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PREFACE

This report summarizes the results of an experiment to study the effects
of subbase or subgrade support loss on slab deflection, distress manifesta-
tion, and load transfer. This is a follow-up experiment to the analysis of
laboratory slab behavior under NCHRP Research Project 1-15 and the results of
that project were used as the primary basis for this research.

The project is supervised by Dr. W. R. Hudson, Professor of Civil Engi-
neering, and Dr. B. F. McCullough, Associate Professor of Civil Engineering,
and is being conducted at the Center for Highway Research, The University of
Texas at Austin, as part of the Cooperative Highway Research Program sponsored
by the State Department of Highways and Public Transportation and the Federal
Highway Administration.

Special appreciatién is also due to Pieter Strauss, Jim Long, and Larry

Olson for their friendly help concerning this laboratory experiment.

Enrique Jimenez
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ABSTRACT

Design of continously reinforced concrete pavements is a procedure
that involves numerous complex variables. To accomplish the evaluation of
these variables, several steps must be taken, such as observations of the
effects of environmental factors and the behavior of soil supports that affect
the pavement performance during its service life. Different steps to evaluate
the pavement behavior must be followed in an effort to design pavements with
longer good service condition life. The laboratory is one of the principal
means the designer has for developing relationships for pavement behavior in
the field. A precursory laboratory experiment concerning CRC pavement per-
formance was performed under NCHRP Research Project 1-15, 1In that experiment,
small dimension slabs were tested using the field practices of the State
Department of Highways and Public Transportation in the construction of CRC
pavements. However, the precursory study was done with fully supported slabs.
One of the most important variables that affects CRC pavement performance is
the loss of support under the slab, specifically when voids are created
beneath the pavement due to swelling clay or subbase settlement.

This report presents a study of loss of support of small dimension
laboratory slabs. The purpose of the experiment is to compare and observe the
behavior of experimental laboratory slabs with voids beneath them of various
dimensions and to compare these slabs with uniformly supported slabs previously
tested under NCHRP 1-15. A theoretical approach is included in the experiment
in an effort to model all the laboratory inputs and outputs that can give
solutions close to the ones obtained through the experimental physical test.

At the end, both the theoretical solutions and the laboratory observa-
tions are analyzed and their accuracy is defined. Finally, observations,
conclusions, and recommendations are presented in an effort to implement the

study solutions within the design of CRC pavements.

KEY WORDS: voids, slab modelling, discrete element stress analysis, deflection
criterion, fatigue, pavement thickness, pavement design, load repetitions,

CRCP, portland cement concrete pavements



SUMMARY

This report presents the results of a laboratory and a computer
simulation study to investigate the effect on pavement performance of voids
beneath a portland cement concrete slab, Limitless studies of in-service
pavements have found that voids beneath the slabs severely reduced the per-
formance life. The intent of this study was to demonstrate the possibility
of using pavement thickness to offset the effect of the voids. A computer
simulation shows that the performance of laboratory pavements under repeta-
tive loading and various void sizes can be simulated using the discrete-
element theory. These results are then used to demonstrate the possibility
of using load cracking and maximum deflection as criteria for establishing
a pavement thickness design. The report demonstrates the need for incorpo-
rating into the present pavement thickness design procedures, a method of

considering voids beneath the pavement, and the probability of occurrence.
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IMPLEMENTATION STATEMENT

The definition of the critical condition created by the combined effects
of environmental stresses (temperature and moisture variations) and traffic
load stresses is essential for predicting failure conditions in concrete
pavement. Mathematical models used must simulate actual field conditions as
defined by environmment, traffic and support soil variations such as voids
beneath the pavement.

By using the SLAB program, the stress distribution in a full size slab
can be predicted at various ages as the average crack spacing progresses
from a wide value of approximately 25 feet to less than 2 feet. In addition,
variable support conditions can be considered. These data can be used
to establish the critical condition from a wheel load standpoint. Further-
more, the wheel load stress data for various crack patterns can be super-
imposed on stresses predicted from the CRCP-1 due to volume change effects of
temperature and shrinkage. Thus, a crack pattern due to the coupled effect
of wheel loads on the pavement and volume change stresses developed from
temperature and shrinkage can be predicted along with crack width and steel
stresses. This realistic simulation of in-service conditions permits an
optimum design for pavement thickness, steel percentage, and other factors
to be determined considering control criteria of crack width, crack spacing,

steel stress, and concrete strength.

vii



TABLE OF CONTENTS

PREFACE , . . & & ¢ v v o o o o o o s s o o o o o o s o o s s s o o o s iii
LIST OF REPORTS . . . « « ¢ « v vt v v v v v o v o e e e e e e e e a s iv
ABSTRACT AND KEY WORDS . . . . . .+ + v v v v v v e e e e e e e e e e v
SUMMARY . . 4 4 v 4 o o o o s o 2 s o o s o o s o o o o o s s o o o o vi
IMPLEMENTATION STATEMENT . . v & o o o o o o o o o o o o o o s o o o o vii

CHAPTER 1. INTRODUCTION

Objectives 3
The Scope of the Study 3
Outline of Report 3
CHAPTER 2. ANALYSIS AND LABORATORY PROCEDURES
Nature of the Problem 5
Simulation of Field Condltlons 7
Adoption of Experimental Techniques 7
SLAB 49 Computer Program . 9
CHAPTER 3. ANALYTICAL STUDY
Void Selection . . . e e e e e e e 13
Solutions of the Computatlon Experlmental De51gn e e e e e e e 16
SUMMATY & v v v v v e v v e e e e e e e e e e e e e e e e e e e 20
CHAPTER 4. LABORATORY STUDY
The Laboratory Slab Background . . . . . . . . . . . . « . . . . . 22
Slab Type and Configuration e e e e e e e e e e e e e e e e e 22
Slab Preparation . . . e e e e e e e e e e e e e e e e e 22
Final Inspection of the Slab e e e e e e e e e e e e e e e e 25
Slab Placement . . . . . . . .« . .00 0 e e e e e e e e e e 26
Quality Control . . . . . . ¢ . . 0 o 4 e e e e e e e e e e e e 26
Curing the Slab . . . . e e e e e e e e e e 27
Laboratory Experimental Slab Observatlons e e e e e e e e e e 30
General Laboratory Slab Observations . . . . . . . . . . . . . . . 32
Slab Model 177-1 34
Slab Model 177-2 37
Slab Model 177-3 . coe 42
Comparison of Observations on Slabs . e e e 45

viii



CHAPTER 5. ANALYSIS OF THE EXPERIMENT

The Experimental Parameters
Slab Deterioration Predictionms . e e
Crack Development with Load Applicatioms .

CHAPTER 6. INTERPRETATION AND APPLICATION OF RESULTS

Cracking Criteria . .
Deflection Criteria . . . . . . . . . .
Design Applications

Summary

CHAPTER 7. OBSERVATIONS, CONCLUSIONS AND RECOMMENDATIONS

Observations

Conclusions

Recommendations

REFERENCES . .
APPENDICES
Appendix 1.

Appenidx 2.

THE AUTHORS .

Data for Laboratory Slab Model L-5
Computer Output for the Slab Model 177-2

ix

46
49
55

58
60
62
62

64
64
65

66

68

70

93



CHAPTER 1. INTRODUCTION

Highway and airport continously reinforced concrete pavements (CRCP)
are structures supported on specially prepared subgrades or subbases.

In the past, all CRCP design procedures separated the determination
percent of steel reinforcement and pavement thickness into independent func-
tions. The procedure developed as a result of the NCHRP Research Project
1-15 makes the same fundamental assumption. In this recent development,
computations of average crack width, average crack spacing, the state of
stress, and the distress manifestations are checked against the "limit
criteria" also developed as part of the study.

Thickness designs for continuously reinforced concrete pavements basically
assume uniform support; however, in the field support is lost due to various
soil conditions, such as swelling, settlement, and densification, as illus-
trated in Fig 1.1. The variation of soil support depends on the construc-’
tion site and material characteristics. Since these support variations affect
the CRC pavement life, it is important to understand how they increase or
decrease the pavement distress, in order to be able to predict future pave-
ment performance affected by these soil support variations.

Field observations indicate that pavements tend to bridge nonuniform
support, whereas the subbase layers conform to the underlying soil movements
(Fig 1.1). However, these pavements eventually collapse under repeated '
traffic loading since the CRC slabs are not designed to provide bridging
action. It has been hypothesized that designers could allow for these con-
ditions by increasing the slab thickness and percent of steel reinforcement
to provide an adequate bridging action of the CRC slab above the nonuniform
soil support.

In the previous studies (NCHRP 1-15), special laboratory equipment was
used for studying the effects of several variables on the performance of
small dimension CRC slabs under repeated load applications. That study in-
volved the repeated laboratory testing of small dimension continously rein-

forced slabs on a uniform rubber subgrade, with a modulus of subgrade
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Fig 1.1. Void creation under CRC pavements due
to (a) swelling clay and (b) settlement.



reaction equal to 255 pci. The same equipment was used to study the effect
of voids beneath the CRC slab model, using the same slab model dimensions,
load magnitude, load frequency, load amount, crack width, and concrete

properties.

Objectives

The principal objective of the study is to investigate the effect of
voids on the performance of CRCP and the use of increased pavement thickness
when voids are anticipated. A secondary objective is to model the observa-
tions using SLAB 49 so that laboratory tests can be extrapolated to consider
diverse conditions to give theoretical solutions.

Comparisons between theoretical solutions and the laboratory observations
permit an evaluation of the effect of nonuniform foundation support under
these laboratory slabs on conerete pavement distress. A successful predic-
tion of a laboratory slab distress with a computer program will permit simula-

tion of full support and nonuniform support under in-service pavements,

The Scope of the Study

The scope of the experiment was as follows:

(1) A theoretical analysis of seven small dimension slabs was conducted
to investigate the effect of loss of support to help design the
size and shape of the void for use in the laboratory study.

(2) A series of three small dimension slabs was tested with two levels
of subgrade support loss and two thickness levels in order to
observe the effect of repeated loads on performance.

(3) The laboratory slab model behavior including the crack pattern
development with repeated load was modeled with the SLAB 49
computer program.

(4) The results for the unsupported slabs were compared with the results

for the fully supported slabs tested in the previous study (Ref 1).

Outline of Report

This precursory study was conducted to examine the potential effect of
small dimension tests in determining the effect of loss of support. It is

not a complete factorial analysis, but rather a step by step experiment which



includes designing each subsequent slab based on the results of tests of
the slab. In the report, recommendations and suggestions are outlined for
future studies of this type.

Chapter 2 outlines the analysis and laboratory results that cover the
observed problem in the field, simulation of the problem in the laboratory,
the summation of previous experimental observations concerning fully sup-
ported slabs, and the theoretical approach using the SLAB 49.

Chapter 3 presents the selection of slab dimensions and characteristics
to simulate most of the field conditions for CRC pavements within the State
of Texas. The void size selection obtained through the SLAB 49 computer
solutions, is also presented.

Chapter 4 outlines the laboratory experiment and the laboratory observa-
tions.

Chapter 5 presents the analysis of the experiment. The objectives of
this analysis are discussed and the experiment parameters are outlines,
as is the comparison of the experimental calculated and measured data.

Chapter 6 presents the conclusions and future recommendations for the

same type of experiment as well as for improvement in CRC pavement design.



CHAPTER 2. ANALYSIS AND LABORATORY PROCEDURES

This chapter discusses the nature of the problem as observed in the
field, how this field problem is simulated in the laboratory, how previous
laboratory experience from the NCHRP 1-15 study are used, and the theoreti-

cal approach using the SLAB 49 computer program and its solutions.

Nature of the Problem

CRC pavements are designed to provide longitudinal reinforcement
adequate to keep the crack tightly closed and to provide pavement thickness
adequate for the traffic wheel loads. One of the important assumptions in
design for CRC pavements is good support conditions. This emphasizes the need
for observing and evaluating actual conditions as a guide to preventive
maintenance in an effort to prevent future pavement distress. This study is
concerned with pavement performance as affected by voids beneath the pavement
and with general observations that help define where and how distress occurs
when the voids are present under the pavement. Several observations of both
the top and bottom of the CRC pavements on Texas highways show some of the
distress occurring in the pavement is due to loss of support under the pave-
ment.

Figure 2.1 shows in schematic form the usual sequence of the distress
occurrence in the field. The distress occurrence rate depends on the traffic
frequency, load magnitude, and environmental conditions (temperature changes,
rain, snow, etc.). In addition, the soil support characteristics (swelling,
settlement, densification, etc.) will influence the distress occurrence rate.

Figure 2.la shows normal transverse cracks in CRC pavement prior to the
wheel load applications. Figure 2.1b shows the crack pattern after 2 X 106
equivalent 18-kip single axle load applications. The repetitive wheel loads
(fatigue) initiate new transverse cracking as well as develop longitudinal

cracking.
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Figure 2.lc shows the crack development after 4 X 106 equivalent 18k
single axle load applications. In the figure, note how transverse and
longitudinal crack developments lead to punch outs and consequently to loose
concrete blocks that eventually come out. This type of deterioration results
from a short fatigue life due to higher slab stresses when voids are present
beneath the CRC pavements (Fig 1.1).

Figure 2,1d shows how the distress is corrected by repairing the CRC
pavement by patching. Usually, patching is used to increase the CRC pavement
life service.

Figure 2.2 is a sequence of pictures of a CRC pavement on a Texas high-

way that presents the same characteristics shown in Fig 2.la, b, ¢, and d.

Simulation of Field Conditions

A common laboratory approach to simulate field conditions is through use
of small dimension specimens that represent most of the field conditions,
Small dimension slabs can adequately represent a field pavement section in
the laboratory if proper modeling techniques are used. The equipment used
for testing model slabs in a previous laboratory experiment (Ref 1) was used
in this study.

The in-service CRC pavement has external and internal loading effects
that must be simulated in the laboratory.

The laboratory equipment was designed to consider these factors in an
effort to simulate field conditions, such as volume changes of concrete and
steel (by the pulling action mechanism) and the resulting crack width, and

crack development effects.

Adoption of Experimental Techniques

The procedures used in this study for preparing the slab, crack initia-
tion, loading sequence, etc. are identical to those used in the NCHRP 1-15
study. The reader is referred to the report of that research (Ref 1) for a
detailed description of the testing procedures. This approach permitted a

one to one comparison of results from the two experiments.



Fig 2.2, Sequence of CRC pavements distress that leads to a
very severe pavement disintegration.



Observations of small dimension slabs with full support from the
laboratory experiment from the NCHRP 1-15 study were used in the present
experiment to compare how slabs behave when voids appear beneath them. To
develop a void under the laboratory slab for simulating loss of support
under the CRC pavement, part of the top rubber layer was removed.

Since it was preferable to reproduce most of the usual Texas design
conditions, such as percent steel, steel location, and construction techniques,
Slab No. L-5 from the NCHRP 1-15 experiment was used as the control slab.

Table 2.1 presents the essential design features of the control slab. As
may be seen, these components are similar to those used in most of the CRCP

constructed in Texas from 1959 to 1974.

SLAB 49 Computer Program

In order to evaluate the expected behavior of small dimension slabs, the
analysis was made using the SLAB 49 computer program, developed by Hudson,
Matlock, et al (Refs 2, 3, 4, 5, and 6). This program is a discrete element
analytical technique which solves a physical model of the slab consisting of
rigid bars connected by elastic blocks and supported on appropriate springs
to represent the foundation (Fig 2.2).

The method allows for nonlinear input, discontinuities in the slab and
the subgrade, and varying support in the subgrade. The model also allows
for axial loads in the slab similar to those imposed by continuous reinforce-
ment.

With the SLAB 49 computer program, it is possible knowing the physical
properties of the slab and the subgrade to directly model the small dimension
slab and solve for the expected deflection and stresses. It is difficult
to directly determine the support modulus of the rubber subgrade, but it
is possible to adjust the overall results with actual measured deflections
in the laboratory. The results from the previous laboratory experiment were
inconsistent for two different thicknesses of the rubber subgrade. It was
evident during the laboratory testing of the CRCP slab models that there
was very little difference in subgrade support as offered by the 3 and 6-inch
thicknesses of rubber mat. Since the predicted results can be adjusted
using the actual measured laboratory data for deflections versus the K-value

(support value), one can predict with greater accuracy this data as a function



TABLE 2.1.

Area of
Comparison

10

COMPARISON BEIWEEN THE STATE DEPARTMENT OF HIGHWAYS
AND PUBLIC TRANSPORTATION CONTINUOUSLY REINFORCED
CONCRETE PAVEMENT DESICN AND THE LABORATORY SMALL
DIMENSION CONTINUOUSLY REINFORCED CONCRETE SLAB,

SDHPT

CFHR
Laboratory

Percent steel
reinforcement

Reinforcement
depth

Type of steel
Bar size
Bar spacing

Bond area/concrete
volume

Load

Stress at bottom
of slab

Thickness

Mix Design

0.50 - 0.56 percent
Mid-depth

Deformed Bars
No. 5

7.5 inches

15.36 _
Q= 5760 T

.002667

0,000 1b/wheel load

o = 421.9

8 inches
(1) Type I cement
5 1/2 sacks/cu yd

(2) 1l-inch maximum
size aggregate

(3) 2 to 5-inch slump
(4) 3 to 6 percent air

0.55 percent
Mid-depth

Deformed Bars
No. &4

7.0 inches

_7.20

Q= %‘8—8' = ,002679

2250 1b/wheel load

o = 421,9

4 inches
(1) Type I cement
5 1/2 sacks/cu yd

(2) 3/4-inch maximum
size aggregate

(3) 2 to 5-inch slump
(4) 3 to 6 percent air



of slab thickness (Fig 2.3). The comparison of both the measured and the
calculated deflections permits a K-value to be derived that may be used

in the SLAB 49 computer program,

11
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CHAPTER 3. ANALYTICAL STUDY

This chapter covers the analytical study of the slab characteristics,
such as percent of steel reinforcement, thickness, position of the steel,
and crack width. From field observations, it was noted that the voids
creating the highest distress were near the transverse cracks at the middle
of the lane or near the shoulders (Fig 3.1). The findings of the computer
analysis are presented and discussed in the objective of selecting and
defining void location and size that represent the field conditions creating

the highest distress in the CRC Pavements.

Void Selection

Computation Experiment. Seven different cases were selected to study

during the computation experiment to ascertain which case creates the criti-
cal field conditions, such as higher deflection and stresses. Figure 3.2
represents six different void positions and sizes that can be found under
CRC pavements in the field. Their introduction into the study through the
SLAB 49 computer program will help to determine the void size and location
that create the highest deflections and stresses, specifically, the ones

in the laboratory study which behave as nearly as possible as to those in
the field.

As discussed in Chapter 1, voids under the slab are created by several
soil support conditions (settlement, swelling, etc.). Furthermore, infil-
tration of water into the edges at the shoulders can create a pumping situ-
ation that leads to a void and consequently higher distress in that parti-
cular area.

If voids begin to develop beneath the pavement, higher deflection and
stresses (tensile) develop, producing higher distress in the pavement slab.
The decision was made to select from the computer solutions the case which
presented the highest deflection and stresses and to use its void character-

istics during the laboratory slab experiment.

13
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Analysis of Data. After running the SLAB 49 computer program, an

analysis of the output for the seven different cases (Fig 3.2) resulted in

the following observations:

(1) The first case, the full support under the slab, was retained since
it simulated the control laboratory slab L-5 from the previous
experiment (Ref 1).

(2) The second and third case, introduction of 12 x l4-inch and 18
x 18-inch void sizes beneath the middle of the slab and under the
load area, were discarded because the deflection and stress pro-
files were similar to those of the fully supported slab.

(3) In cases four, five, six, and seven, drastic differences in
deflections and stresses appeared in the solutions, compared to
those in the first three cases, when void sizes of 21 X 26-inch,

27 x 26-inch, 16 x 27-inch, and 16 x 27-inch were introduced and
they were retained respectively.

Cases 4, 5, and 6 introduced greater void sizes and the deflection and
stresses were also greater. When the void was moved near the edge, higher
deflections and stresses were developed than with the voids in the middle
of the slab. 1In cases 6 and 7, no change was made in void size nor position;
the change is in the slab thickness. Reviewing all solutions, the deflections
and stresses in the last four cases were the largest. Since comparison of

one of the most critical conditions, pumping at the edges, is what it is worth,

the solutions from cases 5, 6, and 7, for which the voids are at the edge,

were selected (Fig 3.3).

Solutions of the Computation Experimental Design (Slab 49 Computer Program)

Observations derived from the void size analysis using the solutions

from the SLAB 49 computer program led to the following findings:

(1) The slab deflections are directly influenced by the void size
(Fig 3.4).

(2) 1If the slab thickness is increased, the deflections will decrease
(Figs 3.4 and 3.5).

(3) The slab stresses decreased when the slab thickness increased
(Fig 3.5).
In Fig 3.4, the deflection increases due to increase in void size.
The slab dimension is 36 inches by 72 inches (2592 in2), the low void dimen-
sion represents 16.71 percent of the total area (16 x 27 in), and the high

void dimension represents 27.10 percent of the total area (26 x 27). The
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deflection for the fully supported slab was .0155 in., for the lowvoid was
.0267 in., and for the high void was .0324 in. Figure 3.5 presents a comparison
of the longitudinal stress and deflection profile for the 2-inch and 4-inch
slabs. The signs for the stress profile are for the bottom of the slab,
with (-) being tension and (+) being compression, The top of the slab would
have equal stress but with opposite signs. Note that the maximum stress
occurs outside the void and with the 2-inch thickness. The maximum tensile
stress occurs in the top of the slab.

From this observation, one can point out that the deflection will
increase as the percent of void area increases. However, if the slab
thickness is increased, it is possible to decrease the slab deflection and
consequently the stresses will decrease. The designer must be aware of all
these factors or possibilities in order to decide the most adequate thick-

ness design of the CRC pavement to control these factors.

Summarz

Theoretically, from these experiments, it was found that deflection and
stress increase when a void is present under the slab, In addition,
deflection and stress increased when the slab thickness was reduced. Cases
5 and 6 proved to have the most significant deflections and stresses in the
4-inch-thick slab. However, case 7, where the slab thickness was reduced
to 2 inches showed the earliest distress at an early stage for all three
cases (5, 6, and 7).

Figures 3.6 shows the factorial experiment design used for both the

2=-inch and 4-inch slab model thicknesses.
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CHAPTER 4. LABORATORY STUDY

This chapter presents the laboratory slab study as it was conducted.
Included are the background on slab type, configuration, and mix design;
the slab preparation and inspection prior to its testing phase; the slab
testing operation and procedures; and the observations made during the

laboratory tests.

The Laboratory Slab Background

The comparison of laboratory slab behavior with the field observations
calls for a systematic, logical approach in an effort to develop compre-
hensive and rational improvement in CRC pavement design. All types of pave-
ments are complicated physical systems that involve a combination of several
important variables that interact in a complex way and are difficult to
simulate in the laboratory.

However, our theoretical study and our laboratory slab design approxi-
mated most field conditions, such as construction techniques, concrete mix
design specifications, percent of steel reinforcement, soil support (rubber

mat), and volume changes (pulling action mechanism).

Slab Type and Configuration

The laboratory test slab is a small dimension version of CRC field pave-
ment slabs and measures 36 inches by 72 inches. The model slabs were 4 inches
thick (177-1 and 177-2) and 2 inches thick (177-3). The slab's size was
chosen using discrete element analysis techniques so as to approximate two-
dimensional bending models which still fit into the laboratory space require-
ments, The slab dimension in the previous experiment (Ref No. 1) was the

same as the one used in this laboratory experiment.

Slab Preparation

In forming the slab model, several steps must be followed in order to

insure low variance and high quality results.

22
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Forms, In forming up the CRCP slabs, stiff reusable metal forms were
used. Prior to placing the concrete, these forms were cleaned, snuggly fitted
together with connecting bolts, carefully aligned, and covered with conven-
tional oil. Following 24 hours of curing, these forms were carefully removed

so as to allow for easy formation of the transverse crack.

Bond Breaker. To reduce friction between the rubber subgrade and the

concrete slab, a bond breaker was used in the laboratory investigation. The
thin polyethylene sheet that was used as a bond breaker was placed over the
entire rubber subgrade prior to the forming of the slab. To keep the
polyethylene in place and to minimize wrinkling, the sheet was securely

taped to the metal forms.

Metal Strip. Following placement of the bond breaker and the metal
forms, a strip of 20 gauge metal was positioned across or along the width
of the bottom of the slab at mid-length. This strip of metal was 40 inches
in length and either one inch in height (for slabs 4 inches thick) or one-
half-inch (for slabs 2 inches thick). 1Its purpose was to create a weak
section, and thus to preform the transverse crack at the desired point across
the middle of the slab. The metal strip was securely held in place in slots

in the metal forms,.

Longitudinal Reinforcement. In this laboratory experiment, the amount

of steel reinforcement was 0.55 percent for both the 4-inch and the 2-inch
slab thickness. Four deformed number four bars were used for the 4-inch
slab, while four deformed number three bars were used for the 2-inch slab

(Fig 4.1)

Depth of Reinforcement. Only mid-depth reinforcement was used in this

study, for both the 4 and the 2-inch slab thicknesses.

Pulling Bars. In addition to the longitudinal reinforcement, the slab

model in the laboratory study contained four pulling bars. These pulling
bars were part of the overall pulling mechanism used to simulate volumetric
forces on the slab as described in Ref 1, Appendix C.

The pulling bars consisted of four grade 60, number 6, deformed rein-
forcing bars for the 4-inch slab and four number five for the 2-inch slab.

Each of these bars was bent into a U-shape with an inside diameter of 5 1/4
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Fig 4.1

(L

Steel layout for .55 percent reinforced slabs.
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inches. Two lengths of pulling bars were used. One type had legs 46 inches
long, while the other type had legs 41 inches long. This difference in
length was necessary to fit the pulling mechanism.,

The pulling bars were positioned at the mid-depth of the slab with
steel chairs. Each of the four pulling bars extended 31 1/2 inches into the
slab, By extending the pulling bars this distance into the slab, the bond
length necessary to avoid slippage was attained and the bars were still
4 1/2 inches short of the middle of the slab, thus preventing interference
with stiffness characteristics at the crack. The first 6 inches that each
leg of each pulling bar extended into the slab was covered with polyethylene.
This bond breaker was used to permit the movement to initiate at the crack,

which simulates field conditions.

Transverse Wire. In order to provide for a more uniform pull action

across the laboratory slabs and to further avoid bar slippage, a 64-inch-
long section of 10 gauge wire was looped around the pulling bars. The wire

was secured with tie wire to the pulling bars only.

Final Inspection of the Slab

Following the steel placement, and prior to concrete placement, a
careful inspection of each slab was made. This inspection was made to in-
sure compliance with expgrimental specifications and to eliminate as much
slab-to-slab variation as possible, Alignment of the pulling bars, pulling
mechanism, and the slab itself, was very important. Therefore all align-
ments were carefully rechecked prior to slab placement. The general slab
layout was inspected to see that it met specifications as to position and
depth of all slab components. All components were also checked for proper
clearances to insure good concrete placement. As a last step, all the tie
wire and other connections were inspected along with a general overall check
to insure good concrete placement and checked to insure elimination of all
foreign material from the slab. Following the final slab inspection, photo-
graphs and drawings were made to document the exact position of all slab com-

ponents.
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Slab Placement

Since the concrete placement procedures during construction may affect
performance, emphasis during laboratory slab operation was placed on using
proper construction techniques representative of good field practice and
on limiting slab-to-slab variation.

The concrete was ordered from a commercial supplier. Prior to placing
the concrete in the slab, various quality control tests and inspections of
the mix were made. If the delivered concrete met all specifications, it
was carefully placed into the slab form to full depth, taking great care not
to disturb any of the slab components. The concrete was carefully vibrated
in all areas with a spud type vibrator to insure good consolidation through-
out the slab without causing segregation. After the concrete was placed,
the slab was struck-off to the proper level with a hand screed and hand

troweled to produce a smooth, even surface.

Quality Control

To insure high quality concrete, a number of quality control steps
were taken following the arrival of the concrete from the commercial supplier
and prior to placing the concrete:
(1) An inspection of the batch ticket was made to insure proper mix
contents.

(2) A general visual inspection of the concrete was made to insure
proper mixing of the ingredients, cleanliness, proper type and
size of aggregate, etc.

(3) A number of slump tests were performed on the concrete to insure
proper water-cement ratio.

(4) A number of Rollometer tests were performed to insure proper air

content.

Failure of the delivered concrete to pass the above quality control
inspections resulted in a rejection of the particular concrete batch, At
the time each laboratory slab was placed, compression cylinder test and
flexural beam specimens were molded to provide seven-day strength evalua-
tions. Following seven days of proper curing, these specimens were tested

appropriately and the average value for each test was then recorded.
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Table 4.1 shows the results of all the quality control tests performed
on the concrete for each laboratory slab. The values are the average results

for each type of quality control test (4 or more tests).

Curing the Slab

Following concrete placement and initial set, a curing compound was
applied to the concrete surface., A hydrocide resin-base curing compound
manufactured by Sohneborn Building Products was used exclusively. The
compound was carefully applied with a hand brush and allowed to dry and form
a membrane. After the membrane had formed, conventional wet curing mats
were placed over the slab. Wet mat curing continued for seven days, at

which time the mats were removed and testing of the slabs began.

Testing Operation. One of the most important aspects of the laboratory

study of CRC pavements was the development of a realistic means by which to
simulate the horizontal loading of the test slabs (i.e., horizontal stresses
caused by concrete shrinkage and temperature fluctuations). To simulate
these horizontal forces, a pulling mechanism and an experimental procedure
were developed and are in the previous experiments (Ref 1, Appendix C). The
same pulling mechanism was used in this study.

To obtain and correlate the laboratory study concerning deflection, load
transfer, crack width, void size and location, and crack and spalling
development, the following experimental procedure was followed:

(1) After 24 hours of proper curing, the pulling mechanism was used to

form the middle crack,

(2) After 7 days of curing of the slab, the void under the slab was
created by pulling out the pre-cut piece of rubber mat under the
slab (a void of 27 X 14 inches across the crack, along the edge,
as shown in Fig 4.2),

(3) The loading plates were positioned on the slab according to the
procedure outlined in Ref 1, Appendix C, and shown in Fig
4.2,

(4) Using the pulling mechanism and the Barry strain gauge, the trans-
verse middle crack was opened to the 0.0l-inch crack width level,
the experimental crack width during the first two million load
applications.
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TABLE 4.1. RESULTS OF LABORATORY QUALITY CONTROL TESTS
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Slump Air Seven-Day Seven-Day
Test Entrained Compressive Flexural
Slab (inches) (percent) Strength(psi) Strength(psi)
L-5 2 3/4 4.0 3510 543
177-1 4 3.5 3888 577
177-2 4 2,3 4187 563

177-3 2 1/4 1.5 2856 481
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All of the stations or points were checked very carefully and
recorded prior to the pulling mechanism operation to insure that
the determination of the 0.0l-inch of crack width is reached with-
out any difference in all of the stations.

The MTS System, oscillograph, LVDT's, voltmeter, and amplifiers
were turned on and allowed to warmup for a minimum of 15 minutes,
then the calibration of the system was carefully checked,

The hold-down beams were positioned and bolted down to fingertip
tightness.

The LVDT's were carefully positioned, and, in this instance, the
position was changed to the opposite side of the load; this change
was made for the following reasons:

(a) because the deflection of the slab measured from the new
LVDT position will be more sensitive to the size of the
void than the old position, and

(b) to correlate with the increments that are in the computer
program and then obtain more accurate data within the experi-
ment (Fig 4.3).

The oscillograph and MIS System were zeroed, and specific care was
taken when LVDT's were callibrated.

Vertical loading of the slab was initiated, and 500 to 5000 pounds at
five cycles per second level was reached,.

A complete review of all the System was done and the loading counter
was initiated and notes were taken of the initial reading.

The vertical loading of the slab was continued for 111 hours and
12 minutes to complete two million load repetitions on the load
counter. Regular inspection of the system was made to insure that
the equipment was working under optimum conditions and also to
make notes of the crack development on the oscillograph chart to
insure that all data correlate with the time of the slab testing
behavior.

After the 0.0l-inch crack width level test was completed, the
system was stopped completely and the crack development was care-
fully reviewed and colored in accordance with the coloring code.
Black and white color pictures were taken with the objective of
differentiating the crack developments at the 0.04-inch level of
crack width.

Steps 4 through 12 were then repeated, with the load transfer
investigation of each slab being finished at the completion of
the testing at the 0.04-inch level of crack width.

Laboratory Experimental Slab Observations

As previously discussed, this experiment attempted to define the behavior

of CRC pavements when support is lost under the pavement. The observations
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during the laboratory slab experiment are very important since this is

the best way to define and compare how the CRC slab behaves when the con-

ditions vary (i.e. how deflection is affected by thickness variation).
Appendix 1 presents the cracking and deflection information for the con-

trol slab L-5 from Ref 1, The data are presented in the same format as

used for this experiment, which provides a basis for comparison.

General Laboratory Slab Observations

The following observations and results were systematically recorded dur-
ing the experiment:
(1) Deflections in the slab due to repetitive load applications (dynamics

load) over a specified period of time and number of applications
(fatigue) were observed and measured.

(2) Slab distress such as cracking and spalling development due to
repetitive load applications were recorded at two different crack
width levels and for the bottom of the slab at the end of testing.

(3) Load transfer characteristics between slab segments were recorded
during testing to give design information for maximum permissible
crack width.

(4) The change to a thinner slab (2-inch) provided data on load trans-
fer, load carrying capacity, and distress index as affected by
slab thickness.

(5) Slab distress and deflection variations due to a void under the
slab (loss of support) were recorded.

Table 4.2 provides a summary of the maximum deflection and distress
at the end of each testing period for each test slab. This will be referred
to in the subsequent discussions of the individual slabs.

Notice that the deflection measurement obtained for the voided slabs
(177-1 and 177-2) are even smaller than that of the fully supported slab
(L-5) recorded in NCHRP 1-15 report. This leads us to believe that either
the construction of the experimental slabs or the operation procedure used
fails to reproduce the L-5 slab constructed in the NCHRP 1-15 project. For
this reason, the results obtained from the L-5 slab reported in NCHRP 1~15
project will be precluded as a control for the fully support condition and

instead, the computed results predicted by the discrete element program will

be used as a control to compare with the other voided slabs.
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TABLE 4.2 CRACK DEVELOPMENT AND MAXIMUM DEFLECTIONS
MEASURED DURING PHASE 1 AND PHASE II TESTING

Slab Sup~- Thickness Crack Development Length (inches) Deflection
Model port (inches) Top Bottom Total (inches)

PHASE I (2 % 106 load applications)

L-5 Full 4 ok * * LO5%%%

177-1 High 4 95 * * 0.041
void

177-2 Low 4 65 * * 0.033
void

177-3 Low 2 430 * * 0.090
void

PHASE II (4 X 106 load applications)

L-5 Full 4 k% *% 207 L062%%%

177-1 High 4 302 235 537 0.063
void

177-2 Low 4 80 76 156 0.051
void

177-3 Low 2 535 449 984 0.180
void

* Measurements not available for bottom of the slab until end of Phase II
testing.

%% [navailable data

*%% Notice this deflection is even higher than the deflection measured from
the voided slabs, the explanations were given in the previous page.
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Slab Model 177-1

Slab Model 177-1 experienced very little distress on top of the slab
during the first phase of the experiment (crack width level of 0.01 inch).
The larger void under the slab was used during this experiment (26 X 27- inches
near the edge and across the crack), During the first testing phase, i.e.
the first two million applications, the deflection data showed only a small
increase of the measured deflection and very little distress. However, the
deflections and distress increases were greater than those measured in the
control experiments (Slab L-5, Ref 1) due to the void under the slab.

After the preformed crack was opened to the second crack width level
(0.04-inch), it was observed that no new cracks were formed during the pro-
cess of opening the crack width level.

During the second testing phase, it was observed that in the void area,
the deflection and cracking increased considerably near the preformed crack.
Eighty percent of the crack development for this experimental slab model
occurred after the middle crack was opened from the 0.0l-inch to the 0.04-
inch crack width level. After the second test phase, the repeated loading
was stopped and the slab was lifted to observe the bottom face. A detailed
survey was made to detect the cracking development on top and under the slab.

During the experiment, the deflection increased after the crack width
level was opened from 0.0l-inch to 0.04-inch and the crack development
increased considerably. From this experiment, an analysis of the data leads
to the following observations:

(1) As expected from previous experiments (Ref 1), the slab deflection

increased near the crack, but it was much greater this time because
of the void under the slab.

(2) The crack development in the slab was greater when the slab was
tested at 0.04-inch of crack width level.

(3) The total crack development pattern appeared more severe near
the void area; this gave a clear indication of the support loss
beneath the slab (Figs 4.4 and 4.5).

(4) A transverse crack developed across the bottom of the slab (Fig 4.5),
in which is the area of maximum tensile strength (Fig 3.5). The
crack is only partially reflected in the top of the slab, but would
show through after a period of time.
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(5) Llongitudinal cracks have started in the bottom of the slab between
the preformed crack and the bottom transverse crack discussed in
item 4 above. The longitudinal cracks are partially reflected in
the top but would possible be more so if the testing had continued.
These longitudinal cracks would eventually lead to punch outs, as
has been observed in the field.

(6) The transverse cracks across the top of the slab (Fig 4.4) in the
area away from the preformed crack and the load area have developed
across the width. Using Fig 3.5 as a reference, the area of crack-
ing shows up in the maximum tensile stress area in the top of the
slab. 1In this case, the transverse crack is only partially reflect-
ed in the bottom of the slab at the end of testing.

Slab Model 177-2

With the second slab experiment, there was considerable reduction of the
void area (50 percent reduction). All the steps previously discussed for the
slab model 177~1 were followed again for the two different crack width levels
(0.0l-inch and 0.04-inch) and the two different phases of load applications.
In this experiment, it was observed that the variation of deflection was
very small and, also, that the distress development showed a very small
crack at the top of the slab during the first level of crack width and first
set of 2 X 106 applications.

After the crack width was opened from 0.0l-inch to 0.04-inch, a very
small crack developed at the top and at the bottom of the slab (Figs 4.6 and
4.7). The measured deflection also increased with the 0.04-inch crack width
level. Again, the distress increased at the higher crack width level. The
following observations are applicable to this slab:

(1) The deflection of this slab model was lower than with slab 177-1,

indicating that the void area can reduce or increase the deflection,
depending on its size or location.

(2) The distress behavior of this slab was much lower than the slab
177-1. The large influence of deflections on the fatigue life
of the pavement was successfully demonstrated through this
experiment, as has been the case previously (Ref 1).

(3) Additional transverse cracking occurred in the area of maximum
tensile stress in the top (Fig 4.8) and in the bottom (Fig 4.9).
This was also the case with slab 177-1,

(4) Cracking around the void is substantially less than was the case
for 177-1, i.e., a reduced void area has substantially reduced
cracking.
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(5) The longitudinal cracking between the preformed crack and the
transverse crack (Fig 4.9) has commenced, but it is substantially
less than at the end of the testing for slab 177-1, illustrating
the effect of void area on the stresses in cracking and resulting
cracking in the slab.

Slab Model 177=-3

The third experimental slab (where the slab thickness was reduced from
4 inches to 2 inches) experienced the most significant changes of all the
experiments. The objective of this slab experiment was to observe
the influence of thickness on distress and deflection. All the steps used in

the previous experiments (Slabs 177-1 and 177-2) were followed. The analysis

of data for this experiment led to the following observations:

(1) More distress and higher deflections were observed during the

first part of the experiment, (2 X 106 load applications at 0.01-
inch crack width level) than in previous experiments.

(2 During the process of opening the crack width level from C.0l-inch
to 0.04 inch, the slab developed cracks.

(3) The distress behavior which took place after the completion of the

second part of the experiment (2 X 106 load applications at 0.04-
inch crack width level, was much greater than that which occurred
during the previous experiments (Slab models 177-1 and 177-2).
There was also a permanent deformation of the slab. From this last
observation, it is pointed out that the fatigue life of the slab

is greatly influenced by the thickness reduction (from 4-inch to
2~inch slab thickness).

(4) Note the circular pattern of cracking that occurs around the void.
This is very similar to the pattern developed in the field where a
breakup occurs. With traffic movement, the small blocks are
generally 'whipped out” to leave a small area that must be filled
with asphalt as a temporary measure.

(5) The longitudinal cracking is much more extensive in this case than
in the previous slabs. 1In Fig 4.10 and 4,11, the longitudinal cracking
covers the entire length of the slab.

(6) Although this slab was tested with a smaller void than 177-1, the
breakup is greater than with the larger void, which demonstrates
the effect of thickness.
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Comparison of Observations on Slabs.

A comparison of the data from the experimental slabs from this project

leads to the following pertinent observations:

(1) Cracking increases with load applications. The sequence of occur-
rence of the cracks definitely points to the factor of load ampli-
tude. The cracks generally start in an area of maximum tension
and progress to the other area of the slab. 1In numerous instances,
the cracks only partially extended from top to bottom or vice versa.
These observations meant previous observations have indicated
that transverse cracking spacing is reduced with load applications.

(2) An increase in void area beneath a slab leads to additional
slab distress and breakup. A comparison of the results from
slab 177-1 with 177-2 shows that the larger void results in
more distress. The cracking pattern developed around the void
simulates that observed under field conditions. Limited
field studies have found voids beneath slabs experiencing a

breakup pattern very similar to the small-scale slab used in
this experiment.

(3) The slab thickness has a large influence on the rate of distress
development. 1In this experiment, a reduction of thickness from 4
to 2 inches had a significant influence on the rate of deteriora-
tion in terms of load applications. This emphasizes that additional
thickness may help correct problem areas to reduce distress in
areas where voids are anticipated beneath the slab.

(4) Deflection increases with load applications and is greater with the
larger void sizes.

(5) 1In observing the crack development on all the slabs, it appears
that the slab acts as a unit initially., First, transverse cracks
appear., This results in the slab acting as a small segment trans-
versely, which eventually results in longitudinal cracking develop-
ment. In the field, this generally leads to small blocks of concrete
that can easily be '"whipped out" by traffic. This points out the
need for taking this into account when designing concrete pavements.

In summary, this experiment demonstrates the effect of void size and
thickness on distress development. The sequence of breakup leads to the
obvious conclusion that the designer should attempt to simulate this

analytical model. If this can be accomplished, then the results can be reflected

in a design equation.



CHAPTER 5. ANALYSIS OF THE EXPERIMENT

This chapter presents the analysis of the laboratory results, including
both the calculated and the measured data. As was previously discussed, the
objective of this study is to determine how accurately the small dimension
slab performance can be predicted when it is subjected to a vertical repeated

load (dynamic load) with a void under the slab.

The Experimental Parameters

The experiment compared the parameters that were selected as the most
important in an effort to obtain realistic results that can be compared with

field observations. These parameters are as follows:
(1) Support

(a) fully supported
(b) wvoid under the slab

(2) Level of void
(a) high void (27 X 26 sq in)
(b) low void (27 X 16 sq in)
(3) Thickness

(a) thick slab (4 inches)
(b) thin slab (2 inches)

(4) Deflections
(a) measured

(b) calculated

(5) Slab Performance
(a) calculated stress level (max)

(b) measured distress
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Support. The state of slab stress and strain was theoretically
calculated using a K-value of 225 psi for the fully supported slab (L-5) and
zero for void conditions. During the previous NCHRP experiment, the K-value
for the slab model with poor support was determined to be 225 psi using plate
load tests. As stated earlier in Chapter 4, the deflection measurement
obtained from the slab L-5 in NCHRP 1-15 project for the fully supported
condition cannot be used to compare with the voided slabs in this project.
The comparison, therefore, éan only be made between the calculated non-void
slab deflection and the calculated voided slab deflections. The results in
Table 5.1 shows twice as much computed deflection for the 27 x 26 square

inch voided slabs as compared to the deflection for the fully supported slab.

Level of Voids. Two levels of voids (high and low) were tested under the

slab models and the results, discussed in the previous chapter, showed that
the greater the void area, the greater the slab model distress. 1In our
theoretical solutions, where the inputs are the two different levels of
void (high and low), as used in the experimental slab model, the results
showed that increasing the void size will increase the stresses. This means
that higher tensile stresses in the computer solutions will predict greater

distress in the CRC slab.

Thickness. The effect of the slab thicknesses can be found by compar-
ing the theoretical analysis between the slab 177-2 and the slab 177-3.
While both slabs have the same void size, slab 177-2 is twice the thickness
of slab 177-3. Table 5.1 shows the computed deflection for slab 177-2 to
be 2 1/2 times less than that for slab 177-3. By examining the experimental
slab results, both 177-1 and 177-2 experienced less deterioration than
slab 177-3.

Calculated and Measured Deflection. In the theoretical calculations,

a reduction in bending stiffness is used to model the cracks (Ref 11 and
Appendix 2). Only the deflections that correspond to the performed crack
were recorded.

For the first level of 0.01 inch crack width, the measured deflection
and the computed deflection were shown in columns A and D of Table 5.1. The
trend of increase or decrease of the measured deflection for different slab

thicknesses and void sizes are consistent with the computed deflection.



TABLE 5.1. PRINCIPAL RESULTS FROM THEORETICAL AND MEASURED
VARIABLES USED WITHIN THE OVERALL EXPERIMENT
DURING PHASE I WITH 2 x 10® LOAD APPLICATIONS
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Column A Column B Column C Column D
Calculated
Calculated Deflection Calculated
Deflection x 30% Deflection
Thick~ for for for Measured
Slab Sup- ness K = 255 pci K = 255 pci K = 150 pci Deflection
Model port (inches) (inches) (inches) (inches) (inches)
L-5 Full 4 .0155 .0202
High
177-1 4 .0324 .0420 .041 .041
Void
Low
177-2 4 .0267 .0347 .035 .033
Void
Low
177-3 2 .0654 .0850 .082 .09
Void
1 pei = 2.714 x 105 N/M3

1 inch

= 2.54 cm
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The SLAB 177-1 with a 27 x 26 square inches void has a measured deflection
of 0.041 inches as compared to the 0.0324 inch deflection computed. If we
increase the computed deflections by 30 percent for all three slabs (177-1,
177-2 and 177-3) as shown in column B of Table 5.1, the measured and the
computed deflections are very close, indicating an underprediction of the
deflections due to an assigned input variable above or below the true value.
As pointed out earlier, the subgrade support value, K, was obtained through
loading a square-inches circular plate directly over the rubber support and
calculating the load versus deflection ratio as opposed to the loading of the
tested slabs in this experiment in which the load was transmitted to the
rubber support through a 72 x 36 square-inches rectangular slab. The
originally assigned K value of 225 pci, therefore, may not be a realistic
value to use. The difficulty in securing a proper K value had long been
recognized. Among others, the size and the shape of the loaded medium can
affect the value of K. The primary objective of this experiment, however,
is not to investigate the proper value for K but to test the effect of voids
in CRC pavement systems. For this reason, the K value was adjusted until the
measured deflection for one of the tested slabs (177-1) is comparable with
the computed deflection. Then, the same K value was used for the other two
slabs (177-2 and 177-3). Column C of Table 5.1 shows the computed deflec-
tion using a subgrade modulus of 150 pci. The results match quite well with
the measured deflections in column D of Table 5,1.

Figure 5.1 gives the comparison of the maximum deflection for both the
calculated deflection using a K value of 150 pci and the measured deflections
along the axis (A - A') in the slab model 177-2. The measured deflection
dropped off much more rapidly across the crack, indicating that a greater

loss of load transfer is experienced than is modeled.

Slab Deterioration Predictions

In this section, a comparison 1s made between the predicted stresses and
the crack development. In the first section the calculated stress levels

along a longitudinal line of a slab are computed for various stages of the
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crack development. In the second section, the calculated stress contours are
compared with the slab crack pattern. For the first case, a comparison is
made for all three slabs and, for the latter case, a comparison is made

only for the laboratory slab model 177-2,

Calculated Stress Level and its Comparison with Principal Crack Develop=-

ment. Using the slab program, the presence of a discontinuity such as a
crack or void can be simulated. Since it was apparent that the primary
transverse cracks had a sequential order of development, an attempt was made
to model these consecutively in using the slab program., Therefore an output
of stress and deflection was obtained with the addition of each new crack.
In Figs 5.2, 5.3, and 5.4 the longitudinal stress pattern is shown for each

sequence of crack development for slabs 177-1, 177-2, and 177-3. These are
computed along an axis A - A' which is over the void area, and along the

line of the measured deflection, For each slab, a layout of the sequential
order of the cracking as can best be determined from laboratory observations
is shown. In some cases, it was difficult to ascertain at what point the
bottom crack came into the slab. 1In several cases, an estimate of the
sequential order was wmade, 1In all cases the first crack shown in the slab
is the performed crack.

Modeling of the cracks were done by the procedure described in Ref 11
in which a certain percentage of the bending stiffness was removed from the
cracked area for the simulation of the crack. Notice that the stresses
predicted by the SLAB program are reasonable in magnitude for the first crack
(the performed crack). However, for the second, the third and the fourth
crack, the stresses predicted are enormously high, indicating that for the
cracks that are closely spaced, the procedure described in Ref 11 may not be
applicable.

Referring to Fig 5.2, the solid line shows the predicted stress
distribution along the longitudinal axis with all of the first crack, the
performed crack, in the slab. Note the high compression at the bottom of the
slab between station 22 and station 30. This high compression on the bottom
fibre, or high tensile stress on the top fibre of the slab, resulted crack
number 2 and later crack number 4 to develop. Also, the high tensile stress
at the bottom between stations 2 and 9 causes crack number 3 to form within

this area.
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The crack development in slab 177-2 is very similar to the one previously
described, only in this case, the fourth transverse crack did not form. There
is a slight differential in stress distribution, but the results are very
similar,

Using slab 177-3 stress distribution as shown in Fig 5.4, a slightly
different sequence of events occurred. The second crack, in this case,
occurred at station 15. Notice that the stress distributions on the loaded
side of the preformed transverse crack are in high compression after the
occurrence of both the first and second cracks. This causes the third trans-
verse crack to occur in this area, starting from the top down. The fourth
transverse crack occurs between station 12 and 13. This corresponds with the

build-up of stresses that are occurring in this area.

Compression of Stress Contours With Crack Development. Using the output

from the SLAB program, a stress profile can be plotted for both the top and
the bottom of the slab. In this case, only the tensile stress at the bottom
are shown since these are critical from the standpoint of cracking.

Figure 5.5 shows the predicted maximum tensile stress contours at
the bottom of the slab 177-2, and it overlays the crack pattern at the bottom
of the slab shown in Fig 4.9. Note that the high tensile stress in the bottom
reflects the crack that occurs directly under the load. Furthermore, note
the effect of the void; high tensile stresses are also at the edge of the
slab in the area from 30 to 40 inches from the lower left-hand corder. On
several of the slabs, where transverse cracking occurred on the load side

of the preformed crack it appears that two cracks may have developed.

Crack Development with Load Applications

During the experiment, the number of applications was measured when the
principal crack occurred and Table 5.2 gives the results. From the results,
it can be pointed out that the earlier crack development occurred when the
thickness was reduced, i.e., slab model 177-3 developed its first principal
crack earlier than slab model 177-2, From these results it can be
hypothesized that increases in thickness will prolong the 1life of CRC

slabs and may be used as a method to account for conditions where voids may

occur beneath the slab.
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TABLE 5.2, NUMBER OF LOAD APPLICATIONS APPLIED WHEN THE LARGEST

AND DEEPEST CRACK OCEURS, AND ITS CONSECUTIVE APPEARANCE
ORDER IN EACH LABORATORY SLAB MODEL.

Slab 1st crack Number of applications (£ 50,000)

Model (middle crack) 2nd crack 3rd crack 4th crack 5th crack

177-1 0 950,000 2,350,000 3,900,000

177-2 0 1,550,000

177-3 0 120,000 1,250,000 2,150,000 2,950,000

57



CHAPTER 6. INTERPRETATION AND APPLICATION OF RESULTS

Various performance studies of in-service CRC pavements have shown small
areas of concrete breakout with increasing traffic applications. Many of
these breakouts coincide with voids beneath the pavement created by loss of
material beneath the pavement due to water erosion or by soil movements,
i.e., swell or settlement. 1In either case, a small void is created beneath
the pavement and that eventually leads to an increased rate of pavement
distress.

In the previous chapters, test results on scale model slabs revealed
that voids beneath the portland cement pavement increased the rate of failure.
The larger the void area beneath the pavement, the greater the rate of
deterioration. These factors were also found to be applicable to the deflec-
tion of the slab, i.e., deflection increased with voids and decreased with
the slab thickness.

In addition, it was shown that the points of cracking could be predicted
by using the discrete-element program to predict stress concentrations in
the slabs. The stress concentrations coincided with the points where
cracking initiated. Furthermore, higher stress levels, and thus a greater
rate of failure, were predicted with voids. Since the discrete-element
method can be used to simulate the performance of the pavement slabs, design
charts can be developed that take into account the effect of voids.

Considering the above, the purpose of this chapter is to demonstrate the
feasibility of using test results such as presented in this report to
develop design criteria. These design criteria may be then applied in
design charts of procedures. 1In the following paragraphs, criteria for
reducing the rate of load cracking, deflection criteria, and design chart

applications are discussed.

Cracking Criteria

Figure 6.1 shows cracking as a function of the maximum slab deflection.

These data were developed from the test slabs after four million applications
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of equivalent 18-kip axle loads. The graph shows that as the pavement
thickness increases, the linear length of load cracking after four million
applications decreases. 1In addition, it shows that the larger a void
beneath a pavement, the greater the rate of cracking for a given pavement
thickness. The condition of zero void on the graph represents full pavement
support, whereas small and large void conditions represent the conditions
previously reported in the text. If we establish limit criteria of additional
cracking due to load, for example, 500 linear inches of cracking beyond the
initial volume change cracking, the required thicknesses can be determined.
Note on the graph that, if the value 500 inches is projected horizontally
to the various void lines, three different thicknesses are derived. These
data are presented in Fig 6.1, which shows a thickness of 2 inches would
be adequate for a zero void condition, whereas, for the severe condition
of a large void beneath the pavement, 5 inches would be required for the
pavement to last four million load applications. Thus, if voids are
anticipated under the pavement due to any soil movement or subbase erosion,
a thicker slab must be used. Applying these results to a subbase design, for
example, one where a fully non-erosive subbase is used, shows that possibly
a zero void condition exists, and thus a thinner concrete slab can be used.
However, if an erosive subbase is used, or erosion is anticipated, a thicker
slab must be used to obtain the same pavement life.

Also, if an area of high swelling clays is considered, the probability
of voids beneath the pavement would be very high. Thus, a design curve
with some degree of voids in the pavement should be used. 1In the past,
it was assumed that a pavement had full support during its lifetime, but
this may not be the case for in-service pavements. For example, recent
studies by Machado et al found high swelling clay areas do have a much

higher rate of pavement failures than non-swelling areas.

Deflection Criteria

Figure 6.2 shows maximum slab deflection as a function of pavement thick-
ness for several support conditions. These graphs were also developed from the
test results presented earlier. In this case, as was the case for cracking,
the maximum deflection decreases as the slab thickness increases. Also, the

deflection increases as the void size increases.
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If we were to establish a meximum allowable deflection in the slab, for
example 0.09 inch, then we could enter the graph and project horizontally
across to the various void conditions and arrive at the required slab thick-
ness. These data are plotted in Fig 6.2, which shows that 2.6 inches of
pavement thickness is required to zero voids, whereas, if large voids are
anticipated under the pavement, 3.4 inches is required.

The interpretations developed in the previous sections for cracking
criteria are also applicable here to deflection criteria. Thus, it is again
emphasized that a pavement thickness should reflect the probability of voids

developing beneath the pavement in order to design for an analysis period.

Design Applications

Figure 6.3 is a conceptual graph showing stress as a function of void
areas for various pavement thicknesses. Using discrete-element theory as
previously demonstrated in this report, a graph similar to that shown can
readily be developed. Field studies of failure areas may be used to develop
void area criteria. Thus, a designer could anticipate the relative void size
that might be expected beneath the pavement during the life of the facility,
These sizes may be related to different soil types, subbase types, or pave-
ment grade line. Thus, enter an allowable stress value based on a fatigue
equation, and the anticipated void area in the pavement into the graph, then
the thickness required can be obtained. The designer may then want to investi-
gate possible trade-offs in use of water ponding on a project to reduce the
amount of, or probability of, voids beneath the slab. The other alternative
would be to anticipate that the voids are going to exist and design for them.
The designer could then investigate the cost trade-offs of these two alterna-

tives and make a decision appropriately.

Summarz

The data and concepts presented in this chapter demonstrate the need for
revising design procedures to reflect real~-world conditions that are experi-
enced by in-service pavements. Design models and a limited criteria have
been developed on the basis of laboratory studies, Thus, future data should

be developed to revise the procedures as outlined in this chapter.
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CHAPTER 7. OBSERVATIONS, CONCLUSIONS AND RECOMMENDATIONS

Observations

As previously discussed, the objective of the experiment was to observe
the effect of nonuniform foundation support on CRC pavements and to simulate
this condition in a laboratory study. Furthermore, the experiment itself
is based on the results of actual laboratory slab models and the comparison
with the theoretical solutions obtained through the SLAB 49 analysis computer
program,

The slab model experiment results can be described as follows:

(1) The deflections are affected when voids appear under the slab,

and they also become greater as the void increases in size.

(2) The deflections decrease when the thickness of the slab
increases.

(3) The crack development is greatly affected by the middle crack
width level., Higher crack development occurred when the slabs
were tested at a 0.04-inch crack width level.

(4) To model cracks in rigid pavements, the procedure recommended
in Ref 11 can be used to reduce the bending stiffness along
the crack. For closely spaced cracks, however, such procedure
seems to give erroneous results.

Conclusions

A discrete element analytical technique such as the SLAB 49 computer
program, provides solutions to analyze and predict the CRC slab model per-
formance. It has been observed during the experiment that slabs with smaller
void size have less deterioration than slabs with bigger void. It was also
observed that thinner slabs (2 inches thick) showed earlier deterioration
when subjected to repeated load than thicker slabs (4 inches thick).

It can be concluded that both the theoretical solutions and the experi-
mental laboratory results from the study of CRC pavements will assist in pre~
dicting pavement behavior when CRC pavements are subjected to repeated load.
Also it can be concluded that the laboratory study will assist in future CRC

pavement designs and evaluations.
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Recommendations

The effect of voids can be incorporated into the design procedure. In
addition, the sequence of cracking should also be considered in formulating
the stresses for use in design. For example, using the SLAB program, the
stress distribution in a full size slab could be predicted for various stages
as the average crack spacing progresses from a wide value of approximately
15 feet to less than 2 feet. 1In addition, a random type crack spacing could
also be investigated. These data could be used to establish the critical
condition from a wheel load standpoint. Furthermore, the wheel load stress
data for various crack patterns could be superimposed on stresses predicted
from the CRCP-1 due to volume change effects of temperature and shrinkage.
Thus, a crack pattern due to the coupled effect of wheel loads on the pavement
and volume change stresses due to temperature and shrinkage could be predicted
along with crack width and concrete stresses. An optimum design for pavement
thickness, steels, and other factors could be predicted considering control
criteria of crack width, steel stress, and concrete stress.

In areas where the probability of voids beneath a slab is high, a thicker
slab should be used, Certainly this limited experiment has demonstrated that
increased thickness would significantly reduce the deterioration that occurs
with wheel load repetitions.

This study has opened up many potential areas of design that should be
pursued fully; furthermore, additional lab studies may be used to evaluate
the effectiveness of mud jacking and/or other techniques to restore the

subbase support. Other effects on the slab life could be demonstrated.
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APPENDIX 1

DATA FOR LABORATORY SLAB MODEL L-5



TABLE Al.l. CRACKING AND DEFLECTION DATA FOR THE LABORATORY SLAB MODEL L-5
AND ITS COMPARISON WITH THE LABORATORY SLAB MODEL 177-2.

Observations

Slab Model L-5

Measured maximum
deflection at

0.0l-inch crack
width level

Measured maximum
deflection at

0.04~inch crack
width level

Total crack
length

Thickness

Level of
void

68

0.05 in.

0.062 in.

207 in,

4 in.

No void
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COMPUTER OUTPUT FOR THE SLAB MODEL 177-2



APPENDIX 2, COMPUTER OUTPUT FOR THE SLAB MODEL 177-2

Input Data
To simulate the performance of the laboratory slab model through the
SLAB 49 computer program, the following data were introduced in an effort

to maintain as nearly as possible the physical conditions of the laboratory

CRC slab.
Thickness = 4 inches
Modulus of elasticity of concrete = 4 X 106 psi
Percent steel reinforcement = 0.55 percent
Steel reinforcement position = mid-depth
Poisson's ratio = 0.25

Input variables are calculated as follows:

(1) Bending stiffness

¥ = p = _—_Z.Et3
12(1-v)
vwhere,
E = 4x 106 psi
v = 0.25
t = 4 inches
Therefore,
p¥ y: 4 x 106 t3
= D 2
12(1-0,257)
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(2)

(3)

(4)
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For slab 177-2,

4 x 106 p.S 43>

12(1<0.,25%)

5,689 x 10° 1b - in,2/in,

1/4 d* 1/4

End Support

A pulling mechanism at two ends of the slab was used during
the testing to simulate the horizontal forces in the slab. Also,
two hold down beams with four bolt connectors, tightened to finger
tip tightness on the test slab, was placed on both ends to sim-
ulate the continuity of the slab in real pavements, Large spring
support value was used to model these two ends where,

. - 5 ,
Send = 1,5 x 107 pet

Interior Support

A series of plate loading tests were performed on various
thicknesses of rubber to obtain modulus of subgrade support
value (NCHRP 1-15). The results of these tests indicated that
a six-inch thick rubber mat has a modulus of subgrade reaction
of 255 pci. Note that during the actual 177-slab test, the
load was applied on the concrete slab and not directly on the
rubber mat. Therefore, the K value of 255 pci used here is
underestimating the real K value somewhat,

1/4 Sint = 1/4 (255 x 3 in, x 2 in,) = 382.5 16/in,

Twisting Stiffness

¢ _ _E

12(1+y)

4 x 106 X 43

12(1+0,25)

= 1.7067 x 10’  1b.-in.%/in.
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(5) Loads
A vertical load of 5,000 pounds was applied over a loading

plate during the testing. The area of the plate is 72 square
inches. Therefore,

5000

Load per sq. in, = oo~ psi = 69.44 psi
Load per increment = 69,44 x 2" x 3"
= 416,67 1b,
Lead for 1/2 increment = 208,33 1b,
(6) Voids
For slab 177-1,
High void, area = 27" x 26"

For slab 177-2 and 177-3,
Low void, area = 27" x 16"
(7) Crack Simulation

The bending stiffness, Dy, along the crack is reduced based
on the moment curvature concept present in Ref 11. For,

Steel percentage, P = 0,55 percent
E 2
Conc., Comp. _ c _ .
Strength, fé -\ 57,400 = 4856 psi

From Ref 11, Fig 10, percentage reduction in bending stiffness is
89,5 percent, Therefore,

Reduction in p’ = 0.895 Dy



For slab 177-2,

Reduction in DY

Width along which to apply the

As =

#

Perimeter, P

Bond stress allowable, u =

where,

As =

«(2.276 x 10’ x 0,895)

~2,036 x 10’

stiffness reduction for,

5 inch

.2 inch2

1.571 inches

¥
LANEL 3.6 4856 _ oo o
’¢ '5
Asfs _ , (.2)(24,000) _ "
27 ~2um3sexisn 128

allowable steel tensile stress

bar perimeter

bond stress

bar area
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Since increment length in y-~direction is two inches long, the
bending stiffness, DY, reduced by 89,5 percent over six increments

should be satisfactory,.
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Output Data

The most important data required to analyze the performance of the

laboratory slab test results are deflections and stresses. The calculated

deflection data along line A - A' (Fig A2.1) are compared with the measured
deflection data in the laboratory slab (LVDT measurements).
The calculated stress level along line A - A' (Fig A2.1), and the maximum

stress contours levels are compared with the distress development in the
laboratory slab.
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stresses were predicted by the SLAB program.
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