Deflection curves for slab on standard solid foundstion.
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Radial stresses for slab on standard solid foundation.
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Figure 10. Subgrade reaction and p® for slab on standard solid foundation.

given. Eq. 28 gives a temperature distribution that is symmetrical about the mid-
depth of the slab. The boundary moment (Eq. 3) is, therefore, zero; hence, this tem-
perature distribution produces only initial stresses (Eq. 4) and no additional warping
of the slab results. Because there is no change in geometry, the effects of the tem-
perature distributions defined by Eqs. 27 and 28 are directly additive. For example,
witha = 240 in.; H = 121in.; K = 200 pci; E = 5,000,000 psi:

Ty - 20y _ 30y (20)
H H* -

the initial stress due to the temperature distribution given by Eq. 28 equals (Eq. 4):

+H/2
c(initia,l):ﬂ- -T()+l T(y) dy| =
r 1_“ y H
-H/2
oE 30y? 1, ,30, H
== = .3 = 3
1-p [’L W@ % 12] (30)
fory = -6 = -H (top surface of slab):

2
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e o
oy (initial) = 22 (+ q . ?{—g)= (8 x 107 (6 x 10) (+ 3—0) = 176.5 psi
K a (tension)

Therefore, a tensile stress of 176.5 psi is added to the stresses obtained for the
linear temperature distribution (aty = -6, top surface of slab) for all values of r and
7. The deflections are identical with those obtained from the linear temperature dis-
tribution.

DISCUSSION OF RESULTS

Figure 11 shows the effect of the type of model assumed for the subgrade support on
the maximum tensile stress in the slab. For a 24-in. slab on a relatively weak sub-
grade, the Maxwell model results in a very large reduction in the maximum tensile
stress (compared to a Winkler foundation) at a time factor equal to 5. For large
values of Ko/Kp, the standard solid model tends towards the Maxwell model; at very
small values of KA/ Kp the standard solid model tends towards a Winkler foundation.
Thus, in general, the Winkler foundation and the Maxwell model bracket the range in
tensile stress likely to occur due to viscoelastic effects in the subgrade. An appropriate
standard solid model may be assumed to approximate relaxation effects, as suggested
by Freudenthal and Lorsch (24).

The effect of time on the maximum tensile stress in the slab is shown in Figure 12
for a weak subgrade, and in Figure 13 for a relatively strong subgrade. Two impor-
tant deductions can be made:

1. Viscoelastic effects in the subgrade cause important reductions in maximum
tensile stress with time in the case of thick slabs; for thin slabs, relaxation effects
are relatively minor and may even result in an increase in the maximum tensile stress
with time.

2. For thick slabs, the maximum tensile stresses are significantly lower for slabs
on weak subgrades as compared with strong subgrades.

350 | T I
> | ‘ I ,
o WINKLER FOUNDATION, K =200 PCl !
¢ 300 / | =} } ! |
g |
: ]
o STANDARD SOLID MODEL ‘
% Ky= 200 PCI E = 5,000,000 PS|
u T=50 AT = 30°F
E 200 g | : a =240 INCHES
e H =24 INCHES
- 4
g I\ I
o500t \4‘:_"*"‘--.-_-_-K‘_\-4 | | ——
o T
w
J
% 100 —t -~ ——t —
F .y | [

MAXWELL MODEL K=200 PCl, 7:5.0
50 | | | | l
0 | 2 3 4 ] 6 Vi 8 9 10

Ka’ Kg

Figure 11l. Effect of subgrade support on maximum tensile stress.
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Figure 12.
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Figure 13. Effect of time on tensile stress at center of slab—standard solid model.

Pending experimental verification of the theoretical results, it appears that the
combination of a thick slab and a weak subgrade will combat the detrimental effects of
warping most successfully, as shown by Figure 14 where the ratio of the tensile stress
at the center of the slab to the modulus of rupture is plotted for the three subgrade
models as a function of the modulus of subgrade reaction, For the two viscoelastic
models, values of T were selected so that relaxation is virtually complete (i.e., the
slabs have sunk into the ground until they are almost fully supported by the subgrade).
Assuming that the standard solid model is a reasonable approximation to reality, it is
seen that for thinner slabs little benefit is obtained as the stiffness of the subgrade
is increased. This is compatible with performance records obtained at the AASHO
Road Test (3) For thick slabs, increased subgrade stiffness is detrimental.

For a given temperature difference between the top and bottom of the slab, a non-
linear temperature distribution results in larger tensile stresses than a 11near tem-
perature distribution if the gradients in the top half of the slab thickness are larger
than in the bottom half (for the case of upward warping) and vice versa for downward
warping. Since this type of non-linear temperature distribution commonly occurs in
practice (15 31, 32), the non-linear case is critical from a design standpoint,

The analysis presented herein is sufficiently general to provide a sound basis for
significant field experiments. Procedures are available to measure temperature
gradients and degree of subgrade support (20); in fact, considerable data on tempera-
ture variations have already been accumulated (15, 31, 32). Measurement of the
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equivalent effect of transient moisture gradients is a more difficult problem, but
considerable progress has recently been made in this connection (41). Experiments
to determine the parameters KA, Kpo/Kp, and Kp/8 would permit a full appraisal of
the practical utility of the theory presented. Extension of the analysis to account for
the effects of moving loads over (partly supported) warped slabs, and for creep effects
in the slab itself, would establish the final link between theory and reality in the con-
crete pavement design problem.

CONCLUSIONS

1. On the basis of the assumptions stated herein, a theory has been developed
whereby the stresses, deflections, subgrade reaction, and degree of subgrade support
can be computed for finite slabs subject to: (a) warping due to linear or non-linear
temperature and/or moisture variations of sufficient magnitude to result in a partly
supported slab; and (b) subgrade supports consisting of a Winkler foundation or a
standard viscoelastic element.

2. Regardless of the type of subgrade support, thick slabs on weak subgrades de-
velop significantly lower (30 to 80%) tensile stresses due to warping than do thin slabs
on weak or strong subgrades, or thick slabs on strong subgrades. Thus, the com-
bination of thick slabs and weak subgrades will combat the detrimental effects of
warping most successfully.

3. Viscoelastic effects in the subgrade cause large reductions in the maximum
tensile stress with time in the case of thick slabs on weak subgrades; for thin slabs,
relaxation effects are relatively minor and may even result in an increase in the maxi-
mum tensile stress with time.

4, For a given temperature difference between slab surfaces, non-linear tem-
perature (or moisture) distributions result in larger tensile stresses than linear tem-
perature distributions if the gradients in the top half of the slab are larger than in the
bottom half (for the case of upward warping). Since such non-linear temperature dis-
tributions are commonly encountered in practice, the non-linear case is critical from
a design standpoint.

5. Although predictions based on the new theory are in qualitative agreement with
performance records, field experiments are needed (including measurement of the
significant parameters involved) to permit a full appraisal of its practical utility.
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Corrosion Resistance Study of
Nickel-Coated Dowel Bars

L. E. WOOD and R. P. LAVOIE, respectively, Associate Professor and Graduate
Research Assistant, School of Civil Engineering, Purdue University, Lafayette,
Indiana

In order that a transverse expansion joint in a rigid pavement
function properly, it is necessary that the load-transfer dowels
offer little resistance to slab movements. Increased use of
various salts for ice removal has caused dowel bar corrosion
tobe of some concern. The products of corrosionfromordinary
steel dowel bars exhibit a large volume increase which causes
a dowel to "freeze' so that it no longer functions properly.
The use of rust-resistant metal coatings on steel dowel bars
has shown promise in preventing the development of corrosion
products.

This investigation consisted of subjecting ordinary steel
dowel bars and varying thicknesses (3, 5, 7, and 10 mil) of
nickel-coated dowel bars, embedded in concrete beams, to a
soaking-in-brine and drying exposure. Periodically, the force
necessary to cause movement of the dowel bars was measured.

Based on the present exposure period, it is evident that a
very marked reduction in the force necessary to cause move-
ment of the nickel-coated dowel bars was observed when com-
pared to the uncoated dowel bars.

*CORROSION of load-transfer dowels has been one of the troublesome problems asso-
ciated with transverse joints in concrete pavement. Dowel corrosion results in re-
straint to longitudinal movement of the slab followed by pavement failure. VanBreemen
(l) concluded in his study of experimental dowel installations in New Jersey that ''pave-
ment failures have been due in large measure to deficiencies in joint design.' He also
found that at practically all of the joints with ordinary hot-rolled steel dowels, there
was a progressive development of restraint to changes in dimension. In Van Breemen's
study, all of the various dowel coatings, which included red lead, white lead, tar paint,
graphite paint, transmission oil, cylinder stock grease, and asphaltxc oils, deteriorated
so much that they were practically worthless after a short time.

Robert Mitchell (2), in his study of corrosion of load-transfer dowels in Connecticut,
found that the nickel-coated dowel appeared to hold considerable promise as a rust-free
dowel. At the time when Mitchell released his report, no conclusive evidence of a su-
perior rust-resisting quality between the various nickel coatings used had beennoticed.

This report presents experimental laboratory results obtained from accelerated cor-
rosion tests performed on nickel coatings of various thicknesses on 1%-in. round steel
dowels that were embedded in concrete blocks.

The metallurgical characteristics and manufacturing processes for the nickel-coated
dowels used in this study are described by Sanborn (3).

EXPERIMENTAL PROCEDURE

It has been observed from previous studies that the corrosion of a dowel results in
an increase in its size due to the fact that products of corrosion occupy a much greater

Paper sponsored by Committee on Rigid Pavement Design.
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volume than the original metal. For example:
Sp.G. of iron =17.87, Sp.G. of FesO4 (rusl) =5.18

1 cm® of iron weighs 7.87 gm

193 & 231.55
3Fe + 20; —> Fe304 or 7.87 <167-55) =10.95 gm of Fe304
167.55 231.55 '

10.95 gm

Volume of FesOq = = 2.1 cm® or a volume increase of over 100%

5.18 gm/cm®
This volume increase exerts tremendous pressure on the surrounding concrete and
accounts for the development of restraint to longitudinal movement. With these ob-
servations in mind, the specimens for evaluating the various nickel coatings were
formulated.

A specimen consisted of a 6- by 6- by 12-in. concrete block with the steel dowel
bar running lengthwise through the center of the block. The dowel bar extends ap-
proximately 5 in. from one end and 1 in. from the other end of the concrete block.

A total of 25 specimens were fabricated. Five contained dowel bars with a 3-mil
nickel-coating thickness, five with a 5-, 7-, and 10-mil thickness, and five contained
ordinary steel dowel bars.

The concrete used in making the specimens contained a well-graded Delphi dolomite,
coarse, crushed aggregate with a maximum size of 1 in. and local western Indiana
concrete sand. The 28-day compressive strength of the concrete was 4,185 psi. An
air-entraining agent was used to improve the durability of the concrete, and its use
resulted in a concrete with an air content of 4.5 percent.

A rectangular steel soaking tank containing a brine solution and a storage rack (Fig.
1), which stores 36 concrete specimens, were constructed for this project. The steel
rack was used so the specimens could be easily raised and lowered into the brine so-
lution. The soaking tank was constructed of 7:-in. steel plate, and the inside surfaces
were coated with coal tar epoxy mastic to prevent corrosion of the tank. The tank is
2 by 6% ft and is 3 7 ft high.

A sodium chloride content of 27, 000 ppm was established for the brine solution.
This soultion remained at room temperature, which is approximately 80 F.

Two concrete specimens were made in each 6- by 30-in. mold (Fig. 2) with the
center 6-in, section remaining empty. The dowel bars were lightly greased with
Stanabar grease No. 2 before being placed in the concrete to prevent bonding with the
concrete. The molds were stripped from the beams after a 24-hr period. The speci-
mens were then placed in a standard moist room for 27 days. This moist room had
a relative humidity of 100 percent and a

Figure 2. Mold wused 1in making concrete
blocks containing nickel-coated dowel
Figure 1. Storage rack. specimens,
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Figure 3. Loading arrangement of push-out test.

temperature of 75 F. At the end of 27 days, the specimens were removed from the
moist room and placed on the rack in preparation for the brine exposure. This ex-
posure consists of a 16-hr soaking and an 8-hr drying cycle. At the end of each 50-
cycle period, a "push-out" test was performed. The push-out test consisted of
applying a load to the protruding dowel in the concrete block and forcing the dowel
through the concrete block (Fig. 3). The maximum load required to move the dowel
was recorded as a measure of the amount of corrosion formed on the dowel. At the
beginning of the test, or at "zero cycles," very little effort was necessary to move the
dowels because they were not bonded to the concrete block and corrosion had not yet
taken place.

STATISTICAL ANALYSIS

In order to find if there were any differences between dowel groups with different
thicknesses of nickel coating, a statistical approach involving the "t" test was usedbe-
cause of the overlap of the results between groups. From statistics, a typical dis-
tribution of a normal population could be taken as the t-distribution (Fig. 4a). In this
particular study, the populations are the maximum loads required to cause dowel bar
movement in each specimen of the different groups. In other words, if a large number
of dowel bar specimens with a certain nickel-coating thickness were tested, the re-
sulting maximum loads required to cause dowel bar movement in the specimen would
probably be distributed in the form of a t-distribution. Most specimens in the group
would tend toward a certain average maximum load. Although there is always the
possibility that certain maximum loads are much higher or lower than the average
maximum load, this possibility gets smaller as the load differs from the average.

The maximum loads of each specimen group with different nickel-coating thick-
nesses may be represented by a t-distribution. In most cases these distributions
overlap one another (Fig. 4b). Therefore, it is necessary to perform a statistical
test to see if two specimen groups are truly different from one another. Since a
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Figure L. (a) t-distribution with (n - 1) degrees of freedom; (b) t-distribution of
two overlapping groups; and (c) shaded area includes 68 percent of total area under
t-distribution curve.

¥

t-distribution has been assumed, the statistical test used in this case is called the
t-test.

Essentially in performing the t-test, onetriesto compare the true mean values of
the two groups. The true mean value is not necessarily equal to the average of the
maximum loads in each group. The average value of the group is located at the maxi-
mum ordinate of the t-distribution curve, but the location of the true mean value for
the group on the t-distribution curve is not known at this moment.
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If it is assumed that two random samples were obtained from two normal popula-
tions (t-distribution) and that the two populations have a common variance, it can be
shown that Eq. 1 follows the t-distribution curve.

- Y, -Y.
e (1)
g,
Nl Nz
in which
Yl = average maximum load of group 1;
Y. = average maximum load of group 2;
N; = number of specimens in group 1;
N: = number of specimens in group 2;
§* = square of the pooled estimate of the common sample variance; that is,
N; N:
Z (Y, - Y.)? + E (YZJ - Y2)?
@ - i=1l ° j = (2)
N1 + Nz -2

Y,; = maximum load on each specimen of group 1;
Y2j = maximum load on each specimen of group 2; and
N; + Nz - 2 =degrees of freedom.

It should be noted that in this analysis the sample variances of the two groups are not
equal as was assumed in arriving at Eqs. 1 and 2. However, these equations are still
used because the statistical analysis is greatly simplified. The sample variance of
each group may be calculated using Eq. 3.

N
3y -9
g2t (3)
N-1

The standard deviation s of the group is equal to the square root of the sample var-
iance S* of the group (Eq. 3). The standard deviation may be used as a measure of the
scatter of the data. An interval of plus and minus one standard deviation from the
mean would include 68 percent of all the possible values of the maximum loads on the
specimens in each group (Fig. 4c).

The calculated t gives an indication of the location of the mean values of the two
groups. By use of a table of the percentage points of the t-distribution taken from any
statistics book, it may be stated with what percentage certainty the true mean values
of the two groups differ. For example, with a t-value of 2.306 and 8 degrees of free-
dom, a table of percentage points of the t-distribution would show a value of five per-
cent.

This would mean that one would be 95 percent certain that the two groups are dif-
ferent.

RESULTS

The averages of the maximum loads necessary to cause slippage on the five identical
specimens of each group for the various exposure periods are given in Table 1 and
shown in Figure 5. Table 1 also contains the standard deviation for each set of data.

Table 2 summarizes the sample variances ¢ between groups that are needed in cal-
culating the percentage points of the t-distribution between groups which are indicated
in Table 3. All of the necessary calculations were performed as outlined in the preced-
ing paragraphs, and sample calculations are in the Appendix.
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Figure 5.

Photographs of the different specimens were taken at the end of 50 and 350 exposure cy-
cles (Fig. 6). The3-and5-milnickel-coated dowels at the end of 50 exposure cycles ap-
pear tobe rust-free, but the untreated dowels are obviously corroded. Atthe endof 350
exposure cycles, arust spot was evident on the 3-mil nickel-coated dowel; no corrosion
was evident onthe 5-mil nickel-coated dowel; and considerable corrosion was evident on
the untreated dowels.
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TABLE 1

AVERAGE MAXIMUM LOAD (LB) NECESSARY TO FREE
THE DOWEL BAR IN THE PUSH-OUT
SPECIMENS, AND STANDARD DEVIATION OF EACH GROUP

Group A Group B Group C Group D Group E
No. of (3-mil Ni) (5-mil Ni) (7-mil Ni) (10-mil Ni) (untreated)
Cycles
Avg. s Avg. s Avg. s Avg. s Avg. s
50 76 33.6 23 7.8 37 10.8 42 21.3 186 51
100 115 37.0 40 9.3 72 11.6 88 32.4 506 134
150 168 52.0 71 26.0 150 40.5 156 36.6 1,184 365
200 200 56.9 114 31.1 250 106.0 217 20.8 2,139 854
250 260 87.8 185 31.0 373 135.5 320 23.8 3,680 1,458
300 365 157.5 208 49.8 416 197.0 349 51.3 4,446 1,444
350 400 181.0 271 49.2 570 243.0 432 42.4 6,042 2,700

Figure 6. Dowel specimens (a) at end of 50 exposure cycles and (b) at end of 350 expo-
sure cycles. Specimen A—5-mil nickel coating, B—3-mil coating, C and D—untreated.
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TABLE 2

SAMPLE VARIANCE §*
BETWEEN GROUPS OF TABLE 1

No. of
Cyreles A&B B&C C&D A&C A&D
50 616 90 309 692 781
100 861 110 657 896 1,246

150 1,831 1,156 1,470 2,245 2,020
200 2,265 6,109 5,071 6,671 1,835
250 4,812 9,674 8,204 12,282 4,133
300 15,274 20,635 18,121 30,824 13,744
350 19,763 30,779 26,372 44,085 17,259

This is a continuing study and it TABLE 3

will be carried on until no further
useful purpose is served. Additional STATISTICAL INFERENCES OF GROUP

information will be reported as it is DIFFERENCES BASED ON PERCENTAGE
obtained and evaluated. POINTS OF THE t-DISTRIBUTION
. . N "
Discussion of Results C;clgs A&B B&C C&D A&C A&D
The conclusions reported herein
are based on an accelerated, labora- 50 29 10 - 10 10
tory-controlled, exposure study.
o : 100 1 1 40 10 10
Nevertheless, it is believed that the 150 5 5 _ s _
same relative differences betweenthe 20
0 5 — — 40 —
coated and the uncoated dowel groups
it . g E 250 20 5 50 20 20
fs. ciu d be obtained from long-time 300 20 10 50 i 50
ield exposures. 350 25 10 30 30 -

The various groups of dowels with
the different thicknesses of nickel
were very much alike throughout the
study and the groups changed relative
positions among themselves between exposure periods. Group E (Fig. 5), with no
nickel coating, required the greatest effort by far to cause movement of the dowels.
Even the thinnest nickel coating displayed greatly increased corrosion resistance and
thereby appreciably reduced interference with freedom of movement of the dowelbars.

Results obtained to date on the nickel-coated dowels are within such a narrow scat-
ter band that the relative merits of the coating thicknesses are not evident at thistime.
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Appendix

SAMPLE CALCULATIONS

Data at the end of 50 exposure cycles
Maximum loads required to cause dowel bar movement:

Group A Group D

86 Ib 70 1b
44 18
117 43
39 53
94 24
Sum of 5 specimens in group A = 380380
Average maximum load of group A = < = 76 1b
Sum of 5 specimens in group D =208 208
Average maximum load of group D = g = 42 1b

Standard deviation s of group A
n r\2
o = Z (Y1~ Y)
i=1 n-1

in which

number of specimens in group

n-1 = degrees of freedom
Y: = maximum load on specimen
Y = average maximum load for group
(86 - 76)* = 100
(44 - 76)* = 1,024
(117 - 76)* = 1,681
(39 - 76> = 1,369
(94 - 76 = 324
n
E (Y- ¥)® = 4,498
i=1
2 4,498 _
S = = i) =1,124.5

Standard deviation of group A =s = ‘,1, 124.5 =33.6

Sample variance S between groups A& D

Ny Jo!
Z (Yli - ?1)2 + 2 (Yzj - Y.)?
i=1 j=1
§?

n; +ng - 2
in which

n; = number of specimens in group A
nz =number of specimens in group D
n; +nz - 2 = degrees of freedom of system

33
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For group A (see previous calculations):
n —
Z (Y1 - Y)* =4,498
i=1

For group D (similar to calculations for group A):

n —
Z (¥ - Y)? =1, 806

j=1
Sample variance between groups A & D:
4,498 - 1,8
g2 = 4,498 - 1,806 _ 787
5+5-2
t-test
Y:-Y:
2
s, 8
n; Nz
in which

Y, = average maximum load of group A

Y. = average maximum load of group D
§? = sample variance between groups A& D
n, =number of specimens in group A

nz = number of specimens in group B

All terms in the formula for t having been calculated previously:

- 42
t=__7786___ =1.93
7. 187

L

From a table for the percentage points of the t-Distribution (reference: Ostle,
"Statistics in Research')

For a system with 8 degrees of freedom (ny +ng - 2)
At a percentage point of 5%, t =2.306
At a percentage point of 10%, t =1.860

Therefore in this case where t = 1.93 the percentage point lies between 5% and
10%, or at a maximum of 10%.



Some Relationships of the AASHO Road Test
To Concrete Pavement Design

PHIL. FORDYCE and W. E. TESKE, Paving Bureau, Portland Cement Association.

®THIS IS a progress report on performance of concrete test sections at the AASHO
Road Test. Study was limited to the main factorial and replicate (Design 1) test
sections in truck loops 3, 4, 5 and 6.

In a previous study (1), end of test data from Design 1 sections in the four truck
loops were related to three design concepts. This study showed:

1. No differences in performance between the 3-, 6- and 9-in. subbase depths.

2. Equal or slightly better performance on the plain slab design than on the re-
inforced slab design.

3. That the PCA slab thickness design procedure based on Pickett's stress equation
is dependable (1, 2).

Constructed Serviceability of Design 1 Sections presents data on the initial service-
ability of Design 1 concrete test sections in the four truck loops. From histograms of
these data it was concluded that:

1. The as constructed serviceability index of Design 1 test sections in the four
truck loops was 4. 7.

2. There were slight but insignificant differences in as constructed serviceability
between the three subbase depths, the two slab designs and the four truck loops.

Analysis of Concrete Performance presents end of test serviceability and data on
cracking for each Design 1 concrete test section in the four truck loops. The data are
shown in both table and chart form, and are summarized in charts under the two slab
designs, the four thickness levels in each loop, and under single and tandem axles.

The two slab designs were plain pavement with doweled transverse joints spaced at
15 ft and reinforced pavement with doweled transverse joints spaced at 40 ft.

Slab depths increased at 17/2-in. increments from 37, in. to 127: in. There were
four slab thickness levels in each loop that also increased at 1%-in. increments.

Major conclusions from Analysis of Concrete Performance are:

1. End of test serviceability showed no significant differences in performance on
the 3-, 6- and 9-in. subbases.
2. End of test serviceability of the plain and reinforced slab designs showed that:
(A) At first slab thickness levels, the plain design performed better than
the reinforced design under both single- and tandem-axle test traffic.
Data presented in Subbase Pumping, Major Conclusions show that these
differences in performance occurred after heavy subbase pumping
started.
(B) At second slab thicknesses, the plain design performed better than the
reinforced design under single-axle test traffic. Data presented in
Subbase Pumping, Major Conclusions show that these differences in
performance occurred after heavy subbase pumping started. Perform-
ance was about equal under tandem axles.
(C) At third and fourth slab thicknesses, performance was equal and excel-
lent for both slab designs under both single and tandem axles.

Paper sponsored by Committee on Rigid Pavement Design.
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3. End of testserviceability under single- and tandem-axle test traffic showed that:

(A) At first and second slab thicknesses, performance was better under
single-axle test traffic than under tandem-axle test traffic. These marked
ditterences in performance under single and tandem axles are not shown
by the Road Test performance equations (3). These equations show
better performance under single axles at all thickness levels.

(B) At the third and fourth slab thicknesses, performance was virtually
identical under both single- and tandem-axle test traffic. These marked
differences in performance under single and tandem axles are not shown
by the Road Test performance equations (3). These equations show
better performance under single axles at all thickness levels.

4. The Road Test environment had a major influence on the start of cracking in the
reinforced test sections at all slab thickness levels. In some states environment does
not cause visible cracks in reinforced pavements that have carried large volumes of
trucks for 10 to 20 yr. In these states performance of reinforced pavements at the
Road Test will have little or no application.

5. At the end of traffic testing, the plain slab design showed definite superiority
over the reinforced design in regard to major cracking (Classes 3 and 4). Major
cracks were used in computing serviceability indexes (3). However, at about equal
serviceability, pavements free of the distress characteristic of major cracking should
cost less to maintain.

s 3

Subbase Pumping presents data showing the extent and severily of subbase pumping
and the relationships of subbase pumping to pavement serviceability. Data on trace,
moderate and heavy subbase pumping are shown in table and chart form for all Design 1
test sections in the four truck loops. In the HRB data systems these three types of
subbase pumping are combined into a pumping score. This score equals trace pump-
ing, plus 10 times moderate pumping, plus 50 times heavy pumping. A detailed study
was made on the second thickness 8-in. test sections in loop 5. Work on subbase
pumping data is not complete. The following conclusions reflect work done so far:

1. Trace subbase pumping occurred on all Design 1 sections in the four truck loops.

2. Moderate subbase pumping occurred on all first and second slab thicknesses, on
95 percent of third slab thicknesses, and on 63 percent of fourth slab thicknesses.

3. Heavy subbase pumping occurred on all first slab thicknesses, on 89 percent of
second slab thicknesses, on 34 percent of third slab thicknesses and on 21 percent of
fourth slab thicknesses.

4, Neither trace nor moderate subbase pumping influenced serviceability at any
slab thickness level.

5. Heavy subbase pumping was not extensive or severe at third and fourth thick-
ness levels and did not influence serviceability.

6. On second level slab thicknesses, severity of heavy subbase pumping decreased
as stress decreased and loss in serviceability was related to the severity of heavy
subbase pumping.

7. Onfirst level test sections, repetitions of test traffic from the start of heavy
pumping to the first serviceability loss (when serviceability index fell below 4.0 and
did not recover) varied considerably within and between loops. However, averaged
data show that the effects of severe subbase pumping decreased as stress decreased.

8. Differences in serviceability under single and tandem axles on first and second
thickness levels occurred only after heavy subbase pumping started.

9. Differences in serviceability between the plain and reinforced designs in the
first and second thickness levels occurred only after heavy subbase pumping started.

The following conclusions relate only to the detailed study of the second thickness
8-in. test sections in loop 5.

1. Where the accumulated percentage of heavy subbase pumping was 60 or less
and not severe. A measure of severity—it is the accumulated percentage of section
length with heavy subbase pumping measured after each period of rainfall. For
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example, if these percentages were 65, 80 and 70 after three periods of rainfall the
accumulated percentage would be 215:

(A) End of test serviceability was about equal to the end of test
serviceability on third and fourth slab thicknesses in loop 5.

(B) The relationship of serviceability to applied loads (single
or tandem) can be adequately described by the following state-
ment: At 100,000 repetitions the serviceability was 0. 4 less
than the as constructed serviceability, and there was no further
loss in serviceability during the test period.

2. Where the accumulated percentage of heavy subbase pumping was 90 or more
(severe), performance was as stated above until heavy subbase pumping approached
severe intensity. Severe heavy subbase pumping was accompanied by a rapid service-
ability loss with indexesusually reaching a value of 1.5 before the end of test.

3. With regard to the second level, 8-in. test sections in loop 5, the Road Test
performance equations for concrete are deficient in the following respects:

(A) They do not describe concrete performance prior to the start of heavy
pumping.

(B) They give incorrect values for end of test serviceability where the
accumulated percentage of heavy subbase pumping was 60 or less
(not severe).

(C) They fail to show that performance was equal under single and
tandem axles where the accumulated percentage of heavy subbase
pumping was 60 or less (not severe).

(D) They give incorrect values for end of test serviceability where
the accumulated percentage of heavy subbase pumping was 90 or
more (severe).

With regard to observations and records of subbase pumping made at the Road Test
it is believed that:

1. Trace subbase pumping is uncommon on pavements in service.

2. Moderate subbase pumping is rare on pavements in service.

3. Heavy subbase pumping in more than very small amounts is probably unique
to the Road Test.

4. Road Test performance measurements influenced by heavy subbase pumping of
medium or severe intensity are not relevant to pavements in service.

At the outset, three conclusions were cited from a previous study (l). The results
of the current study agree with all three conclusions and give additional support to the
third one. In the previous study, summaries of pavement performance from all sec-
tions, including those affected by subbase pumping, showed that the PCA design pro-
cedure is dependable. The performance of second level pavements that had little or
no heavy subbase pumping affords further evidence that this procedure is dependable
and conservative.

At the Road Test, concrete pavement research was conducted on the south tangents
of six loops. Most of the research on the six test loops had to do with three elements
of concrete pavement design. These were slab thickness, subbase thickness and two
slab designs: plain slabs with doweled transverse contraction joints spaced at 15 ft
and reinforced slabs with doweled transverse contraction joints spaced at 40 ft. Dowels
were the same for both slab designs. Dowel sizes, mesh weights and other jointing de-
tails are given in Ref. (3).

In all six loops these two slab designs were used in combination with each variation
in slab and subbase depth to make a complete factorial design. Also, certain design
combinations were repeated in each loop to check on experimental error. The struc-
tural design combinations were constructed 24 ft wide with a sawed longitudinal center
joint between the 12-ft lanes. Each lane of each design combination was a test section.
These test sections are the main factorial design (Design 1) at the Road Test. Loops
3 to 6 also had a limited number of sections for the study of paved shoulders and the
presence or absence of subbase. This Design 3 study is not included in this report.
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Loop 1 was restricted to various non- TABLE 1
traffic tests. Slab depths were 275, 5,
9%; and 12%, in. and subbase depths were CONCRETE PAVEMENT THICKNESS,

0 and 6 in. There were 32 factorial and LEVELS AND LOADS
16 replicate test sections.

Loop 2, often called the passenger car Ttem Loop Loop Loop Loop
loop, carried 2 kip single-axle loads in 3 4 5 6
lane 1 and 6 kip single axles in lane 2.

In all loops, lane 1 was the inside lane Slab depth

(next to the median) and lane 2 was the glln'): Lut

outside lane. Slab depths were 2%, 3%, 5 2 st 1af

and 5 in. and subbase depths were 0, 3 &Y 3nd 2Sd 1st

and 6 in. There were 36 factorial and 4 ) 2 4:}1 32d st 1st
replicate test sections. oY, i 32(1 st

Loops 3, 4, 5 and 6, the truck loops, 11 2 ity 3?01
had similar factorial and replicate de- 12Y 4th
signs. In each of the loops, four levels 2
of slab thickness were used in combina- Mean des.
tion with the two slab designs and sub- thickness
base depths of 3, 6 and 9 in., making 48 (in.):
factorial sections per loop. There were 7.2 8.6 9.6 10.8
eight replicate sectiong in each loop mak- a4, 1.0
ing a total of 56 test sections per loop. (kips):

Both slab deptllls :_md ‘thlckness levels in- Single 12 18 22.4 30
creased at a 17/2-in. increment from 3/ Tandevs 24 39 40 48

in. in loop 3 to 12%:in. in loop 6.

The four thickness levels in loops 3 to
6 were varied around the mean of designs
submitted by four agencies during the
planning stages of the Road Test. These
mean designs, along with the slab depths tested, the thickness levels, and the axle
loads in the four truck loops are shown in Table 1. This table shows that in loops 3,
4 and 5 the mean design depths are from 0.1 to 0.7 in. greater than the third thickness
levels. In loop 6 the mean design is 0.2 in. less than the third thickness level.

In all four truck loops single-axle test traffic operated in lane 1 (inside lane) and
tandem-axle traffic operated in lane 2 (outside lane). As a result each individual test
section received repetitions of one single~- or one tandem-axle load.

Authors' Comment.—This procedure made it possible to get the
performance on each test section for repetitions of a specific
load. It also permits performance comparisons for repetitions
of specific single- and tandem-axle loads on two test sections
of the same design.

However, pavements in service carry a wide variety of single- and
tandem-axle loads. Since all test sections carried only one load
(either single or tandem) the Road Test did not yield any exper-
imental data on the effects of mixed traffic. This fact and its
significance are expressed in the following unanswered question
from the Road Test Report (3). "For example, at the Road Test

a million axle loads of oneAWeight were applied in two years to
each section. What would have been the situation had these
loads, accompanied by several million lighter loads, been ap-
plied in 20 years?" Because the question is unanswered, it is
not wise to use extrapolations of Road Test performance equa-
tions for design of pavements in service.

At the Road Test performance was measured by means of two values—number of
repetitions and serviceability index. Development of the serviceability index method
for determining the ability of a pavement to serve traffic is described in detail in
Appendix F of Ref. (3). On concrete test sections the serviceability index was deter-
mined by a formula that used the average of slope variance measured in the two wheel
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paths and the amount of cracking and patching. In the charts presented, both the in-
dex and the number of load repetitions at the time that the index was measured are
shown.

This paper is a progress report on study of concrete pavement performance on the
Design 1 test sections in the truck loops—3, 4, 5 and 6. In a previous study (1) end of
test serviceability data for these same test sections were studied in relation to 3
design concepts. Data were summarized by:

1. Computing average repetitions to 1.5 serviceability index for the first level
thicknesses in loops 3, 4 and 5 where all sections dropped to this index during the test
period.

2. Computing percent of sections that survived testing with an index of 1.5 or
higher and the average index of these surviving sections for second level pavements in
all four loops.

3. Computing the average end of test index for third and fourth thickness levels in
all four loops where all sections survived testing with an index above 1.5.

Summaries of serviceability were not made for the individual loops, nor for single
and tandem axles. In computing averages, data from both single- and tandem-axle
test sections were used. The results of these computations showed:

1. About equal performance on the 3-, 6- and 9-in. subbase depths with slightly
better performance on the 3- and 6-in. subbase depths.

2. About equal performance for the plain and reinforced slab designs with a slight
advantage for the plain design.

3. That slab thicknesses determined by the PCA design procedure (1) were close
to or slightly above the minimum needed for dependable performance at the Road Test.

Constructed Serviceability of Design One Sections includes information on the rates
of load application at the Road Test. Analysis of Concrete Sections presents perform-
ance in the truck loops based on end of test serviceability indexes and data on minor
and major cracking. Subbase Pumping presents data on subbase pumping in the truck
loops and its relationship to pavement serviceability.

CONSTRUCTED SERVICEABILITY OF DESIGN 1 SECTIONS

Data on as constructed serviceability of Design 1 test sections in the truck loops
were summarized for the two slab designs, the three subbase depths and the four
loops.

Figure 1 shows histograms for as con-
structed serviceability on the two slab
designs. From the summary in Table 2,
these values show no significant differ-
ence in as constructed serviceability.

TABLE 2

AS CONSTRUCTED
SERVICEABILITY INDEX

Figure 2 shows histograms for as con- Item Min. Mean  Max.
structed serviceability on the 3-, 6- and .
9-in. subbase depths. The summary Slab design:
also shows no significant differences in Plain 4.3 4,69 5.0
as constructed serviceability. Reinforced 4.4 4.73 5.0
Figure 3 SI.IOWS .h?stograms for ascon-  gypbase depth
structed serviceability on the four truck (in.):
loops. Summary values show slightly 4.3 4.68 4.9
higher initial serviceability on loops 3 6 4.8 4,72 5.0
and 4 than on loops 5 and 6. One crew 9 4 4.72 5.0
paved loops 3 and 4, but another crew
paved 5 and 6. The differences are not Loop No.
enough to be significant. The mean as 3 4.3 4.74 5.0
constructed serviceability index for loops 4 4.5 4.76 4.9
3to 6 is 4.7. 5 4.4 4,67 4.9
6 4.3 4,61 4.8

A study has been started on time-rates
of loading at the Road Test. While there
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Plain Pavements
Doweled Joints - I5Ft.

Reinforced Pavements

Doweled Joints - 40 Ft,

40
Mean psi 4.69

Mean psi 4.73

30

20

Per Cent Of Sections

v

° MYENONDNC MmO~ Q00O
TSI T T T TTCTTN T us
Indexes
CONCRETE FACTORIAL AND REPLICATE SECTIONS LOOPS 34,586

Figure 1. As constructed--serviceabllity indexes.
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i 3 Inch 6 Inch 9 Inch
Mean psi 4.68 Mean psi 4.72 Mean psi 4.72
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MYV ONO @O MYnO~ N Q MY 0O~ 000
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Figure 2. As constructed—serviceability indexes.



41

*soxepul £3TTIQE90TAISS—PaLONI}SU0D Y *€ 9an3T]

SNOILO3S 3LVIINd3¥ ANV TVINOLOV4 JLININOD
saxapu|

AH Bed o Ebih S opspadEL
owoNm BB U owm~Nawbd U o
*3se] Peod OHSYY oUs 2 Lep aod suotqeorTdde peol oTxe Jo seqey -f ean3td \\ W
I ©
0961 ssel 8g6l \ \ e
200! AON| 420 acm?..d |np| unpjfow| 1dy | Jow|gag| uor| 20g  aoN| 100/ deg Bay | |np | Kow| sdy| Joi| ge4| uopoeq| :oz._o \ “ =
== || \ \ 0z 2
_..\\]I\\\I‘ \
o \\\ \ \ e
2 \\ 002 k z
H P » \ 0g
2 |~ -
3 d b= L %
m \\ m. 19"t 1sd ubap “ 19'p 15d ubayy
7 & 9 001 % S d007
1 v 009 § i % i
E ol g /
m \\ ooe 2 sexepu|
5 = ohppbADD abbAaDADD
g \\\ 4 cbmNmsw SomNmin's
i g \ o
2 0001 8 % % |Z]
w\\ 2 \ \\
§ ooz /
\ o1
'00%I \

e | £oQ od spooq 00§ sBoIoAY | 4oq 194 3pooy 0og1 eB0a0ay  [kogag spoo ong aBoieny] “

SUOI}08S 4O JUBD Jad

MM

R

& 9. p 1sd uoayy P2 b 15d uoap
v d001 € 4001

ot




Is1 THICKNESS

2nd THICKNESS

LOOP 3 3% in. Loor3 5in.
[ SINGLE 12 KIPS | TANDEM 24 KIPS | | SINGLE 12 KIPS 1 TANDEM 24 KIPS |
5
4 3669 , thigkn,
5 /Subbuse Ihickness\
369 369 =
it 15 1.5 5 — 3-8
°l
30 2.7
2 —a [
AI_r— L
q 'S
6 —
8 —
10 —
End of tes! troffic End of 1est traffic
LOOP & 5in. LOOP 4 6'%2 in.
[ SINGLE IBKIPS | TANDEM 32 KIPS [ SINGLE 18KIPS | TANDEM 32kips |
5
" 3669 3369 s 669
= L "\ Subbase thickness
3 4
2 /Subbase thickness,
i 69 L) 369 =1 = i -
! ! 1.5 15 —1 3.9 2.0
o
‘—2__] 4.5 3.2 4 1Lt 8.8
o L
4 —
6 i
8 ] J E
10 b [
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End of test iraffic End of test traffic
LOOP 5 6'/zin. LOOP & 8 in.
[ SINGLE 224KIPS [ TANDEM 40 KIPS | SINGLE 22.4 KIPS [ TANDEM 40 KIPS ]
¥ 5669 338 3668 369
a - =8
3 - hlfhg—u
Subbase thickness
\
2 :és 369 3569 — = =
' | 1.5 1.5 o —— 3.5 34
c &
1 2 79 4.7 | — L3 14 b 10.6
005
4 — SRR
e
: — i
r L
8 LI F——rA "
10| —e
End of test tratfic End of test traftic
LOOP 6 8in. LOOP 6 9'/2“’1.
[ SINGLE 30 KIPS | TANDEM 48 KIPS | [ SINGLE 30 KIPS 1 TANDEM A48 KIPS ]
3669 3363 36689 336 8
4 3 6 9+-Subbose thickness 369 3 5
S
i - - : 1 i
2 ] &
— -
t =29 25 1 4. 4.0
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6 }—d =
[- | — —
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3rd THICKNESS

4th THICKNESS

LOOP 3 6'2in.  Loor 3 8in.
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3 —| H gé
N £E
[ —— ;
| = (2]
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I — 1N S— [ 1 t
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-} 1
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10 = S— L —
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LOOP 5 9l%in. Loops 11in.
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3 = — G
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° o
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e @
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LOOP 6 Ilin. LooP s 12l/2in.
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mncrete performance.
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were minor variations between loops and
between lanes in individual loops, aver-
aged data show:

1. That there was essentially a single
loading history for all traffic testing.

2. That the loading history had three
distinct time-rates. These are shown in
Figure 4 and are summarized in Table 3.

Authors' Comment.--The increases

in time-rates are substantial.

Road Test performance and the
empirical equations based on this
performance are dependent on one
loading history with two major
changes in time-rating of loading.
Hence the performance and the equa-
tions do not have experimental
application to any other loading
history. This is another reason
why it is believed to be unwise to
use extrapolations of the Road Test
equations for design of pavements
in service.

TABLE 3
TIME-RATES OF LOADING

Time-Rates
Repetitions (loads per lane
per day)
0— 101,000 860
101, 000— 387 000 1,300
387 0001, 076 000" 2,500

(Ratios of time-rates are 1.0:1. 5:2.9)

From this point to the end of test,

loading histories were varied sllghtly
so that 1,11k ,000 applications could be
applied to all surviving test sections.

ANALYSIS OF CONCRETE PERFORMANCE

This section deals with concrete behavior as shown by end of test serviceability and
cracking. Table 4 gives the following information for all Design 1 test sections in

loops 3 to 6:

1. Section number.

2. End of test serviceability index for sections that had values above 1.5.

3. Repetitions to 1,5 index for sections that fell to this value during the test.
4. Repetitions at which minor and major cracking started.

The serviceability data in Table 4 are shown in graph form in Figure 5. The charts
are arranged under the four thickness levels. They show both repetitions and end of
test serviceability for single and tandem axles, the three subbase depths and the two
slab designs. The charts thus permit quick performance comparisons at any thickness

o b dncan Awrlao

Toeral ziee Am-a Qe der AL T nmzaan B olamceags
evel under single or tandem axles. Study of Figure 5 shows:

1. No significant differences in performance for the 3-, 6- and 9-in. subbase depths,

2. Wide variations in repetitions to a 1.5 serviceability index in the first thickness
level, especially in loops 5 and 6. Note, for example, that two first thickness 8-in.
test sections in loop 6 survived test traffic under both single and tandem axles with a
serviceability index of about 4. 0—only slightly below performance at third and fourth
levels.

3. There were wide variations in performance at the second thickness level in all
four loops.

4, At the second thickness level in loops 5 and 6, more than half the test sections
performed as well as third and fourth level sections.

5. At the third and fourth level in all four loops, performance was very uniform
and very good for both slab designs, all three subbase depths, and under both single
and tandem axles.

Authors' Comments.— The previous study (l), this study, the Road Test Re-
port (3], a subbase experiment under highway traffic (M), laboratory
studies (p) and results of pavement performance surveys (6) all show
that concrete highway pavements perform as well or better on 3- to 6-in.
subbases as on subbases more than 6 in. thick. This evidence shows that
subbases more than 6 in. thick are not required to insure the performsnce
of concrete pavements.
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TABLE 4
CONCRETE BEHAVIOR
Loop 3 Loop <&
st Thickness 3'/2 in. st Thickness 5 in.
Design Parlormance Design Parformonce
Serviceability Repetitions Serviceability Repetitions
SN.: Axi¥ at slart of SNG:- [ Axle at start of
: Slab |(Subbase | Loads cracking i Slab |Subbose| Loads cracking
End Rep. o End Rep, 5
Depth * of at 1000-S Depth * of At 1000-8
J:us: I:\‘dsex Minor [} Majoe J?:x |L‘:u Minec [ Major
x 1 1
Inches | Kips 1000-s | o5 | §'es Inches | Kips oacss|| €58 | 5'a%
/95 | Plain 3 /25 — Brs 22 | 232 &#3 | Plain 3 /85 - 7/6 274 | 325
/96 247 | — 3,8 /20 | z82 G 327 2 343 | 219 | 29/
o °
239 | £ | 6 V25 —_ 289 722 | =273 47| 5 . 6 /85 - 353 | 235 | 272
S S
Z40| —w 247 = z/0 134 | 195 cH8| g 327 - 328 | zos | 236
25| 3 9 /zs| = | 289 | 135 | zoo 677 | 3 9 | ses | = |29 | 2722 | 292
[a] [a]
2/4 z4T e 297 /06 /95 678 FET = 289 2ol 273
Zo9 | Relnf, 3 /25 - 278 /22 273 68/ | Reinl 3 /85 - ~/ 5 o 292
z/0 247 | — 278 /20 Z6% ¢82 F27 = o4 | /18 =29/
» »
zos| = 6 1z — 273 78 125 66l | = 6 /85 — 325 o 306
O - o -
zoc| 2 'é 227 | — | 295 | 79 | /80 cez| 2 'S:, 27 | — | iz | o | ses
@ L
z3/| % 9 /123 — 224 | 183 | z89 673 3 9 /8= — S92 | /36 338
o o
a o
232 24T | — | 294 | 120 | zec (722 327 | — o8 | zol | 339
LOOP 2 LOOP_S_
Isi Thickness 6% in. Ist Thickness 8 in.
Design Performance Design Performance
Serviceabilily Repetitions s Serviceability Repetitions
SN" Axle af start of N"' Axle at start of
L Slab |Subbase| Loads End Rep. cracking ° Slab |Subbase| Loads End Rep cracking
Depth * of At 1000-S Depth * of Al 1000-8
Test 1.6 5 : Test 5 :
Minor Major Mineor Major
Index Index | ci Index Index
Inches | Kips i000-s | C2%5 | S'a%t Inches | Kips 1000s | {55 | S'aa
5/3 | Blain 3 |2za4s5| — 760 69 | 70z 353 | Blain 3 30s | — 8748 29 | 735
514 ALo7 = 335 324 | 325 35¢. 487 | /.8 — 8/4- 997
bl e " —
577l 5 ., 6 |22.45 == 898 668 | ¢cs8 393 < 6 30s | 3.9 — 00 |//00
SE SE
58| o 407 | — | 369 | 337 | 337 374 | gw 287 | 4 | —  |Mowe |aMowe
sos| 3 9 |zz.as| — 705 | 4as | 44c 69| 3 9 | zos| 32| — 29 | 952
o o
s0¢ o7 | — 698 | 29/ 337 370 48T - /14 758 B4
523 | Reinl 3 22.4-5 - 898 268 &eB 34/ | Reinf, 3 Fos - 762 | 292 | ¢35
524 40T — 705 | 273 | ¢35 342 487 | — /8 | 266 | 437
@ »
45/ | E 6 2245 | — 369 268 | 308 385 | € 6 305 - 974 | 635 | 807
O o O
w
42| o #o7 | — | 305 | 183 | 29/ ssc | oo 287 | — | s | 2¢c | 553
¥ L3
sz | -2 9 |z2.4S5| - 708 /7 339 %7 ¢ 9 3os — 768 | 274 | 7oé
=3 o
o o
kord o7 — &/8 29/ 29/ 3438 4287 —_ 24 8¢ | 385

*S=Single, T=Tandem, R= Raplicate Section
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TABLE 4
CONCRETE BEHAVIOR (Cont'd.)
Loop3_ Loor.4_ .
2nd Thickness 5 in.  2nd Thickness 6'/ in,
Design Parformance Design P_trlormoncl
Serviceability Repelitions Serviceability Repetitions
SN.:' Axle at stort of 5;: Axle of start of
Slab |Subbase| Loads cracking ! Slab |Subbose| Loads R cracking
Depth | * | Tt | R 1000-5 Depth | % | End | RER 1000-5
|:;s:u I'r;dﬁu Minor [|Major J\edse'x «Iy;:e Minar |[Malor
1 i i !
Inches | Kips 1000-8 f';'; g ;‘; Inches | Kips 1000-8 zl: g‘s g ;‘;
225 | Plain 3 /25 3.7 - ro0z/ | fozs &49 | Plain 3 /85 3.8 - NowE | 988
22¢ 247 | — 705 | 2ce | 297 ¢50 27| = 689 | MwE | #08
2¢5|( 6 LS 3.5 - 102/ | 988 6?7 | . 6 185 | £.4 — | WNowe | mewvE
22/ | = = 3./ = 775 | 8/0 655 | = R | A3 —  |wowe | wone
O o O
26| 2w =247 | 2.8 - a7o | 932 A 327 . == so2/ | y02/
zzz2| B2 P2 — Qa/ 85 | 345 6s6| B2 V4 — |/ooo | 836 | 83¢
] ]
219 é 9 /25 3.7 _ 273 | 324 703| 3 9 /85 Z.0 o 988 | 988
o
220 =247 — 77/ 266 299 Tot 327 = 722, aé | ¢7/
25/ | peint. 3 /25 | 2.8 = 4 337 641 | Raint. 3 /85 3.8 - 274 | 870
203| = Ve +.0 = 2879 8790 7051 T—= p =4 3.6 = 274 | 810
252 247 — |//oo | =zéc¢ 668 ez 27T | =6 — 273 e/o0
204 Y = Jo4 28 870 VA " 2 —_— 793 | =273 707
9/ | 5. 6 /25 — 725 | 273 | 385 85| 5§ 6 /85 3.4 = 252 | 8/0
™S Sw
92 2 g 247 - &3/ | 282 | 383 &8¢ 3 S 327 - 79¢ 273 774
233| 3 9 25 | 3.3 ~ | 200 | 8326 ¢s3| % 9 gs | 18 | — 274 | o3
o o
234 2497 — 793 | 2/3 TIZ. 654 37 — | /036 | 273 8r/0
LooP_5_ Loor.6_
2nd Thicknass 8 in. 2nd Thickness 9'/2 in.
Design < Pcrrelmw::n Design Pertarmance
erviceability epetitions Serviceability Repetitions
sN“ ] Axle al start of SNE: Ante at start of
o Slab [Subbaose| Loads End Rep. cracking : Slab |Subbase| Loods End Rep crocking
Depth | ® ik P 1000-§ Depth | o it 1000-§
1:.;."' !3.‘5 Minor | Major I:’:." ,"ds Minor | Major
e i Ingex 7482 | Glgss | Class fiich K LECRs N282 | Class | Class
nches ips 1000-S | g 2 384 ches ips 1000S | g > 384
547 Plain 3 |z24s| 42 = | Nowe | wowe 35/ | Elaln 3 305 | 3¢ - 900 | 029
548 Ao T | 42 — 409 | powE 352 487 | 3.4 - 694 | 722
22| - 6 |2245| 4.2 — | wveve | punve 3671 4 6 3os | 4.3 = 9283 | ponve
533 | € 2 4/ — 79 | prone 389 | = = +.3 | — 8o | moneE
(- 3re °
sHo| " 207 | 37 - Bos | Bo9 368 1: 487 | 4.2 — 907 | Nowe
534 § o 2. s = 982 |woweE ‘ 390 E = 2 o3 —_ NONE | NoNE
Ld 3
s07 | & 9 |lzzsts] = 111 | 902 | 902 375 é 9 3os | 4.2 — | Nowe | powe
a
508 LoT - 898 | mowve| 870 37¢ 487 | 43 - So | Hone
224 Reinf. 3 REAS - /o4 | 287 730 3a81 Reinf. 3 3os 4.5 — 928 | NonE
52/ R 4.3 — /07 |MonE 37/ R a3 = 325 | 774
520 40T | — 9,5 | 273 | 73¢ 2oz FeT | 4t | — | 324 |MowE
szz| Rk | +3 — | 107 | nonE 37z 2 | 4./ — | 340 | 93¢
so/| 5. 6 |zz45| 4o — 268 /052 se3] 5, € 3os | 4o — | 2eo | P00
Sk 1 ~w
soz | 2% o7 | — 90/ | 273 | 73¢ 40| 39 487 | 4.0 — | z¢¢ | 790
o o
53/ | % 9 |2245| 4.« - 69 |wowve 337 | 3 9 Jos | 22 | — | 274 | 774
o a
(e do7 | 3.7 - 29 | so7a 340 487 || — 92 | 20 | 758

*5=Single, T=Tandem,R=Replicate Section
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TABLE 4
CONCRETE BEHAVIOR (Cont'd.)
Loor3_ T Loor 4
3rd Thicknass 6'/2 in.  3rd Thickness 8 in.
Design Perlormance Design Performance
s Searviceability Repatitions s Serviceability Repetitions
N‘: Axle al start of N’: Axle af start of
d Slab |Subbase | Loods End Rep cracking . Slab |Subbase | Loads End Rep cracking
Depth * i o 1000-S Depth " of N 1000-$
Test L5 . " Test .5 "
Minar Maojor Minor | Major
) Index Index Class Class . Index Index Class Class
(nches Kips 1000-S |a2 3@4 Inches Kips 1000-8 1a2 384
217 | Plain 3 l1zs | 4.4 - 107 |NonE G7( | plain 3 /185 | 4.2 — 8o |NownE
193, = 3.9 o 324 | Monve ©87 £ o5 — NONE | NoNE
218 247 | 4.2 o NONE | NoNE 672 327 | 4./ . NONE | NMONE
194 - 2z .0 s Mo E |\ NMope 488 o =4 4.2 = 79 NONE
T =
249| 8z 6 125 | 4.y — 70 | Mvone ¢83 | 3 6 185 | 4.4 — NoeE | MNoneE
h-N s -}
250| 27 247 | 4./ — NonE | More 685+ | 27 3z7 | #-2- = 5 |MownE
x x
2070 8 9 /25 | 4.2 — |\ Wow e \onE IA-74 2 9 85 | £.3 —_ Nowe | NONE
208 24T 4.0 — NONE | Mo 652 327 | 4./ — NONE | NMNoneE
/99 | Reinf. 3 /125 42 o 289 | aronE &9/ | Reinf. 3 /85 3.9 —_— 274 | 870
200 247 | 4./ - 266 Zs7 G392 327 | 4.0 — 273 989
247 w 3 /25 | 4.3 — 273 |AMonE 69| » 6 /85 | 44 — 274 |02/
237| £ 2 s — co3 |wove 707 | 5 z 3.9 — 274 | 988
S o
2481 '.S 247 | 4.3 — | ¢oo | 890 ¢70 : ‘; 327 | 4.4 - 273 | 702/
238| &% V=4 2./ 735 | 772 708 | a ¥ = 3.8 — =27z | 997
@
Ed E
24/ & 9 /25 | L4 —_ Fz24 | MoME éi5| 8 9 /85 <.3 — 274 | 988
242 227 | £.4 — 332 | 9or &9¢ 327 4.2 —_— &8 9289
LooP 2. : Loop @ .
3rd Thickness 9'% in, 3rd Thickness 1 in.
Design Parformance Design Performance
Sec Serviceability Repetitions Sec Serviceabllity Repetitions
No. Axle al siart of No. Axle at start of
* Slab  |Subbase | Loads End Re cracking % Slab |Subbase | Loads End Rep cracking
Depth b P A"‘ 1000-5 Depth % o N 1000-$
Test 1.5 = . Test 1.5 .
Minor Major Minor Mojor
Index Index Index Index
Inches | Kips o005 | a% | §'2% Inches | Kips 1000-s | s | Sla
51/ | Plain 3 |2245| 4.4 | — |pMowe |nvove 377 | Plain 3 3os | 4.2 | — |Nowe |move
Er V) 4.3 E=S NONE | NonE 363 2 2.4 . |WNowNE |poneE
572 40T | 4.3 - NONE | Mo NE 378 487 | 4.3 — | WNowE | pronE
42| =» =4 A2 . Gos |MonE L z +#.3 -— | ~owE | MonE
5 £
Fas| S € |2z<s| 3.7 | — go3 | 83/ 3971 3¢ 6 3os | 402 | — | nows|sons
o0 L)
s26| 27 40T | 40 | — | 77/ | 808 398 2 48T | 4.3 | — |wone |WMons
x x
s$3s5| 8 9 |z245| 4.5 _— ¢9 |noweE 3e5| & 9 Fos | 4.3 — | aong |Mone
53¢ AoT 3.8 o 957 | 982 3¢ 487 | 4.3 —- MONE |Wor/& J
5573 | Reint, 3 |z2.45| 4.3 = 98 | /o552 39/ | Reint. 3 30s | 4.4 — 325 |wmowE
SE54 LT | <t — 20/ 982 392 ABT | 44 = 340 |MonE
543 @ 6 22.45| 4.5 — /052 | NONE 337 2 6 3os | £.0 —_ 292 | Bo7
So3 < z inF e 268 | MonE 345 £ z <.3 — 292 |MonE
=& -~
A wo7 | £3 | _— 46 |wonve 338 | o 487 | 4./ | | ass |mowe
So4| o« V=4 4.5 = 273 | ponE 346| a% F=4 o2 - 2.6¢ |MoE
® °
2 E
499 8 9 22,45 4.4 — 268 | /078 343 2 9 Jos L2 — B4/ |AouEe
Soo 407 | 4.¢ — | 273 |wowe 344 287 | 4/ | — | 2z6c | 997

*g= Single, T=Tandem, R=Replicate Section
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TABLE 4
CONCRETE BEHAVIOR (Cont'd.)
Loop_3_ Loop 4
4th Thickness 8 in.  4th Thickness 9l in.
Design Performance Design - llflrtormnn:l
Serviceability Repetitions s Serviceability Repetilions
SN"' Axle al slart of N“‘ Axle at start of
0 Slab |Subbase| Loads End Rep cracking Ll Slab |Subbose| Loads End Rep cracking
Depth #* ot A B 1000-8 Deplh * of At * 1000-S
lrn:’;l IL‘:ex Minor | Major |1r-|eds:x IL':“ Minor | Major
. Class cl . Class cl
Inches | Kips 1000-8 | | ; 2 3 gs: Inches | Kips 1000-8 | g2 3 ;s:
2oy | Rlain 3 125 | ¢4 | — |Nowe |Nowe 675 | Blain 3 185 | 2.2 — 29 Wone
zoz 247 | 4.3 — 106 | povs 67¢ 327 | 4.0 = (Mo E |Nonve
@ »
235 § . 6 /25 | 4.3 — 482 | o e 7o/ g . & /185 4.5 — /69 |oweE
S @ S
236| ww 27 | 4.3 — Ao | Mo To2 90 327 | 4.2 &= 86 |MowE
@ @ -
/85| % 9 125 | o | — |wowe |powe 89| % 9 185 | 4./ — 70 |wowe
o o
Q (=]
/8¢ 247 | 4.2 | — |rowe |ronves 90 327 | 2.2 —  |Wo neE |sone
2,, | Reint 3 /25 4.3 —_ 289 |Mope 445 | Reinf. 3 /185 | 2.0 - 274 | g/0
212 247 | 4./ = oo | poE 644 327 | #.0 - 273 | 80
" I »
25| = 6 /25 0 2. — 273 | so02/ ées”| € 6 /185 | 4.5 = 274 |Mowe
O O
o | 2a7 | o | — | 2| 0w e | 2o s27 | 2.3 | — | 273 | /02
o ¥ PR
/197 ‘; 9 125 | 4./ e 289 | ros5 ¢67 2 9 185 | 4.5 == 274 | pfonlE
o o
o
198 | °© 297 | 4.3 | — 953 |wovE tc8 327 | 4.6 | — 223 |s085
LOOP 2. LooP_&_ |
4th Thickness Il in.  4th Thickness 1272 in,
Design Parformance Design Performance
s Serviceability Repetitions Serviceability Repetitions
N"' Axle at start of Sec Axle at start of
L Slab [Subbose| Loads End Rep cracking No. Slab {Subbase| Loads End Rep. cracking
Depth * of Al 1000-S Deplh * of al 1000-S
Test 1:5 ’ Test (.} ; ;
. Index | Index 21.::;' 'cﬁ?:l:; . Index | Index 'g“;:; zlﬂ,'::
Inches Kips 1000-S 182 384 Inches Kips 1000-8 182 384
529 | Blain 3 |z2.45| 4./ — 702 | 986 395 | Blain 3 3o0s | 4.2 — B34 WV E
530 Lo7T | 4.3 R o5 |MonE 39¢ 48T | ¢+.3 — 658 |MVE
s 2
#9971 5. 6 |zz.4s5| 4.5 —  |WonE |MonE 249| £ | 8 305 | 4o —  |WowE /08¢
Rir 2>
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In Figure 6, data on serviceability and repetitions are averaged for the three sub-
base depths. Bar graphs of these averages are shown for the two slab designs under
single and tandem axles for the four thickness levels in the four truck loops. In this
case, and in all other data summaries, averages include values from both factorial
and replicate sections.

At the first thickness level the graph records:

1. About equal performance on plain and reinforced designs in loops 3, 4 and 5.

2. In loop 6, the 8-in. plain design performed better than the 8-in. reinforced
design.

3. In all four loops, performance was better under single-axle traffic than under
tandem-axle traffic.

At the second thickness level the graph shows wide differences in performance:

1. Under single-axle test traffic, the plain slab design performed better than the
reinforced slab design in loops 3, 4 and 6. In loop 5 the reinforced design was slightly
better than the plain design under single-axle traffic.

2. Under tandem-axle traffic, the plain slabs performed better than the reinforced
slabs in loops 5 and 6. In loops 3 and 4 there were only slight differences between the
two slab designs under tandem-axle traffic.

3. Performance was better under single-axle traffic than under tandem-axle traffic
in loops 3, 4 and 5. In loop 6, performance was about equal under single and tandem
axles.

At the third and fourth thickness levels in all four truck loops, performance was
equal and very good (serviceability indexes above 4.0) for both slab designs under both
single- and tandem-axle test traffic.

In Figure 7, data on serviceability and repetitions have been summarized by com-
puting average values from all four loops for each thickness level. The bar graphs
show mean values for both slab designs under single- and tandem-axle test traffic.
Figure 7 shows:

1. At the first thickness level the plain design performed better than the reinforced
design under both single- and tandem-axle truck traffic.

2. At the second thickness level the plain design performed better than the re-
inforced design under single-axle test traffic. Under tandem-axle traffic, performance
was equal for the two slab designs. Here average values tend to mask the differences
in performance shown in Figures 5 and 6.

LOOPS 3,4,5and6 BY THICKNESS LEVELS
Ist Thickness 2nd Thickness 3rd Thickness ath Thickness
(12 Sections) (16 Sections) (16 Sections) (12 Seclions)
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1 H 5 B - i e e e
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Figure 7. Summary of serviceability and repetitions, concrete test sections (factorial
and replicate).
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3. At the third and fourth thickness levels, performance was equal and very good
(serviceability indexes above 4.0) for both slab designs under both single- and tandem-
axle truck traffic.

4, At first and second thickness levels, performance was better under single-axle
test traffic than under tandem-axle test traffic.

5. At the third and fourth thickness levels, performance was virtually identical
under both single and tandem axles.

The data presented in Analysis of Concrete Performance on end of test service-
ability can be summed up in three conclusions:

1. At first and second thickness levels the plain slab design performed slightly
better than the reinforced design. However, at the third and fourth thickness levels
both slab designs showed equal performance.

2. At first and second thickness levels performance was consistently better under
single-axle test traffic than under tandem-axle test traffic. However, at third and
fourth thickness levels, performance is equal under both single- and tandem-axle
test traffic.

3. Performance is the same at the third and fourth thickness levels.

Authors' Comment.- These conclusions are in conflict with
the Road Test performance equation for concrete (i). This
equation shows:

1. Equal performance for the two slab designs, re-
gardless of thickness level.

2. Better performance under single axles than under
tandem axles, regardless of slab thickness-load relation-
ships.

3. Increasingly better performance as slab thickness
is increased, regardless of thickness level.

CRACKING

Table 4 gives the number of repetitions at which minor and major cracking started
for all Design 1 test sections in the four truck loops. Minor cracking (classes 1 and 2)
includes cracks not visible at 15 ft under dry surface conditions and cracks that could
be seen at 15 ft but showed only minor spalling or crack widths less than % in. Major
cracking (classes 3 and 4) included cracks that had opened more than ¥4 in., and had
spalled or had been sealed. Examples of minor and major cracking are shown on
page 124 (3).

The dafa show that cracking started in many reinforced sections during the early
fall of 1959, Cracking was first observed at 273,000 or 274, 000 repetitions in 31 of
the 112 reinforced sections in loops 3 to 6. The data also show that cracking started
in 57 percent of the reinforced sections between 250, 000 and 300, 000 repetitions. Data
from the first thickness in loop 3 were excluded because five of six sections dropped
to a 1.5 index before 300, 000 repetitions of test traffic., Values for thickness levels
are first thickness level, 56 percent; second thickness level, 59 percent; third thick-
ness level, 59 percent; and fourth thickness level, 50 percent. It was concluded that
the road test environment had a major influence on the start of cracking in the re-
inforced test sections at all four thickness levels.

Authors' Comment.— The cracking started in an environment
similar to one that is believed to have caused high stresses
due to restrained warping on another experimental project-—
the Arlington Test Track (7). In both cases:

1. There was a period of relatively low precipitation
likely to produce a firm subgrade.

2. There were fairly low minimum night temperatures
likely to keep the subgrade and the bottom of the concrete
el .
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3. There were fairly warm sunshiny days likely to cause
rapid increases in temperature on the top surface of the con-
crete and a much higher temperature in the top of concrete
than in the bottom.

When these conditions prevail, the top of the slab tends to
expand and warp the slab downward along the slab edges and
at joints. The expansion and downward warping are resisted
by the subgrade, producing tensile stresses in the bottom of
the slab. These stresses tend to reach a maximum value at
about 15 to 20 £t from a joint or edge (8).

It is not known whether stresses due to restrained warping
(in combination with loads) caused the start of cracking in
the reinforced sections at the Road Test. However, the crack
pattern that did develop is an integral part of the experi-
mental test results. This means that the experimental data
show the performance of a group of reinforced test sections,
50 percent or more of which started cracking during a brief
fall period— in spite of wide differences in the ratios of
loads to slab thicknesses.

In some states, reinforced pavements do not develop a crack
pattern like the one that occurred at the Road Test. This is
true of reinforced pavements 8 to 10 in. thick on 4- to 12-in.
subbases after 10 to 20 years of service on projects carrying
large volumes of heavy truck traffic. These pavements do not
have visible cracks. The very few cracks that do occur are
isolated between long sections without cracks and are usually
associated with abrupt changes in subgrade support, rather
than climatic enviromment. In states where reinforced pave-
ments do not exhibit cracking, except at isolated locations,
Road Test performsnce on the reinforced sections will have
little or no application.

The data on major cracking in Table 4 have been summarized on bar graphs in
Figure 8. The bars show the percent of sections without major cracking and average
repetitions at the start of major cracking for the two slab designs by thickness levels
and loops. With regard to major cracking, Figure 8 shows:

=+

1. About equal performance on first thicknegs levels I
showed slightly better performance than the reinforced design on the first
test sections in loop 6.

2. At the second thickness level, performance was about equal in loop 3. In loops
4, 5 and 6 performance was better on the plain design than on the reinforced design.

3. At the third thickness level, performance was better on the plain slab design
than on the reinforced design in loops 3, 4 and 6. In these loops no major cracking
occurred on the plain design, but 62 to 100 percent of the reinforced test sections had
major cracks. In loop 5 the percent of slabs with major cracking was equal, but the
average number of repetitions to the start of cracking showed a slight superiority for
the reinforced slab design.

4. At the fourth thickness level, performance was better on the plain slab design
in loops 3 and 4 and about equal in loops 5 and 6.

5. Overall performance showed about equal performance on 7 of 16 load-thickness
combinations. In one case (the third thickness in loop 5) performance was slightly
better on the reinforced slab design. In the other eight load-thickness combinations,
performance was superior on the plain design, with five of these eight combinations

showing no major cracking.

It was concluded that the plain slab design showed definite overall superiority to
the reinforced design with regard to major cracking.

ex

cent
cept
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Figure 8. Major cracking — class 3 and Li—concrete test sections (factorial and replicate).

Authors' Commentl.——Major (class 3 and 4) cracking was used
in computing serviceability indexes. However, where the ser-
viceability is about equal, a pavement without major cracking
should be a better maintenance risk than a pavement with these
cracks. It is true that there are more joints to maintain
with a plain slab design. However, with a short joint spacing
there is less movement at the joints and this tends to reduce
the amount and frequency of maintenance reguired. Also, main-
tenance costs are usually higher for spalled or otherwise de-
fective cracks than they are for joints.

SUBBASE PUMPING

This section deals with the extent and severity of subbase pumping at the Road Test
and the relationships of subbase pumping to serviceability and performance. The data
and analyses are on trace, moderate and heavy subbase pumping. (In the HRB data
systems, trace, moderate and heavy subbase pumping are combined into a pumping

lThe limitations set forth in the comments on start of cracking in reinforced sections
also apply here.
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score. This score equals trace pumping, plus 10 times moderate pumping, plus 50
times heavy pumping. In the Road Test Report the Pumping Index equals the Pumping
Score divided by 100.) These types (or intensities) of subbase pumping are not defined
in the Road Test Report (3) or in the Data System on pumping (R4243). However,
examples of subbase pumping are shown in Figure 9.

Table 5 gives the data for all Design 1 concrete test sections in loops 3 to 6. These
data are arranged across the table to make abridged section histories referenced to
subbase pumping.

With regard to the extent of subbase pumping in loops 3 to 6, Table 5 shows the
following:

Trace subbase pumping: (1) occurred on all Design 1 test sections.

Moderate subbase pumping: (1) occurred on all first and second level test sections,
(2) occurred on 95 percent of the third level test sections, and (3) occurred on 63 per-
cent of the fourth level test sections.

Heavy subbase pumping: (1) occurred on all first level test sections, and (2) oc-
curred on 89 percent of the second level test sections, (3) occurred on 34 percent of
the third level test sections (heavy subbase pumping was not severe on third and
fourth level test sections), and (4) occurred on 21 percent of the fourth level test
sections.

A major part of the data in Table 5 is shown in Figure 10. The bar graphs are per-
formance histories showing Road Test performance in the truck loops up to the point
heavy subbase pumping started. Serviceability and repetitions are plotted in the fol-
lowing order: (1) as constructed values, (2) at the start of trace subbase pumping,

(3) at the start of moderate subbase pumping, and (4) at the start of heavy subbase
pumping.

When moderate or heavy subbase pumping did not occur during the test period, end
of test repetitions and serviceability indexes were used.

Bar graph histories are shown for the plain and reinforced slab designs, under
single and tandem axles and by thickness levels and loops. The bar graph values are
averages for the three subbase thicknesses.

Study of the bar graph histories in Figure 10 shows that:

1. Prior to the start of heavy subbase pumping there were no significant differences
in serviceability on the plain and reinforced slab designs at any thickness level.

2. Prior to the start of heavy subbase pumping there were no significant differences
in serviceability under single- and tandem-axle test traffic at any thickness level.

3. There was an initial loss in serviceability of about 0. 4 prior to, or at the start
of, trace subbase pumping. On most sections, trace subbase pumping started at
101, 000 repetitions. Further study of performance histories showed that on most
sections the initial loss in serviceability reached its low point at about 100, 000 repeti-
tions regardless of number of repetitions at which trace subbase pumping started. The
initial serviceability loss occurred during the first period of spring weather after
traffic testing started. Concrete pavements in service often exhibit lower serviceabili-
ty during the first spring period than during subsequent spring periods or during other
periods in the yearly weather cycle.

4. Prior to the start of heavy subbase pumping there were no further significant
losses in serviceability at any thickness level.

To further check these conclusions, changes in serviceability between the start of
trace subbase pumping and the start of heavy subbase pumping were computed. Where
heavy subbase pumping did not occur during the test period, the end of test service-
ability values was used. These computations are given in Table 6.

These mean changes (Table 6) do not show a significant loss in serviceability and
hence support the conclusion that no losses occurred prior to the start of heavy subbase
pumping.
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Figure 9. (a) Test section where sub-
base pumping had not occurred; (b)trace
subbase pumping along full length of
test section; (c) initial stages of
moderate subbase pumping; (d) initial
stages of heavy subbase pumping; and
(e) severe stage of heavy subbase
punping.
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As a further check on the conclusions, TABLE 6
the mean losses in serviceability were
first computed between the as constructed CHANGE IN SERVICEABILITY
values and at the start of trace subbase BETWEEN THE START OF TRACE
pumping. Mean values for the four thick- AND HEAVY SUBBASE PUMPING
ness levels are shown in Table 6. It is :
significant that these initial serviceabili- Thickness Level Change Mean

ty losses changed very little between

thickness levels and did not decrease as 1 -0.10 -0.37
slab thickness increased relative to load. 2 +0.08 -0.43
The next step was to check the validity 3 -0.20 -0.41

of the following statement: 4 -0.01 -0.42
All 4 -0.02 -0.41

On all Design 1 concrete test
sections in loops 3 to 6 there
was an initial 0.4 service-
ability loss up to the start
of trace subbase pumping, and
there was no further loss in
serviceability prior to the
start of heavy subbase pump-
ing—or during the test period
on sections where no heavy
pumping occurred.

To check this statement 0.4 was subtracted from the as constructed serviceability
index of each test section and the standard deviation was computed between this value
and the serviceability index at the start of heavy subbase pumping—or the end of test
serviceability index where no heavy subbase pumping occurred. Values were com-
puted for the two slab designs and the two axle loads at each thickness level. Results
of these computations are given in Table 7. These values show quite uniform concrete
performance and no significant differences between the variables of load and design.
The values support both the statement and the other conclusions.

The mean replicate difference in serviceability was 0. 14 at the start of trace sub-
base pumping and 0. 18 at the start of heavy subbase pumping, or at the end of the test
where no heavy subbase pumping occurred. These replicate differences also show
that concrete performance was quite uniform and that the deviation values are reliable.

Authors' Comment.—The data and conclusions on subbase pumping

ance equations in the following respects:

1. The equations fail to show the initial loss in service-
ability up to the start of trace subbase pumping.

TABLE 7
STANDARD DEVIATION IN SERVICEABILITY

Thickness Plain Reinf.
Level Mean
Single Tandem Single Tandem
1* 0.12 0.10 0.10 0.14 0.14
2 0.20 0.27 0.20 0.22 0.10
3 0.20 0.17 0.17 0.14 0.22
4 0.20 0.17 0.14 0.24 0.24

*Data from the first level in loop 3 were omitted because all three types of subbase
pumping started at the same number of repetitions on nine of twelve sections.
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2. The equations fail to show that there were no further
significant losses in serviceability prior to the start of
heavy subbase pumping--or to the end of test where no heavy
subbase pumping occurred.

3. The equations fail to show the equality of performance
on Design 1 test sections at all thickness levels prior to the
start of heavy subbase pumping—or to the end of test where no
heavy subbase pumping occurred.

k. The equations fail to show equality of performance under
single- and tandem-axle test traffic prior to the start of
heavy subbase pumping—or to the end of test where heavy sub-
base pumping did not occur,

Table 5 shows repetitions to the first loss in serviceability—the point at which the
serviceability index fell below 4.0 and did not recover. (The performance history of
Section 339 is shown on page 148 (_1_3_, Fig. 115). The first loss in serviceability oc-
curred at 775, 000 repetitions.) This is approximately the point at which concrete test
sections began to suffer damage from the effects of heavy subbase pumping (probably
from non-uniform subbase support). The work on repetitions to the first loss in ser-
viceability has thus far been limited to the first level test sections in the four truck
loops. In Figure 11, the number of repetitions between the start of heavy subbase
pumping and the first serviceability loss are related to computed stresses. These
stresses (and others shown later) were computed for the maximum loop wheel load
with a 20 percent load safety factor using the procedure described in the previous
study (1,2). Figure 11 shows:

1. Wide variations in the num-
ber of repetitions between the start
of heavy subbase pumping and the
first loss in serviceability.

2. That average values varied
at a nearly constant rate where the
stress was between 513 and 845 psi
(loops 3, 4 and 5).

3. That there was a sharp in-
crease in average repetitions to the
first loss in serviceability where
the stress was less than 513 psi
(between loops 5 and 6).

Performance of the second lev-
el test sections are of special in- 0
terest because of the wide varia-
tions in their performance, par-
ticularly in loops 4, 5 and 6. The »
following is a summary of major /
differences in end of test service-
ability in these three loops:

as

psi

845
653
513
463

Ist THICKNESS
Stress

kips
24

Tandem
32
40
48

Axle Loads

Single
kips
12
18
22.4
30
T—

MAX IMUM

Slab
Depth
in

3/
5
62
8

Repetitions

Loop
No
3
4
5
6
\O

MEAN

Loop 4, Second Level, 67,
In., Stress: 424 Psi

Four sections survived test
traffic with a mean serviceabili-
ty index of 4.1, only slightly be-
low end of test averages for the
third and fourth levels.

However, six sections
dropped to a 1.5 index at repe-
titions varying from 689, 000 4
to 1,036, 000. Sk

Repetitions from start of heavy pumping to first loss in ser-
servicesbility fell below 4.0 and did not recover)

(when

CONCRETE TEST SECTIONS
N
MIN|MUM
2

ility

©

900

800

00

00

500

400
Figure 11
viceab

o computed stresses.

+

related
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Loop 5, Second Level, 8 In., Stress: 370 Psi

Eight sections survived test traffic with a mean serviceability index of 4. 2—about
equal to end of test values for third and fourth levels.

However, five sections dropped to a 1.5 index at repetitions varying from 898, 000
to 1, 104, 000 repetitions.

Loop 6, Second Level, 9%, In,, Stress: 346 Psi

Twelve sections survived with a mean serviceability index of 4, 2—again equal to
terminal values at the third and fourth thickness levels.

However, one section ended the test with an index of 1.6 and another dropped to 1.5
at 912, 000 repetitions.

It is evident from this summary that concrete performance improved consistently
as computed stresses dropped to values that are often used for design of pavements in
service., (For concrete with an anticipated 28-day flexural strength of 700 psi, a stress
of 350 psi affords a fatigue safety factor of 2.0, the value used for more than 100, 000
load repetitions in the PCA design procedure.) But why the extremes of performance
in these second level test sections? It was found that the differences in performance
were related to the amount, or severity, of heavy subbase pumping and computed
stresses. These relationships are shown in Table 8. The second level test sections
were divided into five groups. The first group had no heavy subbase pumping and the
other four groups had increasing amounts (or intensities) of heavy subbase pumping.
In Table 8 the amount of heavy subbase pumping is the accumulated percentage of sec-
tion length with heavy subbase pumping. The percent of section length with heavy
subbase pumping was measured after each period of rainfall. The accumulated per-
centage is the sum of these values. For example, if on a given section these per-
centages were 10, 14 and 21 after three periods of rainfall, the accumulated percentage
would be 45 (these values are illustrative only, not taken from Road Test data). I,
on another section, these percentages were 80, 45 and 60 after three periods of rain-
fall, the accumulated percentage would be 180. Table 8 shows that as stress decreased
the test sections were able to withstand increasing amounts of heavy subbase pumping
without significant loss in serviceability. Mean values to the left of and below the
heavy line in Table 8 are:

No. of Mean Serviceability
Laop Sectiong Index
3 None ——
4 4 4.1
5 8 4.2
6 12 4,2

Table 8 also shows that sections with a serviceability index of 1.5 before the end
of test had suffered the effects of severe subbase pumping. On 19 of 20 sections in
this category, the accumulated percentage of heavy subbase pumping was 60 or more.
Eighty percent of the 20 sections with a 1.5 index before the end of test had accumulated
percentages of 90 or more.

Eight-inch concrete pavements are widely used on routes carrying heavy traffic.
This led to preparation of detail performance history graphs for the 8-in., second
thickness test sections in loop 5. These graphs are shown in Figure 12. The test
sections are grouped together to illustrate the effects of heavy subbase pumping.
Curves for the Road Test performance equations are also shown. Conclusions from
Figure 12 are:

1. Where the accumulated percentage of heavy subbase pumping was 60 or less, the
8-in. second level pavements performed about as well as the third and fourth thickness
levels.
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LOOP 5—- 22.4 KIP SINGLE AXLE LOADS
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LOOP 5—- 40 KIP TANDEM AXLE LOADS

8in.Plain Pavement™
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2. Where the accumulated percentage of heavy subbase pumping was 60 or less,
performance of the 8-in. test sections could be described by the following statement:
At 100, 000 repetitions of either single- or tandem-axle loads the serviceability index
was 0.4 less than the as constructed values, and there were no further losses in ser-
viceability during the test period.

3. Where the accumulated percentage of heavy subbase pumping was 90 or more,
performance was as previously stated until heavy subbase pumping approached severe
intensity. Severe heavy subbase pumping was accompanied by a rapid serviceability
loss with indexes usually reaching a value of 1.5 before the end of test.

4, The performance shown in Figure 12 is at variance with the Road Test perform-
ance equations in the following respects:

(A) They do not describe concrete performance prior to the start
of heavy subbase pumping.

(B) They give incorrect values for end of test serviceability where the
accumulated percentage of heavy pumping was 60 or less (not
severe).

(C) They fail to show that performance was equal under single and
tandem axles where the accumulated percentage of heavy sub-
base pumping was 60 or less (not severe).

(D) They give incorrect values for end of test serviceability where
the accumulated percentage of heavy subbase pumping was 90
or more (severe).

In the previous study (l) the relationships of design depths to end of test service-
ability are shown in chart form for the four truck loops. These charts (Figs. 18, 19,
20 and 21 in Ref. 1) have been reproduced and revised to show end of test service-
ability for second level test sections that were not affected by heavy subbase pumping
(sections to the left of and below the heavy line in Table 8 of this report). These re-
visions are shown in Figure 13.

Figure 13a shows the relationships of design depths to the four thickness levels in
loop 3. The PCA design depth and both the mean and range of design depths submitted
by four agencies during the planning stage of the Road Test are shown on the slab
thickness scale. In loop 3 all second level test sections were affected by heavy sub-
base pumping. As a result, no revision is shown.

Figure 13b shows the relat1onsh1ps of performance to design depth in loop 4. The
right half of the second level bar graph (67 in.) shows the performance of all second
level test sections in loop 4. The left half shows performance of second level sections
not influenced by heavy subbase pumping (accumulated percentage: 30 or less). These
sections have a mean serviceability index of 4.1 and show that both the PCA and four
agency designs have a wide margin of safety.

Figure 13c shows revised relationships of performance to design depth in loop 5.
Here the eight test sections that were not affected by heavy subbase pumping (accumu-
lated percentage of not more than 60) have a mean serviceability index of 4.2—only
slightly below values for the third and fourth levels. This performance again shows
that both PCA and the four agency designs are conservative and reliable.

Figure 13d shows performance design relationships for loop 6. In this loop the
twelve sections not affected by heavy subbase pumping (accumulated percentage of less
than 90) had a mean serviceability index of 4.2, almost equal to the third and fourth
thickness values. Again this performance shows that both the PCA and four agency
designs are adequate and reliable.

The final conclusion is that the PCA design procedure is somewhat more dependable
than was indicated by the previous study (1).
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Nickel-Coated Dowel Pins
Exposed in Tidal Zone
Harbor Island, North Carolina

CHARLES B. SANBORN, Supervisor, Coated Products Development, International
Nickel Co.

eTHE International Nickel Co. has been engaged in developing nickel coatings for the
surfaces of various steel mill products to provide corrosion resistant protection of
carbon steel. Prior to the early stages of this development, the problems associated
with the corrosion of dowels in highway load-transfer devices had been brought to the
company's attention. The studies of Van Breemen (1) were reviewed and, in addition,
the various methods employed and proposed to provide corrosion resistant dowels were
investigated. Development effort was then directed toward determining the utility of

a hot-rolled, nickel-coated dowel bar; and for this purpose approximately 5 tons of
nickel-coated bar stock were produced experimentally. The product was fabricated
into load-transfer devices and placed in six highway test projects (Table 1),

In addition to the highway performance tests which have been in progress up to 5
years, an accelerated corrosion test was conducted in tidal sea water at the company's
corrosion test station at Harbor Island, N. C. Similar accelerated exposure tests
were conducted in tidal waters at Old Saybrook, Connecticut and reported by Mitchell
(2). Accelerated corrosion tests under controlled laboratory conditions were set up at
Purdue University (g). This study investigated various types of nickel coatings and
stainless steel sheathing on carbon steel bars and showed their influence on reducing
the restraining action of dowels cast in concrete.

Also, marine and industrial atmospheric exposure tests of a qualitative nature have
been made and are continuing at Kure Beach, N. C., and Bayonne, N. J., respectively.
This report is concerned primarily with the pull-out tests of plain uncoated, hot-
rolled carbon steel dowels and hot-rolled nickel-coated steel dowels after exposure in

the tidal zone at Harbor Island, N. C.

TABLE 1
HIGHWAY TEST PROJECTS

Nickel-Coated Dowels

State Location of Installation
No. Size (in.)
Conn. 288 1 diam. x 18 US 9, Middleton
Kan. 240 17/a diam. x 18 US 36, between Seneca and
a Maysville
Mich. 240 174 diam. x 18 US 16, Proj. 34044, Portland
N. J. 240 1% diam, x 18 US 202, north of Flemington
N. Y. 240 1% diam. x 18 Interstate 502, Colonie
D. C. 240 1%, diam. x 18 Eastern Ave.

a
Also, 132 each steel dowels sheathed with types 430, 304 and 316 stainless steel and
Monel; same size.

’aper sponsored by Committee on Rigid Pavement Design.
71
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EXPERIMENTAL MATERIAL

In producing the nickel-coated bars, a typical industrial type, heavy nickel coating
was electrodeposited by standard methods on commercial grade carbon steel billets.
The nickel-plated billets were then heated to rolling mill temperatures, approximate-
ly 2,100 F, and hot-rolled to the final round bar size.

Figure 1 shows a typical 3- by 3-in. plated carbon steel billet cross-section with
corresponding nickel-coated bar section and longitudinal piece of 174-in. diameter
nickel-coated bar stock after hot rolling.

The nominal nickel thickness on the finished hot-rolled bars used in the highway
performance tests and the tidal zone exposure ranged from 0.007 in. to 0. 010 in,
Figure 2 shows cross-sections of three typical bars which have been polished and acid
etched. The steel was blackened to reveal the nickel coating.

Figure 1. Nickel-plated steel billet section (3 x 3 in.) and 1i-in. hot-rolled nickel-
coated bar.
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Figure 2. Nickel-coated dowel pins (1.25-in. diameter).

In the process of heating and rolling the plated billet, the typical cast-like columnar
structure of the electrodeposited nickel is converted to a wrought type nickel structure
(Fig. 3). Also, during heating, diffusion occurs at the nickel-iron interface which
improves the original metallurgical bond of the nickel to the basis metal. Thus, by
the method of manufacture the nickel becomes an integral part of the bar without
changing the mechanical properties of the steel. This type of dowel, along with the
more familiar plain, hot-rolled carbon steel dowels, was employed in the exposure
and pull-out tests.

TIDAL ZONE EXPOSURE SPECIMENS

On June 23, 1959, sixteen dowel pins were exposed on the Harbor Island bulkhead
in the upper part of the tidal zone (Fig. 4). They were immersed 2 to 3 hours a day
in sea water. Six inches of each end of a dowel pin had been cast in a concrete cylin-
drical form, 77z in. long by 6 in. in diameter. From 5 to 6 in. of the middle portion
of the dowel was not covered by concrete, thus providing a dumbbell like configura-
tion. The concrete consisted of about 2%-in. cover of a Class "A' air mixture of the
following composition: 94 1b cement, 156 1b sand, 363 lb gravel, 5 gal water, and
%, 0z Darex admixture.

Before casting, six inches of one end of each dowel was thinly coated with Esso
Nebula EP-1 multi-use industrial grease, to prevent bonding of one end of the dowels
to the concrete in a way similar to the practice employed in highway, doweled joint
construction to provide a sliding member. This portion of the dowel will be referred
to as the ""greased end.' The other end of the dowel cast in concrete was not greased
so that the concrete would adhere to this portion of the dowel to simulate the fixed
end of a doweled pavement joint, This end of the dowel will be referred to as the
"fixed end. "

Four of the specimens contained plain hot-rolled carbon steel dowels and 12 con-
tained hot-rolled nickel-coated steel dowels. All specimens were subjected to fre-
quently agitated and generally highly aerated sea water during the immersion periods.
The agitation and aeration were caused by high velocity pumps operating nearby and
discharging large volumes of sea water at several feet above the surface. This also
subjected the specimens to considerable splashing before and after each tidal immer-
sion cycle.
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Figure 4. Dowel pin specimens at time of tidal zone exposure: (left) pin cast into
concrete, specimen XTIT; (right) specimens in exposure location—tide four-fifths high.

PULL-OUT TESTS

After 1% years continuous exposure to tidal action, 10 specimens containing nickel-
coated hot-rolled dowels and 3 specimens containing plain, hot-rolled carbon steel
dowels were removed from exposure and prepared for the pull-out tests. This was
done by cutting the dowel pin midway between the cement blocks and drilling and
tapping the cut end to accommodate a pull rod (Fig. 5). Irregularities of the cement
blocks were rectified through the use of capping material. The possibility of mis-
alignment in the actual test was minimized by using a universal alignment head. As
the dowels were pulled, only the initial ultimate loads that caused movement were re-
corded as these were considered the loads necessary to free the dowel bar from the
concrete. The area of the dowel pin actually in the concrete was then used to calcu-
late the apparent shear stress.

L
S = X
in which
S = apparent shear stress;
L = ultimate load measured; and

A = measured area of the dowel in concrete.

TEST RESULTS

The pull-out test data (Table 2) have been plotted in Figure 6. From the average
apparent shear stress data, the plain carbon steel dowels required 7.5 times the
force to initiate movement as compared to the nickel-coated steel dowels. Also, there
is very little difference between the shear stress of the plain carbon steel dowels that
had been greased and the same dowels without grease.

Following the pull-out tests all dowels were removed from the concrete specimens
and the hole in the concrete was inspected and evaluated for residual corrosion prod-
ucts, smoothness of surface, and pitting (Table 2). Figure 7 compares the conditions
of the plain dowel pins with the nickel-coated dowel pins at the greased and fixed ends.
The nickel-coated dowels retained their original finish although those that were ini-
tially greased were slightly tarnished, It is believed that the grease was eventually
washed away thus permitting the corrosive medium to come in contact with the metal
surfaces within the concrete.

The plain hot-rolled carbon steel dowels were cleaned to remove all corrosion
products without disturbing sound steel. The segment of these dowels between the
concrete blocks where the pins were exposed to sea water was measured and found to
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Figure 5. Pull-out test apparatus.

TABLE 2
PULL-OUT TEST DATA

Specimen Nickel Bond Breaker Ultimate Apparent Shear Condition of Hole in
No. Coated Greased Load (1b) Stress (psi) Concrete Block®

I Yes No 9, 600 348.2 S-C, no CP

1 Yes Yes 2,900 124.6 8-C, no CP

I Yes No 9,500 356.6 S8-C, no CP

I Yes Yes 2,300 97.5 R-C, no CP
o Yes No 9,100 345.7 S-C, no CP
Im Yes Yes 2, 850 122,5 R-C, no CP
w Yes No 4,500 184.8 S-C, no CP

v Yes Yes 2,900 120.7 S-C, no CP

v Yes No 5, 500 211.6 8-C, no CP

v Yes Yes 3,150 137.0 S-C, no CP
VI Yes No 14,000 558. 3 S-C, no CP

VI Yes Yes 3, 250 144,7 S-C, no CP
vi Yes No 8,100 342, 6 §-C, no CP
v Yes Yes 2, 500 169.8 S-C, no CP
Vi Yes No 5, 600 207.2 S-C, no CP
VIiIo Yes Yes 2, 300 83.3 S-C, no CP
X1 Yes No 9,550 386. 7 R-C, no CP
X1 Yes Yes 2, 400 102.4 S-C, no CP
XI1 Yes No 7,300 290. 1 §-C, no CP
X Yes Yes 2,350 99.7 S5-C, no CP
X1 No No 24, 300 924.3 S, some CP
X1 No Yes 18, 800 784.3 R-P, some CP
xwv No No 27,050 1,064.9 R, some CP
XIv No Yes 23,900 995.1 S, some CP
XVi No No 23, 500 852.2 R, some CP
XVI No Yes 24, 600 1,026.6 R-P, some CP

85 = smooth, R = rough, C = clean, P = pitted, and CP = corrosion products.
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KB-1298-6 KB1298-8

UNCOATED CARBON STEEL NICKEL GOATED CARBON STEEL
e SPECIMEN SPECIMEN

Figure 8. Dowel pin specimens after 3 years and 4 months of exposure in tidal zone.

A. NICKEL COATED DOWEL 3-1/4 YEARS EXPOSURE.
WETTED ONCE A WEEK WITH 5% SALT SOLUTION.

B. NIGKEL COATED DOWEL I-1/2 YEARS EXPOSURE.
WETTED TWICE WEEKLY WITH 5% SALT SOLUTION.

C. UNCOATED CARBON STEEL DOWEL.
SAME EXPOSURE CONDITION AS B.

D. TYPE 410 STAINLESS STEEL SEAM WELDED SHEATH
ON CARBON STEEL DOWEL -SAME EXPOSURE AS BB&C.

E. TYPE 302 STAINLESS STEEL SEAM WELDED ON CAR-
BON STEEL DOWEL —SAME EXPOSURE AS B,C & D.

Figure 9. Atmospheric exposure of dowels at Bayonne, N. J.
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have been reduced in cross-sectional area by approximately 6.5 percent, The nickel-
coated dowels had no measurable reduction in cross-sectional area.

Of the original 16 specimens, two containing nickel-coated dowels and one contain-
ing plain carbon steel dowels have remained on the tidal zone rack. The comparative
condition of these dowels after 3 years and 4 months of exposure is shown in Figure 8.

It is evident that during the tidal zone exposure the corrosive media had reached
the surface of the greased or free end of the dowels. Judging from appearance, cor-
rosive media had also reached the fixed end but to a somewhat less degree. The plain,
hot-rolled carbon steel dowels were restrained from movement at the greased end of
the concrete specimen to nearly the same extent that the fixed end was restrained.
Thus, the possible utility of nickel-coated dowels for highway use in concrete road
joints is indicated by the low degree of restraint offered when compared with the plain
carbon steel dowels.

Two types of stainless steel-sheathed dowels, nickel-coated dowels and a plain car-
bon steel dowel from the atmospheric exposure test are shown in Figure 9.

CONCLUSIONS

1. Sufficient time has not elapsed to provide conclusive results from the several
state highway department performance tests. All types of corrosion-resistant dowels
appear to be functioning properly as nearly as can be determined from seasonal meas-
urements of joint opening and closing.

2. The tidal zone exposure and accompanying pull-out data confirm Mitchell's (2)
conclusion that a nickel-coated dowel is promising.
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Study of Stresses in Prestressed
Concrete Pavements at Maison-

Blanche Airport

J. G. CLAUDON, Engineer of Bridges and Highways, French Ministry of Public
Works, Paris, France*

Both runways of the Algiers airport are of prestressed con-
crete. The first one was built in 1953-4, and the second in
1960-1. The pavements are posttensioned by cables inthe trans-
verse direction and poststressed in the longitudinal direction
by means of elastic abutments.

These pavements were continuously surveyed and tested dur-
ingand since their construction. After seven years of service
certain conclusions can be drawn.

The paper briefly describes the design and construction of
the runways and explains the reasoning followed in selecting
thisparticular design. An appraisal is provided of the results
of the observations concerning the displacements of the extrem-
ities of the pavements and the variations of stresses in the
concrete,

The principal results of the field experiments concern (a) the
friction of the pavement on the friction reducing layer, (b) the
variations of temperature in the slab, and (c) the variations of
hygrometry. The variationofthe stresses in a pavement more
than two years old is studied by correlation with friction, vari-
ations of temperature and hygrometry, and also by studying the
eventual variations of Young's modulus, and the eventual vari-
ations of the thermal coefficient with temperature, stresses,
and hygrometry.

For a pavement of this age (one in which the most impor-
tant part of the creep has occurred) the study makes evident
the very important effect of the hygrometry on the thermal
coefficient.

The variation of stresses for the same variation of temper-
ature can be in the ratio of 3.5 to 2. 35 for certain conditions
of hygrometry. These great variations are at least partially
due, in this particular case, to the fact that limestone aggre-
gates were used.

eBOTH RUNWAYS and one taxiway of the Maison-Blanche Airport in Algiers are of
prestressed concrete. The first runway and the taxiway were built in 1953-4 and the
second runway in 1960-1, by the '"Service de 'Infrastructure Aeronautique del'Algerie, "
under the direction of M. Pousse, Director of this service. These airfield pavements
were not built specifically for experimentation; however, they provided an excellent
opportunity to experiment in the laboratory and in the field and to observe pavement
performance during and since construction.

Paper sponsored by Committee on Rigid Pavement Design.
¥Formerly Chief, First District, Algerian Airports.
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Since the first runway and the taxiway were put into operation more than seven
years ago they have been continuously observed and a great amount of data is now
available. The pavements are presently in excellent condition, with no indication of
spalling or cracking, even though the volume of traffic at Maison-Blanche is only
slightly less than at Paris-Orly. Therefore, the method of prestressing used can be
considered as practical and successful, and the interpretation of the results is in good
agreement with the behavior of the pavements.

Notations

The following notations are used in this paper:

Young's modulus; and
Poisson's ratio.

T = temperature, in °C;
t = time;

n = gtress;

e strain;

E

u

All other notations 