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PREFACE

This report presents the interim results of a development project for using
fiber reinforced composites as a structural repair component in full depth bituminous
pavements. The purpose of the project was to develop a fiber reinforced composite
beam that could act as a bridge over a deteriorated thermal crack in a full depth
bituminous pavement or a partial depth bituminous pavement over portland cement
concrete. The composite beam is designed for maintenance use as a field expedient,
semi-permanent repair using tools that are commonly available at the Area
maintenance level. Three composite beams were constructed and installed in a
thermally cracked, full depth bituminous pavement on US-36 east of Hiawatha,
Kansas in August and September of 1997. Two of the composite beams are still in
service after one year and are performing satisfactorily. These beams will continue to
be evaluated for as long as they remain in service, or until five years of service life

has been completed.
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Chapter 1
INTRODUCTION

The repair of deteriorated transverse cracks in full and partial depth
bituminous pavements is an ongoing problem for the maintenance organizations of
transportation departments in the colder geographic areas of the North American
continent. Most methods of repair require contract maintenance by external forces and
specialized equipment to achieve an adequate repair. This report describes an
approach to the repair of deteriorated transverse cracks that can be implemented by
highway agency maintenance forces. The approach makes use of a fiber reinforced
epoxy composite structural component to provide adequate long-term load transfer
over the deteriorated pavement.

This report describes the design, production, and use of a composite structural
component in the repair of a deep transverse crack on a high truck traffic volume
bituminous pavement. These topics are discussed in a two-tier fashion. The body of
the report is structured as a general overview of the project with sufficient detail to
permit a general understanding of the procedures and results. The detailed analyses,
design, and construction features of the project are contained in the appendices, which

may be consulted for more detail as desired.

HYPOTHESIS AND OBJECTIVE

When transverse cracks in full depth bituminous pavements are small, they are
usually treated by routine maintenance techniques using highway agency forces.
When the cracks have deteriorated to the point that they have considerable roughness
or surface depression associated with them, they are usually repaired by external

contract maintenance forces. A photograph of a deteriorated thermal crack is



presented in Figure 1-1. Contract maintenance forces are used when the equipment
required for repair is not normally part of the highway agency maintenance
organization's equipment or the repair requires special knowledge or materials.

A maintenance repair technique is needed that does not require complete
removal of all deteriorated pavement and that can be done within a few hours with
equipment that is commonly issued to maintenance forces. The subsequent chapters
describe the development of materials and procedures that will allow highway agency
maintenance  organizations to make long term repairs on deteriorated transverse

cracks without resorting to contract maintenance.

Figure 1-1. - Thermal Crack on US-36, Brown County.

The maintenance technique that has been developed involves the use of a fiber
reinforced plastic composite (FRPC) structural member. The FRPC structural
member is intended to be placed in a shallow milled area over the deteriorated crack,

covered with hot mixed asphalt concrete, and is designed to transmit the wheel loads



from vehicular traffic to sound pavement on either side of the crack with minimal

surface deflection.

APPROACH

Development of the FRPC structural member involved the design and
production of a structural unit consisting of two fiber reinforced plastic skins that
cover a core of expanded plastic foam or structural honeycomb. The FRPC member is
designed to have sufficient structural rigidity to transmit wheel loads with minor
deflection from the deteriorated area to sound material on either side of the crack. The
surface deflection standard for design purposes is 0.020 inches for a 9000 pound

wheel load.

A series of test models of the FRPC beam have been produced for laboratory
testing of the concept and as a development aid to check materials compatibility.
After evaluating the information from the laboratory tests, three full size FRPC units
were produced for installation by Kansas Department of Transportation maintenance
forces at suitable transverse cracks on US-36 just east of Hiawatha, Kansas. These
units are instrumented to record the deformation characteristics, installation, and field

aging effects on the FRPC structural members over an anticipated five year period.

LI



Chapter 2

LOAD-DISPLACEMENT BEHAVIOR AND SERVICEABILITY

The desired level of service of a repaired thermal crack is a pavement that
behaves like an undeteriorated pavement when subjected to a wheel load. That is, the
repaired area should deform at the surface like the undeteriorated pavement on either
side of the thermal crack.

Designing a successful crack repair requires a reasonably accurate and simple
pavement deformation model. The model selected for use in design is a
homogeneous, linearly elastic, isotropic material model for the pavement and
subgrade. A simple model was selected because little benefit would be gained by
using a complex material model for initial design.

After selecting the model, the next step is the selection of a procedure to
identify the pavement and subgrade modulus and Poisson’s ratio. A decision was
made to measure the pavement material’s elastic characteristics using the non-
destructive Falling Weight Deflectometer (FWD) test rather than use laboratory test
results on pavement cores and subgrade soil samples. The FWD consists of a trailer
carrying the test instrumentation and a van containing signal conditioning and data
processing equipment. The trailer carries a calibrated falling weight which impacts a
loading plate that rests on the pavement surface. The deflection basin caused by the
impact load is sensed by six geophones suspended from a bar on the trailer. The

impact load signal from a load cell beneath the falling weights and the geophone



signals are converted into load and deformation data and are stored on a floppy disk
and printed out inside the van. Each FWD test consists of three test loadings at each
location. A line drawing of the FWD is presented in Figure 2-1. The use of the FWD
allows for repeated measurements of the pavement modulus through most of the year.
This technique permits measurement of the effects of the environment on the
pavement and subgrade modulus values and also allows for better estimation of the
modulus value through repeated sampling.

Pavement system modulus values derived from laboratory tests on pavement
cores and subgrade samples obtained from the field are “one-shot” measurements
subject to many sources of variability. These sources include the effects of sampling
disturbance, non-uniformity in resilient modulus values due to test machine
variability, and difficulty in simulating environmental effects in the laboratory.
Repeated measurements on one sample to limit variability are not possible due to the
destructive nature of the test methods. Also, the use of multiple samples involves
considerable expense. Furthermore, multiple samples taken {rom a small area have a
biasing effect on the field location as the voids left by sampling must be filled and are
usually filled with material that is not representative of the site under study.

The determination of pavement and subgrade modulus values from FWD test

results involves fitting the observed surface deformation of the pavement with a
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theoretical deflection based on elastic layer theory. The theoretical deflection is

computed using a FORTRAN program written by ARE, Inc. called MATCH (Austin

Research Engineers, 1985). The program relies on an assumption of plane strain and
axial symmetry and involves the solution of the biharmonic equation
Vigp =0

for a multilayered elastic solid with a circular surface load. The method of solution
implemented in the computer program follows that outlined by Burmeister (1944) and
Jones (1962) wherein the stress function which is the solution to the biharmonic
equation is integrated and evaluated numerically to obtain the surface deformations.
The required input for the program consists of the surface load, thickness of the
pavement and subgrade layers, assumed values for Poisson’s ratio and the elastic
moduli, and the points at which surface deformation values are desired.

Operation of the program with FWD data involves making initial assumptions
for the values of the elastic modulus and Poisson’s ratio for each of the pavement
layers. Typically, a Poisson’s ratio value of 0.35 to 0.40 is selected for asphaltic
concrete, 0.42 to 0.45 for aggregate bases, and 0.45 to 0.49 for the subgrade soils.
Initial assumed modulus values are usually in the range of 2500 to 40000 psi for
subgrade soils, 80,000 to 200,000 psi for aggregate base courses, and 100,000 to
2,500,000 psi for asphalt concrete. Once the initial values are selected, pavement
deflections are calculated using MATCH and compared to the FWD measurements.

New values are selected for the pavement moduli and the process is repeated until



reasonable agreement between the calculated and observed deflections are reached.
The resulting moduli can then be used for design purposes. A sample output from
MATCH is presented in Figure 2-2.

Once pavement modulus values were calculated for the field test site, the
required thickness of the FRPC structural member could be determined. Pavement
moduli for initial design were calculated using MATCH for a location on I-70 in
Russell County, Kansas. The data set from this location was used because it was the
original candidate location for the field trials. Using the moduli from the FWD runs,
two finite element models of the pavement structure at the field location were
constructed. One finite element model was an axisymmetric model and the other a 2
dimensional plane strain model. Both models used continuous strain triangle (CST)
elements. The computer programs used for the finite element analysis are the author’s
modification of a program originally presented by Zienkiewicz (1972). The mesh
used in the analysis is shown in Figure 2-3.

Both finite element models were checked against the FWD field deflections.
There is a 10 percent error in the surface deformation as predicted by the 2-D plain
strain analysis when compared to the field results. The reason for this difference
arises from the initial assumptions underlying a plane strain analysis. A plane strain
analysis assumes that the body and the imposed loads extend continuously for a long
distance along an axis perpendicular to the section under consideration. This

assumption is not correct for the FWD loading condition, which is axisymmetric and



Enter Poissons Ratios for Each Layer (from the top-down):0.4.0.45

Enter FWD Load Magnitude (pounds): 9220.

Enter Field Deflections for All Sensors (milli-inches):3.29,2.67,2.19,1.76,1.46
Enter Elastic Moduli f&r Each Layer (from the top-down, in psi):310000.,25500.

LAYER Program Running

DEFLECTION PLOT:

Sensor +--==———--- o D et R tomm e + Field Theor
1 T F 3.290 2.930
2 T F 2.670 2.446
3 T F 2.190 2.047
4 TF 1.760 1.718
5 * 1.460 1.451

Try New Modulus Values? (N=No):

Enter Poissons Ratios for Each Layer (from the top-down):0.4,0.45

Enter FWD Load Magnitude (pounds): 9220.

Enter Field Deflections for All Sensors (milli-inches):5.75,3.76,3.29,2.67,2.19
Enter Elastic Moduli for Each Layer (from the top-down, in psi):310000.,25500.
LAYER Program Running

DEFLECTION PLOT:

Sensor +-=—~—-wme=- frm——————— to—mmee e o ——— trm—————— + Field Theor
1 ¥ 5.750 5.768
2 T F 3.760 3.593
3 T F 3.290 2.930
4 T F 2.670 2.446
5 T F 2.190 2.047

Figure 2-2. - Sample Output from MATCH.




limited in extent. However, the error was not deemed sufficiently detrimental to

invalidate the use of this method, especially for initial design and selection of the
thickness of the FRPC beam.

After calibrating the finite element model, a crack was simulated in the 2
dimensional plane strain model by reducing the modulus of the elements along a
vertical line from the subgrade to the surface of the pavement. The softening of these
elements produced a depressed zone at the surface much like that observed in the field
surrounding a deteriorated thermal crack. The number of elements with reduced
modulus values was adjusted until a depressed surface profile was formed extending
12 inches on either side of the crack.

The next step involved simulating the placement of a FRPC structural member
2 inches below the surface of the pavement. This was done by assigning an elastic
modulus of 7.5 million psi and a Poisson’s ratio of 0.25 to the elements in a layer 36
inches wide and two inches down from the surface. A surface load simulating an
FWD test was applied to the model and the surface deformations were noted. FRPC
members 1, 2, 3, and 4 inches thick were examined. A three inch thick FRPC
member was found to be sufficient to restore the pavement deflection in the finite
element analysis to the value of an undeteriorated pavement.

Once pavement modulus information was calculated for the field test site, the
required thickness of the FRPC structural member could be determined. Pavement

moduli for initial design were calculated using MATCH for a location on [-70 in



Figure 2-3. - Finite Elemeht Mesh for Pavement.




Russell County, Kansas. The data set from this location was used because it was the

original candidate finite element method in that the subgrade soils are modeled using
a Winkler spring foundation model rather than an elastic continuum. The asphalt
concrete pavement section is modeled as an elastic beam. Determination of the
subgrade response involves selecting a modulus of subgrade reaction, k, for the soil
springs that gives a pavement surface deformation equivalent to that produced by the
FWD. In the beam on an elastic foundation approach, the pavement was modeled as a
beam with a modulus equivalent to that determined using the FWD data. A one foot
wide section of the pavement was used to determine the moment of inertia for the
section. The deformation basin measured by the FWD and the FWD load were used
to calculate the k value for the soil springs that would be representative of the elastic
characteristics of the subgrade. Given a 16 inch thick pavement with a modulus of
373,000 psi and a subgrade modulus of 20,000 psi, the equivalent k value is 3000

pounds/inch.

Once k was determined, the modulus of the asphalt concrete pavement beam
was reduced to 100,000 psi to develop a deflection basin equivalent to a deteriorated
pavement. This was done to gauge the benefit a 3 inch FRPC beam would have on a
weak pavement section. A composite beam EI value for the repaired pavement made
up of the FRPC member and deteriorated pavement sections was substituted into the
analysis and a new maximum deflection was calculated. The results of the beam on

elastic foundation and finite element analyses with identical material properties are




presented in Table II-1. Also presented are the measured field deformation for an
undeteriorated pavement and an estimated deformation using the beam on elastic

foundation method for a pavement modulus of 100,000 psi.

Table II-1 Pavement Surface Deflections

Analysis Type Maximum Deflection (inches)
Surface Deformation (Existing-Measured) 0.00576
Surface Deformation (Existing-Predicted) 0.00560

(Axisymmetric CST Finite Element analysis)

Surface Deformation (Existing-Predicted) 0.00610
(Plane strain using CST elements)

Surface Deformation (Finite Element Method)  0.00780
(For 100 ksi pavement moduli)

Beam on Elastic Foundation 0.00710
(For 100 ksi pavement moduli)
The procedures described in the preceding paragraphs indicated that a 3 inch
thick FRPC beam approximately 36 inches long would be sufficient to improve a
deteriorated pavement and limit deformation. The next step in the design involves
selection of a structural configuration that will achieve the required stiffness and be

easy to construct.



Chapter 3

DESIGN OF FIBER REINFORCED COMPOSITE BEAMS
FOR CRACK REPAIR

Once an initial estimate of the required size of the FRPC member was made,
an efficient design for the member needed to be made. A structural plate constructed
of a large number of layers of epoxy and glass or carbon fiber cloth would be
structurally inefficient and too heavy to be lifted by two men. Accordingly, several
conceptual combinations of structural members and configurations were initially
examined. These included plates and angles or I sections, foam cores with face sheets,
bonded triangular tubes, and box beams. A series of bonded box beams was chosen
for detailed analyses. The box section was chosen because it could be designed
rapidly and constructed easily by hand with simple tooling. This type of member
could also be fabricated and tested singly and in bonded combinations, allowing a
natural progression from prototype to finished assembly. A series of bonded box
beams also yielded some structural redundancy.

The design method selected for the initial design of the‘FRPC box sections
was the simplified method of Chamis (1986). His method consists of a series of
closed form approximate equations which use a weighted average of the individual
lamina characteristics to predict the behavior of an orthotropic structural member. The
general design philosophy is to size the composite panels of the box beam to resist

vertical loading and to add plys for lateral loads and twist moments. Displacement



and buckling criteria are also addressed in the procedure. The design procedure
identifies the number of plys required to resist the design loads without failing, their
orientation, and the stacking sequence. Chamis’s design procedure is shown in full for
the succeeding design in Appendix B.

The configuration of the box section as designed is shown in Figure 3.1. The
design requirements chosen for the box beam were a load factor of 2.0 and a design
load of 4500 pounds. This was representative of a 9000 pound dual wheel load being
shared by two box beam sections. An assumption was made that no box would fail

under this load and there would be no imposed twist moment or lateral load.

7 / Y — COVER _ Nezz N

- f | / cyy
=<7 90-PLY  49-pLy |
0-PLY .

— -9~ PLY Ny

M
X \‘“\| 90 - PLY +90-.P’§'LYY \/‘ (0.9 4

<, — -9- PLY

Figure 3-1. - Box Beam (Chamis, 1985).
Two different designs were produced. One used E-glass/epoxy as the material
and the other graphite/epoxy. The E-glass/epoxy design had a configuration of 20
plys in the O degree orientation (along the axis of the beam), 2 plys in the 90 degree

orientation (cross-beam axis), and 8 plys oriented at +45 degrees (or [ £455/0,0/90,] ).
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The graphite/epoxy design allowed a reduction in the number of plys required to one
half that of e-glass/epoxy or [ +45,/0,/90,]. This also reduced the weight of the
member by about one half. However, the cost of graphite/epoxy is about four times
that of E-glass, which resulted in a member that would cost twice that of e-glass.
Therefore, the E-glass /epoxy alternate was selected for construction.

The FRPC member could not be constructed by simply bonding the individual
box beam units together. Additional coupling between the units was required to insure
that the box beams would act as a unit. The requirement for coupling meant that a
skin needed to be placed on the top and bottom surfaces of the FRPC unit. The best
way to accomplish this was to divide the number of plys equally between the skin and
the box units. This provides symmetry for the entire unit and inhibits any undesirable
twist in the unit that might occur from thermal or mechanical stress. The
configuration chosen for the box beams and the skin is shown in Figure 3-2.

Each box section has a cross-sectional size of 6 inches by 3 inches. Two
lengths of box section are used in the design, 30 and 34 inches in length. Box sections
of each length are alternately bonded together to form a sawtooth pattern along one
edge. The purpose of the sawtooth pattern is to provide a dowel-like action at one end
of the repair. The flat end of the FRPC unit is cemented in place while the sawtooth
end is coated to allow movement between the pavement sections.

After a preliminary design for the beam was obtained from Chamis's method.

classical lamination theory for plates (Jones, 1975) was used to check the resulting
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design. In classical laminated plate theory, the stiffness of each of the individual
layers is calculated first. Then each layer stiffness and its the corresponding thickness
are combined and used to calculate the extensional stiffnesses Ajj , the coupling
stiffnesses Bjj, and the bending stiffnesses Dj; for the complete laminate. These
stiffnesses are used to calculate the strains in the laminate from imposed thermal and
mechanical loads. The strains can then be used to determine the stress level in each
individual ply. This procedure is presented in flow chart form in Figure 3-3.

All isotropic materials have extensional and bending stiffnesses. However, an
oriented fiber reinforced composite may exhibit coupling between extension and
bending. This may not occur if the laminate is an orthotropic laminate where
the fibers in the laminate are oriented at 0 and 90 degrees to the major axis of
loading. However, if the laminate is constructed such that all of the fibers are oriented
at an angle between 0 and 90 degrees, there is extensional deformation with load, but
there is also twisting and bending. This twisting and bending can be overcome by
designing the laminate so that it is balanced. The term balance means there is
symmetry through the laminate if one looks at the ply arrangement with respect to the
center of the laminate.

The method for calculating stiffness and stress in a laminated plate described
above was automated by writing a FORTRAN program titled CSTRESS. A listing of
the program is located in Appendix C. Input for the program consists of orientation,

thickness, strength and elastic properties for the fiber and epoxy matrix for each of the
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Figure 3-3. - Design Procedure for CLP Theory (Jones, 1975).



fiber reinforced plys. Loads and service temperature data are entered for the entire

laminate as well. The program calculates the Jaminate stiffnesses A, By, and D;;, the
stresses and strains in each of the individual plys, and notifies the user if failure has
occurred according to the criteria outlined in the Tsai-Hill failure criterion.

CSTRESS was used to check the initial design by examining the properties of
stresses and strains in each of the individual plys, and notifies the user if failure has
occurred according to the criteria outlined in the Tsai-Hill failure criterion.

CSTRESS was used to check the initial design by examining the properties of
the covers for the box beam under a loading condition that would occur for a 9000
pound load at the center of the beam. The design criteria used to judge adequacy is no
lamina failure under anticipated loading conditions. This criterion is different than the
one shown in Figure 3-3. The reason for using a different criterion than the one shown
in Figure 3-3 is that a design is desired that has a low stress level in normal service in
order to reduce creep and insure the ability to absorb overloads that commonly occur
in highway service.

Buckling behavior also was examined. Laminated composite plates are often
thin enough for buckling to be the primary mode of failure. In this application, the
walls and cover plates for the box beam are very thin in comparison with the depth
and width of the box beam. The result of this analysis using CSTRESS indicated that
the design produced using the procedures of Chamis was adequate and could be used

to produce the FRPC beam for pavement repair. The materials properties that were
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used for the initial portion of the design were book values. Table III-1 contains the

values used for preliminary design.

TABLE III-1 PROPERTIES FOR COMPOSITES

ASSUMED DESIGN VALUES
E, = 7,480,000 pst X, = 160,000 psi
E, = 3,060,000 psi Y,= 4,000 psi
v, = 0.23 S = 12,000 psi
vy, = 0.09 X.= 90,000 psi
G, = 1,480,000 psi Y.= 20,000 psi

UNIDIRECTIONAL REINFORCEMENT - AS MANUFACTURED

E, = 3,890,000 psi X, = 55,500 psi
E, = 377,000 psi Y,= 8,060 psi
v, = 0.24 S = 3,750 psi
vy, = 0.045 X.= nottested
G, = 287,000 psi Y.= nottested

WOVEN REINFORCEMENT - AS MANUFACTURED

E, = 1,780,000 psi X, = 24,200 psi
E, = 1,780,000 psi Y, = 24,200 psi
v, = 0.06 S = 8,210 psi
v, = 0.06 X.=  nottested
G,, = 408,000 psi Y. not tested

The materials selected to construct the FRPC member were commercially

available products. The fiber reinforcement was style 7781 woven E-glass cloth with
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a weight of 9 0z/sq.yd. The epoxy matrix was a thinned Shell EPON 8132 resin with
an aliphatic curing agent.

A single test beam with one 14 ply layer was constructed according to the
preliminary design. This beam was built using hand lay-up procedures with no
consolidation other than that obtained with compaction rollers. A full discussion of
construction procedures is contained in Appendix D. The beam was tested to failure
in a 120,000 pound capacity universal test machine as a simply supported beam with
the load placed at the midpoint of the beam. The design failure load was 9000 pounds.

The observed failure load was 4,414 pounds. Buckling began at about 3500 pounds.

This result was far below what was intended and indicated that the design values were

not representative of what could bé obtained using the proposed fabrication
procedures. An estimate of the composite modulus was made by back-calculating the
modulus from the deflection formula for a simply supported beam with a concentrated
load. This was done for a load of 2000 pounds and a center-point deflection of 0.282
inches. The calculated modulus was 593,000 psi, which is less than 10 percent of the
assumed design value.

A series of tensile test coupons were constructed subsequently with
unidirectional E-glass reinforcement to determine what were the actual elastic
characteristics and failure loads for the materials used to produce the first beam.
These values are shown in Table III-1 under the sub-heading of unidirectional

reinforcement. A comparison between the assumed design values and the
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unidirectional reinforcement shows that the elastic and failure properties of the
samples manufactured for this project are roughly one half as stiff or strong as those
possible with the best materials and manufacturing techniques. After assessing the
impact of these results, a second series of tensile test coupons were produced using
woven E-glass cloth. These coupons were made to gage the effect woven
reinforcement would have on the elastic and failure properties. The results from these
tests show that the FRPC beams will have elastic properties that are about 25% of the
design values and failure stresses that are about 15% of the design values. A more
detailed discussion of the tensile tests and other related materials properties are

contained in Appendix E.

Further study indicated that the design parameters obtained from book values
were maximum values obtained using the best technique, materials, and mechanical
compaction from vacuum and autoclave equipment. The test results indicated that the
initial design was very optimistic. Therefore, a second test beam was produced using
vacuum compaction to optimize the mechanical properties of the laminate and to see
how close to the design values one could come with the equipment and materials used
in this project.. |

The improved beam had the same section containing fourteen plys. This beam
was loaded to failure using the same test conditions as the first beam. The improved
beam had a failure load of 5,189 pounds and buckling began in this unit at a load of

2500 pounds. The lower load value for buckling is a result of a thinner wall section
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due to compactive effort. Modulus was calculated in the same fashion as for the first
test beam. The improved beam yielded a modulus of 2.61 x 10° psi for a load of 2100
pounds and a corresponding deflection of 0.142 inches. These results show that
vacuum compaction produces a much stronger product and would have to be used to

produce all components for the FRPC beams.

As construction of the box beam FRPC unit progressed, the inherent
inefficiency of the manufacturing process chosen was noted and a search was made
for a more efficient method of fabricating a FRPC beam. A search of the literature
lead to the structural sandwich method of construction using honeycomb and FRPC
covers (Bruene, 1977, and Osgood, 1966). Since three units were to be constructed, a
decision was made to complete one box beam FRPC unit for installation in US-36

and build the other two units using the honeycomb structural sandwich approach.

The structural sandwich design using FRPC covers involves the use of an
aluminum or fiberglass honeycomb core with bonded facing sheets of fiberglass and
epoxy. A drawing of this design is shown in Figure 3-4. The fiberglass facing sheets
are designed to carry the bending stresses for the structural unit. The honeycomb core
acts as a light weight spacer for the fiberglass facing sheets and also carries the shear
loads. The use of the honeycomb core eliminates the need for angle plys to carry the
shear loads and also acts as a ready-made form on which to lay up the facing sheets.

A notch is placed along one side of the honeycomb core in order to form a lip. The lip



section is intended to act like a dowel in the same manner as the sawtooth section for
the box beam unit.

Two units for use in US-36 were constructed of commercial grade aluminum
honeycomb with fiberglass and epoxy facing sheets. The facing sheets were
constructed using the same materials as the FRPC box beam unit. The facing sheets
each had 20 plys oriented in the 0/90 degree directions. The details of the design
process for the structural sandwich using honeycomb are outlined in Appendix F.

Details of the construction of the units are presented in Appendix D.
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Chapter 4

FIELD INSTALLATION

A location on US-36, 4 miles east of Hiawatha, Kansas was selected as the site
for the installation of the three FRPC members manufactured from the designs
described in the previous chapter. The procedures outlined in this chapter were used
to install all three units. Maintenance personnel from the Horton, Kansas sub-area

office installed the three units in August and September of 1997. Equipment used for

installation consisted of a Bobcat loader equipped with a hydraulically powered
pavement milling head, a small tractor mounted backhoe, a dump truck, a vibrating
plate compactor, and standard hand tools.

After traffic control was set up, the first step in the installation of the FRPC
units was milling a 5 inch deep slot in the pavement about 40 inches wide over the
thermal crack. A photograph of the milling operation is shown in Figure 4-1.
Because the milling head was small, two passes had to be made to achieve a 5 inch
total depth. After completion of the milling, the slot was cleared of millings using the
backhoe and shovels. The bottom surface of the milled slot was covered with a thin
layer of compacted millings or sand to act as a bedding for the repair and to provide
uniform support (Figure 4-2).

After grading and compacting the bedding, the FRPC unit was placed and

centered over the thermal crack in the milled slot (Figure 4-3). At this time the
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Figure 4-3. Placement of the FRPC beam.

Figure 4-4. Placement of instrumentation cables and access box.
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instrumentation cables and access box were laid out and set up (Figure 4-4). Sand,
millings or hot mixed asphalt were placed in the space between the pavement and
the FRPC unit sides and compacted. This provided a epoxy concrete fill around the
unit and produced a bond with the pavement structure on one side of the FRPC unit.
The millings or sand were bonded by pouring a low viscosity, quick setting epoxy
(PRO-POXY 100) over the surface of the millings or sand and allowing it to penetrate
the material and set up (Figure 4-5). A polymer concrete was produced in this way.
After the epoxy had set, hot mixed asphalt was dumped on the repair, spread with
hand tools, and compacted (Figures 4-6 to 4-8). The asphalt was allowed to cool for

about one hour before the area was returned to service (Figure 4-9). Total elapsed

time from the start of milling to return to service was three hours.




Figure 4-7. Spreading the hot mixed asphalt.
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Figure 4-8. Compaction of the asphalt
32

Figure 4-9. The completed repair.




Chapter 5
FIELD PERFORMANCE

The field performance of the FRPC members was evaluated through the use of
two methods. The first is the use of the FWD and its ability to measure surface
deformation. The FWD imparts an impact load to the pavement structure through the
use of a falling weight impacting a loading plate set on the pavement. The FWD
measures the deformation basin caused by the impact load. Two series of FWD tests
have been performed on the three units since their installation. These tests were
conducted on October 9 and November 25, 1997. Each test series consisted of an
FWD test on undeteriorated pavement on each side of the repaired crack and one test

directly over the center of the repaired crack. The results of these tests are contained

in Table V-1.
TABLE V-1-FWD MEASUREMENTS
Unit Maximum Deflection (inches)

10-9-97 11-25-97 8-24-98

Undeteriorated Pavement 0.006 0.004 0.009

Honeycomb Sandwich #1 0.028 0.025 _ 0.047

Honeycomb Sandwich #2 0.026 0.080 0.047

FRPC Box Beam 0.047 out of service out of service

A new, full depth bituminous pavement usually has a maximum deflection of about
0.020 inches under a 9,000 pound load. The two honeycomb sandwich beams initially

had deflections close to this target value. The box beam unit had more than twice the
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desirable deflection on the first test. Analysis of the results of a subsequent static load
test revealed that the most probable cause for the greater deflection was buckling in
the upper skin of the box beam unit.

Deflection measurements have continued on a periodic basis since
emplacement of the FRPC beams. After one year of service both honeycomb
sandwich beams had identical deflection measurements and appear to be aging
gracefully.

Another field test procedure is the application of static loads to the FRPC
beams. This method uses a loaded maintenance dump truck to apply an approximate
18,000 pound axle load to each of the repaired thermal cracks. The load is applied at
the leading edge of the FRPC beam, in the center, and at the trailing edge. The time
required to apply and record the deformations is approximately one hour for each
beam. Two sets of load tests were run. One test was run on August 19, 1997 on only
one of the honeycomb sandwich units that had been instalied in early August. The
second load test was run on all three units on October 2, 1997. Appendix H contains
a description of the instrumentation and location of the strain gages on each FRPC
beam. Appendix I contains a record of the field observations and a discussion of the
field test results is presented in Appendix J.

The strain gages on all three FRPC beams show that the stresses induced by
wheel loads are less than 10 percent of the failure stress in tension. The maximum

principal stresses on the lower and upper surfaces of each FRPC beam directly over



the thermal crack for an axle load of 24,160 pounds are presented in Table V-2 along
with the predicted principal stresses from a finite element analysis (FEA). These

results are for the load test run on October 2, 1997.

TABLE V-2 - PRINCIPAL STRESSES

Upper Surface Lower Surface
Unit Principal Stresses Deviator ~ Principal Stresses  Deviator
Major Minor Stress Major Minor Stress
(psi)  (psi) (psi) (psi)  (psi) (psi)
Honeycomb FRPC #1 -877 -1671 794 1835 1068 767
Honeycomb FRPC #2 128 - 783 911 1170 478 692
FRPC Box Beam 256  -1514 1770 1132 -122 1254
FEA-Design (18K load) -137 - 955 818 654  -269 914
FEA-Load Test (12K) - 90 - 542 632 387  -200 587

The finite element analyses used as a comparison in the above table were
plane strain analysis of a honeycomb sandwich beam using 714 CST elements. The
materials properties used in the analysis were average pavement modulus values
backcalculated from FWD tests, coupon tests for the FRP materials, laboratory
unconfined compression tests on the BM-2 overlay materials, and manufacturer’s
design literature values for the aluminum honeycomb.

The finite element analysis conducted during the design phase indicated that
the FRPC units placed over a two inch deteriorated crack with an 18,000 pound load
should theoretically exhibit the maximum stress level shown in Table V-2 under the

heading FEA-Design. This analysis was for a two inch wide crack with a softened



zone four inches on either side of the crack. The softened zone was modeled by
reducing the pavement modulus to one half the undeteriorated value. The same
modulus values were used to model the repair with a 12,080 pound load. The stresses

predicted by this analysis are those shown under the heading FEA- Load Test.

The stresses predicted by the two finite element analyses are quite a bit lower
than those observed under the load test. One would expect the results of the field load
tests to fall in between the results for the 18,000 pound FEA design check and the
12,080 wheel load FEA run instead of being markedly higher than the analysis values.
This discrepancy can be explained by noting one fundamental omission in the finite
element analysis that would skew the results. That omission is the lack of any
modeling of the granular bedding underneath the FRPC units. The bedding was
placed during construction to reduce the stress concentration effects of milling
irregularities. The bedding consisted of sand and epoxy cemented sand on the first
honeycomb sandwich unit, asphalt millings and epoxy cemented asphalt millings on
the second honeycomb sandwich unit, and only millings on the box beam unit. The
granular backfill was irregular in material consistency and thickness for all three units
and would be very difficult to model. The higher stress Valueé observed from the
strain gages in the field load test are indicative of a larger soft area being bridged by

the units than assumed in the initial analyses.

For each structural unit under field load test, a comparison of the stress values

between the upper and lower surfaces shows a difference in the stress levels between



the two surfaces. This is especially apparent in the box beam unit, where there is a
500 psi differential in the deviator stress. The upper surface has a stronger
compressive stress when compared to the lower surface. This indicates a much larger

deformation in the upper surface, which can be interpreted as a buckled condition.

The two honeycomb units show slightly higher stresses on the lower surface
of the structural sandwich than on the upper surface. This differential can be traced to
the influence of the overlay on the upper surface of the beam. Honeycomb FRPC #1
shows only a 27 psi differential in the deviator stress between the upper and lower
skins but Honeycomb FRPC #2 has a 219 psi differential. The reason for the greater
stress differential in one unit than the other can be traced to the bonding of the overlay
to the fiberglass skin. On Honeycomb FRPC #1, the overlay was placed without a
tack coat of emulsified asphalt, which would result in a poor bond between the
asphalt overlay and the fiberglass skin of the structural sandwich. Honeycomb FRPC
#2 had a generous tack coat of emulsified asphalt prior to placement of the overlay.
This produces a good bond between the overlay and the fiberglass skin, allowing the
overlay to carry some of the compressive stress, thereby reducing the stress in the

fiberglass skin.

At the time of writing, two of the three FRPC units are still in service. Shortly
after the first EWD test on the box beam unit on October 9, 1997, the 1.5 inch overlay
over the top of the box beam ravelled and was patched many times over the next two

weeks. This ravelling or shedding of the overlay occurred in the wheel paths of the



repaired area and resulted in the destruction of many of the instrumentation cables

leading to the strain gages on the box beam unit. The continuous maintenance

required to patch the overlay finally resulted in the removal of the box beam unit from
service on October 20, 1997. The slot where the unit had been installed was filled
with hot mixed bituminous concrete.

The cause of the ravelling on the box beam unit in one wheel path was due in
part to excessive deformation in the silicone rubber protective coating applied over
the top of the instrumentation cables. Some very minor ravelling due to the same
cause has occurred in the overlays on the honeycomb units. However, this was not the
cause of ravelling in the other wheel path since there is no silicone rubber in that area.
The raveling and shedding of the overlay had to be caused by deflection of the upper
surface of the box beam unit. Excessive deflection of the upper surface would cause
cracking and debonding of the overlay and would result in the loss of the overlay
through raveling. When the prototype box beam sections were load tested. buckling
was first observed in the upper surface of the box section under load. Apparently, the
polyurethane foam does not provide sufficient support to the upper surface of the box
beam to limit deflections below that which would cause debonding of the overlay.

This conclusion is supported by strain gage data from the field load test.

The two honeycomb sandwich units are still in service one year after
installation and appear to be performing satisfactorily. There has been some

settlement of the polymer concrete at the leading edge of the repaired cracks and



some limited raveling of the bituminous overlay in these areas as previously stated.
These raveled areas have been repaired with maintenance pothole patch material and
appear to be performing well. The access boxes for the strain gage cables were
accidentally plowed out by maintenance snowplows in March 1998. The strain gage
cables were cut and no additional measurements of surface strains on the honeycomb

beams can be made. FWD data will be used as a performance measure for the

remainder of the project.



Chapter 6

CONCLUSIONS AND RECOMMENDATIONS FOR IMPLEMENTATION

An investigation has been made into the development of a cost-effective long-
term repair of thermal cracks in full depth bituminous pavements. The concept
involves bridging the crack with a fiber reinforced plastic composite structural
member. This concept is a totally new method of repair that has never been attempted.

Two types of structural members were designed and manufactured as part of
the development process, a box beam based unit and two aluminum honeycomb
sandwich units. These units met the design goals of bridging a deteriorated thermal
crack with minimal deflection under truck loading. The units also met the design goal

of being light enough to be handled by two men.

All three units structural members were instrumented with strain gages and
installed over thermal cracks on US-36 east of Hiawatha, Kansas using KDOT
maintenance personnel. Two sets of static load tests and and two sets of FWD
deflection measurements have been conducted to date to measure the load-
deformation behavior of the units. The units have also been subjected to continuous
highway traffic over the last six months, including over 600 semi-trailer trucks daily.
Of the three units, only the box beam unit had to be removed from service. The upper
skin on the box beam unit buckled slightly under load and caused raveling of the

overlay. The two honeycomb units are still in service and performing adequately.
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The major accomplishments of the development process described in this

report are as follows:

1) A fiber reinforced plastic composite (FRPC) structural member has been
designed and manufactured that will successfully bridge a thermal crack. The
structural member has an elastic response to load that is similar to and fully
compatible with bituminous pavements. The unit is fully capable of
supporting 18,000 pound axle loads and weighs less than 250 pounds. The
structural unit is designed for ease of manufacture and the tooling exists in a

number of firms in this country to mass produce these units economically.

2) The repair concept developed using the FRPC structural unit is tailor-
made for maintenance use. The units can be installed over an existing crack
by a five man crew of state, county, city, or township maintenance forces
using tools the maintenance organization already owns or can rent locally.
The units can be installed, overlaid with asphalt, and the repaired area

opened to traffic within three hours.

9]

3)  The measured pavement performance of the units in actual service
closely models the performance of a new asphalt overlay. A new asphalt
overlay usually has a 0.020 inch deflection under a 9000 pound wheel load.
Measured deflections for repaired cracks using the honeycomb sandwich

units have been in the 0.020 to 0.030 inch range.
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4) This process of pavement repair has resulted in a patent application for

the FRPC structural units and the repair method which has been filed with
the US Department of Commerce Office of Patents and Trademarks.
Licensing negotiations are currently in progress with a composites
manufacturer to begin commercial production of the FRPC units.

In summary, structural composites have the flexibility to be designed and
manufactured to meet any pavement engineering requirement. If a thinner repair
component had been necessary, the FRPC units could have been designed with high
strength, high modulus fibers and epoxies. Glass fibers and low modulus epoxy were
chosen for the designs described in this report because cost was the primary

constraint.

The results of this investigation show that fiber reinforced plastic composites
have a broader area of application in the transportation industry than simply a retrofit
application for highway bridges. Structural composites and composites technology
has a place in the relatively “low-tech” field of pavement maintenance and repair. The
design methodology and fabrication techniques are now sufficiently developed to

permit wide use in the field of civil engineering.
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APPENDIX A

LITERATURE REVIEW

A smooth, safe pavement surface is the ultimate goal of all rehabilitative
effort. One type of pavement distress that is common in full depth bituminous
pavements in Kansas is that of low temperature transverse cracks. These cracks
typically form when the temperature at the surface of the pavement drops to the point
that the thermal induced tensile stress is greater than the tensile strength of the
bituminous binder. A crack is then initiated in the surface of the pavement and
propagates down through the pavement to the subgrade over the next several thermal
cycles (Roberts, 1991). Wide transverse cracks usually allow the ingress of water into
the pavement structure. This results in softening of the subgrade with concomitant
loss of support and deterioration of the overlying bituminous concrete by means of
stripping. This type of defect can deteriorate into a depression on either side of the

crack which can result in considerable ride roughness.

The asphalt industry has developed a number of standard maintenance
procedures to treat transverse cracks and preserve the surface and ride (Asphalt
Institute, 1988 and ERES, 1982). Narrow cracks less than 1/8 inch wide can be filled
with emulsified or cutback asphalt using a squeegee. Cracks wider than 1/4 inch are
usually filled with an asphalt emulsion slurry or a mixture of fine sand and a light
grade of cutback asphalt. For areas where there is depression of the pavement surface,
the depressed areas and voids are filled with hot-mix asphalt and compacted to restore

the surface profile.

State transportation departments have elaborated upon the Asphalt Institute

recommended practices. Standard Kansas Department of Transportation (KDOT)



practice calls for initial sealing of small thermal cracks less than 3/8 inch wide with a
low modulus crack sealant (KDOT, 1989). These cracks, if open and not depressed,
are routed or sawed to provide a channel for the sealant. After routing, the crack is
cleaned with a heat lance or compressed air to remove debris and the channel is filled
with crack sealant.

Shallow cracks that are over 3/8 inch wide are normally filled with MC
cutback asphalt, soft grades of asphalt cement with or without fibers, slurry crack
pour asphalt, and fine graded cold or hot mix asphalt. Department policy states that
deep cracks should be filled with aggregate to within 1/2 inch of the surface prior to
filling the crack with asphalt. Any shallow depressions associated with thermal cracks

are usually filled with a standard sand seal or emulsion based slurry.

Deep depressions in the pavement surface can be filled with slurry leveling
mixes, cold mix, or hot mixed asphalt concrete. All cracks associated with the

depression are sealed prior to placing the leveling course.

All of the above methods are aimed at sealing the surface to prevent the
ingress of moisture and leveling the surface to provide an adequate ride. The
maintenance treatments outlined above for deep depressions usually do not last more
than a year or two due to the underlying deterioration. Therefore, the long term repair
of badly deteriorated thermal cracks on full depth asphalt pavements is not normally
undertaken by maintenance forces. The reason for this is that repairs of this type
normally require equipment and time that is not readily available at the area or sub
area maintenance level. Repair of badly deteriorated thermal cracks on KDOT

facilities is normally done by contract maintenance.

Contract maintenance has allowed the development of many specialized

techniques for the repair and treatment of transverse thermal cracks. Many of these
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techniques require the use of specialized equipment that is not possessed by
maintenance organizations. Methods of repair which have been attempted include the
use of stress absorbing surface courses and interlayers, reinforcement of pavements

and reinforcement interlayers, and crack arresters (Roberts, 1991).

Some of the earliest work which attempted to control cracking involved the
use of steel mesh as a reinforcement for thermal stresses, much as it is used in
Portland cement concrete. One attempt at wire reinforcement was a laboratory study
by Tons and Krokosky (Tons, 1960) at MIT followed by field studies in
Massachusetts . Similar studies were also undertaken in Ontario (Brownridge, 1964)
and in California (Zube, 1956). These three studies showed that continuous welded
wire reinforcement could reduce transverse cracking due to thermal effects. However,
placement and control of the wire mesh was difficult under construction conditions
and other studies indicate that the results of wire mesh reinforcement are unreliable
(Button, 1983). Expanded wire mesh was used as a reinforcement by Vicelja in his
studies but was abandoned because it did not reduce cracking and had a high cost
(Vicelja, 1964).

Polymer grid reinforcement, a modern-day cousin of the welded wire grid
reinforcement, has had some use in the last ten years (Brown, 1985). However, the
results are not yet clear as to the benefits of this method of reinforcement and polymer

grids do suffer from a fairly high installation cost at present which limits their use.

Bond breakers and interlayers intended to reduce and absorb stress are another
method to attempt to control reflection cracking and thermal cracks. Vicelja thought
bond breakers or other types of interlayers would work better than reinforcement
(Vicelja, 1964). Materials which have been used as bond breakers are stone dust,

metal films, paper, and plastic films. Bond breakers are rarely now because of
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multiple cracking in the overlay, slippage, and construction problems associated with

their use (Roberts, 1991).

Stress Absorbing Membrane Interlayers (SAMI) have succeeded bond
breakers as a stress relief mechanism. Typical materials which are used as a SAMI
include asphalt rubber, low viscosity asphalt cement, and rubberized chip seals
(Sherman, 1982). The SAMI can be a very successful method for the reduction of
thermal and reflection cracks (Kari, 1980 and Molenaar, 1986). However, field trials
have yielded mixed results and at least in KDOT’s experience, they have not proven
to be worth their cost (Maag, 1995). The SAMI is difficult to design in a rational
sense since there is no standard laboratory test that yields a mechanical parameter that
can be used in a fracture analysis to determine the effective life of the treatment

(Roberts, 1991).

Tensile reinforcement in the form of fiber or polymer additives to asphalt
concrete have also been tried (Caltabiano, 1990). An early study at Clemson focused
on the properties of oriented and random glass fiber reinforcement (Busching. 1968).
This study showed that fiber reinforcement might be a practical way to add tensile
strength to asphalt concrete. Mineral fibers such as asbestos and polymer fibers have
been used to provide tensile reinforcement of asphalt concrete and seem to have
worked fairly well. However, the use of mineral fibers like asbestos have been
discontinued due to environmental concerns (Roberts, 1991). The KDOT has
evaluated fiberglass reinforcement on test sections on US-54 in Kingman County
(Parcells, 1990). This study reported that no apparent benefit was achieved in the

reduction of reflection cracking by the use of fiberglass interlayers.

Polymer modified asphalts have been used extensively in recent years to

control reflection and thermal cracking (Caltabiano, 1990). Rubber modified binders
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have been used in Kansas w.ith varying success (Fager, 1994). The most effective and
expensive method is the wet process asphalt rubber with gap-graded mixes. This
system has delayed the onset of reflective cracking by three years in KDOT First
District usage. Dry or microfine additive rubber has not been quite as effective in
First District usage. All in all, rubber modified binders have not yet proven to be cost
effective as a crack control methodology. Several projects have been let in 1995 with
the new SHRP binder specifications as an alternate. In Kansas, this would probably
result in a polymer modified binder. The SHRP binders have not been selected by

contractors due to the cost and relative scarcity of the product.

Fabrics have been tried extensively to reduce cracking in asphalt concrete with
mixed success (Roberts, 1991). They are attractive because of their cost, availability,
and ease of use when compared to some other treatments (Caltabiano,1990).
Theoretically, fabric reinforcement can provide considerable benefit in reducing
tensile stresses in overlays (Yandell, 1983). This has been borne out for areas with
mild climates. However, in areas with wide seasonal temperature ranges fabrics have
not been as effective, especially in controlling thermal cracks (Sherman, 1982).
Another problem with the use of fabrics is that it is difficult to obtain physical
measurements that can be used to model the effect that fabrics have on an actual
pavement system (Roberts, 1991). One of the few devices that seems to simulate the
effect of horizontal movement of underlying layers on the fabric-overlay system is the
Texas Transportation Institute (TTI) overlay tester (Button, 1983). The main
drawback of the TTI device is that the stress conditions do not directly relate to a
standard fracture mechanics test. This makes the results difficult to use In a

mechanistic analysis.
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The KDOT experience with fabric treatments has not been promising. On the

projects where fabrics have been used the benefit observed in reduced maintenance of

reflection cracks has not offset the increased cost of the fabric and its installation

(Maag, 1983).
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APPENDIX B

DESIGN OF A LAMINATED COMPOSITE BEAM
USING CHAMIS’S PROCEDURE

The structural component to be designed using this procedure is a simply
supported box beam shown in schematic form in Figure B-1. The beam is designed
for a static load of 4500 pounds at the midpoint. The factor of safety for the design is
2.0. The composite system to be used is glass fibers (E-glass) in an epoxy matrix with

a fiber volume ratio of 0.6.

; / Y _— COVER - Neg \
2 il / oy
\</ 90 - PLY +g - PLY |
0-PLY
g - ‘
8- PLY [\ X
X !90 - PLY +0-PLY MCXX
: = 0-PLY
BN — | 8- PLY

Figure B-1. Schematic of Box Beam (Chamis, 1985)

The design procedure requirements are that the box beam not exceed
displacement limits of 0.020 inches when supported by an elastic foundation. The
resulting laminate will not exceed the ply-fiber controlled strength at the design load
or the ply matrix controlled strength at the specified loads. The composite panels in

the beam will not exceed the load limits for combined stress buckling.
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The design load for the beam is P, = 4500 Ibs, applied at the beam midpoint and the

factored design load is 2P, = 9000 Ibs.

The assumed materials properties for design are:

TABLE B-1
E, =7.48 x 107 psi S, = 160 ksi
E, = 3.06 x 10° psi S,1c = 78 ksi
G, = 1.48 x 10° psi S,, = 4ksi
VIZ = 023 SZZC = 20 kSI

Va1 :OO9

and the ply thickness is assumed to be 0.006 in.

The preliminary design philosophy is to size the box beam covers for only
vertical loads and add plys for combined loads such as lateral loads and twist
moments. The design variables that must be determined are the number of plys, ply
orientation, and the stacking sequence. In order to design the top and bottom covers
and the side walls, the membrane loads must be obtained from the factored design
load. The in-plane membrane design loads for bending and shear are calculated at the

center of the beam by dividing the moment by the depth and width of the box beam

section:

covers: Ny = 2P, i/ hw = 2(4500 Ib)(18 in.)/(3 in.)(6 in.) = +£9000 Ib/in,

Neyy = Nexy = 0 (Assume no transverse or shear loads on the covers)

cyy
walls : N = 2P,/ 2hggewan = 2(4500 Ibs)/ 2(3 in.) = 1500 Ib/in.

No = Ny = 0 (Assume no bending loads are carried by the side walls)

cyy

First, find the number of plys required for the bottom cover:
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New 9000 Ib/in
Ny = = = 9.3=10plys
Syirt; (160,000 psi)(0.006 in.)
Nuas = 2 plys (use this value for laminate integrity and buckling
resistance)
Ngo = 2 plys (use this value for laminate integrity and buckling
resistance)

Next, find the number of plys required for the top cover:

Nexx - 9000 1b/in
N[O = = = 19.2=20 plyS
S” 1c t ('78,000 pSl)(OOO6 ln)
Nuss = 2 plys (use this value for laminate integrity and buckling
resistance)
Nygo = 2 plys (use this value for laminate integrity and buckling
resistance)

Now determine the number of plys required for the side walls:

Because only shear loads act on the side walls, set Njg =2 and Ny =2 for laminate
integrity. So

New (12)(Eny/Gep)  1500(1/2)(7.48 x 10° psi /1.48 x 10 psi)

S[llC t[ (79,000 pSl)(OOO6 ln)

Nuas = 7.99 = 8 plys

Because only shear loads act on the side walls, set Ny =2 and Ny = 2 for laminate

integrity.

The required laminate configuration is Ny = 20 plys, Ny.4s = 8 plys, and Ny =

2 plys or it may be written as [+45,/0,9/90];. The laminate is thin, so buckling will
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control. The total laminate thickness is t = (No. of plys)(ply thickness) = 30(0.006) =
0.18 in. In order to determine the resistance to buckling, the composite stresses must
be determined. These are calculated by dividing the in-plane load by the laminate

thickness.

The composite stresses are:

=N /t; = 9000 Ib/in/0.18 in = 50,000 psi

GCXX

Gy = 0

oy =No/t; = 15001b/in/0.18 in = 8,300 psi

Next, the buckling stresses must be determined. In order to determine the
buckling stresses, the elastic moduli for the laminate must be determined. The first
step is to calculate the composite moduli using the ply volume fractions. The ply

volume fractions are:

Vo= 8/30 = 027
Vpo= 20/30 = 0.67
Voo = 20/30 = 0.67

and the moduli and Poisson’s ratios for each lamina are as listed in Table B-1. The

ply stiffnesses are computed using the following equations:

E, 7.48 x 10° psi ]
Q= = = 7.6x 10" pst
1-vpp vy 1 - (0.23)(0.09)
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vipE,  (023)3.06% 10° psi

Qn = = 0.72 x 10° psi
1- vy vy 1 -(0.23)(0.09)
E, (0.23) 7.48 x 10° psi )
Qy = = = 3.12x 10" psi
1 - V2 Va1 1 - (023)(009)

Q66 = G|2 = 148 X 106 pSl

Next, the stiffness for the angle plys must be determined using the following
equations. For this design, the angle plys are oriented at 0 = #45 degrees to the axis

of the box beam. The stiffnesses have the values:

Qo1 = Qy; cos’ 45 + 2(Q), +2Qqq ) sin” 45 cos™ 45 + Qyy sin” 45

Qoii =7.6x10°(0.25)+2(0.72 x 10° +2(1.48 x 10°))(0.5)(0.5) +3.12x 10°(0.25)

Qo = 4.5x10° psi.

Qo = (Qpy + Qp - 4Qqq ) sin® 45 cos” 45 + Qy (sin* 45 + cos 45)

Qoiz = (7.6 x 10°+3.12 x 10° - 4(1.48 x 10%)(0.5)(0.5) + 0.72 x 10° (0.25 + 0.25)
Qo = 1.56x 10° psi.

Quyy = Qi sin* 45 +2(Q;, +2Qqq ) sin” 45 cos” 45 + Qp cos 45

Qe = (7.6 % 106)6(0.25) +2(0.72 x 10° + 2(1.48 x 10°))(0.5)(0.5) +
(3.12 x 10°)(0.25)

Qe = 4.5x10°psi.



Qoge = (Qq1 + Qaz - 2Qy> - 2Qqs ) sin’ 45 cos® 45 + Qg (sin® 45 + cos® 45)

Ques = (7.6 x10° +3.12x 10° - 2(0.72 x 10%) - 2(1.48 x 10%))(0.5)(0.5)
+1.48 x 10° (0.25 + 0.25)

Qoge = 2.32 x 10° psi.
The reduced stiffnesses for the plys oriented at 0, 45, and 90 are summarized
in Table B-2.
TABLE B-2
0= 0° 0 =+45° 0 =90°
Qui = 7.6x 10°psi Qo = 4.5x 10"’6 psi Qu = 3.12x 196 psi
m = 3.12x 10’ psi Qo2 = 4.5x 10 psi Q2 = 7.6 x 10° psi

Q“z = 0.72x 106 pSl Q912 = 1.56x10 pst Q]z] = 0.72x 106 pSt
Qs = 1.48x 10" pst Qoes = 2.32x 10" psi Qs = 1.48 x 10" pst

Now that the reduced stiffnesses for the angle plys have been calculated, the
reduced laminate stiffness coefficients can be determined. These are calculated using

the following equations:

chx = VP9Q911 + VPOQIH + VP9OQIZZ
= (0.27)(4.5% 10%) + (0.67)( 7.6 x 10°) + (0.67)( 7.6 x 10°))

Qux= 6.8x 10° psi.

Qeyy = VeQe22 + VoQr 22 + VpooQui
Quy= (027)(4.5x 10 + (0.67)( 3.12 x 10%) + (0.67)( 3.12 x 10°)

Quy= 3.5x10° psi.

Quey = VpoQor2 + VoQuz T VooQni
Quy = (027)( 1.56 x 10°) + (0.67)( 0.72 x 10°) +(0.67)( 0.72 x 10%
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Quy= 1.7x 10° psi.

Gexy = VpoQoss + VroQiss + VooQiss
Guy = (027)(232x 109 + (0.67)(1.48 x 10°) +(0.67)(1.48 x 10°)

Gy = 1.7 X 10° psi.

Once the reduced laminate stiffnesses have been determined, the laminate

elastic coefficients can be calculated using the following formulas:

Ecx‘( = chx - chxv / chy
E, = 68x10°- (1.7x10%% 3.5x 10°
E. = 59x10° psi.

CXX

Ecyy = Qcyy - chxy / chx
E. .= 35x10° - (1.7x10%% 6.8 x 10°

cyy

E 3.1 x 10° psi.

oy

C\y chy/Qc‘(y
voe= 1.7x10%3.5x10°

cXy

= 0.49

Voxy =

Gy = 1.7 x 10° psi

Veyx = Vexy (Ecyy/Ecw)
Ve = (3.1x10%5.9x 10%
Ve = 0.25
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Now the averaged elastic modulus for the entire laminate can be calculated.

This value is determined using the following equation:

3
E= \]4Ecxx Ecyy GCXY

3
E= VE(5.0x 10)(5.0x 10)(5.0x 10°)
E=5.0x10°psi.

After determining the preceding values, buckling in the top cover can be

checked. For this case 6., = 25,000 psi, and o, = 0.

The following equation must be satisfied if bucking is to be avoided:

2
Gexx chy -]
+ <1.

CR CR
Cexx Gexy

Calculate the critical buckling stress, GCXXCR :
2,2 - 2
w_ T t. E a b
Gexx - 3 —t
1207 (1 - veuy Vo) LD a

CR
Gexx

n (0.18)" (5.0x 10°) [36 6 ]2

— t —
12 (6)> (1 - Veyy Veyy) 6 36

G = (4,218)(38)

G = 160,000 psi
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= +0 = 0.16 < 1 .. top cover buckling is OK.

2 25.000
G R 160,000

Check buckling on the sidewalls:

For this case G = 0, and o, = 8,300 psi, and the same procedure is used.

2

Cexx chy -l
-+ <1

CR CR
Oexx chy

Calculate the critical buckling stress for the side walls:

n tc2 E a b7’
chyCR = —t —
1207 (1 - Ve Vey) LD @

7 (0.18)* (5.0x 10% [36 3 ]2

—_—t —
12 b2 (1 = chy chx)

CR _

chy

3 36

R — (16,871)(12.08)"

Oexy

|

oy = 2.5x10°

2 312
Oexx chy 83x10
+ = 0 + {am———] = 0.003 < 1 .. side wall buckling is OK.

CR CR 6
oxx Oexy 2.5x 107

While the results from Chamis’ procedure appear good, an independent check

was desired. This check was done by using stiffness values contained in the A, B, and
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D matrices calculated usirig the FORTRAN program CSTRESS and the buckling

formulas presented in Mechanics of Composite Materials (Jones, 1975). The equation

to calculate the compressive buckling load, Ny is:

_ , m\’ 1 1 fa)

N,= n" Djj{—|+ 2(Dy; +Dg) — * Dy — \—
2 4

a b b m

where D, Dy,, D,,, and Dy are the bending stiffnesses from CSTRESS, a is the
length of the plate, b is the width of the plate, and m is the mode number. The
bending stiffnesses are tabulated in Table B-3 and the critical loads in Table B-4. The
results in Table B-4 confirm the adequacy of the buckling predictions using Chamis’s

method.

TABLE B-3 - Bending Stiffnesses

[D]:
0.16179E+05  0.33186E+04  0.46430E+02

0.33186E+04  0.15986E+05  0.46430E+02
0.46430E+02  0.46430E+02  0.56927E+04

TABLE B-4 - Buckling Loads for a Given Plate Size

Plate Size Mode, m N,
(pounds/in.)
a=3in.,b=3In. 1 67,522
a=36in,b=6In. 6 16,880
a=3in.,b=361n. 1 17,967
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APPENDIX C

CSTRESS - A FORTRAN PROGRAM FOR CALCULATING
STIFFNESS, STRESS, AND FAILURE IN A
LAMINATED COMPOSITE PLATE

PROGRAM CSTRESS-A LAMINATED COMPOSITE PLATE STIFFNESS,
STRESS, AND FAILURE PROGRAM WRITTEN IN FORTRAN BY JEFFREY
FRANTZEN, DECEMBER 1995. THE PROGRAM OUTPUT FORMAT WAS
MODELED AFTER A SIMILAR PROGRAM WRITTEN BY DR J. LOCKE OF
THE DEPARTMENT OF AEROSPACE ENGINEERING AT THE UNIV.
OF KANSAS. THE MECHANICS OF THE PROGRAM ARE BASED
ON PRINCIPLES AND TECHNIQUES CONTAINED IN "MECHANICS OF
COMPOSITE MATERIALS" BY ROBERT M. JONES. THIS PROGRAMWAS
WRITTEN TO PERFORM COMPUTATIONS FOR PHD RESEARCH INTO
COMPOSITE BEAMS IN PAVEMENT STRUCTURES.
CHARACTER*12 STIME,ETIME
INTEGER L]
REAL NUI2,NT.MT,KAPPA,MX.MY,MXY NTX,NTY NTXYMTX,MTY,
MTXY
DIMENSION QB(3,3),A(3,3).B(3,3),D(3,3),Z(99),T(99)
DIMENSION AS(3,3),X(3,3),BS(3,3),DUM(3,3),DS(3,3)
DIMENSION THTA(99).E1(99),E2(99),G12(99),NU12(99),HS(3,3
DIMENSION AP(3,3),BP(3,3),HP(3,3),DP(3,3),DUMM(3,3)
DIMENSION ALFA(3,99),NT(3),MT(3),TM(3,3),SOT(3),SOB(3)
DIMENSION EPS(3),KAPPA(3),ST(3,99),SB(3,99),ET(3)
DIMENSION EPSLT(3),EPSLB(3)
INITIALIZE MATRICES AND VARIABLES
CALL TIME(STIME)
DO 5 1=1,99
DO 6 J=1,3
ST(J,[)=0.0
6 SB(J,1)=0.0
5 CONTINUE
DO 10 I=1,3
DO 10 J=1,3
QB(LJ)=0
A(LD)=0
B(1,J)=0
10 D(LJ)=0
DO 9 J=1,3
NT({J)=0.0
MT(J)=0.0
EPS(J)=0.0

9 KAPPA()=0.0
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C
C
C

READ IN THE LAMINATE DATA

TOTT=0.0
READ(5,999)NLAYER
READ(5.997)FX.FY,FXY
READ(5,997)MX,MY,MXY
READ(5.998)TEMP

DO 20 I=1 NLAYER

READ(5,1000)T(1), THTA(I),E1(1),E2(1),G12(I),NU12(),ALFA(L,]),

1ALFA(2.I)
ALFA(3.1)=0.0

20 TOTT=TOTT+T()

C
C
C

olololviolieole!

READ(5,1002)XT,XC,YT,YC,S
ECHO THE INPUT DATA

WRITE(6,2016)
WRITE(6,2017)
WRITE(6,2016)
WRITE(6,2001)
WRITE(6,2013)FX,FY,FXY
WRITE(6,2001)
WRITE(6,2014)MX,MY,MXY
WRITE(6,2001)
WRITE(6,2015)TEMP
WRITE(6,2001)
WRITE(6,2012)
WRITE(6,2009)

DO 21 N=1,NLAYER

21 WRITE(6,2019)N, T(N), THTA(N)

WRITE(6,2001)
WRITE(6,2010)
WRITE(6,2011)
DO 30 [=NLAYER

30 WRITE(6,2026),E1(1),E2(1),G12(I),NU12(I), ALFA(1,I), ALFA(2.)

7(1)=-TOTT/2

THIS SECTION CALCULATES THE Z VALUES FOR EACH LAYER
STARTING WITH Z(1) WHICH IS EQUAL TO A NEGATIVE ONE-HALF
OF THE TOTAL LAMINATE THICKNESS. THE LAMINATE PROPERTIES
ARE THEN CALCULATED FROM THE TOP DOWN TO THE BOTTOM

OF THE LAMINATE.

DO 40 [=1,NLAYER
ZA=7(I)
Z(I+D=Z(D)+T(D)
ZB=7(1+1)
THETA=THTA(])

COMPUTE THE ORTHOTROPIC STIFFNESSES FOR EACH LAYER
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C

ONE LAYER AT A TIME
CALL ALST(THETANU12,E1,E2,G12,QB)

40 CALL STMAT(QB,ZA,ZB.,A,B.D)

SIPIP!

olololele

C
C
C

OO0

WRITE(6.2001)
WRITE(6,2027)
WRITE(6,2001)
WRITE(6,2028)
WRITE(6,2029)XT.XC,YT,YC,S

WRITE HEADERS AND PRINT THE A, B, AND, D MATRICES

WRITE(6,2001)
WRITE(6,2016)
WRITE(6,2018)
WRITE(6,2016)
WRITE(6,2001)
WRITE(6,2020)
WRITE(6,2001)
WRITE(6,2002)
WRITE(6.2000)((A(L]),I=1,3),7=1,3)
WRITE(6,2001)
WRITE(6,2003)
WRITE(6.2000)((B(,J),]=1,3),]=1,3)
WRITE(6,2001)
WRITE(6,2004)
WRITE(6.2000)(D(LJ).I=1,3),]=1,3)

INVERT THE STIFFNESS MATRICES USING JONES' METHOD
TO GET THE A", B', D' AND H' MATRICES TO SOLVE FOR
THE MIDLAYER STRAINS AND CURVATURES

J=1
DO 50 I=1,3

50 X(1.J)=0.0
DO 511=13
DO 52 J=1,3

52 AS(L)=A(L))

51 CONTINUE

CALCULATE A-STAR

CALL GAUSSIJ(AS,3,3.X,1,1)
CN=-1.0

CALCULATE B-STAR

CALL CNMULT(CN,AS,.DUM)
CALL MTMULT(DUM,B,BS)

CALCULATE H-STAR
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CALL MTMULT(B,AS,HS)
CALCULATE D-STAR

CALL MTMULT(AS,B,DUM)
CALL MTMULT(B,DUM,DUMM)
CALL MATSUB(D,DUMM,DS)

CALCULATE D-PRIME

DO 60 1=1,3
DO 61 J=13

61 DP(1,J)=DS(LJ)
60 CONTINUE

Onn a0 00

oIPIS Pl

OO00O0

CALL GAUSSJ(DP,3,3,X,1,1)
CALCULATE B-PRIME

CALL MTMULT(BS.DP,BP)
CALCULATE H-PRIME

CALL CNMULT(CN,DP,DUMM)
CALL MTMULT(DUMM,HS,HP)

CALCULATE A-PRIME

CALL MTMULT(DP,HS,DUM)
CALL MTMULT(BS,DUM,DUMM)
CALL MATSUB(AS,DUMM,AP)

CALCULATE THE THERMAL FORCES AND MOMENTS FOR THE
ENTIRE LAMINATE
BY ADDING ONE LAYER AT A TIME

ZT=-TOTT/2.0

DO 70 I=1,NLAYER
ZB=ZT+T(1)
THETA=THTA()

CONVERT PRINCIPAL THERMAL COEFFICIENTS TO X, Y, AND XY

FORM USING
THE T MATRIX TRANSPOSE FOR EACH LAMINAE

TETAD=(6.283185*THTA(1))/360.0
CT=COS(TETAD)
SNT=SIN(TETAD)

CT2=CT*CT

ST2=SNT*SNT

SCT=SNT*CT
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AX=CT2*ALFA(1.I)+ST2*ALFA(2.])

- AY=ST2*ALFA(1,)+CT2*ALFA(2,])

AXY=SCT*(ALFA(1.)-ALFA(2.D))
WRITE(6,2001)
WRITE(6,2000)AX, AY,AXY

CALCULATE THE THERMAL LOADS BY MULTIPLYING THE
LAMINAE THERMAL

X-Y STRESSES BY THE LAMINAE THICKNESS AND THE
Q-BAR MATRIX

CALL ALST(THETA,NU12,E1,E2,G12,QB)

WRITE(6,2001)

WRITE(6,2000)((QB(ILII),I1=1,3),J7=1,3)
NTX=(QB(1,1)*AX+QB(1,2)* AY+QB(1,3)*AXY)*T(I)* TEMP
NTY=(QB(2.1)*AX+QB(2.2)* AY+QB(2,3)*AXY)*T(1)*TEMP
NTXY=(QB(3,1)*AX+QB(3,2)* AY+QB(3,3)* AXY)* T(1)* TEMP

WRITE(6,2001)

WRITE(6.2000)NTX,NTY NTXY

SUM THE THERMAL LOADS

NT(1)=NT(1)+NTX
NT(2)=NT(2)+NTY
NT(3)=NT(G3)+NTXY

CALCULATE THE THERMAL MOMENTS BY INTEGRATING THE
LAMINAE THERMAL STRESSES

ZI=(ZT*ZT-ZB*ZB)/2.0

MTX=(QB(1,1)*AX+QB(1,2)* AY+QB(1,3)* AXY)*ZI*TEMP
MTY=(QB(2.1)* AX+QB(2,2)* AY+QB(2,3)* AXY)*ZI* TEMP
MTXY=(QB(3,1)*AX+QB(3,2)*AY+QB(3,3)*AXY)*ZI*TEMP
MT(1)=MT(1)}+MTX

MT(2)=MTQ)+*MTY

MT(3)=MT(3)+MTXY

7T=7B

70 CONTINUE

COMBINE THE EXTERNAL FORCES AND MOMENTS WITH THE
THERMAL FORCES

NT(1)=NT(1)+FX
NT(2)=NTQ2)+FY
NT(3)=NTG3)+FXY
MT(D)=MT(1)+MX
MT(2)=MTQ2)}+MY
MT(3)=MT(3)}+MXY
WRITE(6,2013)NT(1),NT2).NT(3)
WRITE(6,2014)MT(1),MT(2),MT(3)
WRITE(6,2001)



CALCULATE THE LAMINA STRAINS AND CURVATURES DUE TO THE
IMPOSED LOADS USING THE A', B, D', AND H' MATRICES

eolelole

DO 80 J=1,3
DO 81 K=1,3
EPS(Jy=EPS(J)+AP(J.K)*NT(K)+BP(J K)*MT(K)

81 KAPPA(J)=KAPPA(J)+DP(J,K)*MT(K)}+HP(JK)*NT(K)

80 CONTINUE

CALCULATE THE LAMINAE STRESSES FROM THE LAMINAE

STRAINS
MINUS THE THERMAL STRAINS USING THE Q-BAR MATRIX FOR

EACH LAYER

ololeleIole

DO 90 I=1,NLAYER
ZA=Z(])
Z(I+1)=Z(1)+T(I)
ZB=Z(1+1)
THETA=THTA(])
CALL ALST(THETA,NU12,E1,E2,G12,QB)
TETAD=(6.283185*THTA(I))/360.0
CT=COS(TETAD)
SNT=SIN(TETAD)
CT2=CT*CT
ST2=SNT*SNT
SCT=SNT*CT
AX=CT2*ALFA(1,))+ST2*ALFA(2,])
AY=ST2*ALFA(1,)+CT2*ALFA(2,])
AXY=SCT*(ALFA(1,1)-ALFA(2,D))
ET(1)=AX*TEMP
ET(2)=AY*TEMP
ET(3)=AXY*TEMP
DO 93 J=1,3
EPSLT(J)=EPS(J)+ZA*KAPPA(J)
EPSLB(J)=EPS(J)+ZB*KAPPA(J)
93 CONTINUE
DO 91 J=1,3
DO 92 K=1,3
EPT=EPSLT(K)-ET(K)
ST(J,H)=ST(J,)+QB(J.K)*EPT
EPB=EPSLB(K)-ET(K)
92 SB(J,1)=SB(J,)+QB(J,K)*EPB
91 CONTINUE
90 CONTINUE
C
C PRINT OUT THE A, B, D', AND H' MATRICES
C
WRITE(6,2001)
WRITE(6,2005)
WRITE(6,2000)((AP(L1),I=1,3),J=1,3)
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olel@

OO0

WRITE(6,2001)
WRITE(6,2006)
WRITE(6,2000)(BP(1,J).]=1,3).J=1,3)
WRITE(6,2001)
WRITE(6.2008)
WRITE(6,2000)((DP(11),1=1,3).J=1,3)
WRITE(6,2001)
WRITE(6,2007)
WRITE(6,2000)((HP(L,]),I=1,3).J=1,3)
WRITE(6,2001)

PRINT OUT THE MIDDLE SURFACE STRAINS AND CURVATURES

WRITE(6,2021(EPS(I),I=1,3)
WRITE(6,2001)
WRITE(6,2022)(KAPPA(I),I=1,3)
WRITE(6,2001)
WRITE(6,2001)
WRITE(6,2023)
WRITE(6,2001)
WRITE(6,2024)

PRINT OUT THE LAMINAE STRESSES AT THE TOP AND BOTTOM OF
EACH LAYER FOR EACH LAMINAE

DO 100 NL=1,NLAYER
WRITE(6,2025)NL,Z(NL),(ST(J,NL),J=1,3)
WRITE(6.2025)NL,Z(NL+1),(SB(J,NL),J=1,3)

100 WRITE(6,2001)

C
C
C
C

CHECK THE LAYER STRESSES FOR FAILURE USING THE TSAI-HILL
FAILURE CRITERION

DO 110 I=1,NLAYER
TETAD=(6.283185*THTA(I))/360.0
CT=COS(TETAD)
SNT=SIN(TETAD)
CT2=CT*CT
ST2=SNT*SNT
SCT=SNT*CT
TM(1,1)=CT2
TM(1,2)=ST2
TM(1,3)=2.0*SCT
TM(2.1)=ST2
TM(2.2)=CT2
TM(2,3)=-2.0*SCT
TM(3.1)=-1*SCT
TM(3,2)=SCT
TM(3,3)=CT2-ST2

C  WRITE(6,2001)

C

WRITE(6,2000)((TM(ILJ)),I1=1,3),1J=1,3)
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DO 111 J=13
SOT(J)=0.0
SOB(J)=0.0
DO 112 K=1,3
SOT(J)=SOT(F)+TM(J,K)*ST(K.I)
112 SOB(J)=SOB(J)+TM(J,K)*SB(K.I)
111 CONTINUE
IF(SOT(1))120,120,121
120 XFT=XC
GO TO 122
121 XFT=XT
122 IF(SOT(2))123,123,124
123 YFT=YC
GO TO 125
124 YFT=YT
125 CONTINUE
FA=(SOT(1)*SOT(1))/(XFT*XFT)
FB=(SOT(1)*SOT(2))/(XFT*XFT)
FC=(SOT(2)*SOT(2))/(YFT*YFT)
FD=(SOT(3)*SOT(3))/(S*S)
FAIL=FA-FB+FC+FD
C  WRITE(6,2001)
C  WRITE(6,2000)XFT,YFT,S
C  WRITE(6,2000)SOT(1),SOT(2),SOT(3)
C  WRITE(6,2029)FAIL,FA,FB,FC,FD
[F(FAIL.LT.1)GO TO 115
WRITE(6,2030),FAIL
115 IF(SOB(1))126,126,127
126 XFB=XC
GO TO 128
127 XFB=XT
128 IF(SOB(2))129,129,130
129 YFB=YC
GO TO 131
130 YFB=YT
131 CONTINUE
FA=(SOB(1)*SOB(1))/(XFB*XFB)
FB=(SOB(1)*SOB(2))/(XFB*XFB)
FC=(SOB(2)*SOB(2))/(YFB*YFB)
FD=(SOB(3)*SOB(3))/(S*S)
FAIL=FA-FB+FC+FD
IF(FAIL.GE.1)GO TO 116
GO TO 117
116 WRITE(6,203 1)L,FAIL
117 CONTINUE
110 CONTINUE
CALL TIME(ETIME)

WRITE(*,*)'START TIME =',STIME,END TIME ="ETIME

C
997 FORMAT(3D10.3)
998 FORMAT(F10.3)
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999 FORMAT(I2)
1000 FORMAT(8F10.5)
1001 FORMAT(1X,12,2X,4F12.2,2D12.2)
1002 FORMAT(5D10.5)
2000 FORMAT(1X,D12.5,5X,D12.5,5X,D12.5)
2001 FORMAT(1HO)
2002 FORMAT(22X,4H[A]:)
2003 FORMAT(22X 4H[B]:)
2004 FORMAT(22X,4H[D]:)
2005 FORMAT(22X,5H[A']?)
2006 FORMAT(22X,5H[B']:)
2007 FORMAT(22X,5H[H7)
2008 FORMAT(22X,5H[D']:)
2009 FORMAT(1X,SHLAYER,9X,1HT,7X,SHTHETA)
2010 FORMAT(1X,19HMATERIAL PROPERTIES)
2011
FORMAT(1X,5HLAYER,5X,2HE1,11X,2HE2,10X,3HG12,6X 4HNU12,4X 6HALP
HA1
1,6X,6HALPHA2)
2012 FORMAT(1X,17HLAMINATE GEOMETRY)
2013 FORMAT(1X.8HFORCES: ,1X,D12.5,3x,D12.5,3x,D12.5)
2014 FORMAT(1X,.9HMOMENTS: ,1X,D12.5,3%,D12.5,3%,D12.5)
2015 FORMAT(1X,13HTEMPERATURE: ,1X,F12.2)
2016 FORMAT(1X,51H )
2017 FORMAT(15X,18H--- INPUT DATA ---)
2018 FORMAT(15X,19H--- OUTPUT DATA ---)
2019 FORMAT(2X.12,5X,F8.4,4X F8.4)
2020 FORMAT(1X.20HLAMINATE STIFFNESSES)
2021 FORMAT(1X.21HMID-SURFACE STRAINS: ,D12.5,2X,D12.5,2X,D12.5)
2022 FORMAT(1X.24HMID-SURFACE CURVATURES:
D12.52X,D12.5,2X,D12.5)
2023 FORMAT(1X,15SHLAMINA STRESSES)
2024 FORMAT(1X,5HLAYER,7X,1HZ,10X,2HSX,10X,2HS Y. 10X,3HSXY)
2025 FORMAT(3X,12,1X,4D12.5)
2026 FORMAT(1X,12,2X,3D12.5,3X,F5.3,2D12.5)
2027 FORMAT(1X,16HFAILURE STRESSES)
2028 FORMAT(6X,3HX-T,7X,3HX-C,7X,3HY-T,8X,3HY-C,9X,11S)
2029 FORMAT(1X,D10.4,1X,D10.4,1X,D10.4,1X,D10.4,1X,D10.4)
2030 FORMAT(1X.24HFAILURE AT TOP OF LAYER ,12,2X 4HF = F10.5)
2031 FORMAT(1X.27HFAILURE AT BOTTOM OF LAYER 122X 4HF = F10.5)
STOP
END

SUBROUTINE MTMULT(E,F EF)
MATRIX MULTIPLICATION SUBROUTINE

OO0 O

DIMENSION E(3.3),F(3,3),EF(3,3
DO 101=1,3

DO 11J=1,3

EF(1,1)=0.0
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DO 12 K=1.3
12 EF(L))=EF(I,)+E(I,K)*F(K.J)
11 CONTINUE
10 CONTINUE

RETURN

END

SUBROUTINE MATSUB(S,T,SMT)
MATRIX SUBTRACTION SUBROUTINE

IO IOIID!

DIMENSION S(3,3),T(3,3),SMT(3,3
DO 10 =13
DO 11 J=1,3
11 SMT(LD)=SLNH-T(,J)
10 CONTINUE
RETURN
END

SUBROUTINE MATADD(P,Q,PPQ)
MATRIX ADDITION SUBROUTINE

oloIo e

DIMENSION P(3.3),Q(3,3),PPQ(3,3)
DO 101=1,3
DO 11 J=1,3
11 PPQ(LI)=P(1.J)+Q(L))
10 CONTINUE
RETURN
END

SUBROUTINE VECTAD(X,Y,XPY)
VECTOR ADDITION SUBROUTINE

ololo e

DIMENSION X(3),Y(3),XPY(3)
DO 101=1,3
10 XPY(D)=X(D)+Y(D)
RETURN
END
SUBROUTINE CNMULT(CONST,G,GC)

MATRIX MULTIPLICATION BY A CONSTA