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PREFACE

The investigation reported herein was jointly sponsored by the
Oftice, Chief of Engineers, U. S. Army (OCE), as a part of the Military
Construction Short-Range Airfield Pavement Research Program and by the
Federal Aviation Administ'ration (FAA) as a part of 1iter-Agency Agree~
ment No. DOT FATIWAI-218, "Development of Airport Pavement Criteria."
OCE technical monitor for this investigation was Mr. A. F. Muller
{DAEN-MCE-D), and the FAL technical representative was Mr. Fred Horn
(#7=430).

The investigation was conducted during the period March 1972~
August 1973 at the U. S. Army Engineer Waterways Experiment Station (WES)
by personnel of the Soils and Pavements Laboratory (S&PL), under the
general supervision of Messrs. James P, Sale and Richard G. Ahlvin,
Chief and Assistant Chief, respectively, of S&PL. This report was pre-
pared by Dr. Walter R, Barler and Dr. Fravier Parier, Jr.

Directors of WES during the conduct of the investigation and the
preparation of this report were BG E. D. Peixotto, CE, COL G. H. Hilt,
CE, and COL J. L. Capnon, CE. Technical Director was Mr, F. R. Brown.
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INTRODUCTION

BACKGROUND

One pavement design concept used in regions vhere frost action is
a8 problem is to place inm;lating lavers in the pavement structure to
prevent the penetration of freezirg temperatures into Ifrost-susceptible
materisls. Innovations in material utilization have included the use of
prefabricated polystyrena panels and polystyrene bead concrete as insu-
lating layers.

A significant factor in the design of pavements containirs insu-
lating layers is the depth at vhich the insulating layer should be
placed. To be most effective, the insulating material should be located
4s near the surface as possible. The exact location should be con-
trolled by the strength of the material and the structural adequacy of
the resulting pavement system.

Volue I of this reportl describes the design, comstruction, and
behavior under traffic of prototype rigid and flexible airfield pavement
test section4. Included in these test sections were test items contain-
ing inswlating layers. The insulating layers were placed at various
locations within rigid and flexible pavement structures to evaluate the
structural performance of the insulating materials and to study the

effects of the location of the insulating layers within the pavement
structures.

JBJECTIVES

The objectives of this report are to anslyze the results from
tests of the pavements contsnining insulating layers, to determine the
structural adequacy of pavements containing various types of insulating
layers, and to determine the location of the insulating layers to =nsure
adequate structural performance of the pavements.

e




PROPERTIES O:' INSULATING MATERIALS

Two types of materiais were used as insulating iayers. The first
type vas an expanded polystyrene panel manufac:ured by Dow Chemical Cor-
poration under the trade name of Styrofcam. Three differcnt strensth
materials wvere employed: Styrofoam HD-300, Styrofcam HI, and S.ryro-
foam SM. These have nominal strengths of 120, 60, and 35 psi, respec-
tively. (Note: The ttrength values are the manufacturer's published
ainimum compresaive strength mensured perpendicular to the panel face at
S percent strain.) The HD-3(0 material vas supplied in 3~ by 16~ by
108-1n. panels, the HI material in 4~ by 24~ by 96-in. panels, and the
SM material in 3- by 24~ by 46-in. panels. The second type material was
& ligntweight concrete manufactured under a patentr ! process held by
BASF Wyandotte Corporaticn. The coarse eggregate was an expanded puly-
styrene bead. The trade name of the lightweight concrete 18 Styropor
concrete, The strsngth can be increased by decreasing the polystyrene
bead content, biit the resulting Styropor concrete will be denser and
have puorer insulating qualities. The opposite effect iz achieved by
increzaing the polystyrene bead content. A discussion of the production
of Sty 'mor concrete along with various properties of the material can
be foum: in Hohwiller and KShling.2

?¢ mportance in the astructural behavior of the lightweight 2on-
crete are its strength and load-def,ormation characteristics. Figure 1
presents the 28-day compressive cute strength as a function ot the unit
weight, and Figure 2 rresents dyraaic modulus (28 day) as a function unit
weighs.?

In the test section, lightweight concrete mixes having unit
weights of Ui and 52 pef were used. The material generally folloved the
trends illustrated in Figures 1 and 2; i.e., the 52-pcf material was
stiffer snd has & higher / trength than the Li-pcf material. Table 1
summarizes the results of comwression and fiexural tests performed on
6- by 12-in. cylinders and €~ by 6- by 36-in. beams, respectively. The
beams and cylinders vere cast during construction according to American
Society for Testing and Materials (ASTM) Designation: C 192-69,7 which




—

o

I\l ; \;M’

is equivalent to Metiiod CRD-C 10." The data shown in Table 1 indicate

that the strength and modulus of the lighweight coicrete sre rather
insensitive to age but highly dependent on density. This is caused by
the overshadowing effects of the polystyrene beads. Eliminating the
tests at ages of 7 and 66 days and averaging those remaining yields, re-
spectively, average compressive strengths of Li6 and 770 psi, flexural
strengths of 161 and 163 psi, compressive moduli of 0.215 x 106 and
0.301 x 106 psi, and flexural moculi of 0,L52 x :LO6 and 0.646 x 106 psi
for the concrete mixes with unit weights of Lk and 52 pef. The strengths
indicated in Figure 1 for the two iifferent lightweight concrete mixes
are greater than their respective nessured strengths, and the dynamic
modull indicated in Figure 2 are greater than the measured compressive
moduli dbut less than the measured flexursl moduli. The 52-pcf material
vas used in the flexible pavement test seciion apd the Lli-pcf material
in the rigid pavement.

A limited number of tests were conducted on the insulating mate-
rials to define the'r load-deformation and strength characteristics.
For the 120- and 60-psi polystyrene panels, unconfined compression and
eyclic unconfined compression (resilient modulus) tests were conducted.
Results of unconfined compression tests are showm in Figure 3. For com-
parison, the results of an unconfined compression test on the 4-CBR clay
(CH) subgrade material are also presented. As can be seen in the fig-
ure, both the 120~ and the 60-psi panels met the manufacturer's speci-
fied compressive strength. Although no tests were run, the stress-
strain and strength characteristics of the 35-psi panels were assumed to
be similar to those of the 120- and 60-psi materials. Results from the
cyclic tests are presented in Pigure 4. The results from cyclic tests
on the clay are also presented for comparison. It can be seen in Fig-
ure 4 that the resilient modulus of the panels decreases only slightly
with increases in deviator stress. The slight decrease in resilient
moduli of the two panels is in marked contrast to the decrease in
resilient modulus of the clay with incresses in deviator stress. At
very low values »t deviator stress, the modulus of the clay is higher
than that of either of the psnels, dut at values of subgrade stress
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vhich would normally be expected in ~irport pavement structures (5 to
7 psi), the resilient modulus is about equal to or sligntly less than

the modulus for the 60-;8i panel. The static modul! computed (at a
strain level of 2 percent) from the data presented in Figure 3 are close
to but below the resilient moduli (for 6-psi deviator stress) for the
120~ and 60-psi panels. The static modulus of the clay is much lower
than its resilient modulus. The moduli are 3000 and 450G psi for the
60-psi panel, 6000 and 6900 psi for the 120-psi panel, and 1200 and

Tests similar to laboratory CBR tests were conducted on all three
The load penetration

4100 psi for the clay.
For comparison, a range
Although

polystyrene panels located on a firm surface.
curves for these tests are shovn in Figure 5.
of load penetration curves for the subgrade soil is presentel.
only one curve is presented in Figure 5 for each panel, three tests were
conducted for each; hovever, little variation wvas noted. The computed
CBR's for the 120-, 60-, and 35~-psi panels were 10, 6, and 3.8,

respectively.
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FLEXIBLE PAVEMENT TEST SECTIOR

The layout of the flexible pavement section, includirg the subd-
items containing the insulating layers, is shown in Figure 6. The verti-
cal locations of the insulating layers within the pavements are shown in
Figure 7.

The locations of the polystyrene panel insulating liyers were
selected by considering the expected vertical stress alstributiou, as
obtained from a linear or nonlinear finite element analysis, through the
sections without the insulating layers. The selection process for the
vertical locations for the 60-psi panels placed in item & is i lustrated
in Figure 8. The expected vertical stresses at the top of the insu~
lating layers were calculated as 15 and 45 psi for the deep and shallow
locations, respectively. The linear elastic analysis was used for
item 4 because it was felt that, for the materials in this pavement, a
linear elastic approximation of the load-deformation response was suffi-
ciently sccurate. The selection process for the 120-psi panels piuced
in item 5 is illustrated in Figure 9. The expected stresses at th: %op
of the insulating layers vere calculated as 36 and 80 psi for the deep
and shallow locations, respectively. A nonlinear analysis was parfsrm=d
for item 5 because ot the stress-dependent nature of the response of
the granular materials (crushed limestone and sandy gravel). The moduli
of elasticity of the crushed limestone and sandy gravel were assumed to
te functions of the horizontal stress.

The locations for the lightweight concrete were checked based ou
the tensile stresz at the bottcm of the layer as computed by layered
elastic theory. For the shallov and the deep locations in items 4 and 5,
the tensile stresses at the bottom of the layers were less than 100 psi.
They were considerably less than the tensile strength of the lightweight
concrete as measured with beam tests., The results from the beam tests
are summarized in Table 1,

CONSTRUCTION

The construction of the test section is described in detail in




Volume I of this repott,l but will be summarized here for easy refer-
ence. An existing pavement was remcved and 6 to 12 in. of the in-place
clay subgrade was reprocessed with material added or removed where nec-
essary tc obtain the desired grades; the water content was adjusted as
required; and the material was compacted with a 30-ton pneumatic-~tired
roller.

The polystyrene layers wvere constructed by placiag the panels by
hand in a staggered pattern as illustrated in Figure 10. The light-
veight concrete was mixed in 1/2-cu-yd batches, placed in forms, the
surface screeded to grade, and cured with wel burlap for 4 hr.

The soil and cement for subitems La-kd were premixed in a windrow
adjacent tc the test section, plmced with & fronte-end loader, and spread
loosely in layers about 6 in. thick.. The gravelly sand subbase and
crushed limestone base in subiitems 5a~5d4 were placed in the same panner.
Each layer was compacted by 8 coverag2s of the 30-ton rcller with tire
pressures of about TO psi, and for those lifts not over the insulating
materials, an additional 8 coversges of a 50-ton roller were applied.
The S0-ton roller was not useu over the insulating layers for fear of
damaging the materials,

The asphaltic concrete surfacing was laid down with a finisher in
10-ft~wide lanes. Compaction wvus accomplished with a 10-ton tandem
steclewheeled roller and the 30-ton pneumatic-tired roller.

PROF ATIES OF AS~COKSTRUCTED PAVEMERTS

The material properties for the material in items L and 5 mea-
‘ured pricr to traffic are contsined in Table 2, Since the material
above the insulating layers was compected only with the 30-ton roller,
it was expected that the density of the material above the insulating
layers in the subitems would be less than it was in tae main items.
However, from the data in Table 2 this is not evident. It was also
expected that the density of the 1ift above the polystyrene panels would
be less thar that of 1ifts nearer the surface, because of the effects of
of the low panel stiffness. This effect was generalily observed for all
“he cther items (including 1, 2, and 3) vhere the density of the 1ift

10




above the subgrade was less than that of 1ifts nearer the surface. How-
ever, this effect is not apparent from the date in Table 2, and in fact,
the measured densities of the material above the stiff lightweight con-

crete layer were less than they were above the polystyrene panels.

TRAFFIC

Traffic was applied to the flexible pavements containing insulat-
ing layers with a 50-kip single-wheel assembly having a tire inflation
pressure of 190 psi. A detailed description of the application of
traffic and subsequent pavement performance is contained in Volume I.1
Table 3 summarizes the traffic data. The rating given a subitem was
based on permanent deformation of the pavement and cracking of the
asphaltic concrete layer. A pavement was considered‘failed when either
of the following occurred: ‘

a. Surface upheaval of the pavement adjacent to the traffic lane
reached 1 in, or more,

b. Cracking extended through the asphaltic concrete layer.

Subitems 4a~bd developed extensive cracking under the S50-kip
gingle-wheel assembly and were considered failed when the cracks pene-
trated the full depth of the asphaltic concrete. Subitems 4a and 4b were
considered failed at 170 coverages and subitems l4c and 4d at 240 cover-
ages., Subitems 5a, 5¢, and 54 sustained severe cracking and subitem 5b
slight cracking under the 50-kip single-wheel assembly. All subitems
were considered failed at 240 coverages when the cracks extended through

the asphaltic concrete,
AFTER-TRAFFIC INVESTIGATIONS

After termination of traffic, test pits were excavited in each
subitem for visual inspection of the insulating uaterials. In-place CBR
tests were conducted, and water content and density determinations were
made at various locations inside and outside the traffic lane in sub-

tems La, lc, 5a, and Sc. Moisture content determinations were made
near the surface of the stabilized base course in subitem 4b., Profiles
of the layers are shown in Figures 11-1i. The CBR test results, mois-
ture contents, and densities are shown in Table 4. Load penetration

1
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curves for the CBR tests conducted on the polystyrene panels are shown
in Figure 15, and curves for tests on the lightweight concrete are shown

in Figures 16 and 17.
SUBITEM La
The results of the CBR tests on the stabilized clayey sand were
The CBR values mea-

erratic, ranging from a high of 11b to a low of 22.
sured outside the traffic lane were 114, 33, and 22 for depths of 3, 15,
In the main portion

and 22 in., respectively, and inside the traffic lane were 67, 27, and

56 for depths of 3, 15, and 22 in., respectively.

of the test section, the CBR of the stabilized clayey sand varied from

93 to 150+ for all tests conducted prior to traffic and all tests con-
ducted after traffic but outside the traffic lane. The CBR values for
the main test éection inside the traffic lane measured after traffic

were 150+ sad 70 for a depth of 3 in., 50 for a depth of 12 in., and 26

for a depth of 15 in.l

A comparison of the CER's measured in the main test section with
the CBR's measured in subitem La indicates that the stabilized material
in the subitem was weaker than the stabilized material in the main test

The aversage of the CBR's measured after traffic in the subgrade

section.
of the main test section was 6.2 as compared to an average of 3.3 for
It can also be noted that the subgrade CBR's of subitem la

subitem ba.
measured inside the traffic lane were less than the CBR's measured out-
The tests conducted outside the traffic lane
The lower values inside the

side the traffic lane.

were on the south side of the subitem.

traffic lanc and higher values outside the traffic lane were consistent
with the coservation that the most severe rutting due to traffic occurred

to the north of the center line of the traffic lane,
The stiffness of the polystyrens, as measured by the load pene-
tration curves in Figure 15, was unaffected by the traffic. With the

exception of flexural cracking, the cordition of the polystyrene (Fig-

ure 18) was excellent; i.e., there appeared to be no crushing of the
The cause of the flexural cracking of the

insulating material.
12




polystyrene panels wvhich were placed transverse to the traffic lane ap-
peared to be permanent deformation of the materisl beneath the panels.
Such deformations are indicated by the layer profiles in Figure 1l.

SUBITEM Lb

The only tests run in subitem Lb were moisture content determina-
tions near the surface of the stabilized base course. However, the per-
formance of the pavement and the lack of crushing in the polystyrene
substantiate the conclusion that the polystyrene was not directly the
cause of failure. The condition of the panels after 240 coverages,
which was long after fajilure, is illustrated in Figure 19.

SUBITEM lc

The CBER's measured for the stabilized clayey sand in subitem ke,
partirularly beneath the lightweight concrete, indicated poor stabiliza-
tion. While the subgrade CER's were not as low as those for the sub-
grade of subitem la, the CBR's measured inside the traffic lane wvere
less than those measured outside the traffic lane. The load penetration
curves shown in Figure 16 indicate that at two locations inside the
traffic lane the stiffness of the lightweight concrete had been reduced
and that at one location the stiffness was unchanged. This indicates
that, in some areas, crushing of the surface of the lightweight concrete
had occurred.

Cracks had developed parallel to traffic in the lightweight con-
crete at the edge of the traffic lane and near the center of the traffic
lane. The profiles shown in Figure 12 indicate rutting occurred in the
stabilized clayey sand beneath the insulating material which probably
caused the cracking.

The results of the after-traffic testing indicated that failure
was caused by the lack of stabilization of the clayey sand beneath the
lightweight concrete.

SUBITEM Ld

A test pit was opened at the east end of subitem Ud and the west
end of subitem Sa at 170 coverages to observe the condition of the

13
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lightweight concrete. The cracking that had developad in subitem 4d is
shown in the right side of Figure 20. The cracking of the lightweignt
concrete in this subitem indicated failure of this materiel, particu-

larly in the area of the transition between subitem U4d and subitem Su.
SUBITEM 5a

On the crushed stome base in subitem 5a, in-place CBR values
inside and outside the traffic lane were 63 and 53, respectively. In
the main test section, the CBR values measured at the top of the base
both inside and outside the traffic lane were 150+ for traffic lane 1
and 133 for traffic lane 2. Thus, the CBR tests indicate a weaker base
material existed in subitem Sa than existed in the main test section.
Likewise, the subbase and subgrade CBR's were lower in subitem 5a than
in the main test section.

The condition of the lightweight concrete at 170 covereges :s8 in-
dicated in the left-hand portion of Figure 20. Although not visible in
the photograph, hairline cracks parallel to traffic were noted in the
surface of the lightweight concrete. The load penetration curves of the
CBR tests conducted on the surface of the lightweight concrete, shown in
Figure 17, indicated a weakening of this materiel due to traffic. Such
weakening would be the result of crushing of the concrete matrix in the

lightweight concrete.
SUBITEM 5b

An examination of the surface cf the lightweight concrete in
subitem 5b showed one small longitudinael hairline crack near the center
of the traffic lane. A test pit was located at the center of the sub~
item, and it was determined that only about 0.4 in. of permanent defor-
mation had occurred at the top of the lightweight concrete. This

roughly corresponds to the deformation observed at the surface.
SUBITEM Sc

The CBR's measured at the surface of the crushed stonz base were
lower than thase for the bzse of the main test section, bui the CBR

values measured on the gravelly sand roughly corresponded to those

1k




measured in the gravelly sand of the main test section. The CBR's mea-
sured in the subgrade of this subitem were higher than the CBR's mea-
sured for the subgrade of the other subitems and were approximately the
same as those measured in the subgrade of item 5 in the main test sec-~
tion. The load peunetration curves (Figure 15) showed no difference in
stiffness of the polystyrene inside the traffic lane from that outside
the traffic lane,

The polystyrene in subitem Sc was placed with the long dimension
of the panels parallel to the direction of traffic as shown in Figure 21.
Placement in this manner permitted the insulation to deform with the
rutting, and thus no flexural cracking of the polystyrene occurred. Ko
crushing of the surface of the polystyrene could be detected.

SUBITEM 54

Figure 22 shows the surface of the polystyrene in suvitem 5d.
The polystyrene of this subitem appeared, as was the case in subdbitem 5c,
to be in excellent condition.

ANALYSIS OF TEST RESULTS
REVIEW OF PERFORMANCE

In reviewing the results of the traffic tests the following
general observations were made:

a. Failures began at the transitions between items. This is
illustrated in Figure 23, which shows the initial distress

for subitem La, For this particular distress, the point of

maximum deformation was directly over the transition between

subitems 4a and Ub. Figure 24 shows the failure of sub-

item Ud, which began at the transition between subitem Ld and

subitem 5a.

b. The center of the permanent deflection basin of permanent
deformation was not in the center of the traffic lane but was
offset to the north side of the traffic lane, This effect is
illustrated in Figures 25 and 26. This offset was toward tk.
outside edge of the test section.

¢. For subitems Sc and 5d, in which the polystyrene panels were

placed parallel to traffic, distinct cracks developed in the

asphaltic concrete directly above the Joints between panels.

This is illustrated in Figure 27 which shows the longitudinal
cracking in subitem 5c.
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The above observations led to the conclusion that the failures in
the insulated test items were initiated by discontinuities such as tran-
sitions, panel cracks, and the edges of the lightweight concrete. This
conclusion has been aubstantiated by the performanc ' of other full-sixed
test sections in which premature failures have often occurred at transi-
tions. The cause of these failures has been attributed directly to the
lack of compaction. With the exception of subitem U4d, which failed
because of crushing of the lightweight concrete, this concept seems ap-
rlicadle tc the failures of the subitems containing the insulated layers.
It should be noted that the performance of subitems 5a and 5b was consid-
erud superior to the performance of t'bc other items, although feilure
vas assigned at 2L0 coverages. As can be seen in Figures 28 and 29,
only a few cracks had occurred in these itenms at 2k0 coverages. Consid-
ering the discontinuities, subitem 5d performed remarkadbly well. For
subitem 5b, Figure 29 shows there was very little cracking and the cross
section in Figure 26 shows very little perwsnent deformation. The supe-
rior performance of subitems 5a and 5b can be aitributed to the fact
that the lightweight concrete provided a rigid base to support the gran-
ular materials during traffic.

The failure of subitem kd cannot be blamed on poor performance of
othe pavement :itcricls. In this case, the lightweight concrete vas
placeu directly under the asphaltic concrete and failure occurred due to
crushing of the polystyrene beads within the lightweight concrete. In
this case, the compressive strength of the lightweight concrete was not
sufficient to withstand stress concentrations at its surface.

The feilure of subitems La, b, Sc, and 5d indicated a lack of
stabilization and/or the influence of discontinuities. In these items,
the lack of compaction st the discontinuities resulted in reduced load-
distridbuting characteristics and shear strength of the granular and sta-
bilized materials. This resulted in large deformations, both above and
belov the insulating layers. In subitems La and kb, the panels were
placed transverse to the traffic. The large permanent deformation, as
shown in Pigures 11 and 25, cuused flexural cracking of the panels
parcllel to the direction of traffic, as shown in Figures 18 and 19. 1In
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subitems 5c and 54, the longitudinal placement of the panels permitted
deformation without cracking of the panels. This resulted in severe
rutting, as illustrated in Figures 12 and 26, and longitudinsl cracking,
a3 showm in Figure 27.

THEORETICAL ANALYSIS

A theoretical analysis was conducted for subitems 5c and 54 to
determine the influence of placing the insulating layers within the
granular material. The analysis consisted of estimating the resilient
modulus of the pavement components, computing the resilient response
utilizing a linesr elastic layered response model (Chevron computer pro-
gru9), and relating the computed response to allowable response. Al-
though a nonlinear response model had been used in placement of the poly-
styrene panels, s linear elastic layered response model was used in the
analysis to conform to the design scheme presented by Barker and
me:ton.lo In eddition, the resilient response was related to the per-
manent deformation of the pavement system.

} The first step in the analysis was to estimate the resilient
modulus snd Poisson's ratio of the pavement cosponents. The results of
resilient modulus tests conducted on samples taken from the nain part of
the test section and on laboratory prepared samples of the clay (CH)
subgrade are shown in Figure 30. The field samples wore taken at vari-
ous depths. It should be noted that the resilient moduli of the field
samples were considerably higher than the resilient moduli of laboratory
samples of comparable mois-ure contents. The sulgrade had been in place
for severa®' years, and the :ffects cf thixotropic stiffening and compac-
tion by traffic in past tests probabdbly caused the differences in stiff-
ness. In addition, the CBR tests indicated that the subgrade in the
subitems tas less stiff than it was in the main items, It should be
noted that the top 6 to 12 in. of the subgrade was reprocessed and there-
fore characterization with the laboratory data, at least for the upper
part of the subgrade, would appear to be jJustified. For these reasons,
& resilient modulus of 3,000 psi was selected for characterizing the
subgrade, This is based on the laboratory curves and an estimated
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duviator stress of 5 to 6 psi. The measured Poisson's ratio for the clay
vas relatively insensitive to the stute of stress, and was spproximately
equal to 0.k, The results from resilient modulus tests of the polysty-
rene panels have been presented earlier. These tests were conducted
perpendicular to the panel fr:+ and represented the direction of maximm
stiffness. In the test sectioi:, the panels appeared to b2 subjected ..
bending, and thus the modulus in the direction parallel i5 the panel
faces would sigaificantiy influence the layer behavior. Also, there weie
weak planes along the joint between panels. To account for these two
factors, the resilient mwdulus of the polystyrene was reduced to one
half, giving & resilient modulus of 3,500 psi. By comparing measured
load penetration curves computed with elastic theory, it wes determined
that Possson's ratio fcr the polystyrene wus close to zero, and thus
zgero was used for this msterial. To characterize the granulur materials,
the granular layers were subdivided into sublayers of 6 to 8 in. in
thickness. The modulus of each sublayer depended on the modulus of the
layer beneath, according to a chsracterization scheme presented in
Barker and Brabston.l® Poisson's ratio for the gravelly sand and
crushed limestone wvas esiimated at 0.2 and 0.35, rezpectively. In the
analysis, two modulus values were estimated for the asphaltic concrete:
500,000 psi for a vinter day and 30,000 psi for & hot swumer day. The
valus 0.45 was uzad for Foisson's ratio for brth tie winter day and
swumer day. The gchemes described resulted in characterization of the
pavements as shovn schematically in Figures 31 awd 32.

The pavement response vas computed utilizing the Chevron computer
progrun.g One pavement response of particular interest was the vertical
deflection at the surface, vhich could de compared with the measured
deflections. The comparisons of the computed deflections and messured
deflections are illustrated in Figure 33. The agreement of the messured
deflections with coryrited deflections was obtained with the computed
deflections sdjusted to account for the assumption in the layered
elastic theory of an indefinite depth of sudbgrade. This sssumption re-
sults in computed deflections at very large dictances fros the tire,
vhich lave not been observed in actual tests. The adjustment in this
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case is made by moving the computed deflectioii upward such that the indi-
cated deflection at 80 in. from the center line of load would be zero.
The u«reement between this adjusted curve and the measured deflection is
considered excelient, especially considering the scatter in the measured
data.

Comiputed vertical stress distri-utions, with depth, are given in
Figures 3" and 35 for summer and winte: conditions, respectively. 1In
each figure, the distribution is given for subitems S5z and 5é. In com-
paring the “istributions, it can be seen that there is little difference
in the stress for a given depth between subitems Sc and 5d¢. There is a
substantial difference, near the surface, in stress between a sumxmer day
and a winter day. Also, there are differences in the verti:al stress at
the top of the polystyrene in subitem 5¢ (15 psi for a winter day and
18 psi for a summer day) and in subitem 54 (38 psi for a winter day and
51 psi for a summer day).

The distribution of vertical strain with depth for summer condi-
tions is given in FPigure 36 for srbitems S5c and Sd. The vertical lines
in the figure represent the strain at the middle of a layer (except for
the subgrade, in which the distribution within the layer is represented).
In the upper granular layers the strain is greater in subitem 54 than
in 5c¢ by approximately 35 percent, whereas helow the polystyrene the
strain in both items is almost the same. Within the polystyrene, the
strain in subitem 54 is over twice that in subitem S5c. Thus, from the
standpoint of stress and strain, it would appear that subitem Sc should
perform better than subitem 5d. This is contrary to the assigned behav-
ior where both were assumed to have fajiled at the same time, The prob-
lem iz therefore one of degree of distress under what are congidered
failure conditions.

In the design procedure for flexible pavement proposed in Barker

and Brabston,lo

the vertical strain is used as the criterion for pre-
dicting the performance of a pavement, For the subtgrade conditions and
applied traffic, the allowable strain is sbout 0.001 in./in. From the
plot in Figure 36, it can be seen that for both items the computed sub~

grade strain is almost twice the allowatle. The purpose of limiting the
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subgresde strain is to prevent rutting of the subgrade. In addition to
resilient modulus tests as discussed earlier, rutting tests on the sub-
grade soil were conducted using laboratory prepared samples. Two rela-
ticnships were developed from these tests. The first is the relation-
ship between vermanent strain and resilient strain presented in Fig-
ure 37, and the second is the relationship between the ratio of permanent
strain to resilient strain and resilient modulus of the subgrade mate-
rial presented in Figure 38. The relationships were developed for

1000 stress repetitions, but the applied traffic is given in terms of
coverages, Traffic producing 1 coverage was considered to produce

3 repetitions of the maximm strain at the subgrade surface; i.e. each
pess within 3 tire widths of a point would be considered as a strain
repetition. Since the relationship for 1000 stress repetitions was
available, it vas used as an approximation for 720 strain repetitions
which resulted from the apglied traffic. The permanent strain at a
point in the gubgrade can be determined from the relationships shown in
Figures 37 and 38. For exsmple, at the top of the subgrade, a resilient
strain of 0.0018 in./in. is obtained from Figure 36. With this value of
resilient strain, a permanent strain of approximately 0.003 is obtained
from Figure 37 for a 3-CBR materisl. By using the distribution of re-
silient strain as shown in Figure 36 for subitem 54 and the relationship
between resilient strain and permanent strain in Figure 37, the distri-
bution of permanent strain in the subgrade can be determined. The com~
pariscn between resilient strain and permanent strain to a depth of

70 in. is given in Figure 39.

If it is assumed that the permanent strain goes to zero at some
depth (say, 170 in.), then an approximation of the permanent deformation
in the subgrade can be made by computing the area under the permanent
strain distribution curve., From Figure 39, the area from 70 in. to
170 in. is approximated as a triangle with an ares representing
0.0365 in. of deflection. The remaining curve is broken into three
trapezoids from depths of 42 to 50 in., 50 to 60 in., and 60 to 70 in.
The trapezoids have aress of 0.0172, 0.0130, and 0,0090 e~ in., respec~
tively. Summing these values gives a permanent deformation at the top
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of the subgrade of 0.08 in. The distribution of permanent deformation
with depth is given in Figure LO.

The permanent deformation at the top of the subgrade can also be
estimated using the relationship presented in Figure 38 and the computed
resilient deformation, In this case, if it is assumed that the ratio
remains constant with depth and that the subgrade is infinite, then the
permanent deformation is equal to the computed resilient deformation
times the strain ratic. Interacting (graphically) the resilient strain
with depth curve to a depth such that the strain is essentially zero
yields a resilient deformation at the top of the subgrade of 0.115 in.
From . 3 38, a strain ratio of 1.6 was obtained for a subgrade soil
of 3000 .si. With a resilient strain of 0.115 in. and a strain retioc of
1.6, the permanent deformation of the surface of the subgrade in sub-
item 5d was estimated as 0,184 in. This -estimated deformation is greater
than the value previously estimated but was expected since the subgrade
stiffness probably increases with depth and the strein retio decreases
with depth.

For either case, the estimated permanent deformation at the top
of the subgrade is insignificant when c~mpared to the measured (somewhat
greater than 1 in.,) permanent deformation at the surface of the pavement.
This is not inronsistent wich observed behavior of the test item in
vhich nc detectable perw.nent deformation vwas measured at the top ~* the
subgrade. The theoretical analiysis of the permanent deformation .n the
subgrade and the observed condition of the polystyrene panels lead o
the conciusion that nearly ail of the observed perur nent deformation
ogcurred in the granular materials,

Tre conclusions reached as a result of an analysis utilizing
iayered elastic theory must be considered in the iight ¢: the prova-
bility that the vertical stresses are underpredicted. Morgan and
Scala,ll in a review ¢of flexible pavement behavior and application of
elastic theory to pavement analysis, came tc the following conclusion:
"The general faiiure of two and three layer systems to satisfy the
Burmister prediction appears to bte due to lower tnhan expectes modu.us

for the stiffer layers resulting from their inabliity to withstardg
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tension, or their dependence on confining stress which may not be suffi-
cient." The selection of values of moduli in this analysis was made
with the knowledge thet materials not cupable of sustaining tension
exhibit poorer load-distributing quality than a material of the same
modulus but havihg the capability of sustaining tension. The design

procedure presented in Barker and Brabstonlo

provides for use of elastic
theory by direct correlation of computed strain values with pavement
pe?formance. The real danger is when an attempt is made to predict per-
formance by directly comparing camputed values of pavement response with
laboratory determined material properties. In the design of pavements
containing insulating layers, stresces computed by elastic layered
theory should be used with caution. In Figure 36, which shows thr re=-
silient deformation in the granular material, it can be seen that above
the polystyrene panels resilient strains on the order of 0.004 in./in.
are computed, which is about four times the strain allowed for the sub-
grade. Although no informatior is available on the resilient strain and
permanent strain for the granular material, it must be assumed that, at
such large reﬁilient strains, large permanent strains would occur. If
the relationship between resilient strain and permanent strain for the
granular material is similar to the relationship developed for the sub-
grade, then the analysis would indicate that the major portion of per-
manent deforma%tion occurred in the granular material between the as-
phaltic concrete surface and the insulating layer. 3Such a conclusion is
in agreément with tre observed behavicr of the test items. %
No theoretical analyais was conducted for the other items, but
from the analycis o1 scubitems S5c and 54, some general deductions can be
made., In item 4, whcre there was less structure above the subgrade, it
would be expected ti:at the permanent deformation in the subgrade would
contribute nicre to the tcotal deformation than was the case in item 5.
The total result wouid be poorer performance of these items. If the
same characterizstion were used for the granular materials in sub-
jtefic Sa and 5p es was used for subitems 5S¢ and 5d, it would be found
that the modulus of the granular material above the lightweight concrete
would be much higher thun that above the polystyrene panels. The
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increased modulus values would result in lower computed strains within
these materials and a better load-distridbuting capebility for these mate
rials. The results of placing the stiffer material would be to improve
the load-carrying and distiributing characteristics of the granular mate-
rials, thus improving the performance of the items. The improved stiff-
ness of these items is indicated by the measured deflections which were
less than 0.1 in.
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RIGID PAVEMENT TeST SECTION

The layout of the rigid pavement test section, including the sub-
items containing insulating layers, is showm in Figure 41. Item S,
vhich contained the insulating layers, was divided into subitems Sa-5d
each coniposed of four 12-1/2- by 12-1/2-ft slabs. Subitem 5a contained
a 3-in.-thick layer of 35~psi polystyrene placed on the clay subgrade
over vhich was plac~i 6 in. of cement-stabilized lean clay. Subitem 5b
contained 9 in. of lightweight concrete directly on the subgrade., Sub-
itom 5¢ oontained 3 in, of 120=psi polystyrene placed directly on the
subgrade, and subitem 54 contained 3 in, of 35~pai polystyrene placed
directly on the clay subgrade. Fifteen-inch portland cement concrete
(PCC) slabs were placed on the above~described foundations.

CONSTRUCTIOR

The construction of the test section is described in detail in
Volume I of this re;ort.—,l but will be summarized here for easy reference.
The subgrade was preparsd by removing an existing rigid pavement test
section and reprocessing, compacting, and grading as necessary to obtain
the desired strength and elevatiuvn, The subgrade for subitems 5a and 5b
was excavated 6 in, deeper than that for subitems Sc and 54 to accoa-
modate the 9=in. thickaess «f lightweight concrete in subitem Sb and the
6~in.~thick layer of cement-stabilized lean clay over the 3-in.-thick
layer of' 35-psi polystyrene ii: subitem 5a,

Aftzr the subgrade was graded, the cemente~stabilized lean clay
base for item L and the transzitici slab between items L and 5 were
placed. The reinforced concrete trancition slab between items L and 5
was then placed., Rext the lightweight concrete was placed, as deseribed
for the flexibls pavement section. The polystyrene panels in sub-
itexs 5a, 5¢, and 54 were them placed, by hand, directly on the sub-
gradie. The panels vere staggered in a pattern as illustrated in Fig-
ure k2, The cement-stabilized lean clay r . subitem 5a was premixed,
placed on the panels, spread, and compacte: with a 30-ton puneumatice
tired roller which had a tire pressure of ahout 60 psi. The
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cement-stabilized lean clay had to be placed in the space between the
lightweight concrete and the transition slab between items 4 and 5. As
can be seen in Figure 42, the construction sequence restricted the space
available for operating construction equipment,

The 15~.- ~thizk PCC surfacing was placed in two 25- by 50-ft
lanes; the north lane being placed first., Concrete was mixed in ready-
mix trucks, placed between forms with a crane and bucket, and consoli~
dated with internal hand vibrators. The surface was screeded with a
straightedge and hand finished with bull floats and trowels. Construc-
tion techniques are illustrated in Figure U43. The concrete was wet-
cured with burlap and plastic sheeting for 7 days. '

The north and south lanes were separated by a keyed-and-tied
longitudinal construction joint as shown in Figure L4. The keyway was
formed in the north slabs by wooden strips fastened to the forms. Thin
metal strips were attached to the base to provide weakened planes at
12-1/2~ft spacings both transversely and longitudinally. In addition,
saw cuts were made in tne tops of the slabs to further weaken the sec-
tion, and to form a straight groove for ease in sealing. A crack
developed between subitems 5b and Sc in the north lane prior to sawing,
resulting in an irregular joint. Grooves for joint seal installation
were sawed in the construction and contraction Joints and filled with
hot-poured joint sealing compound meeting Federal Specification
SS-S-l6h(h).l2 The crack between subitems 5b and 5S¢ was not sealed.

PROPERTIES OF AS-CONSTRUCTED PAVEMENTS

No field tests were conducted in item 5 as construction was pro-
gressing. However, plate bearing tests, conducted according to Military
Standard MIL-STD-621A, Method 104,Y> on items 1-k, yielded modulus of
soil reaction values for the subgrade of from 40 to 85 pei with an aver-
age of 65 pci. The subgrade in item 5 was similar,

> compression tests,3

Flexural tests on 6~ by 6- by 36-in. beams,
and split- g tensile testslh on 6-in.-diam by 12-in.-long cylinders
yielded average flexural and compressive tensile strengths of 5U2 and

5150 psi, respectively, at 28 days age. Properties of the lightweight
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cocncrete and polystyrene panels have been enumerated previously.
TRAFFIC

Traffic was applied to the rigid pavements containing insulating
layers with 200- and 240-kip twin-tandem assemblies having 190~ and
250-psi tire inflation pressures, respectively. The laycut of the traf-
fic lanes is shown in Figure 41. Traffic with the 200-kip assembly was
applied along the longitudinal construction Joint in lane 1, and traffic
with the 240-kip assembly was applied in lane 2. A detailed description
of the application of traffic and subsequent performance of the pavement
is contained in Volume I.l

Table 5 summarizes the traffic data for the rigid pavements con-
taining insulating layers. Three failure conditions are listed: ini-
tial crack, shattered slab, and complete failure. Ths pavement condi-
tions considered to constitute failure for unreinforced PCC pavements
are as follows:

a. Initial crack failure, A crack that is visible at the sur-
face of the pavement, extends through the depth of the slab,
and is caused by traffic loading constitutes the initial
crack failure condition., This should not be confused with
surface cracking resulting from such minor defects as spalls,
popouts, shrinkage, etc, It must also be recognized that
concrete may crack during its early life due to causes other
than traffic loadings, and any such cracks should not be
construed as denoting the initial crack failure condition.

b. Shattered slab failure. Cracking that is visible on the pave~
ment surface or subdivides a pavement slab into six pieces or
more constitutes the shattered slab failure condition. The
cracking must be associated with traffic loading rather than
resulting from some minor defect or early life cracking prior
to application of traffic,.

c. Complete failure. Cracking that is visible on the pavement
surface and subdivides the pavement slad into individual
pieces having an area of less than about 15 to 20 sq ft each
and that is characterized by relatively large permanent
deformations and faulted cracks or Jjoints constitutes com-
plete failure,

Failure for subitems 5a~5d was difficult to assign because the behavior
was somewhat different from that normally cbserved. Cracking did not
develop in the usual manner; i.e., dividing the slabs into large pieces,
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Cracking usually developed along Joints (at times being short discone
tinuous eracks). As cracking progressed, spalling and eventually total
disintegration occurred along joints. Faulting along Joints and pumping
wvere also observed. Another anomaly in the pertformance of several sub-
items was that cracking developed outside the traffic lane, bui not
within the traffic lane, 'The exceptions were subitem S5c with the
200-kip loading and subitem 5d with the 2kO-kip loading. In these two
subitems, cracking developed and progressed as expected.

Pumping occurred in all subitems and was considered a significant
factor in performance >f all subitems., The pumping was normally asso-
ciated with rainfall and would continue after rainfall had ceased. The
duration and severity of pumping increased as the level of apriied traf-
fic increased. '

Because of the unusual performance of the pavement containing in-
sulating layers and the uncertainties involved in assigning failure as
listed in Table 5, the detailed descriptions of the behavior of the pave-
ments contained in Volume Il will be repeated herein. This is provided
so that the reader can develop an accurate picture of the pavement con-
dition and draw his own conclusions regarding the serviceability of the
pavements at the various levels of applied traffic,

Traffic was applied in lane 1 with the 200-kip load and then in
lane 2 with the 2L0~kip load. The development of cracking is shown in
Figure 45. The development of permanent deformation in each subitem
with traffic is shown in Figures 46-L9,

SUBITEM 5a, LANE 1

The first cracks developed parallel to and about 1 ft south of
the longitudinal comstruction joint (Figure 50) at about 1770 coverages.
As traffic progressed the cracking and spalling along the loint con-
tinued until traffic was discontinued after 3000 coverages (Figure 51).
As can be seen in Figures 45, 50, and 51, no structural cracking, as
normally observed in PCC pavements, was evident; thus the indication of
Joint failure in Table 5. Pumping of the cementestabilized material at

the transverse jJoints was first observed at 750 coverages. The pumping
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began after a rainfall of 0.25 in. The severity of pumping increased as
traffic was applied. The measured permanent deformation at 3000 cover=
ages averaged about 1.1 in. with a maximum of 1.4 in. A maximum differ-
ential movement of about 0.6 in. occurred along -he longitudinal con-
struction joint at 3000 coverages. It can be seen in Figure U6 that the
permanent deformation and differential movement were more severe at the
ends of the subitem than they were in the interior.

SUBITEM 5a, LANE 2

Some cracking developed in the slabs north of the longitudinal
construction joint prior to application of the 2L0-kip traffic in lane 2.
Some spalling had also occurred along the transverse joints north of the
longitudinal construction joint prior to traffic in lane 2. This crack-
ing and spalling, portions of which are visible in Figure 52, developed
during traffic in lane 1, during turnaround operations while traffic
(beyond 3000 coverages) was applied to items l-b, and during collection
of static instrumentation data in lane 2, The location of the cracks is
shown in Figure 4S5b., This cracking was outside the traffic lane and was
not considered in assigning failure during application of traffic in
lane 2. No major structural cracks developed during traffic but cracking
and spalling occurred along the longitudinal contraction joint and the
transverse joint between subitems Sa and 5b. The condition of the pave-
ment at 200 coverages is shown in Figure 53. At 500 coverages spalling
wvas noted at the west end of the longitudinal joint and progressed with
continued application of traffic. The cracking and spalling were severe
at T50 coverages and the longitudinal joint and the transverse contrac-
tion Joint between subitems 5a and S5b were considered as failed. Traffic
was continued to 950 coverages at which time the condition of the pave-
ment was as shown in Figure 54, Pumping of the cement-stabilized mate-
rial was initially noted at 350 coverages and became progressively more
severe as traffic progressed. Evidence of pumping can be seen in Fig-
ure 54, The pumping followed a period of rainfall in which 2.05, 0.15,
and 0.16 in. of rain occurred on 3 successive days. The measured pave-~
ment deformation at 950 coverages averaged about 0.6 in. with a maximum
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of about 0.7 in. As can be seen in Figures 48 and 54, the differentisl
movement, even at 950 coverages, along the longitudinal Joint was small.
However, in Figure 54, there appears to be considerable differential
movement between subitems 5a and 5b.

SUBITEM 5b, LANE 1

The deterioration of this subitem was limited to a strip along
the south side of the longitudinal construction joint. The first
spalling and cracking wes noted at 1770 coverages (Figure 55). Cracking
and spailing progressed with the application of traffic and were severe
at 3000 coverages as indicated in Figure 56. No structural cracking, as
normally observed in PCC pavements, was evident; thus the indicution of
Joint failure in Table 5. Pumping was first observed at the .ransverse
Joint separating subitems 5b and 5c at about 340 coverages (following a
0.49~in. rainfall) and at the joint separating subitems 5a and 5b at
T4O coverages (following a 0.25-in. rainfall). The pumped material was
apparently from beneath subitems 5a& and 5c, rather than 5b. The mea-
sured permanent deformation, at 3000 coverages, averaged about 0.65 in.
with a maxisum of 0.9 in. A maximum differential movement of 0.3 in.
had developed along the longitudinal construction joint at 2000 cover-
ages. In Figure 46 it can be seen that the permanent deformation and
differential movement were greater at the west end of the subitem than
they were in the interior.

SUBITEM 5b, LANE 2

The performance of subitem 5b was similar to 5a. The only struc~
tural cracking occurred outside the traffic lane prior to traffic and
coneisted of one crack as shown in Figure L5, Spalling along the trang-
verse Joint between subitems S5b and Sc¢c began soon after traffic was
started. This was the joint which formed before the top groove could be
saved. Spalling began along the longitudinal joint at 540 coverages and
at TLO coverages extended for the full length of the subitem. The spall-
ing along both the east transverse joint and the longitudinal joint is
shown in Pigure 57. Pumping along the longitudinal joint and the
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transverse joint between subitems 5b and S5c began at about 320 coverages
(following 2.05~in. rainfall). The severity of pumping increased as the
applied traffic increased. Evidence of pumping can be seen in Figure 57.
The measured permanent deformation averaged about 1.3 in. with a maximum
of about 1.9 in. at 950 coverages. There was a differential movement cf
about 1 in. along the longitudinal joint. This is shown in Figures 48
and 57.

SUBITEM 5c, LANE 1

The initial crack failure condition was assigned at 1000 cover-
ages. The condition of the pavement is illustrated in Figure 58. Addi-
tional cracking occurred until the shattered slad failure condition was
reached at 1230 coverages as illustrated in Figure 59. There was rather
severe cracking and spalling along the longitudinal construction joint
and the transverse contraction Joint between subitems 5b and 5S¢ Just
north of the longitudinal construction joint (Figures 58 and 59). The
transverse joint was the one where cracking occurred before the groove
in the top could be sawed and this accentuated the spalling. landing
mat was placed over subitem 5c after 1230 coverages. Puwmping of the
clay suvgrade was observed at the east end at about 200 coverages
(following a 1.08-in. rainfall) and at the west end at 340 coverages
(following a 0.49-in. rainfall). The pumping became extremely severe as
traffic vas continued. The cross sections in Fisure_h? indicate that
the maximum permanent deformation at 1000 coverages was about 0.3 in.
with very little differential movement between the north and south slabs.
This seemed inconsistent with the amount of pumping. However, at
1230 coverages a differentisl movement of 0.6 in. was measured.

SUBITEM 5c¢, LANE 2

The failure of this subitem was much like that in subitems Sa
and 5b in that the primary distress was the spalling and faulting along
the longitudinal contraction joint. The nnly eracking occurred prior to
traffic outside the trarfic lane and consisted of a longitudinal crack
north of the longitudinal construction joint and cracking along the
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trangverse contraction joint between subitems 5¢ and 5d. Spalling and
cracking glong the longitudinal joint began at about 160 coverages and
extended along the entire length of the joint at 430 coverages. The
spalling was severe and the joint was considered as failed at T4O cover-
ages although traffic was continued to 8L0O coverages, at which time the
pavement had reached the condition shown in Figure 60. Pumping was ini-
tially noted at the transverse Joint between subitems 5¢ and 5d at

320 coverages (following a 2.05-in. rainfall). The measured permanent
deformation at B840 coverages averaged about 1 in. with a maximum of

1.1 in. The cross sections in Figure 49 show a maximum differential
movement of about 0.6 in. along the longitudinal joint near the west end
of the subitem at 84O coverages.

SUBITEM 5d, LANE 1

The first crack observed in this subitem was a longitudinal crack
located about 2 £t south of the south edge of the traffic lane. This
erack did not extend from a free edge to a free edge but extended from
the east edge to the center of the slab. The crack did not propagate
to a second free edge, open up, or spall with additional traffic up
to 3000 coverages. The history of this crack is illustrated in Fig-
ures 45, 61, and 62, Because the crack occurred outside the traffic
lane and because it did not deteriorate with traffic, it probably did
not extend for the full depth of the slab and was not considered repre~
sentative of a failure condition. Therefore, in Table 5 the failure of
the item is denoted by a joint failure. At 2220 coverages cracking and
spalling developed along the longitudinal construction joint and at
3000 coverages extended for the full slab length as shown in Figure 62.
The deterioration was not, however, as severe as it was in sub-
items S5a-5¢. Pumping was observed initially along the transverse joint
between subitems Sc and 54 at 220 coverages (following a 1.08-in. rain-
fall), but was not observed along the east edge until 750 coverages
(following a 0.25-in. rainfall). The cross sections shown in Figure 47
indicate a maximum permanent deformation of about 0.3 in. at the west
end and very little differential movement between the north and south
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slabs. The cross sections alsv show that the permanent deformation and
differential ;novmnt were largezt at the west end which is consistent
with observations of pumping.

SUBITEM 5d, LANE 2

At 20 coverages, cracks duvelcped within the traffic lane as
shown in Figure 45. Cracking continued and spalling began along the
cracks until the shattered slab failure condition was reached at 200 cov~
erages (Figures 4S5 and 63). Cracking along the longitudinal joint at
the west end was evident at 200 coverages. Traffic was continued to
350 coverages. No additional major structural cracks occurred, but
spalling along the cracks and along the entire length of the longitudinal
Joint waa quite severe as shown in Figure 6. No pumping of any conse-
sequence occurred prior to termination of traffic at 350 coverages. At
350 coverages a maximum permanent deformation of adbout 0.6 in. was mea-
sured. As shown in Figure 49, the maximum permanent deformation did not
occur along the longitudinal joint, but occurred north of the joint near
the center of the traffic lane., This coincided with the intersection of
the major structural cracks. The differential movement along the longi-
tudinal joint was small as shown by the cross sections in Figure L9.

AFTER-TRAFFIC INVESTIGATIONS

The after-traffic testing program consisted of the excavation of
test pits for observation of the condition of the insulating layers, per-
forming plate bearing tests to evaluate the modulus of soil reaction of
the foundation muterial, and sampling and testing the portland cement
and lightweight concrete to assess their strength ard modulus. The mea-
sured properties are susmarized in Table 6, Beams and cores of the
lightweight concrete tested in compression and flexure yielded a flex-
ural strength of 127 psi, & flexural modulus of 0,373 x 106 psi,

a compressive strength of 271 psi, and a compressive modulus of
0,134 x J.O6 psi. load-deflection curves for the plate bearing tests
are contained in Figures 65 and 66.

Upon examination of the results from the plate bearing tests, the

following observations wvere made:
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8. The average soil reaction modulus was 132 pci This is con-
sistent with values measured in items 1-4 (aft.. traffic)
where the average was 146 pci. Because of the similarities
in the after-traffic soil reaction modulus, it was assumed
that the as-constructed subgrade in item 5 was similar to
that in items 1l-4, Items 1-k had an average modulus of soil
reaction, measured prior to traffic, of 64 pei.

b. The polystyrene layers reduced the modulus of soil reaction.
In Figure 67, it can be seen that the 3~in. layer of 120-psi
polystyrene in subitem S5c reduced the modulus from 120 to

63 pci and that the 3-in. layer of 35-psi polystyrene in sub-
item 5d reduced the modulus from 1L3 to 103 peci. In sub=
item S5a the modulus of soil reaction on top of the 35-psi
polystyrene was 78 pei. Assuming that the effect of the
35~psi polystyrene layer would be similar to that in sub-
item 5d, the modulus of soil reaction on top of the subgrade
in subitem 5a was probably greater than 78 pei.

¢. The modulus of szo0il reaction values on top of the .5-psi poly-
styrene vere higher than the value for the 1l2U-psi polysty-
rene. This .s inconsistent with the strength and stiffness
properties of the material. However, because only a small
number of tests were run, no definite conclusions can be drawn
concerning this apparent anomaly., Possible causes for the in-~

consistencies are differences in the subgrade stiffness (as
} indicated betwee:. subitems Sc and 5d), the inherent variabil-
ity in the test procedures, and poor seating of the panels,

d. The measured modulus on top of the cement-stabilized lean
clay in subitem S5a was 188 pei as compered to 328 pei in
item 4, The difference war probably caused by the effects of
the polystyrene in the structure and/or lack of compaction in
the 6-in. cement-stabilized layer. The lack of compaction
was thought to be caused by the presence of the polystyrene
and the confined working spece (see Figure 42).

e, The stiffening effect of the 9-in. lightweight concrete in
subitem 5b is evident from the measured modulus of soil
reaction of 420 pei.

The cracking along the longitudinal construction joint in sube
items S5a, S5b, and 54, and to some extent in 5c, developed about 1 ft
south of the joint. This is about at the end of the tie bars, and the
spalling and breskout of material along the Joint appeared to progress
at about a LS5-deg angle to the joint. However, during removal of the
slabs from the test pits, the tie bars and joint were disturbed so that
the actual condition of the Joints could not be verified.

The test pit in subitem 5c, lane 1, revealed that the panels were
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cracked along the longitudinal construction joint. The cracks were lo-
cated about 1 ft south of the joint. In addition, there were several
cracks in the center of the slab about 6 ft south of the longitudinal
construction joint. The condition of the 120-psi polystyrene panels ir
illustrated in Figure 68..

The test pit in subitem 5b, lane 2, revealed that a crack had de-
veloped in the lightweight concrete along the longitudinal joint. As
can be seen in Figure 69, the surface of the lightweight concrete on the
north gside of the joint was about 1 to 2 in. lower than on the south
cide, Evidence of differential movement in the pavemsnt can also be seen
in the cross sections shown in Pigure 48. During removal of the slad in
the test pit, it was observed that the slab was bonded to the lightweight
concrete. When the lightweight concrete was ramoved, evidence that the
subgrade material had pumped up through the crack in the material was
noted. Evidence of this is shown in FPigure T0 which shows a seam of
clay material through the crack in the lightweight concrete.

} The test pit in subitem 5c, lane 2, revealed that the 120-psi
polystyrene panels were cracked along the longitudinal contraction joint
at a distance of from 6 to 12 in., north of the joint. The condition of
thé panels is illustrated in Figure Tl.

ANALYSIS OF TEST RESULTS

YO o ewr o

The analysis of the results of the tests will consist of a com-
parison of the actual performance of the pavements wvith expected per-
formance based on current design criteria (Corps of Engineers (CE) and
Federal Aviation Administration (FAA) criteria). The behavior will then
be analyzed to determine why the pavements performed as they did. This
E will besically involve a study of the support provided by the founda-
tions containing insulating layers and the effects of a number of fac-
tors on the stresses and deflections in the pavement system which in-
fluenced the performance of the pavements.

W, o T g

COMPARISON OF OBSERVED AND
PREDICTED PERFORMANCE

00 bt K BT FRANEE

i The performance data for the pavements containing insulating
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layers are contained in Table 5. The performance of the pavements was
' characterized by failure along the longitudinal construction and contrac-
: tion joints in all but three situations. These bdeing subitem 5¢, lane 2,
and subitem 54, lane 2, where failure due to cracking occurred, and suo—
item 54, lane 1, vhere some distress along the longitudinal Joint had
occurred when traffic wvas stopped (3000 coverages) but the joint was not
considered failed.

FAA and CE first crack fajlure (initial failure) design criteria
are based on cracking of the slabs., Using these criteria and the prop-
erties of the pavements ligsted below, the expected performance of the
pavements wvas computed:

£lab thickness = 15 in.
Concrete modulus of elasticity = 6 x 106 psi
Concrete Poisson's ratio = 0.2
Concrete flexural strength
Lane 1 = 833 psi
] Lane 2 = 863 psi
: Modulus of soil reaction
Subitem 5a = 190 pei
Subitex 5b = 420 pei
Subitem 5¢ = 60 pei
Subitem 54 = 100 pci
The predicted performance is summarized in Table T along with the
actual performance. It can be seen that Joint failures generally oc~
curred at coverage levels much lower than those predicted. The excep-
tions being subitem S5c, lane 1, vhere the predicted and observed perfor-
] mances vere close, and subitem 5c, lane 2, vhere the observed performance
was samevhat better than predicted.

A comparison of the observed and predicted performances may also
be nade by computing the ratio of the concrete flexural strength to the
computed stress, referred to as the design factor, and plotting this
r ~ versus the log of the cbserved coverage level, as shown in Pig-
ure 72, . .- shown in the figure is the CE and FAA relationship for
first cra.: fai ~¢ (design or performance) criteria. With the
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exeruuicn of two situstions mentioned previocusly, the points all plos
abo e ‘Lo performance relationship indicating that the pavement perfore
“Adce vaE not as good as expected.

Wher comparing the observed performance with the established per-
foreasice criteria, several factors should be considered. The scatter in
the uats puints (Figure 72) appears juite large, but historically pave-
r e ¢+ nerformance data has exhibited large variability. Some of the
;088 bie reasons for the large variability will be considered subse-
aueatly. The mode of failure observed (Joint failure rather than crack-
iug cf the slabs) is a factor in assessing not only the scatter but also
the relutive performance of the pavements. The dats pclnts exhibit cone
si.crable scatter and indicate poorer performance than the estaulished
criteria, but it should be noted that the points, for the ti— cases
where the failure was due to cracking, are reasonably close to the es-
'ablished performance relationship.

In assessing ravement performance, there is the ever-present
problem of agsigning representative flexural strength values. The as~
signment of foundation support values is s=lso s problem. In particular,
the modulus of s0il reaction used wis the value mesasured aft-+r comple-
tion of traffic, which should have been larger than it was ¢ the
beginning of traffic., Although no tests vere run in item 5 wrior to
traffic, before and after tests in items 1-h indicated that the stiff-
ness of the subgrade iucreased with traffic. Tests on the L ‘e in all
but item 3 slso showsd an increase in modulus of soil react ». with
traffic. Therefore, the support values used in the analysis wer. probe
ably larger than those which were effective during traffic; thus, the
predicted performance should have been better than that observed. How~
ever, the differences indicated for subitems Se and 5b are too large to
be attributed to the foundation support.

There was sume evidence to indicate that the difference between
the before- and after-traffic soil modulus values on the polystyrene in
subitems 5ic and 5d should have been larger than could be attributed to
an increase in the subgrade stiffness. Pocr seating between the poly~
styrene punels and the subgrade could have produced wrusually low
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support values until traffic produced sufficient plastic deformation to
provide uniform contact between the panels and the subgrade. As a re~
sult, the initial support values could have been much lower than indi-
cated by after-traffic tests.

The poor seating of the panels and the confined working space
could have affected the compaction of the cement-stabilized layer in
subitem Sa. However, the lack of compaction should have been most pro-
nounced at the ends of the slabs which would have been manifest by dete-
rioration of the transverse jJoints. However, as noted previously, the
longitudinal Joints deteriorated rather than the transverse joints. The
performance of the transverse Joints «lso discredits the theory that the
discontinuity (nonuniformity) of the foundation was a primary facior in
the unusual performance. While it is true that deterioration usually
starts near transitions (of vhich there were five), this did not appear
to te an important factor, since all transverse joints remsined rela-

] tively free from cracking and spalling.

i The primary difficulty in assessing the performance of the pave-
i ments, however, revolved around the mode of distress in the pavements;
i.e., cracking and spalling along the joints. There were apparently
some rather significant differences between the responses to imposed
loads of the slabs on the insulating layers and those on normal founda~-
tions. This difference was manifested in the joint distress rather than
cracking.

The relatively maall slab size (12~1/2 by 12-1/2 ft), large thick-
ness (15 in.), and large load (magnitude and kb by 58 in. spacing of
four wheels) could have created unusual stress and deflection patterns
within the pavement. This may have resulted in rocking or rotation,
rather than bending, of the short, stiff szlabs. This would have pro-
duced tensile stresses in the slabs vhich were within tolerable limits
but deflections at joints which could have caused unusually large local-
ized stresses along the joints. Once again, the fact that the transverse
Joints did not deteriorate reduces thy credibility of this argument.

However, the concept appears much more attractive vhen the manner
in which loads were applied and the unususl properties of the insulating
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oaterials are considered. The loads were applied primarily along one
side of ike longitudinel construction Joint in lane 1 and along the lon-
gitudinal contraction joint in lane 2. This resulted in permanent defor-
mation slong one side of the joint which accentuated the rocking of the
3lab and deflection along the Joint.

It is tempting to attribute the unusual pavement response to the
unusual properties of the insulating materials (these properties being
& Poigson's ratic of approximately zero and a crushing mode of failure).
For the pclystyrene panels, there ig the additional factor of aniso-
tropic load deformation and strength characteristics; i.e., the material
is stronger and stiffer when loaded perpendicular to the races of the
panels. These properties combined with the application or loads over a
limited pavement width would nave led to pavement response which was
different than that for conventional paving materiuls. In particular, a
zero Poisson's ratio snd s crushing failure mode would not have resulted
in & tendency for the msterial io expand horizontally upon losding.
Thersafore, there would have been no biildup of residual horizontal
stresgses and no resulting incresse in stiffnesg with traffic. The crush-
ing mode of failure would slso have prevented any regolding of the mate-
risl vith the application of lomds along adjacent paths. Because of the
anisctropic material response, the stiffness of the polystyrene layers
nay have been less than predicied with the material properties, as mes-~
sured from compression tests with the load applied perpendicular to the
direction of the panel face, ilowever, the response and conditjion of the
pavements did not :indicate that the properties of the insulating layer
were a gignificant factor Iu the performance of the pavements,

The permanent deformations in subitems 5¢ and 5d appeared to oc-
cur primsrily in the subgrnde and vere apparently caused by densifica-
tion and shear. In subitem 5a, the permanent deformation appesred to
be primmrily caused by pumping of the cement-ireated lean clay. There
vas also evidence of pumping of the subgrade material (especially in
lane 2} in subitemsz 5c¢ and 53, The response of the pavement in sube
items 5b, lane 2, was unigque. A differential movement along the longi-
tudinal contracticn joint of about 1 in, was observed on the surface
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and on top of the lightweight concrete in the test pits. A crack had
developed in the lightweight concrete along the joint., It is not known
vhat caused this crack, but it may have been a shear failure caused by
the loading along the Joint, Another possibility is that, due to the
bond between the PCC slab and the lightweight toncrete, the crack could
have been caused by bending or a combination of bending and tensile
stresses, the bending being caused by loading and the tensile stresses
by shrinkage of the PCC surfacing. The effect of the crack was to in-
crease the stresses on the subgrade and to cause pumping of the subgrade
material through the crack.

The combined effects of slab size, magnitude of load, application
of load on one side of the Jjoints, and large permanent deformations may
have causeq unusually large stresses near the Joints. As the slabs
rotated and deflected downward, large horizontal compressive forces
would have resulted in the top of the slabs, as illustrated in Figure T3.
This force combined with the shearing forces transferred across the
Joint would have resulted in large shear stresses in the materisl, and
would account for the cracking and spalling along the edge of the joint
nearest to the center of the traffic lane. The deterioration is illus-
trated in Figures 51, 54, 56, 57, 59, 6C, 62, and 64, and it can be seen
that the cracking and spalling occurred primarily along only one side of
the Joint.

An additional factor which may possibly have affected the perfor-
mance of the pavements containing polystyrene panels was the fact that
the layers were discontinuous; i.e., made up of separate panels. As
will be discussed in more detail in the following section, the presence
of the polystyrene layers decreased the supporting capacity of the foun-
dation, rather than increasing it as it should have, based on the proper=
ties of the material, It is possible that the rzduction in the support-
ing capacity, as measured with & 30-in.~diam plate, would be smaller
than that experienced by the slabs; i.e., the effective supporting
capacity experienced by the slab was less than that measurcd by the
plate bearing test. This may have accentuated the deflections along the
Joints.

39




.
i
i

O I S i s g 9 s

e g 0 P S A

The discontinuities in the layer and rigidity of the individual
panels probably also accentuated the pumping of the subgrade. The panels
probably had suffiecient stiffness to rebound after the load had passed,
vhereas the subgrade would have been permanently displaced, creating a
small void beneath the panels which would have acted as a reservoir for
water. With additional applications of load, the panels would have
again deflected, ejecting the water and suspended subgrade materisal.
This would have continued until the panels cracked, as they spparently
did in some cases. An unexplainabie anomaly to this argument was the
transverse joints where the pumping was more noticeable than along the
longitudinal Joints, but which performed satisfactorily.

ANALYSIS OF SUPPORTING CHARAC-
TERISTICS OF INSULATING LAYERS

Measured load deformation curves from plate bearing tests on the
subgrade and the insulating layers are shown in Figures 65 and 66. The
values of modulus of soil reaction and the locations wher> they were mea-
sured are illustrated in Figure 67. Some of the apparent anomalies in
the measured supporting characteristics of the insulating layers were
pointed out previously and will be considered in detail in this section.

In order to study the nature of the supporting characteristics of
the insulating layers, the plate bearing tests were simulated with an
axisymmetric linear finite element program. The mesh used for the simu-
lation is shown in Figure Th.

A modulus of 1950 psi was selected for the subgrade from a trial-
and-error procedure. The subgrade was assumed to have a modulus of soil
reaction of 132 pci (average of values measured in subitems 5c and 54).
With a plate pressure of 10 psi, the modulus was varied until a plate
deflection of 10/132 in. was obtained. A Poisson's ratio of 0.4 was
assigned for the subgrade material.

The 35-psi polystyrene wvas assigned s modulus of 1950 psi. This
is based on the assumption that this material would behave similar to
the 120~ and 60-psi polystyrene as shown in Figure 3; i.e., the ultimate
compressive strength (35 psi) is developed at 2 percent strain, and up
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to this level of strain the stress-strain curve is approximately linear,
A Poisson's ratio of zero was assigned based on observations of the re-
sponse of the material in unconfined compression tests and in previously
described CER tests. Similarly, a modulus of 6000 psi was assigned for
the 12C-psi material; i.e., the stress-strain relationship from the un-
confined compression tests in Figure 3. The resilient modulus for the
material is similar, as shown in Figure 4. A Poisson's ratio of zero
wag also assigned to this material.

The lightweight concrete was assigned a modulus of 250,000 psi.
This is based on unconfined compression tests of cylinders conducted
according to ASTM h69-65.6 Modulus values computed from flexural tests
on beams were somevhat larger, However, it was felt that the results
from the compressive tests were more representative of the response of
the material., A Poisson's ratio of zero was assigned to the lightweight
concrete., This results because the polystyrene beads control the re-
sponse of the material and are crushed, with little lateral volume
change, as load is applied.

A modulus value of 50,000 psi was assigned the cement-stabilized
lean clay. This was based on the results of unconfined compression
tests on cylinders of the material mixed in the field and compacted in
the laboratory. Modulus values from flexural tests on beams, indirect
tensile tests on cylinders, and repetitive load tests on cylinders
yielded larger values. However, it was felt that the static unconfined
compression tests were the moat representative for the static plate load-
ing tests. A Poisson's ratio of 0.15 was assigned.

The plate bearing tests were simulated by applying & plate pres-
sure of 10 psi to the layered systems described by combinations of the
elastic constants. The resulting load-deformation relationships for
subitems 5a=5d are plotted with the measured relationships in Fig-
ures 75-78. For all four subitems, the computed stiffness of the system
is greater than the measured stiffness.

In Figure 75, the measured and computed cruves for subitem 5a are
shown. The difference in the slopes of the early portions of the curves
is 124 pei or about 66 percent of the measured value. There are three
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possible causes for the differences in the measured and computed stiff-
ness, The compaction of the 6-in., layer in the field may not have been
as good as that obtained in the laboratory because of the flexibility of
the underlying polystyrene panels on the clay subgrade. Secondly, the
35-psi polystyrene was in panels and may have been more flexible than if
it wvere continuous as modeled. This would mean that the effective
modulus of the layer was less than 1,750 psi. This factor will be con-
sidered in subitems 5¢ and Sd. Finally, traffic may have caused crack-
ing or localized failures in the stabilized layer reducing the effective
modulus of the material to some value lower than 50,000 psi.

The load-deformation curves for subitem 5b shown in Figure T6
show that the measured stiffness of the system is approximately one half
the computed stiffness (difference of kl5 pei). Mo verified explanation
cuh be offered for this difference. The modulus of the lightweight con-
crete might be suspect, but the results from compression tests, which
were considersbly less than the results from flexure tests, were used.
The most likely possibility seems to be that traffic caused some reduc-
tion in the stiffness of the lightweight concrete and thus & reduction
in the stiffness of the system. A reduction in the stiffness of the
subgrade is excluded since all evidence in other items points toward an
increase with traffic. The plate bearing test was conducted in lane 2
vhere the 240-kip assembly load was applied. Cracking of the light-
weight concrete along the joint was observed in the test pit, and the
slab was bonded to the lightweight concrete and had to be broken loose
during construction of the test pit. There may have been additional
cracking in the lightweight concrete which was not noted which could
have affected the plate bearing results. The removal of the sladb may
also have adversely affected the stiffness of the materiel. The re=-
peated application of pressures of between 10 and 20 psi msy also have
resulted in some crushing of the polystyrene beads in the concrete
matrix. Once the structure within the beads had been destroyed, they
could have become very weak, resulting in a weakening of the total
matrix. This is & possible cause of the differences in the stiffness,
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although unsubstantiated since no repeated load tests were run on the
lightweight concrete.

Curves for subjtems Sc and 5d are shown in Figures 77 and 78,
respectively. As noted previously the lower strength (more flexible)
35-psi panels had a higher stiffness than did the 120-psi panels. This
has been discussed previously and may be attributadble to local differ-
ences in the subgrade stiffness and test variation. However, it is
also interesting to note that the computed stiffness for both cases is
less than the measured stiffness, This is probably caused by the fact
that the material was in discontinuous panels rather than in a continuous
layer as modeled, The 30-in. diameter would have had to span at least.
one joint since the panels were 16 and 24 in. wide, respectively, for
120~ and 35-psi panels. As a result the effective modulus of the layer
was probably lower than 6000 psi for the 120-psi polystyrene and 1750 psi
for the 3j-psi polystyrene. The combined effects of differences in sub-
grade stiffness (different than the average modulus of soil reaction of
132 pei) may explain the differences between the measured and computed
stiffness and the variation in the magnitude of the difference between
the two items, There is also the possibility that poor seating of the
panels on the subgrade could have caused a reduced stiffness of the sys-
tem, although the application of traffic should have minimized these
effects,

In sumary, it can be concluded that the measured stiffness was
always less than the computed stiffness. The modulus values used in the
simulation of tne plate bearing tests were conservative estimates usually
based on the test procedure giving the smallest values. Therefore, it
is concluded that the insulating layers have different supporting char-
acteristics than normal paving material and that the polystyrene layers
reduced the supporting capacity of the subgrade, The primary reasons
for thiz are thought to be the flexibility of the polystyrene layers
caused by the discontinuities in the layer, the compressibility of the
polystyrene beads in the lightweight concrete, and the low or nea:rly
zero Poisson's ratio of the insulating materials. The low Poisson's
ratic permits vertical compression without any lateral expansion.
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Therefore, there is no buildup of horizontal confining stresses and the
resulting stiffening of the material.

ANALYSIS OF PAVEMENT

STRESSES AND DEFLECTIONS

In this section, the stresses in the PCC slabs and the deflections
sxperienced by the pavements vill be examined. Neasured deflections,
computed deflections, and computed stresses vill be examined to deter-
aine the causes for the unusuasl performance of the pavemsnts containing
the insulating layers; i.e., vhy localised cracking and spalling oc-
curred along the longitudinal joint rather than cracking of the slabd.

The measured deflections were obdteined with & rod and level. The
initial resdings vere taken with the dusl-tandem gear in place (centered
longitudinally in the slabs with two of the wheels tangent to either the
longitudinal const uction joint in lane 1 or the longitudinal contrac-
tion Joint in lane 2) and final readings taken after the load was re-
moved, The deflection was obtained by subtracting the initial reading
from the final reading. This rebound deflection is representative of
the elastic deflection experienced dy the pavement.

Stresses and deflections wers computed for edge and interior load
positicuns on dense liquid foundation conditions with equations as de-
veloped by wutormd.”'” The actusl computations were accomplished
using influence charts developed by Pickett, et al.2” and Pickett and
Ro.y.m' Stresses and deflections were slso computed using the discrete
element method as developed by Hudson and Metlock.?? Actual compute-
tions were accomplished using a computer code developed by Panak and
Mm:l.cacl:.23 The discrete alement method is based cn the same basic model
as the Westergasrd method (i.e., & thin slab on & dense 1iquid founda~-
tior), but uses finite differsnce approximations for solving the equa~
tions of bending rather than a closed form solution, With the discrete
element method, discrete slabs may be considered, whereas, the equations
developed by Westergsard and graphically displayed in the influence
charts are based on the asmmption of semi-infinite slabs.

Table 8 contains a susmary of saximum measured and computed
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deflections. Properties of the slabs and foundation support values used
in the computations were as previously descrided. Maximum cosputed
stresses are sumarized in Table 9, Deflections and stresses at the
pavement edge (with the load at the edge) and deflections and stresses
within the interior of a slab (with the load located within the sled
interior) were computed using the influence charts. These are contained
in Columns 4 and 5 of Table 8 and Columns 2 and 3 of Table 9. The
values in parentheses in Column 2 of Table 9 are computed values of edge
stress nultiplied by 0.75. This procedure is followed in design to
represent the stress conditions at a joint where the actual stresses
would be less than the computed free-edge stresses because of the upward
force on the loaded slad produced by the adjacent slsb.

For the discrete element method, deflections and st 2sses are
shown for 12.1/2- by 12-1/2-ft slabs and for 25~ by 25-ft slabs. The
actual sladb size was 12-1/2 by 12-1/2 ft, and the pavement as modeled
with the finite element method is shown in Figure 79. The increment
iength used was 1-1/2 ft, The bending stiffness along the contraction
Joints and along the doweled construction Joint between the transition
slab and subitem 5a was reduced by 100 percent; i.e., the joints funce
tioned as hinges with no moment capacity but with full shear transfer.
The bending stiffness along the keyed-and-tied longitudinal comstruction
Joint was reduced by 94 percent. The shear transfer capability along
the joints was 100 percent. The load was applied along the longituldinal
construction joint as illustrated for subitem 5a in Figure 75, and along
the longitudinal contraction joint as illustrated for subitem S5c in
Figure T79.

In order to study the effects of slab zize, stresses and deflec~
tions were computed assuming that the slabs wvere 25 by 25 ft. Por
15~in.~thick slabs, a 25-ft jJoint spacing is more realistic than a
12.1/2-ft spacing. An illustration of the discrete element model for
this condition is shown in Figure 80. Subitems 5b-5d are modeled as if
the slabs were 25 by 25 ft. This model was used for loading in sub-
items Sc and 54, lane 1. Por loeding in lane 2, the longitudinal joint
was changed to a contraction joint. For loading in subitem Sb,
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subitem 5a was added and subitem 5d was eliminated from the model. It
was necessary to restrict the extent of the pavement modeled because of
computational requirements; i.e., with a 1-1/2-ft increment length it
would have been excessively costly and time-consuming to model the
entire item as wvas done for the 12-1/2- by 12~1/2-ft slabs.

Measured and computed deflection basins are shown in Fig-
ures 81-92, In these figures, measured deflection basins for transverse
lines through two of the wheels of the dusl-tandem assembly and fo.
longitudinal lines through the centroid of the dual-tandem assembly are
plotted. In addition, deflection basins computed with the discrete ele-
ment method are shown for transverse lines through two of the wheels and
for lines along the longitudinal construction joint in lane 1 and along
the longitudinal contraction joint in lane 2. For the transverse lines
the measured and computed positions were the same. However, for the
longitudinal lines, the measured values were taken along the longitu-
dinal axes of the gear but the computed values were force lines slong
the longitudinal jJoints. Basins are shown for the computations with
12-1/2- by 12-1/2-ft slabs and in selected cases for the computations
vith 25« by 25«ft slabs assumed. For lane 1 the loading on four wheels
wvas 200 kips, and for lane 2 the loading on four wheels was 2L0 kips.

Deflections. From the analysis of the measured and computed
deflections, the following was observed:

a. The measured deflections were generally larger than the com-
puted deflections. This is apparent from comparison of the
measured values in Columns 2 and 3, Table 8, with the computed
deflections and from comparisons of the computed and measured
deflection basins in Pigures 81-92, There was considerable
scatter in the measured data as evidenced by the measured
curves in Figures 81-92, The accuracy of the measuring
devices for deflections of the magnitude in question is
somevhat suspect, and therefore the comparisons between the
measured and computed deflections should be considered
cautiously. 1In regard tc the comparison of the measured and
computed deflections, it should also be noted that the mea~
surements vere made prior to traffic and that the computed
values vere dased on modulus of soil reaction values from
plate tests run after traffic vas completed.

b. The general trend (disregarding the scatter) is that the
slope of the measured deflection basins is steeper than that
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of the computed basins (Figures 81-92). The slopes both mea-
sured and computed appear to be steeper in the transverse
than in the longitudinel directions. This is an indication
of more rotation of the slabs, without bending, which is
consistent with the distress along the longitudinal joints.
The apparent rotation is more pronounced in lane 2 than in
lane 1 and more pronounced in subitems Sc and 53 than in 5a
and 5b. These observations are consistent with the proximity
of lane 2 to the pavement edge and the weaker foundation
support in subitems 5c and 5d.

The deflections computed with the discrete element model

along the joints (Columns 6 and 8 of Table 8) are approxi-
mately equal to, but always slightly larger than, the deflec~
tions computed with the influence charts for the slab interior
conditions (Column 5), and always smaller than the edge de-
fiections (Column 4). This is consistent with the discrete
element model for the joints which assumes full shear transfer
or equal deflection on either side of the joint.

Slab size does affect deflections as evidenced by the dif-
ference between the value computed with semi-infinite slabs,
25- by 25-ft slabs, and 12-1/2- by 12-1/2-ft slabs. Gener-
ally, the computations with the larger slabs resulted in
smaller deflections (Columns 5, 6, and 8, Table 8, and
Figures 81-90). The one exception is subitem Sc (Figures
87-89); but it is felt that, for the 12-1/2- by 12-1/2-ft slab
model, the deflections were influenced by the proximity of
the loading to the high~strength foundations in subitem 5b,
vhereas, for the model with the 25- by 25-ft slabs, the in-
fluence of the higher strength foundation in subitem 5b wes
diminished.

The effect of slab size on deflection is more noticeable in
lane 2 vhere the loads are near the edge of the pavement
(Figures 83, 85, 87, and 89). The effect is also more
pronounced in subitem 54 than in the other subitems due to
the proximity of the load to the end of the item (Fig-

ures 20 and 92). The foundation strengtn diminishes the
effect of slab size and loading near an edge. This can be
observed by comparing the deflection basins in Figures 85
and 89. The deflection at the slab edge for subitem 5b is
practically zero whereas the deflection at the slab edge for
subitem 5c is 0,0036 in. For both items, the deflection at
the slab edge for 25- by 25-ft slabs was practically zero.
The measured, and to a certain extent the computed, deflec
tion basine indicate more rotation of the outer slab in
lane 2 than the slabs in lane 1.

There is nc apparent relsticnship between the measured deflec~
tions and the pavement performance nor is there any spparent
relationship between the computed deflections and the pavement
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performance., In Figure 93, the measured (maximum at the
Joints) and computed (discrete element theory with 12-1/2- by

+ 12-1/2-ft slabs) deflections are plotted as a function of the

traffic applied to the pavements in terms of coverages, and

in Figure 94 the meassured and computed deflections are plotted
as a function of the log of the coverasges. No well-defined
relationship is apparent from either of these plots, although
the general trends seem to be that the performance is inde-
pendent of computed deflection and that tlie performance
improves as the deflections decrease for the measured
deflections.

Stresses. From the analysis of the computed stresses, the fol-

lowing was observed:

The bending stresses computed with the discrete element
theory with 25- by 25=ft slabs {Column 5, Table 9) were
approximately equal to the iaterior stresses (Column 3,
Table 9) computed with influence charts, but both were
smaller than the edge stresses (Column 2, Table 9) computed
with influence charts. This is as expected since the 25 per-
cent reduction in edge stress is a& conservative estimate for
design, plus the fact that the assumption in the discrete
element model of full shear transfer at the joints (equal
deflections on either side of the joints) would not really
represent the behavior of jJoints since some differential
movement does occur. As it affects the stress in the slab,
the condition modeled at the joints is not significantly
different from interior conditions.

The bending stresses computed with 12-1/2- by 12.1/2-~ft

slabs (Column 4, Table 9) were smaller than those computed
with Westergaard theory (Columns 2 end 3, Table 9) or those
with 25~ by 25-ft slabs (Column 5, Table 9). This indicates
that slab size did influence the state of stress in the pave-
ment slabs and therefore may have significantly influenced
the performance of the pavements. This factor is consistent
vith the slab rotation that was discussed previously in
conjunction with the deflections.
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CONCLUSIONS AND RECOMMENDATIONS

The conclusions and recommendations contained herein are based on
the tests conducted on the flexible and rigid test pavements contsining
insulating layers, the tests on the materials contained in these pave-
ments, and the analyses of the data obtained from these tests.

FLEXIBLE PAVEMENTS; CONCLUSIONS

Based on the field observations and the theoretical study, the
following conclusions are drawn:

4. The principal cause of the failure in subitems La, Ub, 5S¢,
and 54 was a lack of shear strength of the materials above
the insulating layer. The lack of strength was due to the
more flexidble insulating layer within the material to be com-
pacted, the reduction in compaction effort, the nearness to
the edge of the section, and discontinuities between test
items,

: b. In subitem Lc the pavement failure was primarily caused by

. the progressive failure of the stabilized material above the

: lightweight concrete which finally resulted in failure of the
lightweight concrete itself.

¢. The failure of the pavement in Ll was due to a failure of the
lightweight concrete. The cover above the lightweight con-
crete was not sufficient to prevent stress concentrations,
particularly av the edge or the section. Failure started at
the edge and progressed inward until complete failure of
lightveight concrete had occurred.

d. The lightweight concrete subitems in item 5 performed remark-
ably well, considering their size and the discontinuities
present at the transitions between them. The lightweight con-
crete increased the stiffrness of the subitems as indicated by
the deflection measuwrements which did not increase when mea-
sured at 170 coverages.

€. Although the computed compressive stress on the insulating
material was, in all cases, much less than the compressive
strength of the insulating material, damage to the materials
did ~ccur, The indication is that the actual stresses vere
gr ‘a.er than the computed stresses.

FLEXIBLE PAVEMENTS; RECOMMENDATIONS

The recommendations are as follows:




[ O

Caution must be used in placing of insulsting materials within
a pavenent section. When using the ratio of the laboratory
measured compressive strength and computed stress, it should
be kept in mind that most analytical procedures for computing
stress will underpredict.

Although consideration must be given to the compressive
strength of insulating materials, consideration must also be
given to the magnitude of the resilient strains in the insu-
lating materials and in the pavement material above and dbelow
the insulating layer. In the absence of other supporting
data, all resilient strains should be kept below those recom-
mended for allowable subgrade strains in Barker and
Brabston.10

RIGID PAVEMENTS; CONCLUSIONS

The conclusions are as follows:

The rigid pavements containing insulating layers did not
perforan as expected. The behavior of the PCC slabs was
characterized by spalling and cracking along longitudinal
Joints rather than cracking of the slabs. There were two
exceptions to the above; i.e., subitem S5c, lane 1, and
subitem 5d, lane 2. Generally the observed performance
was less than predicted with conventional rigid pavement
evaluation procedures,

The cause of the unusual performance of the pavements is

not known. It is theorized that it could have been partly
caused by the slab size; i.e., thick (15-in.), small

(12-1/2« by 12-1/2-ft) slabs that rotated and did not bend.

It was impossibie to assess the effect of sladb size to ascer-
tain if it actually affected the performance of the pavements.

All of the pavements pumped. It is theorized that the
presence of the insulating layers accentuated pumping (pump-
ing may also have been influenced by slab size). The rigid-
ity of the polystyrene panels and thc discontinuities in the
layer wvere condu-ive to the development of voids and subse-
quent entrapment of water beneath the paness. Ejection of
the water and sugpended materials resulted with traffic.

In addition to the increased pumping potential, the insulat-
ing layers do not behave as conventional paving materials.
The supporting characteristics of the layers are less than
would be indicated by the elastic properties of the material.
Several reagons for this were postulated including discon~
tinuities in the layers, poor seating of the panels, and
localized crushing of the material. In addition, the zero
Poisson's ratio of the material would mean that the material
in the layers would not have a tendency to =xpand laterally
upon loading. Therefore, there would be no increase in
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stiffness (providing the shear strength of the material is
not exceeded). The crushing mode of failure of the insulat~
ing materials would affect the pavement response in the same
manner (provided shear failure does occur) since there would
be no tendency for the material to move horizontally and up-
ward when shear failure occurs.

Due to the number of extraneous influences, the tests did not
provide sufficient evidence to adequately evaluate the per-
formance of rigid pavements containing insulating layers.

RIGID PAVEMENTS; RECOMMENDATIONS

The following are tentative recommendations for the use of insulating
layers beneath rigid pavements:

There should be a leveling course of sand placed beneath poly~
styrene panels. The panels should be placed and firmly seated
to ensure full contact of the panel with the leveling course.

For subgrades susceptible to pumping (CH, CL, MH, ML, and
OL, and SM and SC where the water table is high or drainage
poor), s minimm of b in. of base course should be placed
between the polystyrene panels and the subgrade. In the
nomenclature used by the FAA, the layer would be referred to
as & subbase layer. The material may be a granular material
or a chemically stabilized material meeting appropriate CE or
FAA requirements.

A nminimum of 6 in. of base (subbase) course should be placed
between the slab and the insulating layer (polystyrene panels
or lightweight concrete). The material may be a granular
material or a chemically stabilized material and should meet
appropriate CE or FAA material and compaction requirements.

Although the analyses produced no clear evidence to indicate
that the plate bearing test adequately evaluated the support-
ing characteristics of foundations containing insulating
layers, it appears to be as appliceble as any other available
method. Therefore, it is recommended that sladb thickness be
based on a measured modulus of soil reaction. The measure-
ment should be made on top of the base course.

The joint failures indicate that keyed-and-tied longitudinal
construction joints and untied-undoweled longitudinal con-
traction joints in pavements containing insulsting layers
my be inadequate. However, the doveled transverse construc-
tion joint between subitem 5¢ and the transition slad and the
unt ied-undoveled transverse contraction joints performed sat-
isractorily. It is felt that the unusual sladb size and pump-
ing were probably the primary causes of the joint failures,
and that, vith normal size slabs and the requirements con-
tained in recommendations as-c, conventional joint
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configurations will be adequate., Therefore, it iz recommended
that no changes be made to current joint measuremenis and
practices until additional data are obtained.

Additional fulle-scale accelerated traffic tests should be per-
formed with slabs of more realistic dimensions. The pavements
ghould be constructed with and vithout recommended base
courses and vith various Joint configurations including
doweled Joints. In conjunction with the traffic tests, the
effect of the seating of the polystyrene panels and panel

size on the load-supporting characteristics of the layer
should be investigated., The effect of bond or lack of bond

between lightweight concrete layers and the sladb should be
studied.
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Material Properties of Lightweight Concrete Mixes

Table

1

Curing Unit Compressive Flexural Compressive riexural
Specimen Time Weight Strength* Strength** Modplust  Modylustt
No. Days pef si _ psi 10° psi .10° psi
2-1 7 bl 145 0.36L
2-4 7 Lk 140 0.649
2-7 7 N 125 0.406
2-2 280 LY 150 0.k25
2-8 280 Ll 175 0.482
2-9 280 Ll 175 0.478
1-44-3 66 bl 155 0.568
1-bk-ol 339 Lk 150 0.394
% 1-4L-2 339 L 160 0.363
2-3 227 iyl 370 0.178
2-6 227 Ly 6Lo 0.256
2-9 227 Lk 570 0.265
1-4k-1C 336 Lh 300 0.171
1-4k-2¢c 336 bk 350 0.207
1-52.-k 66 52 195 0.760
1-52-5 66 52 160 0.543
1.52-1 339 52 160 0.595
1-52-2 339 52 165 0.676
1-52-3 339 52 165 0.659
1-52-1C 336 52 750 0.313
1-52-2¢C 336 52 780 0.297
1-52-3C 136 52 780 0.294

-+

53

* Determined according to ASTM C 39-713 (CRD=-C lhh).
*#  Determined according to ASTM C 78-64
Determined according to ASTM C 469-65° (CRD-C 19%).
++ Determined according to CRD-C 21.4

(CRD-C 164),
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Table 3

Summary of Traffic Test Data for Flexible Pavement Test
Subitems Containing Insulating Layers

Maximun Maximum
Sub- Rated Permanent Elastic Maximum Degree
item Subgrade No. of Deformation Deflection Upheaval of Rating of
No. CBR Coverages in. Ain. in. Cracking Item
La k.2 0 0.0 0.16 - - -
170 1.3 0.36 0.3 Severe Failed
240 1.5 - 1.1 Severe
by k.2 0 0.0 0.0 - - -
170 1.4 0.28 0.2 Severe Fajled
2ko 1.8 - 1.1 Severe
he 4,2 0 0.0 0.06 - - -
170 1.0 0.20 0.3 Slight Satisfactory
2uo 2.7 - 1.5 Severe Failed
ka k.2 0 0.0 0.06 - - -
170 1.0 0.29 0.3 Slight Satisfactory
240 2.7 - 1.% Severe Failed
Sa b 0 0.0 0.08 - .- e
170 0.8 0.08 - Slight Satisfactory
2o 1.0 - - Severe Pailed
5b b1 0 0.0 0.09 - - -
170 0.6 0.08 - None Satisfactory
2L0 1.0 - 0.3 Slight Failed
5¢ .1 0 0.0 0.15 - - -—
170 1.0 0.12 - Slight Satisfactory
20 1.2 - 0.3 Severe Failed
5d k.1 0 0.0 0.1k - - -
170 1.2 0.12 - Slight Satisfactory
2ko 1. 0.2 Severe Failed
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Table 7

Comparison of Observed and Predicted
First Crack Performance

lane 1 lane 2
Observed Predicted Observed Predicted
Subitem Coverages Coverages Coverages Coverages
S5a 30004 30,000 T50% 7,000
5b 3000% 400,000 T50% 70,000
5¢ 1000 860 L30% 60
54 e 6,500 20 540

* Joint failure at indicated coverage level.
#% No failure at completion of traffic (3000 coverages).
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Table 9
Computed Stresses in Rigid Pavement Subitems Containing
Insulating Layers Loaded with Dual-Tandem Gears

Pickett and Ray
Influence Charts

At Edge of Slab Interior of Discrete Element Model
Sub~ Parallel to the Slab Beneath 12-1/2- by 12-1/2-ft 25- by 25-ft
item Edge, psi Wheel, psi* Slabs, psi Slabs, pei
Lane 1, 200-kip Load
5a 708 (531)%# 430 420 -
5b 565 (L23) 359 285 315
5¢ 936 (T02) 548 NN 562
54 827 (620) Lok 338 463

Lane 2, 240-kip Load

5a 850 (637) 516 - -
5b 679 (509) h31 345 370
5S¢ 1124 (843) 658 570 682
54 992 (T4b) 592 - 552

® Gear was located in interior of slab. For all other cases the longi-
tudinal axis of the gear was located parallel to the edze or Joint.

#% The numbers in parentheses are the computed free-edge stresses multi-
plied by 0.75 to account for reduction in stress provided by support
from adjacent slabs,
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COMPRESSIVE CUBE STRENGTH, PSI

400

200

INDICATED 5TRENGTH OF S2-PCF
LIGHTWEIGHT CONCRETE = 910 PSI

INDICATEO STRENGTH OF 44-PCF
LIGHTWEIGHT CONCRETE - 630 PS|

NOTE: MEASUREMENTS WERE MADE
ON 8-IN. CUBES

| | |

0 20 3 40 80

UNIT WEIGHT, PCF

Figure 1. Relationship between 28-day compressive
cube strength and unit weight of the lightweight
concrete (after Hohwiller and KShling?)
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DYNAMIC MODULUS, 103 ps)

8
|

»
8
[

&
]

100 -

0 L : A

|

° 20 0 40
UNIT WEIGHT, PCF

30

L

Figure 2. Relationship between dynamic modulus and unit weight

of the lightweight concrete (after Hohwiller and K8hling?
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140 -

120.PSI POLYSTYRENE PANEL
o —
120 Vol ——— ~—
/ -

wo - /

S
I

:-CO-PSI POLYSTYRENE PANEL
- e ]

COMPRESSIVE STRESS, p3)

II
iy

20 ’ /' /4-cu CLAY (CH)

. 1 ] 1 1 j

) 2 . s . 10
AXIAL STRAIN, PERCENT

Figure 3, Comperison of stress-striin curves of 120- and
60-psi polystyrene panels and k~CBR clay (CH)
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1
.

NOTE C(BR TESTS ON POLYSTRENE WERE CON-
DUCTED WiTH PANELS LOCATED ON
FiRM SURFACE.

400

120-PS! POLYSTYRENE PANEL

/.f

4"'—‘<;:
$0-PSI POLYSTYRENE

PANEL

PISTON LOAD, LS

g

1 i i M |
() 0.08 oK o8 0.20
PISTON PENETRATION, W,

Pigure 5. Comparison of CBR curves for 120-, 60-, and
3S-psi polystyrene panelz and L-CER clay (CH)
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dim:
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20

40

50

€0

VERTICAL STRESS, PS|

H ‘_.M" o b At -'fm Iy T
, a'g:w«/ ASPHALT!C CONCRETE (E - 50 000 PSI)

it 2y G e Yl e
o i Sl ol s "™ G e s, adin”

CLAYEY SAND {SC) WITH 52 PORTLAND CEMENT (E - 80,000 PSt)

60-PsI
POLYSTYRENE

60-PS1
POL YSTYRENE

e S— [l e GMERS G M S cmE TR G S TR Te— S S S

CLAY (CH) SUBGRADE (E =5,000 PSH

Figure 8. Vertical stress distribution in item U without
insulating layers computed with linear finite element
analysis
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DEPTH, IN.

VERTICAL STRESS, PS!

.%EASPHALTIC CONCRETE (E = 60,000 PS)
i . i SRl Sl N N Gy s s G S i Gk i "o s oy e

CRUSHED LIMESTONE (SW-5M) [E = (-5
GRAVELLY SAND (SP) [E = t(o3)]]
120-PS)
POLYSTYRENE
20 -
120-pS!
POLYSTYRENE
or
40 -
e ovee S SpemE NN U GRS SN SEEED SN G SRS GRS SV G SR e o WS S
CLAY (CH) SUBGRADE (E =5,000 Psi)
50~
80 L

Figure 9. Vertical stress distribution in item 5 without
insulating layers computed with nonlinear finite element
analysis
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Figure 10, Pattern for plascement of polystyrene panels
in insulating layers
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PISTON LOAD, LB
&
g 3

100

/ A\ SUBITEM Sc, 120.PSI POLYSTYRENE
/ (INSIDE & OUTSIDE TRAFFIC LANE)

INSIDE TRAFFIC LANE SUBITEM 40
OUTSIDE TRAFFIC LANE { 60-P31 POLYSTYRENE

/.

’ NOTE: CBR TESTS CONDUCTED ON POLYSTRENE
PANELS IN PLACE

1 i i J

o 0.0% 0.10 0.18 0.20

PISTON PENETRATION, IN.
Figure 15. Load penetration curves from CBR tests

conducted on the 120- and 60-psi polystyrene in
subitems Sc and ba, flexible pavement test section
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PISTON LOAD, LB

3500 —
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NOTE TESTS INSIDE THE TRAFFIC LANE
WERE CONDUCTED NEAR A CRACK
IN THE LIGHTWEIGHT CONCRETE.

2500 -

3
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0 [ L 1 1 J
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PISTON PENETRATION, IN.

Figure 16. Data points from CBR tests conducted on lightweight
concrete in subitem be, flexible pavement test section
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Figure 17. Data points fros CBR tests conducted on lightweight
gonerete in subitem %n, fiexible pavement test section
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Lrare 18, Cracks in polystyrene paneis in 1
subitem ba, flexibie pavement test section
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Fipure 19. Cracks in polystyrene panels in subitem 4b,
Clexible pavement. test oection

Fipure 20, Cracks in lightwelght concerete in subitems Ld
and Su, 'lexible pavement tesct cection
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F

igure 21. Surface of polystyrene panels in subitem Sc,
flexible pavement Lest section

Figure 22, Surfuce of polystyrene panels in subitem 5d,
flesjble pavement test szetion
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Figure 23. 1Initial distress at transition between
subitems ha and hb, flexible pavement test section
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Figure 24, Crackirg at transitio. between subitems 4d
an. Yu, flexible pavement, test section
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Figure 25. Surface deformation in subitems lba-hd,

flexible pavement test section
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Pigure 26. BSurface deforsation in sudbitems Sa-54,
flexible pavenent test section
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Figure 27. Longitudinal cracking in subitem Sc directly above
; Joints between polystyrene panels, flexible pavement test secticn

Figure 8. Condition of subitem 5a nt nssigned failure,
t'lexible povement test section
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!

Figure 29, Condition of subitem 5b at assipgned failure,
flexible pavement test section
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Figure 31,

SECTION

>

>

MATERIAL

ASPHALTIC
CONCRETE

MODULUS

30,000 PSI
$00.000 PS)

CRUSHED

LIMESTONE 37,000 PSI

16.400 PSI

GRAVELLY
SAND

8,700 PSI

120-PSt

POLYSTYRENE 300 PSI

15,000 PSI

GRAVELLY
SAND

7.800 PSI

SUBGRADE 3,000 PSI

POISSCN'S

RATIO

0.4%

0.35

0.20

0.20

0.00

0.20
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Representation of the material characterization
for subitem 5S¢, flexible pavement test section
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Figure 32.

POISSON'S
SECTION MATERIAL MODULUS RATIO
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'y -
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4. N “' -.
=
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Representation of the material characterization
for subitem 5d, flexible pavement test section
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Comparison of measured and computed deflections for sube

{tems Sc and 54 whe: loaded with a 50-kip single-wheel assembly
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Figure 3k, Distribution of vertical stress beneath center 1
. of tire with depth for subitems 5c and 54, summer conditions 1
(El = 30,000 psi)
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Figure 35. Distribution of vertical stress bencath center
of tire with depth for subitems Sc and 54, winter conditions
(EJ~ = 500,000 psi)
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VERTICAL. STRAIN,
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(El = 30,000 psi)
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Figure 36. Distribution of vertical strain beneath center

nf tire with depth for subitems S5c and 5d, summer conditions
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Figure 37. Relationship between perma-
nent strain and resilient strain for
clay subgrade
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Figure 39. Comparison of resilient and

permanent strain in the subgrade of sub-
item 5d, filexible pavement test section
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! Figure 40. Permanent deformation within
the subgrade of subitem 5d, assuming

zero permanent strain at 120-in. depth,
f'lexible pavement test section
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Figure k2. Polystyrene panels in place in subitem 5a,
rigid pavement test section

Figure 43, Placement of PCC in north lane of
of item 5, rigid hevement test section
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Figure 55. Condition of subitem 5b, lane 1, 1770 coverages,
rigid pavement test section
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subitem 5b, lane 1, 3000 coverages,

Condition of subitem 5b, lane 2, 950 coverages,

Figure ST.
rigid pavement test sectiion
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Figure 58. Condition of subitem 5S¢, lane 1, 1000 coverages,
rigid pavement test section

Figure 59. Condition of subitem 5S¢, lane 1, 1230 coverages,
rigid pavement test section
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Figure 60, Condition of subitem Sc, lane 2, 840 coverages,
rigid pavement test section
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Figure 61. Condition of subitem 5d, lane 1, 1770 coverages,
rigid pavement test section
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Figure 62. Condition of subitem 5d, lane 1, 3000 coverages,
rigid pavement test section
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Figure 63. Condition of subitem 5, lane P, 2N0 coveruges,
rigid pavement test section
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Figure 68, Condition of 120-psi polystyrene panels
along longitudinal construction joint in subitem Se,
lane 1, rigid pavement test section

Figure 69. Test pit in subitem 5b, rigid pavement test
section, illustrating differential deformation in light-
weight concrete along the longitudinal contraction Joint
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Figure 75. Load-deflection curves from plate besring tests on
cement-stabllized clay over 35-psi polystyrene in subitem 5a

il

e mrp— - —




: /

a

W

<« ]

A

2 ol /

£

W []

<

a k, =40 PCI
CORRECTED POR PLATE BENDING
h;: 588 PCI

NOT CORRECTED POR PLATE BENDING

LEGEND

MEASURED
—— e COMPUTED

] | ] |
L
0.02 0.0 0.04 008
AVERAGE PLATE DEFLECTION, W,

Figure 76. Load-deflection curves from plate bearing
tests on lightweight concrete in subitem 5b

132




4.“-’%‘*:“

PLATE PRESSURE, P8I

20 -
]
/z“‘~hkvssra
is}— /'
[}
e
Y = '/
[ ]
/ L, =63 PO
NOT CORRECTED FOR NONLINEARILY
[ 2
ﬁ; =74
CORRECTED POR NONLINEARILY
Y-
[
/ LEGEND
, MEASURED
o« meme  COMPUTED
| ] l |
i
% 0.05 ) 0.3 0.20 0.23

AVERAGE PLATE DEFLECTION, N,

Figure 77. Llosd-deflection curves from plate bearing
tests on 120-psi polystyrene in subitem 5c

12y




20 ///
’
//, SUBITEM d
&, =103 PCI
[ 4
&z 123 PCI
19—

a /

[ N

] /

2 SUNITEM o

U“l o .o =nmprQ

"]
‘ £

("]

%

o |

[ %

sl
LEGEND
MEASURED
o asme COMPUTED
| 1 | | |
i
°o 005 0.10 0.8 0.20 0.29

AVERAGE PLATE DEFLECTION, N.

Figure 78. Load-deflection curves from plate bearing
tests on 35-psi polystyrene in subitem 5d

1o




$43A8T Buijvrusur FUTUTBIUOD SWIFIIQNS Jusmasved

PIPIX JO uOTIVIUIS2IdIL JUIWI TS IJII08TP JO UOTIIISNTII  °*6) 2anPry ,
T Irewwsn [ T T ] [oeseen] [T ] Jowsdwen] T T ] Ti3emeisn] 111 N.luw-hhlﬁ-
L4 n:sm + L
S w3tens N w3iens % wilens S wILeNs NOHL I c.l...l—
DB HOILVLS DAVHIGN0OD £
' 1 < [ i °
| _ m .
USRI A N IS :
| | | r
-
| | EX I P
‘ I H [
.......... EE————— D
@3N g8 £ 190D (OVIS SO FEININLS DNILSIAL ' ! : z i
M AN PORE TP TY _ _ _ ﬂ m
(SMOLIMNG £ GV I M SVIS 0 98 DIENIS H ' ,
56 NBLIENG M GBLVULINTY OV T BNV ' ! '
M PIMGVOT TS MBLIONS M SRLVELENTY BV | JNVY I8 DINEVE™ _ _ _
‘0t S0 (SMNOIAVAS MIDRLDD FINVLISHE) HADNDEY ANBISIrN BIOR e ! | .. »e
0 NOLLINEEN WIS ‘LEOr MO -l.lo.!.“:‘f! _ m
INLONOD N -GN EAIY o - e
W40t HOPED 2 (D G '
. NBAINEIN W0 ‘LINDT MBILIVELNED e =+ e - _ '
. . FEPGLS TNGNID 0 u_ _
#0123N000 % 081 4NOC NOILIWAINOD G3IIBOY ~——r —en . v
Ly g ) | i Tln.-.l.. -




Sred
T

[t

E,,,_,:"nm
[PECLL S

P

s ;i_}d'
Y o

.

PS-q¢ swaliqns juaweard pr¥ia jo UOTIVIUISIIAIL JUIWATI 93IIDSTP JO UOTIVAISNITII

'Q«th

@Y=M G K 1P 10D
1OV 40 PEBNAMIS SIS,

BV- ' G0 % K InAga 00
SNPIAIMNE 4 ey ¥
L AW B 3 JIUUR )

W Fie (INGILVAS NIINL DS
FINVISND HABNDY ANTRIUNG A0

BEINESLE DINEN DB 2 NOIL NG
S2 WS AT NDILIVELNDD e o e

SEIM IS US DIEINID
. M R0UINOIe % 08 lmor
NOIANWLINGD ODL-GNV-EARN ~ =~

NPT

1 sueT *9¢ wWajlqQus Jo Buppwor 3J G2 AQ (2 Iq O3 pIWMSS® IZTS qUTS IYI UIIA

‘08 anBtry

“TTITTY "aeoten T T 1T 1 TR L T 0 L F T 01 weoev 1§ 1 F 1 PR 1 1) [ioeotenv] ) 11113
Rwinen K waien wWane
SHIRNN MO AVAS DAVNONOOS £
[ [ [ [}

4488

-

4452

i

-

-

SHIONN NOIAVLE BLAVNIGN00D 8
126

L 19




£ -

el

[l

3

AV ki LiLL i_(fj’“’

&
-3

g f
sl

L) .
R . I

NOATH DISTANCE FROM LONGITUDINAL JOINT , ¢ T SOUTH
- ) 20 8 0 F) 0 L3 10 % 20 24
I 1 i 1 | i i I | I R
. o

o 0p P

0.08 p~

‘
\
N

0 1af Mt

CORTRACTION )i

CONSTRUCTION XOiN1

WEASURED DEFLEC 1M

S CUPYTEODEFLECTION 13, 12,FT AR

MOTE DEFLECTIONS ALORG A TRANSVE At
LM TNAOMCH THO OWEELS OF TH(
018} OUAL-TANDEN ASSEWBLY  SEASUNED
YALIES N PRIOR 10 TAAFSIC
S R i
vALUES
AT CONPLETION OF TAAFYIC

CEONC]

CLASTIC VERTIL AL OEFLECTION , IN.

0 20p=

02

0 24 p~

Figure 81. Deflections for subitem 5a, lane 1, along
@ transverse line through two of the wheels

127



w

CLASTIC vERYICAL DEFLECTION ,

RN S

GETANCE TEOM WEST €N OF TRANSITION NAD, T

0 3 © " » » » » © - %0 8 »
| ¥ ¥ | 1 | 1 1 ] R f 1 ] 1
0 e————— .
0.02 b~
0 08 b= |
b 08 f \
L] o
@ Tt e met
0.08 b % / P  caecreen
g N ©  eMeNENricTion
V’J — CHPUI MILICTON ify- 12, 01 W
0 1of- OOTE COMWTED BETLECTING aAF &80, NG ey
LRI ASS I 6600 B 00 CANT Gt
LECATSD 30 WY UG 06 Sut{Lt 1ABMNT 19 Tve
LI NI L0 TN 1ON 0T (04 § CERTEACS
o 2f T e Ty s iate paen 1y
%&mmmumnm;r--

0 10k

Figure 82. Deflectfons for rigid pavement subitem 5a, lane 1, along
the longitudinal construction Joint

128




}UHJ Ll

NORTH DISTANCE nou LM‘YUDWM. JOINT 4 FT SOUTH
» 20 t$ 10 0 5 2%
I I 1 i l AT ‘T 1 L 1
4]
*
002~
0 04 p—
oo
[ ¥ o \ n
: AR
s O 1O l \' L
§ ¥
g %
v
-
;‘ Q 12
.}
ot
<
¢
: [T N o
s
J
-~
MAIE-IT S o
o s
® CONTRACTION 0T
o 18- ®  comimvcTon amt
O NEMSMSSEILICTION:
COPYTED DEFLECTIONS < )1, < 1] F T SLARS
0 20p e GRUPYTED LFLECTIONS - 23 - 2 FT SLAGS
NOTE SEFLECTION ALONG A TH WvESE LINE THAOVGH
THO SWEELS OF Tt BUAL-1AROLE ASIABLY
OrSCRETE CLEMNY MODEL TH 2% B 7Y
(LEATES Tl WO TS 10 AQURE $
0 220 TASER PO TG TAAFFIC CONMIES WALUES BASED
O UBULYS 0 10 ACACTI VALUES SEASVAED
COBRE TN OF TMFFIC
0 2600~
-
078 %
Figure 83, Deflections for rigid pavement subitem 5b, lane 1, along a

transverse line through two of the wheels

129




) BEST_AVAILABLE COPY

—— g

DISTANCE FROM WEST EMD OF TRANSITION SLAM, ¢
o 3 10 £ 20 25 0 35 40 45 52 S3 0
{ L V ] T T ! ¥ I | R

c.o2p

C 0¢ - V\

0.08 }—

|
|
|
|
|
i -

0 10~ X @  comtmacTion ot
@  comTaucTon ot
O SLANWACD PEFLECTION
012} e COUPVTED PLELECTIONS - 104 ¢ 10y FT LA

CLASTIC VEATICAL OEFLECTION, IN

e COPYTEO SEFLECTING - 23« B3 £ 7 BLAGS

CLENERT WIDEL BT 24 & 35 FT SLASS ¢ (.
CTMCIN s 1 2 3N cirT imes

°r e e
— it A3,

C 184

Figure 84, Deflections for rigid pavement subitem Sb, lane 1, along
the longitudinal construction Jjoint

130




NORTH (iSTAY [ TROM (ONGITUSIS. st , FT GOt
% -5 % P
T 13 T ]
o387 ) »-o-(i
soek \ !3 ,l
k- \!I \
e &
* e G QP \
k4
Q
i Z \ [
pr]
d o \
-
g \
<
v} v
- G 16 - \
S @  cmtmcien met
o \ ® COMTEL 100 T
=z ]
%ol o SEANPED HILLCTIONS
2 CRPVTLE MEPLICTONG - A - I FT A
——a— COPWTE NMILICTIONE 13- 1S 6T RS
. STE U/ LECTINS ALORC A TOMMYLINE LAY TROBID
L o TORE£LS OF 1t Souki - 10N0EE AR 1P
wn:m;;ga-mvm
Wi 05 & CENIRAC T SORT SATRER st &
oot Yo O & 8 (LGRS LMD
{3
eer S s
vatuts
AN 5t CEBAE TN & TAAFTXC
0 22 p
O 24 P~
»
casl-

Figure 85. Deflections for rigid pavement subitem 5b, lane 2, along
& transverse line through two vheels

131




5% 8
LT

SN l T

i g . MR T S

* { : AR e £
3

ct e
LHE L Mg o LA T | )

RIS -3 R B YRL SR A N
= ﬁt* (k.éév:— uwﬁug aa: r-!

——— U—— ——
*u-.._
i A"
(ol
e
wh
"

ssn is H-u;.usotnwvaf
T MBS, THb o8 SRS AN m
§tx‘ S, INEIAL I AT o heba Ay, T

Wt Ay SERLET Taie, N

K‘
(s L g—r—"
A A - W—
A T—————— -
————— ——— ——— ————
A O OV, S ———_— ] O " I N7 W) o

. L4 E&Sﬂ*kﬁ “i"l tuf FrIEGE AME CEPABATLY
- ‘! { WA 18 I RN
. ’,i‘%'i" lkdi&.{&ﬂl&%ﬁ‘.i
. - :gakﬂs'lw R X LR R4

» &3

- 4

M

s 2Ry

s e

s mh

Figure B6. GDefiections for rigid pavement subitem

the longitudinul contraction jeinmt

132




1)
YT ™

L4
NONTM™ DISTANCE FROM _OMGITUDIZNAL JOINT , FT SOUTH
= 20 13 0 ) 0 s 0 15 20 28
¥ T i 1 { i 1 i I T L

z
*
s 2
o
f
v
-
=
»
&
o
<
©
-
|
-
-4
[ o4

= Q i
-
-

0 8 b~

O 6~

o 1ghe

: Figure 87. Deflections for rigid pevemen! subiter v sE L, BaORgF
a transverse line through two wheels
-

LA Ay & g g Aty sy s

g I RELIPRIAD A a2 X ERAT T 2




TLASNIC vERTICAL OETFLFCTION , 1%

N

1 3

LSTANIE SR0M MEST (MBS OF TRANS:TION SL A4S, ¢

3 5 w s 2 2 o » © - %0 » »
i H 1 1 i H 1 H i ] ¥ H H
(-]
vy
¢ o8 b
Y
- rl
—~ )
F CENMCTES e
G 56 P
$ cmvunm e I -
[} AN NTLICINR
. Ql CEPEE MILACTIR . Ry NI AR J
1Yo
Y e A WIETIE . B - 50T R0 \
: 5T CHPYTES MSLECTNS ME ATDZ . ST
| SN ™ ‘
o b ety
- 2 Tt +5 NNNERY 13
=t AW ST
ettt —4i
stEsmsn it 08
i -
R 2F S OVAC g 1]
-
o P~
L i) o

avement subiter 5o, lane !, along

13h




NORTH DISTANCE FROM LONGITUDINAL JOINT ( FT SOUTH
25 20 15 10 S [} S 0 3] 20 25
I T 1 I ] | 1 | I 1 1

”

0 02

0 04

0 06

o o8

z
e 0 10— @  CONTRACTION JOWT
z \/ ® CONSTRUCTION JOT
" O MEASURED DEFLECTIONS
g 0 12— COMPUTED DEFLECTIONS - 1% « 125 FT SLABS
-4 ‘ - e COMPUTED DEFLECTIONS - 25 25 FS SLAS
- WOTE DEFLECTIONS ALOHG A TRANTVERSE LWE THROUGH
Iy} TIO PHEELS OF THE DUAL-TANOE® ASSEWOLY FOR
£ 014} OCRETE ELEMENTNDOEL WITH 25 - 1T SLAN.
5 LOAD SOULD BE LOCATED AT CERTER JOMT WHCH
- WOULD BE A CONTRACTION JOMT RATHER THAR A
CORSTRUCTION JOMT AXO THE TR0 CONTRACTION

Y JOINTS SHOWN WOULD BE ECMBNATED WEASURED
= VALUES TAKEN PROR 10 [MAFFIC. COMYTED
2 016 ALUES BASED ON MODULUS OF SOIL, REACTION VALUES
< REASGREO AT COBPLETION OF TRAFFI
(")

O 18-

0 20 - '

0 22 b= ‘ i

0 24— ,

0 28—
Figure 89, Ueflections for rigid pavement subitem 5S¢, lane 2, along

a transverse line through two wheels

135




3
o
o«
B

DISTANCE FROM WEST END OF TRANSITION SLAB, F7
5 © 13 20 28 0 3 0 as s 53 6
T | T T l ] 1 1

- Q
—
-
-
-~

s COMPUTED OEFLECTIONS - 25« 24 FT SLAN
R ol aqre mm DEFLECTIONS ARE ALORG THE LORGITUOMAL
TRACTION /O Al

o 02
¢ o4 -
G 08 P
T8 -
C 10 )=
) z
o O 12 -
z
; I
&
(%)
t
Py 0 14 pe ‘
w
. !
-t
<
v
ol e l
3 @  CORTRACTION jom?
¥ D  COMTMCTION oMY ‘
MR O EAMWNES SEFLECTING ‘
< CONPYTED DEFLECTIONS - 1%y + 17 FT SLASS ‘

AR OF THE CEAR 1 DO CASES Tht
GEAR 15 LOCATED 30 TWAT T80 WHELS AN TARGENT 10
TUBMAL CON T 00 (0T FOR
DOCAETE ELENERT MODEL BTH 25 « 23 F1 SLABS. ThE
M sy “x'r‘f'&"”ﬂmo“m e
9 #L LOAD IS AL
(SR VO o T T '
10 SLABE 1t EACH SUBITEE TWE IIOHIA! SEPARATED
8Y CONTRACTION JONTS ‘M“ “m"ﬂ 1A
8 P08 TO TRAFFIC CONPYTED VALUES BASLD OB WOBULUS
0 24 OF S0IL MEACTION VAL VES &AMO AFTER COMPLE 1On
oF TRAFFIC ' I
O 26 p~ , y -
0 28}~ " 4
3 30 b ©

Figure 90. Deflections for rigid pavement subitem 5c, lane 2, along
the longitudinal contrnciion joint

136




-
.

R

*
B

e P

l::.mvmu N
e

o

NORTH (STAN £ FROM LONGITUDINAL JOINT o F7 SO Tr
) 26 1 0 1 o H - 2 20 2%
I |
0 ===
¢ 02 -
G 04—
3 06—
c o8
: A
e & IO
z
[¢]
-
: l
-
‘-:' G O12 p l
' |l
: |
v
E, 0 4 '\
s }
: |
v
2 0 e \
‘;:
0 I8} (v ]
® CONTRACTION JOINY
@  COMIRUCTION JOINT
o 20 b o MEASURED DEF LEC THONS
COMPUTED OEFLECTIONS - 120 - 17 FT SLASS
e e COMPUTZO DEFLECTIONS - 23 ¢ 23 TY RARS
0 22 L NOTE DEFLECTION ACONG A TRANSVS ML .0 vmn
TUO BHEELS OF THE DUAL-TANDEN
OXSCRETE ELENENT MODEL 1TH 23 mvu»
ELAMRATES CONTAACTION JONYTS WEASUNED VALULS
R o e o e
Ar
G 24 p~ CONPLETION OF TRAFE °
6 20 =

Figure 91. Deflections for rigid pavement subitem 5d,
a transverse line through two wheels

137

lapne 1, along




T
3
',"’"‘CZ)
L—<

1 B
B x 3 LT 5 i s 3 ks
Gt Destes 3 -

ol g 5 fjg

DISTANCE FROM WEST END OF TRANSITION SLAB, F7
) 3 0 15 20 2 0 ) % a3 L) 38 o
) I 1 I I il I I 1 ! 1 1

0.02p

0 04—

S
> 0008
r 4
o
[
o (v
& 0.08 b=
% @  cmTmcTom ey
d ® COMTRUCTION ST §
¥ o BEASURLD BEFLECTIONG
T
§ CRUPUTED BEFLICTIONG - Ly o 3% FT SLARS
v e COPYTED BEFLECTIONS - 35 « 33 67 SLASS I
-
" SRR |
s 8008 LOCATLO kT o0 WL | N \
LR 2 « 35 FT LM §
0 14} .m?a s m'g
AT e e
AT T a
0 18h~
[T 33 &

Figure 92. Deflections for rigid pavement subitem 54, lane 1, along
the longitudinal construction joint




DLFLECTION, IN.

0.3

COVERAGES

o 1000 2000

2000

1 1 1

LEGEND

JOINT FAILURE MEASURED DEFLECTION
JOINT FAILURE, COMPUTED DEFLEC TION
CRACKING FAILURE, MEASURED DFF LECTION
CRACKING FA:LURE, COMFUTED DEV LECTION
D NO FAILURE, MEASURED DEFLECTION

O NO FAILURE . COMPUTED DEFLECTION

40> 0

g )\ | \

Figure 93. .Joint defiection versus coverage level for rigid
pavement subitems containing insulating layers

139




saafel JurjieTnsur JUTUIVIUOD SWIFIQNS auawaaed
PIP1I J0J T9AST 23BISA0D JO BOT SNBJI9A UOTFOITIAP JuTOL *q6 3anITd

LIS L 1 LI LA L 1 1 LIS J |

I
)
1
o WO 490

o NOILD21430 03LNaMOD ‘3WNUVA ON O

. NOILIZ SO QIUNSYIN ‘NINTIVAI ON O

NOILIZ 1230 GBLNSNOD ‘IMNUVE ONINIOVED A

- . NOILDAT 430 QINNSYIN NNV ONDIDVED O -
NOILDZVSDQ QILNGNOD NNV ANIOF ¢

v llr NO11931430 OIUNSYIN “FUNTIVE LNIOF O
Wm— [{TELER]

._____-_ 1 [N B O Y T A ' O O B A | 2 N
' 000°1 008 o0t 3 et



1.

2.

3.

5.

T.

9.

REFERENCES

Burns, C. D. et al., "Comparative Performance of Structural Layers
in Pavement Systems; Design, Construction, and Behavior Under
Traffic of Pavement Test Sections," Report No. FAA-RD~73-198,

Vol I, Jun 19Tk, Federal Aviation Administration, Washington, D. C.,
and Technical Report S-Ti-8, Vol I, Jun 197k, U. S. Army Engineer
Waterways Experiment Station, CE, Vicksburg, Miss.

Hohwiller, F. and K8hling, K., "“‘yropor-Filled Lightweight Con-
crete," Badische Anilin- & Soda-Fabrik AG, 1968, Federal Republic

of Germany.

American Society for Testing and Materials, "Standard Method of
Test for Compressive Strength of Cylindrical Concrete Specimens,"
Designation: C 39-T1, 1972 Annual Book of ASTM Standards, Part 10,
1972, Philedelphia, Pa.

U. 8. Army Engineer Waterways Experiment Station, CE, Handbook of
Concrete and Cement, Aug 1949 (with quarterly supplements),
Vicksburg, Miss.

American Society for Testing and Materials, "Standard Method of
Test for Flexural Strength of Concrete (Using Simple Beam with
Third-Point Loading)," Designation: C 78-64, 1972 Annual Book of
ASTM Standsrds, Part 10, 1972, Philadelphia, Pa.

, "Standard Method of Test for Static Modulus of Elastic-
ity and Poisson's Ratio of Concrete in Compression," Designation:
C 469-65, 1972 Annual Book of ASTM Standards, Psrt 10, 1972,
Philadelphia, Pa.

, "Standard Method of Making and Curing Concrete Test
Specimens in the Laboratory," Designation: C 192-69, 1972 Annual
Book of ASTM Standards, Part 10, 1972, Philadelphia, Pa.

, "Standard Method of Test for Moisture-Degsity Relations
of Soil Using 5.5-1b Rammer and 12-in. Drop," Designation:

D 698-70, 1972 Annusl Book of ASTM Standards, Part 11, 1972,
Philadelphia, Pa.

Michelow, J., "Analysis of Stresses and Displacements in an
n-Layered Elastic System Under a Load Uniformily Distributed on a
Circular Area," Sep 1963, California Research Corp., Richmond,
Calif,




10.

11.

12.

13.

1k,

15.

16.

18.

19,

21,

Barker, W. R. and Prabston, W. N., "Develcpment of a Structural
Design Procedure for Flexible Airport Pavements," Report No.
FAA-RD-Th-199, Sep 1975, Federal Aviation Administration,
Washington, U. C., and Technical Report S-75- 17 Sep 1975, U. S.
Army Engineer Waterwvays Experiment Station, CE, Vicksburg, Miss.

Morgan, J. R. and 3Scals, A. J., "Flexible Pavement Behavior and
Application of Elastic Theory--A Review," Proceedings, Australian
Road Research Board, Vol 4, Part 2, 1968, pp 1201-12L3.

General Services Administration, "Sealing Compound, Hot Poured

Type, for Jo*ats in Concrete," Federal Specifications SS~S-164(4},
Aug 1964, Yashington, D. C.

Depariment of Defense, "Method 104, Modulus or Soil Reaction,"
Mflitary Standard 621-A, Test Method for Pavement Subgrade, Subbase,
wnd Base-Course Materials, Dec 1964, Washington, D. C.

American Sociecy for Testing and Materials, "Standard Method of
Test for Splitting Tensile Strength of Cylindrical Concrete Speci-

mens,"” Designation: C U96-71, 1972 Annual Book of ASTM Standards,
Part 10, 1972, Philadelphia, Pa.

Westergaard, H. M., "Stresses in Concrete Pavements Computed by
Theoretical Analyses,"” Public Roads, Vol 7, No. 2, Apr 1926,
PP 25-135.

» "Analyticel Tools for Judging Results of Structural
Tests of Concrete Pavements,” Public Roads, Vol 14, No. 10,
Dec 1933, pp 185-188.

o ___» "stresses in Concrete Runways of Airports,"” Proceedings,
ggh Annual Meeting of the Highway Research Board, Dec 1939,
pp 197=-202.

» "Stress Concentrations in Plates loaded over Small

Areas,” Tr ansactions American Society of Civii Engineers, Vol 108,
Paper No. 2197, 1943, PP 831-886.

» "New Formulas for Stresses in Concrete Pavements of
Airfields,” Transactions, American Svciety of Civil Engineers,
Vol 113, Paper No, 2340, 19L8, pp L25-Lub,
Pickett, G. et al., "Deflections, Moments, and Reactive Pressures
for Concrete Pavements,” Bulletin No. 65, Oct 1951, Kansas State
Colluge, Manhattan, Kans,

Pick-tt, G. and Ray, GC. K., "Influence Charts for Concrete Puve-

ment:s,” Transactions, American 3ociety of Civil Engineers, Vol 116,
Peper No, 2425, 1951, pp 49-T3.

12




ey

22,

23.

Hudson, W. Ronald and Matlock, Hudson, "Discontinuous and Ortho-
tropic Plates and Pavement Slabs," Report No. 56-6, May 1966,
Center for Highway Research, The University of Texas, Austin, Tex.

Panak, John J. and Matlock, Hudson, "A Discrete-Element Method of
Multiple-Loading Analysis for Two-Way Bridge Floor Slabs," Report

No. 56-13, Jan 1970, Center for Highway Research, The University
of Texas, Austin, Tex.

PO 914-318

13




