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1.0 Executive Summary

This report presents the results of an expenmental and analytical study on recycled
plastics that can be used in the design of highway appurtenances. Performance
evaluation of a noise wall manufactured from recycled plastics mdrcates that the
proposed design is as effective as traditional designs. The life-cycle cost of the
proposed design is expected to "be less than that of traditional designs. Evaluation of
the use of recycled plastics as guardrail posts is not conclusive due to lack of adequate
performance reqmremerrts In general, the material is viable and has merit for use in
the design of other highway devices, such as culverts and glarescreens Future work
must consider manufacturing, development of approprrate design criteria, and long
term perfonnance : :

2.0 Background

2.1 General ‘ e

Recycling is an envrronmentally acceptable means of reducrng solid waste and

conserving resources. Many federal, state and local laws, such as the “Intermodal

Surface Transportation Efﬁciehcy Act’” emphasize_ the importance of recycled materials

in construction, more specifically in highway construction. The overall objective of this

research and development study is to develop highway applications for recycled

plastics that will have perform‘ance characteristics that are similar to, if not superior

~ than, traditional desrgns The primary applications are the use of recycled plastics for
noise walls and guardrarl posts. However, due to lack of knowledge about the material,
especially the long term performancs, a significant portion of the effort was devoted

“toward material testing and evaluation of mechanical and structural properties.

~ Acoustical and wind tests of the noise walls and analytical crash tests of the guardrail
posts are among other objectives of this study. Detailed interim reports are attached as

appendices. However, a brief summary of these reports and findings from the initial
phases of this work follows B o -

.22 Summary of lnteri‘,rn Reports

- The widespread use of recycled plastics has been restricted in part, because of the
limited state of knowledge about the behavior of this material and the lack of unified
design procedures The matenal behaves drfferently in tension and compression and
the nonllnear nature of recycled plastrc makes tradmonal termmology such as modulus



of elastlcrty difficult to determme because generally, there is no clearly def ned yield
point. Furthermore, the modulus of rupture, a property determined from beam tests,
can vary for different sections making these terms specific to the section rather than
exclusively a material property. Phase | of the study investigated the properties of
recycled plastics and methods of testing and analyzmg recycled plastic members in
both axial compressnon and flexure.

In effort to provide a more unified design procedure, uni-axial material tests of discrete
sections were performed to develop a proposed constitutive material model that
archetypes the stress - strain behavior. The model was used to predlct member
response based on section geometry alone. This enables one to predict member

- response of sectlons not yet tested or even constructed with greater accuracy than
previously possible, regardless of the differences in tension - compression behavior -
‘and material nonlinearities or variations in material properties among manufacturers.
The findings of this phase can be summarized as:

* Recycled plastic has a highly nonlinear stress - strain behavior.

» Stress - strain behavior is different in tension and compression.

« For thick cross - sections (such 4X4 or 6X8) stress - strain behavior for shell and
core materials are significantly different. .

- Stiffness ranges from 50 to 300 ksi, strength ranges from 500 to 2,500 psl thus
structural applications are possible.

* Freeze / thaw appears to be a problem for recycled plastics with wood fibers.

* The proposed constitutive model can simulate member results with good accuracy
for service loads and gives a fair estimate of ultimate strength.

Upon completion of the material tests an innovative nolse wall design that uses
recycled plastic and takes advantage of muttl-layenng to increase stiffness and sound
effectiveness was proposed and analyzed. During the second phase of this study,
prototypes of the proposed design were constructed and tested for sound transmission
to determine tﬁeir effectiveness and show the desirability of a multi-layered approach.
The results show that acoustically, the transmission loss of the proposed design is as
effective as the traditional designs. The sound tests report is included in Phase |l report
as an appendix. Furthermore, finite element analyses as well as an analytical model
developed specifically for recycled plastics indicate that structurally, the proposed
design can increase spans between posts resulting in a design that is potentially more .
economical than current designs. Due to their lighter weight they are also more suitable
for mounting on structures such as bndges The Phase |l report also discusses results

' of creep testing and simulated crash analyses of guardraul systems. Results indicate

that creep is a significant problem and applications involving large sustained loads



should be avoided. Furthermore, comparlson of analytical crash tests demonstrated

~ that guardrail system with recycled plastic posts allow for greater barrier deflections but
vehicle accelerations are reduced significantly, implying safer redirection and less
damage to the occupants and the car. This is further dlscussed in this final report using
the results of other studies too.

3.0 Noise Wall

Wind tests were among important objectives of the study that were addressed during
the final phase of the work. In determining the wind load, NJDOT! uses the wind load
equation given by the AASHTO’s Guide Specifications for Structural Supports for
Highway Signs, Luminaires and Traffic Signals. This is the same equation given by’

- AASHTO’s Guide Specnﬁcatlons for Structural Desugn of Sound Barriers (1989), which
is as follows:

P\ﬁ= 0.00256 ~(1 .3V)2 Cq c:c

where P is pressure in pounds per square foot, Vi is design wind velocity in miles per
hour and the 1.3 coefficient accounts for a 30% increase in design wind velocity due to
gust. The drag coefficient, C¢, is equal to 1.2 for noise barriers. C. is combined height, -

exposure and location coefficient, which for typical noise wall heights is equal to unity.
In the state of New Jersey, the design wind velocity to be used in the above equation is
90 mph (145 km/hr) resultmg in a pressure of 42 psf. Much of the state is in or below
the 80 mph (130 km/hr) isotach however (AASHTO), resulting in a pressure of 33 psf.
This value was used in early phases of this study and will be used here to allow for
consistent comparison with earlier analysis. Additionally, the value-of C¢ can actually
A range from 0.59 to 1.49 depending on app/licatibn thus also changing the minimum

design pressure greatly. The intention here is to investigate a typical installation rather
than the most critical application. |

3.1 Wind Tests

The objective of the wind tests was to determine the maximum capacity, flexural
stiffness and failure mode of the recycled plastics panels under wind load. The
geometry of the proposed design (flat rectangular panels to be stacked on top of each
other) is quite similar to the traditional precast concrete panels. Therefore, it is
expected that current deéign equations, such as the above equation, are adequate in

1. Engineering Instruction 93-BS, June 14, 1993.



determining the pressure Ioad for a given wind speed Another concem would be if the
flow of wind over the top of the wall shed vortices that would excite the wall and cause
itto vibrate and generate low frequency sound. Again, for the same reason, this is not
expected to be an issue.

The wind tests were performed at the Wind Load Testing Facility at Clemson University
under the supervision of Professor Scott Schiff. A copy of the wind test report is
attached (Appendix I). The tests included two 12-ft long 2-ft wide box shaped panels
made up of 1/2" thick recycled plastic sheets. The overall de’bth'_ of the cross section
was 8" (71/2" center to center). For 1/2" thick recycled plastics sheets currently 12-ft is
the longest length available. Determination of the other dimensions (width and depth) of
- the panels is discussed in the Phase |l report. ' |

The wind tests can be summarized as sut:cesSful. The recycled plastics panels were
able to withstand high pressure load (in excess of 90 psf) without any sign of damage,
while mid-span deflections never exceeded 2 in as seen in the test report (Appendix I).
The tests had to be stopped due to failure of the plastic sheet used to seal the pressure
chamber. In the following section the wind tests results are extrapolated to evaluate
performance of longer panels in terms of the maximum deﬂectidn and flexural stresses.
- 3.2 Parametric Study !

The response of the panels under wind load can be idealized as that of a simply
supported beam under distributed load: Under such an assumption the central
deflection will be equal to 5wL4/384EI where w is load per unit length along the span,

L is the span Iength E is Modulus of Elasticity, and | is the moment of inertia. Based on
material tests the average modulus of elasticity for the recycled plastics used in
building the panels is equal to 140 ksi. This value is obtained using results from both
tension and compression tests. The moment of inertia for a boxed rectangular section
made up of 1/2” thick sheets with overall depth of 8" (71/2" center to center) and a

width of 2-ft (24™) is 366 i |n The load intensity, as discussed before, for New Jersey
(80 mph wmd speed) is 33 psf. This is equal to w of 5.5 Ib/in. Thus, the mid-span

deﬂectlon as a function of span length, L in inches, is equal to 1.4X1 0°L%in. Fora 12’
panel.this equation gives a deflection of 0.6 in. Based on the experimental wind tests
the followmg equatnons are proposed for mid-span deﬂecnons at the top and middle of
the cross sectlon (sectlon 2.4 of Appendlx 1): ' »



y=0.0161P . Top Center .
y = 0.0191P Middle Center

in these equations yis displaceffnent in inches, and P is the preésure in pounds per
square foot. Note that anywhere along the span, especially on the windward face,
deflection at the middle of the cross section is different (more for windward face and
less for leeward face) than that at the top or bottom of the cross section. This is due to’
the two way action (bending) of the flanges. Based on the above equations at mid-span
this difference is about 16%. Finite element analysis of the panels gives similar value.
Using these equations for 33 psf wind pressure, the mid-span deflections are 0.53" and
0.63" at the top and middle of the cross section, respectively. The value of 0.6"
obtained based on the simpliﬁed analysis is in close agreement with these values.
Factors that.can be associated with the difference between the analytical and
experimental values are: i) actual clear span is less than 12’, ii) 3-D action, and iii)
actual modulus of elasticity and material nonlinearity.

The maximum flexural stress at mid-span, based on the ideajized assumption of a
simply supported beam and assuming linear material behavior, is equal to Mc/l =
0.0075 L2, where L is in inches. Thus, the maximum stress of 155 psi for a 12’ panel is -

well below the ultimate capacity (less than 1/20 in tension and less than 1/40in
compression) of the recycled plastics used.

~ Following the above procedure, the maximum mid-span deflections are estimated at
1.5" and 4.6" for 15’ and 20’ long panels, respectively: ‘The maximum flexural stresses
will be 243 psi and 432 psi. These values indicate that the proposed design can allow |
even greater panel length, conceivably making more economical designs by further
reducing the number of posts. It should be noted that no deflection requirements were
found in the FHWA guides'. The widely referenced generic deflection limits, such as L/
360, were developed for less flexible materials such as concrete. More importantly,
these limits have been set up based on serviceability criteria, such as limiting crack
width to protect reinforcements. Thus, these limits are not appropriate for recycled

plastics, especially when the loading considered corresponds to a wind speed based
-~ upon a SO-year mean recurrence interval.

It should be mentioned tha’; the flexibility of recycled plasti& (compared to precast
‘concrete panels) will also have a beneficial effect on construction tolerances. This in

1. “Guide Specifications for Structural Design of Sound Barriers,” AASHTO, 1989.




" turn can result in more economical designs.
Ultimately, the proposed desngn would be extruded asa snngle umt rather than
assembled from sheets, thus, reducing assembly time and allowing for easier
installation. A prehmmary estimate of the cost for the panels shows them to be

“comparable to current desngns Based on the retail cost of the materials used to
construct the prototype panels, the proposed design costs $7.00 per square foot. From
1991 to 1995, reported average costs' for installed barriers are $14 per square foot for
wood and $18 per sqdare foot for concrete. Assuming the barrier material cost
comprises one third of the total installed cost, this equates to a material cost of $4.67

- for wood and $6.00 for concrete. The hfecyole cost of the recycled plastic design is

expected to be significantly lower due to its inherent characteristics which is durable
and recyclable h ,

S

4.0 CADICAAProgram B

With a more complete knowledge of the matenal behavior from Phase |, a computer
program was developed to analyze and design recycled plastic sections. The program
uses the nonlinear material model obtained from tests and classical beam theory to
predict the response ofa recycled plastlc beam. Two distinct regions were noted in the
cross section of thick (e.g., 4x4) recycled plastlc members and the properties were
found to differ in tension and compression. These regions were termed 'core’ and 'shell’
and thus to completely describe the behavior in ﬂexure four sets of material constants
are needed for the material model. It was shown in'Phase | and Il that it is possible to
predict member response with good accuracy (5 - 10%) using this method. The key
advantag&é of this are that it incorporates the material nonlinearity into the analysis and
allows for differences in tension and compression behavior. This avoids the ambiguity
of selecting the "correct’ Modulus for this nonlinear material.

While this analysis'can be applied to any recycled plastic beam, it will be discussed

- here as applied to the proposed noise wall design. The principle limitation is that
because the analysis is two dimensional, the results cannot be used to determine the
amount of two way action, particularly in the outer (windward) face. For the 12 ft panel
above, the program anticipates a 0.55 inch (1.4 cm) defiection at the top of the cross
section under the 33 psf distributed load. This compares well with the test result of 0.53
inch. It is well worth noting that thevprogrém predicts a predominantly linear response

1. SummaryafNouseBametsConstructedbyendofl”S u.s. DepamnmtofTranspatauon.TheWall
Journal.lssueNo.27 1997 : )



indicating that the material is well below the ultimate stress level at this loading and for
this case, the previous linear FE analysis is valid. This conclusion can only be obtained
when the material nonlinearities are taken into account. As a design aid, one can use
this sort of reasoning to determine qualitatively where the material is on the stress-
strain diagram and determine if a linear analysis is appropriate.

- The FORTRAN source code and executable file for this program are on the attached
diskette. The program is also accessible via the internet where the user can directly
plot the load deflection response although fewer program options are available. Figure
1 shows the input fields for the internet based version found at http:/koenig.nijit.edu/
~ala/keith/JAVA/rp.html. The numbers entered in the fields represent the 12 ft prototype

. panel, the distributed load box is checked, and the ultimate load of 5.5 pounds per inch
(33 psf) is entered. The’ |gnore core’ option is activated and suitable for analysis of this

. section because the prototype is entirely 'shell’ material. ‘As noted prewously, the
appearance of distinct core and shell regions disappears with thinner sheets and the
sheets used to construct the prototype panel (0.5 inch) showed no evidence of this
distinction. The internet version uses the material constants of Manufacturer B noted in

- Phase | because it is completely recycled plastic (i.e., no additives) and is considered a

good choice of recycled plastic in terms of durability and availability.

While the FORTRAN version does not directly plot a load deflection graph, it is more
flexible. If a material other than Type B is to be considered, this program will be needed
along with the material constants that define that material. The appropriate constants
for recycled plastic mixed with fiberglass and recycled plastic mixed with wood fibers
are listed in the Phase | report. The program first develops a theoretical moment
curvature array and then uses this to obtain the theoretical load deflection. The internet
version operates in the same way but does not allow the user to change many of the
values that effect the accuracy of the resuits. It has certain default values that may not

. be appropriate for all loads and sections considered. These include:

* material constants (properties)
* maximum strain reached .
~ * tolerance for the force imbalance
* number of iterations
* number of subdivisions of the cross-section
* number of moment curvature points
* number of load deflection points
* step size along beam for integration



If the user requests a load beyond the maximum moment that the section can support,
the load deflection data is processed up to the maximum load possible and the
remainder of the array is filled with zeros. For this reason, the user should attempt to
nearly realize the maximum load of the section as it will give the best representation for
the default range. If more accuracy is desired, parameters such as the number of '
iterations, subdivisions, and points should be increased. The internet application does .
however, allow the designer to quickly review different configurations. Variations in

shell thickness and overall depth of the cross section can be easily examined with

varying lengths conceivably allowing for an optimal section size and post spacing to be
‘determined for a particularneed. :
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5.0 Guardrail System

- The primary function of a guardrail system is to contain and smoothly redirect an errant |
- vehicle. In this study a guardrail system that uses recycled plastics posts and W-beam
railing was considered. The flexible nature of the posts is expected to reduce after-
collision kinematics of the vehlcle thus, minimizing occupant's risk. As shown in Phase
Il report through crash analysrs using Barrier VI, the maximum lateral and longitudinal -
accelerations are reduced significantly when recycled plastics posts are used instead of
steel posts. However deflection of the system using recycled posts is much higher.

But, no limitation on deflection was found in the Recommended Procedures for the
Safety Performance Evaluation of Highway Features (NCHRP Report 350).
o Ly - . ( ' .

~ In arecent report by FHWAresults of a full scale crash test using similar design (i.e.,
recycled plastic posts and W-beam railing) is reported. The conclusions of this study

are that the test data complies with the requirements of NCHRP Report 2302 but the
test is considered unsuccessful because of large lateral deflection. However, the report
does not provide a reference on the “established value of less than 1m (3 ft)” for Iateral
deflection. The impact conditions in the crash test reported were a 2129 kg (4 695 Ib)
sedan travelling at 93.5 kmv/h (58.2 mi/h) and 24.4 degrees

“In another study performed by Roschke et al.® a guardrail system that uses standard W-
beam steel rail supported by composite commingled plestic posts was investigated.
The guardrail posts are manufactured with thin-wall steel pipes encased in recycled
plastics. The study included laboratory and full-scale tests to determine if commingled
plastic post is an acceptable altemative to current standard wooden and steel posts.
 The conclusion of the full-scale crash test is that the guardrail system fulfilled its -
- primary function. The impaqt conditions were a 2,043 kg (4,500 Ib) sedan travelling at
99.3 km/h (61.6 mi/h) at an impact angle of 25.9 degrees. The maximum dynamic
deflection of 0.8 m (2.8 ft) is reported to be comparable to that for traditional designs
(i.e., strong-post guardrail systems that use wood or steel posts), -

Therefore, the sﬂitability ofa guardrail system that uses recycled plastics posts is still

1. Evaluation ofRecycledManenals for Roadside SafetyDewces U.S. Department dTransportauon.Ptm-
lication No FHWA-RD-97-XXX, March 1997

2. NCHRP Report 350 is an update to NCHRP Report 230.
3. Roschke, Paul N, R. P. Bligh, and K. R. Pruski, "Commingle Plastic Guardrail Post,"
ASCE, Journal of Transportation Engineering, Vol. 121, No. 2, March/April, 1995.
_ Do {

i




an open question that will require further investigation. Design requirements must
consider the flexibility of the system and application of current requirements that have
been developed based on rigid systems may not be appropriate.

6.0 Conclusions - | e

- The results of this study indicate that recycled plastic is a viable material that can be
used in the construction of certain components of the highway system. The noise wall
panefls developed and investigated under this study will have structural and acoustical
’performance comparable to traditional designs. Furthermore, they are much lighter
making them suitable for mounting on structures such as bridges. For the same reason,
the design can allow for greater panel length, thus, malung more economical des:gns
by further reducing the number of posts. Weight and limit on stresses during
construction and transportation are among factors limiting the length of current designs.

Therefore, itis recommended that the prcposed deslgn be installed in field in an
experimental basis. This will allow evaluation of environmental‘ effects such as long
term freeze / thaw exposure, objects thrown from trafﬁc striking the panels and similar

~ field condmons that were not a part of thls study

‘The use of recycled plastiw in the design- of a guardrail system as postsis.
questionable using current design methodology which was developed based on
performance of strong-post systems. Another possible issue in application of recycled
plastic as guardrall posts is constructability. Currently, steel posts are hammered in,
however, placement of a recycled plastic post will require drilling a hole in advance
The cost associated with this two steps process need to be consndered

Recycled plastlc lumber is a thermoplastlc material and highly suscep'able to
temperature and the effects of creep are significant. Itis recommended that sustalned
stress levels greater than 10% of ultimate should be avoided. Furthermore, freeze/thaw
exposure indicates that récycled plastics with high percentage of add‘rtivés (such as

~ wood fibers) are not suitable for Iong term outdoor exposure. Quality control and
development of testing standards are issues that need to be considered by '

| manufacturers and organizations such as ASTM. Recently, ASTM approved first set of
test standards. These are: D6108-97 Compressnon D6109-97 Flex, D6111-97 Density,
D6112-97 Creep, and D6117-97 Fasteners Work on coefficient of thermal expansion,
shear properties, coefficient of fnctlon and specmcatxons of deck boards and joists are
currently underway. : : ' '



Future studles should mvestrgate the use of recycled plastm in the design of other
highway appurtenances such as ‘culverts and glarescreens. Long term performance
evaluation and durabllrty manufactunng techniques (rotational molding, heat welding,
etc. ) and desrgn specs are also among areas that requ1re further research
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Recycled Plastic, Sound-Wall Box Beams :

1.0 SET-UP

1.1  Plastic Beam Speclmens

Construction of the box beams was done a ‘week before testing. Plastlc has the tendency
to creep with time and temperature variations, thus minimizing time between construction
and testing reduced the possibility of any problems associated with failure of the
fasteners. Two (2) 2ft x 12ft x Y2 in. and two (2) 7in. x 12ft x Y% in. plastic sheets
comprised a box beam. The beams were assembled screwing 2 inch #6 course drywall
screws into pre-drilled holes spaced 3 in. on center for the entire 12 ft length of the beam.
 Temporary supports were placed inside the beam to accelerate the construction process.
Two (2) beams were constructed with the material available and will from this point on
be referred to as Beams A and B respectively. A typlca.l beam is illustrated in Figure
Al

1.2 Testing Frame Configuration

The Wind Load Test Facility at Clemson University was utilized to perform pressure
tests on the box beams. Specifically the 144 square foot vertical-testing chamber
provided ample room to subject 2 x 12-ft specimens to various pressures. After
discussing several testing frame designs, a final one was selected and built based on both
simplicity and efficiency. Only a portion of the chamber, approximately 3 ft, was
necessary for testing, so the remainder of the chamber was internally blocked off with
2x12’s as shown in Figure A.2. End supports were built with the dimensions currently
used in the field and are illustrated in Figure A.3. Oriented strand boards traversed the .
bottom of both supports and were covered with 6-mil plastic to provide a “frictionless”
surface between the support and the specimen bearmg down upon it. Each support was
connected to the side channel of the chamber using three pipe clamps. Three (3)- 2x4
braces were then screwed to the outside edge of the supports to maintain a length of
12'%ft and to prevent any possible rotation of the supports during testing. Three locations
were drilled on each of the top two braces so Linear Voltage Differential Transducers
(LVDT’s) could later be installed. A continuous piece of 6-mil plastic was taped to the
bottom 2 x 12 inside the chamber and wrapped around the inside of the end supports.

- Beams were then lowered into the frame, shown in Figure A.4, and enveloped with the
excess plastic at the top. A seal was completed by taping all edges of the plastic to the
top 2 x 12 inside the chamber. Figure A.5 shows the entire configuration, with beam in
place, prior to testing. Not shown in this figure is the pipeline attached from the back of
the chamber to the pump. Throughout the test, the pipeline was used to regulate the
amount of suction provided by the pump and a water manometer was used to monitor the
" suction. In addition, Figure A.6a and b illustrates how the plastic enveloped the

- specimen and where the suction occurred on the beam, respectively. The plastic

envelope was wrapped such that suction was applied on the inside face of the exterior
panel, producing a d.lfferentlal pressure. The suction caused the beam to be drawn
- towards the chamber.
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" Recycled Plastic, Sound-Wall Box Beams

2.0 ANALYSIS PROCESS ‘ S

The raw data was obtained and put into a format that is easier to understand. In order to
ensure reliable results as well as ease the analysis, several steps were required to analyze
the data. The following sections discuss in detail the analysis process. Da1a for Beams A
and B are located in Append1x Band C, respectlvely

2.1 LVDT Calibration

- All data was obtained in the form of voltages which were then converted to
displacements through a calibration process. Each LVDT was displaced 1-/% inches
while simultaneously measuring the resulting differential voltage. Calibration factors for
each LVDT were obtained by dividing the displacement by the change in voltage. Both
one and two inch range LVDT’s were used with calibration factors of approximately
0.1in/volt and 0 2m/volt, respectwely All calibration factors are shown in Table 2.1.

{

5 ‘ TABLE 2.1 Calibration Factors for LVDT’s

Top Left TopRight_l Middle Left |Middle Center| Middle Right
0.1007 | 02040 | 0.1002 | 0.2179 | 0.2006 - | o.1984

Top Center

NOTE: All factors in Inches per Voit

2.2 LVD’I‘ Locatxons , ‘

LVDT’s were located at the coordinates hsted in Table 2.2 and illustrated in Figure A.1.

It should be noted that the Middle Center LVDT was located slightly off center.

However, using beam theory analysis with simply supported boundary conditions, the

actual center displacements can be compared with the offset location with a very high
degree of accuracy. Supportmg calculatlons can be found in Appendxx H.

TABLE 2. 2 LVDT Locanons

2l Coordinates

LVDT location | X Y

Left .5 22.5

- Top | Center | . 72 225

Right 139 225

Left \ 475 12

Middle. |- Center '89.75 | Co12

Right 138.75 . 12

NOTE: ' 1.) All coordinates in Inches, and p
2)Theongm|slomtedatthclowerlcﬁcomerofmebeams

14



Recycled Plastic, Sound-Wall Box Beams .

23  Determining Dlsplacements ‘ -

Displacements were calculated by zeroing all voltage readmgs by each LVDT initial

voltage reading, then multiplied by the appropriate calibration factor. These » ,
displacement readings account for the beam’s position throughout the duration of the test. -
The readings were then adjusted for the rigid body shift (RBS) that occurred in the
beginning of the tests at very low pressures. The dlsplacements were also adjusted for

the cyclic load applied to the specimens. While testing the box beams, the pump had the

‘ tendency to cut-off prematurely with the gradual restriction of air loss. Figures B.1 and
C.1 show dlsplacement time history plots for Beams A and B, respectively and indicate

‘when the pump cut-off and was re-started. In order to achieve higher pressures “sub-
tests” were performed. These subsequent tests began capturing data where the first test
ended.” The first sub-test ranged from zero to approximately 45 psf for both Beams A and
B. Two subsequent tests on Beam A were necessary.to.reach pressures around 80 psf
whereas only one was needed for Beam B. Re-starting the pump essentlally_subJ ected the
specimen to a cyclic load and moved it to a slightly new starting position each test.
Consequently, data from each sub test” had to be analyzed independently to determine

the new starting position. For each test, LVDT displacements were plotted against -

- pressure and fit with a line. As expected, the best-line does not mtercept the )
displacement axis at the origin s1gmfy1ng the beam indeed underwent a rigid body shift
prior to any relative dlsplacements of the center with respect to the extreme ends. The
 intercept indicates the magnitude of the RBS and thus subtracting it from all

displacements provides information pertaining to the deflections of the beam. Intercepts

~ of each sub-test for Beam A and B are shown in Figures B.2-B.3 and C.2-C.3,
respectively. Using both Top and Middle Center LVDT intercepts for determining the

" RBS eliminated the need for additional LVDT locations (Top Left, Top Right, Middle

Left, and Middle Left), therefore they were not used in the analysis process.

24  Equations from Sub-Tects ‘ ‘

Next, displacements adjusted for a RBS, for all sub-tests of both beams were plotted
against pressure and fit with a'line. Table G.1 lists all the deflections plotted in Figure
G.1. Based on the slopes of each equation, mid-span deflections at the Top and Middle

of the beam at any pressure were determined with less than 3% error. The equatlons are
in the form of y = -mx, where y is dlsplacement in inches, x is the pressure in pounds per
square foot, and m is the slope in inches per pounds per sq. ft (in/psf). Slopes and -
correspondmg coefficient of correlation values (R?) are listed in Table 2.3. It should be
noted that equations are based on all data collected in which pressures ranged from 0 to

93.6 psf » |
" TABLE2.3 Slopes of Top and Middle Center LVDT’s

. |swoperm| R
Top Center | 0.0161 | 0.9740
Middle Center | 0.0191 | 0.9747

- 15
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3.0 MATERIAL PROPERTIES :

Coupons were made from the same sheets of plastic that the beams were made from.
This ensured an accurate determination of the material properties of the beams being
tested. Both the tensile and compressive Modulus of Elasticity were of interest. The
following sections describe how these properties were obtained. All data from the

tension and compressmn coupon tests are provxded in Appendlx D and E, respectlvely

3.1 Tensile Modulus of Elastlcxty (TMOE) :

Three (3) tension coupons were milled from the excess material. Each coupon was given

a two-inch gage length and placed in a Universal Testing Machine. A tensile force was

applied at a rate of 0.1 in/min arid extension readings were taken every 100pounds. At

first it'was thought that an extensometer would disturb the coupon when attaching to the
two-inch gage length, therefore, the initial attempt at measuring extension was through

'~ the use of dividers. Figure D.1 shows how this method provided data for the duration of

the test. However, at the beginning of the;tes't, extensions became difficult to read using
this method so subsequent coupons weretested with an extensometer. The extensometer

- provided precise information in the beginning of the test but began slipping after some

time. This resulted as the thickness of the necked region reduced with load, therefore,
readings were discarded after slippage had occurred. Normal stress strain curves were -
then constructed and the MOE was calculated from the linear portion’on the stress strain
curves for only the coupons tested with the extensometer. As seen in Figures D.2 and
D.3, neither coupon behaved linearly for the duration of the test therefore slopes were
taken at the proportional limits. These limits were chosen such that the stresses at these
points were slightly greater than the maximum stresses mduced at the extreme fibers of
the beam when tested. Calculations of maximum stresses can be found in Appendix H.-
The first coupon exhibited signs of “tearing” in the necked gage length region whereas

~ the second and third appeared to have foreign contents in the failure surface. The non-

uniformity experienced in the latter is to be expected when working with recycled
materials. Both coupons exhibited a non-linear, ductile failure with a MOE around 215 :
ksi. Shown in Figure D.4isa typlcal failed tensmn coupon.

3.2  Compressive Modulns of Elastlclty (CMOE)

Compression coupons were made with the dimensions of 4 x 1.3 x 2 cm. These were
placed in a Universal Testing Machine and applied a compressive load along the 2cm
direction at a rate of 0.05 in/min, Extension readings were taken with the crosshead
movement every 200 pounds, up to 4000 pounds. Thereafter, the load increased much
slower allowing readings to be taken every 100 pounds until the coupon visibly yielded
(approximately 30% strain). Stress-Strain curves of the material in compression were
then constructed and analyzed. Three (3) coupons were tested and all provided similar
plots. Figures E.1-E.3 show the non-linear behavior of the material. The CMOE was
calculated using the linear stress strain relationship at low stresses. CMOE ranged from
62 to 75 ksi with an average approximately 65.5 ksi. ‘Figure E.4 shows an original and
the three tested compression coupons. All coupons deformed in a similar manner.

16



Recycled Plastic, Sound-Wall Box Beams.

| 4.0 COMMENTS

4.1  Behavior of Connections

As shown in Figure F.1, some screws had the tendency to come out the side of the % inch
thick piece they were being screwed into. However, this did not seem to effect the
overall performance of the beams in that no signs of failure were evident in either the
screws or plastic. In addition, no sign of slippage at the connections was observed
throughout the tests suggestmg the beam performed as if it were an extruded piece of
plastic. ‘

4.2  Stiffness and Flexxbxhty of Plastic
When handling individually, the sheets of the plastic were very difficult to handle, they
were very flexible and would deflect approximately 4 feet. 'However, when assembled
into the box configuration, there was no apparent deflection whatsoever when handling.
Moreover, when testing the box configuration, deflections at the mid-span never
exceeded 2 inches. The flexibility of the box beam configuration can be seen in the slope
of the equations in Section 2.4.. The stiffness is inversely proportional to flexibility, and
thus the slope, and can be expressed in units of psf/in. The stiffness of the two center
LVDT locations are listed below in Table 4.1.

TABLE4.1 1 Stxﬁness of Center LVDT Locations

! Stlffness
(psf/in)
Top Center 62.1

Middle Center | 52.4

43 Rigid Body Movements

Immediately after the pump was turned on the entu'e beam underwent a rigid body
translation. The translation was detected by all LVDT’s and is a result of the intended
gap between the support and the beam, shown in Figure A.3. Also detected was the rigid
rotation of the top of the beam coming into contact with the supports. This can be
explained by excess plastic that built up under the inside edge of the beam when
installing it. This also explams why Top Center intercepts are roughly twice as large as
the Middle Center. With essentially a pivot point at the base of the beam, a rotation with
respect to this point caused twice as much movement at the Top of the beam with respect
to the Middle because it is twice as far away.

4.4  Beam Profile at Mid-Span
During the test, the Middle Center of the beam was observed to displace more than the
Top, resulting in a concavity of the beam profile. Accordmgly, this was accounted for in
the LVDT displacements. In order to plot the profile at various pressures, a bottom
location was assumed to act the same as the top. This allowed for a line to be connected
trough three points at each pressure level. The equations from Section 2.4 were used for
plotting displacements using pressures ranging from 0 to 90 psf in increments of 10psf
A mid-span profile plot cant be found in Figure [ F2. :

/




[Z.
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~

4.5  Deflection of Beams g

No signs of failure were evident in either beam tested. Pressures in excess of 90 psf were
achieved while mid-span deflections never exceeded 2 in. As supported in Section 2.2
and shown in Figure G.1, the beams demonstrated an overall deflected shape of a simply
supported beam. Using this observation, theoretical mid-span deflections for a simply
supported beam were calculated, in terms of pressure, and compared to the equations
given in Section 2.4. Calculations can be found in Appendix H. Slopes were calculated
using three different MOE’s, the TMOE, CMOE and an average of the two MOE’s. The
latter providing the least amount of error of 11.3 and 5.2% for Top Center and Middle
Center locations, respectively. Comparisons can be found in Table G.2. Due to the
concavity mentioned ea.rher, both Top and Middle Center displacements are listed for
comparison. ¢

Reasons why the differences between the two exist are as follows. Theoretical equations
assume the beam is prismatic, monolithically extruded eliminating the use of screws.
The fact that screws are holding the plastic together in the beam configuration allows for
potentially small displacements between the layers of plastic, resulting in larger
deflections than those obtained theoretically. Another explanation arises when
exammmg the contact area between the beam and the end supports throughout the test.
Theore’ucally, the tributary area for a box beam is 12ft by 2ft, providing the simple
support is only in contact with the two extreme ends of the beam. However, when
subjected to pressure the beams bear on the inside face of the supports thus reducing the
clear span from twelve feet to something slightly less. The theoretical calculation does
not compensate for the reduced length and thus computes theoretical deflections greater
than those obtained experimentally. Theoretically this will result in calculating
deflections larger than those obtained experimentally. This would be the case when
examining the slope comparison of Top Center LVDT with that obtained using beam
theory with the average MOE. The slope of the Top Center (0.0161) is indeed less than
the slope obtained using beam theory (0. 01815) '

18—
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4.6  Relationship Between Pressure and Wind Speeds

~ As requested, Table 4.2 was produced to provide a relationship between the pressure
induced on the plastic box beam and wind speed. Wall height was also taken into
consideration when making the table. The table is in accordance with American Society
of Civil Engineers Minimum Design Loads for Buildings and Other Structures (ASCE 7-
93). Several tables and sections of the code were referred to and are noted in Sample
Calculations H.4 which can be found on page H-5 in Appendix H.

TABLE4.2 Wind Speed, Pressure and Wall Height Relationship

Height

Fastest Mile

Pressure
e Wind Speed
() (mph) (psf) )
70 - 143
<15 90 23.7
. 10 354 ,
' 70 15.2
20 90 25.2
110 376
70 - 16.8
30 90 C 277
P 414

110

19
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~ APPENDIX A

FIGURES OF BEAM, END SUPPORT
| - AND TESTING FRAME
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Figure 4.6 Suction from Enveloped Plastic
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BEAM A DAT4
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Figure B.3
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Figure D. 1

Strain (in/in)



TableD.1

D_eterrnining of Modulus of Elasticity

ERE Coupon #2 -
Width = 0.704 in
- Thickness = -~ 0.456 in;
- Area=  0.3210 in2
Gage Length = 2in.
Load Rate : Extension| o, . Strain
(in/miin) Load (#) (in) Stress (psi) (infin)
0 | 0.00000 0.0 --0.0000
50 0.00200 1558 0.0010
100 0.00350 | ~ 311.5 0.0018 ||
150 | 0.00435 |~ -467.3 0.0022 -
- 200 0.00580 | - 623.0 0.0029
.~.250 0.00680 . 778.8 0.0034
300 0.00880 | 9345 0.0045
350 0.01070 1090.3 0.0054
400 | 0.01250 1246.0 0.0063
450 0.01500 | ~1401.8 | .0.0075
01 500 0.01689 | 15575 | 0.0084
" 550 0.01998 1713.3 0.0100.
600 0.02270 1869.0 0.0114
- 650 0.02630 | 2024.8 0.0132
700 0.02980 2180.5 0.0149
750 0.03470 2336.3 0.0174
800 0.03970 2492.0 0.0199
.. 850 0.04560 2647.8 0.0228
900 0.05268 | - 2803.5 0.0263
950 0.06010 2959.3 | -0.0301
10007 | 0.06900 |  3115.0 0.0345
1050 0.07910 3270.8 0.0396
214568 psi from besi-fit line using -

pressures from 0 t0 778.8 psi -
with an R? value =

36

0.9765
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Figure D.2
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- TableD.2

Determining of Modulus of Elasticity

J

: ' R Coupon #3
‘ , Width="_ . 0685 in
Thickness= 0454 in
. Area= 03110in2 .
~Gagelength= -~ 2in

Load Rate Load (@) Extension| - Stress Strain
(in/min) | (in) ~ (psi) | (infin)
Q. 0.00000 | 0.0 0.0000
50 | 0.00218 | 160.8 0.0011
100 | 0.0028Q | - 3216 | -0.0014
150 -1-0.00430 |- 482.3 | -0.0022
200 | -0.00580 643.1. | 0.0029
250 . | 0.00750 | . 803.9 '0.0038 -
300 0.00960 | 964.7 | 0.0048
. : ~ 3560 0.01150 11254 10.0058
L . ). 400 0.01345 | 1286.2 | 0.0067
' g 450 0.01530 | :1447.0 | -0.0077 ||
500 0.01800 | 1607.8 | 0.0090.

101 550 10.02190 | 17685 | 0.0110 |
600 | 0.02490 | 1929.3 | 0.0125
~ 650 | 0.02930 | 20801 | 0.0147 ||
700 | 0.03390 | 22509 | 0.0170
750 | 0.03860 | 2411.7 |. 0.0193
800 | 0.04490 | 25724 | 0.0225
850 | 0.05260 | 27332 | 0.0263
900 | 0.06010 | 2894.0 | 0.0301
: 950 | 0.07130 | 3054.8 | +0.0357
{1000 ‘| 0.08375 | 32155 | 0.0419 §
- E= 216314 psi from best-fit line using
‘pressures from 0 to 803.9 psi

- withanR’value=" 0.9855
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Figure D.5 Typical Failed Tension Coupon
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Table E.1

Determining of Cdmpressive MOQE

Coupon #1
Width=  1.573in
Thickness = 0.456 in
Area= 07173 in2 ° ‘
Original Length = 0.791 in .

: Extension| Stress | Strain

Lo2d@® ) am | (esh | (iniin)
Q 0.0000 0.0 | 0.0000

100 0.0024 139.4 0.0030

200 0.0045 278.8 | 0.0057
400 0.0072 557.7 0.0091
800 0.0097 1115.3 - { 0.0123
1000 - 0.0118 1394.1. 0.0150
1200 0.0134 1673.0 | 0.0169
1400 | 0.015% 1951.8 | 0.0201
1600 0.0179 2230.6. | 0.0226
"~ 1800 0.0190 2509.5 | 0.0240
2000 0.0234 2788.3 0.0296
2200 -0.0290 3067.1 /| 0.0367
2400 0.0332 | 3345.9 0.0420
2600 0.0372 3624.8 | 0.0470
2800 ' 0.0425 3903.6 0.0537
3000 0.0485 41824 | 0.0613
'3200 0.0567 4461.2 0.0717
3400 0.0667 4740.1 0.0843
3600 ‘0.0812 7| 5018.9 | 0.1027
3800 0.0997 5297.7 | 0.1260
4000 0.1198 5576.6 | 0.1515
4100 0.1307 | 5716.0 | 0.1652
4200 0.1406 58554 0.1777
4300 0.1498 | 5994.8 0.1894
4400 | 0.1595 6134.2 0.2016
4600 0.1775 6413.0 .| 0.2244
4700 0.1857 6552.5 0.2348
4800 0.1948 | 6691.9 | 0.2463
4900 0.2037 .| 6831.3 | 0.2575
5200 0.2309 72485 ] 0.2919
5300 0.2413 | 7388.9 0.3051

Compresswe Modulus of Elashc:ty was determmed to be

75553 psi using stresses from 0'to 1115.3 psi. ’
withaR*=  0.8927 -
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Table E.2 Determining of Compressive MOE

Coupon #2

Width = 1.573.in . : Y
Thickness = 0.457:in
: Area=  0.7189.in2
Qriginal Length = 0.791.in

‘Extension| Stress | Strain
Load @ |~ ) (psi) (in/in)
Q - 0.0000 0.0 0.0000
100 -0.0037 | 139.1 .0.0047
200 - 0.0057 278.2 0.0072
600 0.0107 | 834.7 | 0.0135°
800 0.0125 1112.9 0.0158 -
1000 0.0145 | 1391.1 0.0183
1200 0.0163 '| .1669.3 .|. 0.02086.
1400 -] 0.0189. 1947.5 ].0.0239 § .
1800 0.0237 2504.0 | 0.0300
2000 ..0.0263 2782.2 0.0332
2200 |-.0.0302 | 3060.4 0.0382
. 2400 0.0339 .| 3338.6 0.0429
v ’ 2600 0.0392 3616.8 | .0.0496
: /2800 :0.0443 3895.1 | .0.0560
3000/ | 0.0514 4173.3 0.0650 |
3200 | 0.06068 | 4451.5 0.0766 §
3300 | 0.0662 4530.6 '0.0837
3400 0.0734 4729.7 | 0.0928
3500 | 0.0800 | 4868.8 0.1011 §
- 3600 0.0898 | -5007.9 | :0.1135
3700 |.0.0990 | 5147.0 | 0.1252
3800 0.1108 | - 5286.1 0.1401
3900 | 0.1215 |  5425.2 0.1536"
4000 | 0.1327 5564.4 | .0.1678
. 4100 0.1437 | 5703.5 | 0.1817
4200 0.1536 5842.6 0.1942
4300 +0.1638 . | 5981.7 0.2071
4400 0.1742 | 61208 | 0.2202
4500 0.1833 6259.9 |  0.2317
4600 0.1952 6399.0 | 0.2468
4700 0.2028 6538.1 | '0.2564
4800 | 02132 | 6677.2 | 0.2685
4900 0.2361 6816.3 | 0.2985
5000 | 02493 . | 6955.4 0.3152
Compressive Modulus of Elasticity was determined to be
62253 psi using stresses from 0to' 1112.9 psi.
. withaR*= 0.9246
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Table £.3 _ Determining of Compressive MOE

Coupon #3
Width = 1.574 in
Thickness =~ 0.456 in
Area = 0.7177 in2
Original Length = 0.787 in

: Extension| Stress Strain
Load @ | Gm) | (es) | (@nAn)
0. | 0.0000 ] 0.0 0.0000 |
200 0.0045 278.7 | 0.0057
400 0.0072 557.3 0.0091
600 0.0093 836.0 | 0.0118
800 0.0125 | 11146 | 0.0159
1000 | 0.0142 | 1393.3 | 0.0180
1200 ‘| 0.0165 | 1671.9 | 0.0210
1400 | 0.0189 | 1950.6 | 0.0240
1600 0.0217 | 2229.2 | 0.0276
1800 | 0.0247 | 2507.9 | 0.0314
- 2000 0.0278 | 2786.5 | 0.0353
2200 0.0319 | 3065.2 | 0.0405
2400 | 0.0363 |, 33438 | 0.0461
2600 0.0417 ;| 36225 | 0.0530
2800 | 0.0483 | 3901.1 0.0614 -
3000 0.0563 | 4179.8 | 0.0715
3200 0.0673 | 44584 | 0.0855
3300 0.0739 | 4597.7 | 0.0939
3400 0.0813 | 4737.1 0.1033
3500 0.0902 | 4876.4 | 0.1146
3600 | 0.0998 | 50157 | 0.1268
3700 0.1093 | 5155.0 | 0.1389
3900 | 0.1287 | 5433.7 | 0.1635
4000 0.1387 | 5573.0 | 0.1762 : ,
4100 0.1483 | 57123 | 0.1884 § S
4200 0.1574 | 5851.7 | 0.2000 :
- 4300 0.1667 | 5991.0 | 0.2118
4400 0.1753 | 6130.3 | 0.2227
4500 0.1837 | 6269.6 | 0.2334
- 4600 0.1924 | 6409.0 | 0.244S
4700 0.2013 | 6548.3 | 0.2558
4800 0.2100 | 6687.6 | 0.2668
4900 0.2183 | 6826.9 | 0.2774
5000 0.2269 | 6966.3 | 0.2883

5100 | 0.2357 | 71056 | 0.2995
5200 | 0.2448 | 72449 | 03111

Compressive Modulus of Elasticity was determined to be
' 67427 psi using stresses from 0 to. 1114.6 psi.
withaR?=  0.9763
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Figure F.1 Screws Protruding from Sides.of Beam
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Figure G.I Deflected Shape of Beam During Test




Table G.1

Mid-Span Deflections For Al Sub-Tests of Both Beams A and B

r Deflection (in)
Beam | Sub-Test #] Pressure (psf)| Top Center | Middie Center
g . ' 52 - -0.09 - -0.10
104 -0.15 . - -0.19
. 7.28 -0.13 -0.13
10.4 -0.16 - . -0.18
15.6 . -0.23 -0.29
- 20.8 -0.31 -0.39 -
1 - 22.88 -0.34 - -0.43
312 -0.45 -0.55
- 35.36 -0.52 -0.63
- - 3744/ -0.56 -0.68,
A - 38.48 -0.59 -0.71
' 4576 -0.71 -0.83
46.8 -0.75 -088 |
52 -0.92 -1.02 |
1 56.16 -0.97 -1.07 .
~'~2 572 -1.00 111 |
‘ 5928 -1.03 114 |
676 . -1.17 -1.29 |
728 127 -1.39
3 78 -1.12 -1.256 "
‘ 832 -1.46 -1.58
3.12 -0.06 -0.11 i
62 -0.12 - -0.15 I
62 -0.14 -0.17 '
125 ' -0.20 -0.23
15.6 -0.29 -0.33
16.6 -0.31 - -0.36
1 218 -0.37 / -0.43
. . 26.0 -0.44 -0.51
29.1 ~0.50 -0.59
322 - -0.55 -0.64
B 354 ~-0.61 -0.71
‘ 36.4 -0.63 -0.75
- 416 -0.80 -0.96
46.8 -0.87 -1.04
52.0 -0.74 -0.95
59.3° -0.89 -1.14
62.4 -0.95 -1.22
2 676 -1.04 -1.34
70.7 -1.11 -1.43
81.1 ~1.20 -1.54
86.3 -1.38 -1.78
93.6 151 -1.96
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Figure G. 1\7
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Table G.2 Mid-Span Deflection Comparison Using Beam Theory and Section 2.4

Slopes* Using Table 2.3
of Section 2.4

. Middle
Top Center | Center

_ 0.0161 0.0191

N % Difference
G Top Middie
. x 1
MOE Used’ Value (psi)|  Slope . Center Center
Tensile 2.15E+05] 0.01184 36.0 61.3
l[Compressive | 6.55E+04]| 0.03886 58.6 50.8
| verage 140250 0.01815 11.3 - 5.2

* - Denotes the slope found in the formula: y = -mx

1

where:

- see attached calculation

'y = deflection in inches
/X = pressure in psf
m = slope in inches/psf
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APPENDIX H

SAMPLE CALCULATIONS =

57



85

vﬂu-’vw‘] ‘ﬂim'b
@AW 0l 3 5\: mswxa’) 196871 =20
ARL o =0 20l sedtE —yooe °L ™07 sH |

F~N
 /

/QQP‘ = TeEER Y, = 2Ha A

Noh—

(W XWZ ) B g

[L7 “ouoR ¢ 7z YL W"Z\—] YISl =X
| . QK‘L‘V‘D" }‘_\Uf\"), 43D D Seungs 4< &\1

- T QZIRLSS =

,(‘ ! >€‘. " _ ‘
% At pouv_—;:/z . W. C Ianes -
L o 284397 | TN A add : . =
#ly 'l hj.mS V

N

\«253;7  oavad Y 3 é. S50 'mwv

gl AT 1 1

iy
‘ S -;g:_:ml:fg mo@g C

% <—-7:<7.4

Savas MOUW oDy SdL S MLy RY gD TYBWES  Znaaw
133340 3dl. WISn  igtSSY eI AL (ters NTILASTIYD S|

<

<- J VAl P L oA, Sn dozAS oy
Vi \OU.W\’)"VD S . , i‘_.:djb.,gb“:(\ uozEL o/

wh i



65

ﬁ.m\,mv.ﬁa.}w:ﬁmamwu - o Vv _%

RS TGPy f.E-

e mm,.Jﬁm =

E, hw -]z hz) - @FLN@ %F@LN mu,hf M\% N&.H |

.u__u,,@fm\, 2AL wﬂwﬂ;,ﬁ .J_Px : " :

W:.TN ‘ UL

. $3TRERE VOIS o Avunewa) f:

M!.#@ ﬂ‘u W L2N<8<< = d/\( |
Mw\g ﬁtw by ﬁoﬁ&ﬂr - muuzz anm -

o Eﬂ& NE L}z

RTUSIY ¥ <L 3R L ol T
RORY AL B Tz X0 L_L | . Jf
Tiain T\.WA\LHJLTN' ~ LS adf); B .
‘v S 32T v NS 1 ‘ \v : \~ ,
" G

| S susai AL oNdnd
A2V Tzursszd L Wozd gl anll = su2 T

s

.Nﬁ . ZQ...MJH.U&U, 29M2)  Iotod @(ﬁdoﬁ) . Wzt A.\Nww\\wNFA/J..



CAL,;\)W\ e (cont) 2/

")\ ,\/\}02\01\\.5 er.:\\té o YESExESsS

in: HiehEesT \‘?zzssoe_c Aci.-x.te\-)a:.-' W TTHE ST

T =25 (B yyrzz = o
eSS | , | )

C Thesmee TAE  RmfllimAL Umre B R

6REATTL-  THHAR s Adwuaavan ST\ZES'S

N - o ' , : i : ) : . .

60



) [

COMPAQ_)/\JG L\, '—"ZCN\ —.EST S E. E"dlf"\ T : -CAU-Q\A‘T‘ oM “.‘3

\

| ‘i\ qlmp\_y ‘SJPPQ'CT@ %‘V“

| Nag = Swl' _ 1ol o
. - ZRHEL | 3BEL b
| o _ loptt |

\NHEE > = Presswes n E‘—‘/ﬁ(_‘]
T = {44
T = Zw.g%mq

- HwBEL

€= Nawws oF CusTiaTY,

76'?.\ USING: _E = Tenae Mo::\ws UF—EW“JH ”

- 2s54S.47 |
. =P = o.Tle
AW RN I

;) ‘\)s‘mej € = C)N\PQE,SSNE Mzpsawas  oF EL*‘““W’)

Do = ZH1Tp _ ooTtlep
pS.SER

C.\ ' . - - ,

) _.Usmb E = Avace o= QmoE <Thee -

. - VA

. _ 7 SE’&*—L,'S‘.?E‘&A '
E= T o.2Sks

| 2
’ :. . L:'{ . ‘ ‘ Vo
A,Mw = 2 S-ﬂzp = /O'O\Q]'SF
B [ Y0.25€3 : )

o9

I Eewnens Teom TEST .
.I‘;P C&mEL N= O~6\b\p
Mooe Cevez. [N\ = 009D

61




Asce .93 \,,.U\.mﬂ\(krf O\(P | mvrn,u(w?..oz i.J X

B \. .
_r,vnvﬁcﬁjiuro,i ;QL .,Zw:m A.hq:u m.nD..oZAConnﬂwﬁ

ERET , WS ZEFTED.  [wES ArBiZE,  HEWTS < BT MIE Wi

sFeEDt  wERE  eE  oF S8 ze T 3 e o, 40 < licmph,
:LlﬂTm. nb.(h-V .

ResrFeEo et ., V,ﬁ TABES ,. TPALE  WWaZES _\.W.ﬂmU
DN BE ToxOo N .DMQH 1-93 >.>_Z>><2 "Oesiung Leacs w2 RBuwee z

OwHee .\/l_.Mcr4,bfnrm

—

" /v ém.(OP. Ty *\ﬁnm}.ﬂﬁ ﬂnﬁ &J

h ‘ \2 K
Qe=ooezse Ke (@) > {EpD) T LS ,p
o TS wsING ComPQIENTS W CATEING

o pYPESURE © oty S - -
o CUWSSIFlgdNor CATEGEY HH - ,pmfmu.gm.u(

ASs eex M,rwn. ©.Z

T=095 — TS , A\
Ke= [o8c - ke Wszig I .
4 0,81 - " W= - Tz ru B A\Z
S e38 - v ez
N

o= N, -
7)) Tesieno Fruscee r;é.

T = L2 = Tweel?, p22

: =/
W/ .Z\Zu K\N = D
, A
\ ~
i ON" _WN- n,.n.qoi 5M“m \ -
.29 ._.znn.;n\ = rmc.u.wuwv/w
1.3% h=2C

62



/ ‘ : /
N .

New Jersey Institute of Technology

PHASE-Il REPORT

by .
M. Ala Saadeghvaziri, and
Keith M. MacBain

- Research Project Supported by

NEW JERSEY DEPARTMENT OF TRANSPORTATION (NJDOT)
and ! - -

~ FEDERAL HIGHWAY ADMINISTRATION (FHWA)

NEW JERSEY INSTITUTE OF TECHNOLOGY
DEPARTMENT OF CIVIL AND ENVIRONMENTAL ENGINEERING
UNIVERSITY HEIGHTS
NEWARK, NJ 07102-1982
. JULY 1997!



OBJECTIVE . -

‘The main objectives of this study are to develop more economical traffic noise barriers and
safer road barrier systems that use innovative desrgns and new matenals such as recycled
plastlcs /

This report presents the resuits of the second phase of this stl.'jdy Included is a review of the
key ponnts found in Phase | of the study Member tests and’ companson of the results with the
model developed in Phase | and the results of creep testmg are also lncluded nghway

- applications are further developed with a prototype panel proposed in Phase | and a computer
simulated crash analysns of a guardrarl using steel posts is compared to that of recycled plastic
posts. -

RECOMMENDATIONS
Based on the research up to this point, the follOWir?g interim recommendations can be made:

. - Effective noise wall panels can be constructed of recycled plastics. Sound tests
have shown that prototype panels are as effective as traditional designs.
Furthennore they are much Ilghter makmg them suutable for mountlng on structures
such as bndges , o b

e ltis possible to predict member behavror of sectxons other than 4x4 (| e., 6x6 and
6x8) for low to moderate loads using the proposed matenal model and the methods
developed in Phase I. _

e The effects of creep are S|gn|f cant and apphcatxons with sustained stress levels

~ greater than 10% of ultimate should be avoided. The self weight of the proposed
noise wall causes a stress level much below this limit,

e Freeze/thaw exposure mdrcates that recycled plastlcs with wood additives are not
good for long term outdoor exposure :



\ (
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BACKGROUND

General

Solid waste is overloading the landfills and is a hﬁajor contributor to the environmental
probiems facing this country. Every year the U.S. alone genei'ates 320 billion Ib (145 billion
kg.) of mumcnpal solid waste. Of this waste, plastlcs comprise 18 percent by volume and 7
percent by weight [1]. Furthermore plastics and paper are the fastest growing segments of
solid wastes [2].

Recycllng is an environmentally acceptable means of reducmg SO|Id waste and conservmg

resources. Reprocessing industrial plastic waste (e.g., in-house scrap) has been a common

practice for as long as the plastic industry has existed. There have recently been significant

. developments in the recycling technology of commihgled plastic waste but the key issue to be
resolved is securing long-term, high-value markets for recycled po,lymers.'

This research investigates some of the products of the recycled plastic industry to evaluate
their mechanical and structural properties and to assess conformity of these propertfes among
manufacturers. The use of recycled plastics in development of economical and
environmentally acceptable highway appurtenances, such as noise and traffic barriers, is also
discussed.

Mixed, or commingled, plastics once destined for the waste stream are now being recycled [BL
Collected plastic scrap is granulated, then melted and processed in an extruder. The molten
plastic is then forced into a mold cavity of the shape and size of the final product. The product
can be cut and shaped with the same tools and fastening-devices used forwood: These -
molded products are resistant to attack from gas, oil, salt, sunlight, chemicals and insects and
will withstand human and mechanical abuse [4]. Test results have shown mixed plastics hold

' nails approximately 40 percent better than wood [5]. Fiberglass and treated wood fiber, both
classified as hazardous waste materials, have been 5uccessfully used to improve the .
mechanical properties [6] of recycled plastics.

Currently, moided shapes are used to m’ake park benches, guardrail block outs, fences, road
markers, landscape timbers and a wide variety of other non-structural applications/ Although it

"' has been highly anticipated that molded shapes “will replace wood, concrete and steel” [7],

structural applications of the product are practically non-existent. This is mainly due to lack of
knowledge about the mechanical and structural propertles of the material, especially their
relation to long term performance Lack of testmg staridards and design specifications
compound the problem.
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Previous work [8] has revealed that the modulus of elasticity varies greatly among
manufacturers. Creep effects [9] are thought to be significant and it has been noted [10] that
sample size and temperature affect material properties. It has also been shown [1 1] that these
recycled plastics are virtually non- toxrc which is in sharp contrast to chemically pressure
treated lumber

Phase |

/)

The Phase | investigation included material, member, and freeze / thaw tests. A noise wall
design was proposed and a material model was developed and validated. The material model
was also used in a computer program to predlct member behavior and compared to actual
member tests. The reader is referred to the Phase | report for a more detailed discussion [12].

There is currently no industry standard for the rnanufacture of RP products so there is variation
among the manufacturers in composition as well as the methods of acquiring materials. To
represent the range of compositions available, three manufacturers referred to as A, B & C
were selected for testing. Manufacturer A mixes fiberglass with the RP, B uses only RP, and C
uses 50% wood fiber in addition to the RP. Material tests were performed to asses the
material properties and the effects of the apparent non-homogeneity Visually consistent
sections were cut from the members and termed ‘core’ or ‘shell’ coupons, based on their ongln

- Standard tension coupons were 1 cm x 4 cm x 20 cm nominal and compressron coupons were
1cmx4cmx2cm. The followrng mformatron was revealed by the Phase | tests.

Typical members have a visually inconsistent cross section.

The core and shell coupons were not only visually different but also were noted to
have different dry densities and greatty different material properties.

There is a significant difference between the tension and compression material
behavior as shown in Table 1.

The material is nonlinear..

There can be variation in material properties based on the size of the section This
is thought to be caused by the rate of cooling as larger shapes cool at a different
rate. ; ‘ ' _

Freeze / thaw exposure adversely affects the material properties of products
containing wood fi bers but does not appear to ha\ge a significant affect on those
composed entirely: of RP.

- Member behavior can be predicted with reasonable accuracy for low to moderate

loads using the proposed material model and considering the contributions of core
and shell.
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Table 1 Material Properties

, max tension  compression
Manufacturer | E Ec stress stress at .
and type | (ksi) - (ksi) (psi) inflection point
: , (psi)

A Shell 625 125 1800 3250
Core* NA NA NA NA
B Shell - 270 100 12200 5100
(4x4) Core |51 35 580 1000
(6x6, 6x8) Core | 150 72 750 ' 1300
.C Shell - 1320 90 1000 . 2000
. Core 260 = 65 750 - 1900

Note: E; represents .MOdulus in tension, E; represents Modulus in compression

MATERIAL / MEMBER TESTS

Testing of 6x6 and 6x8 members in bending and 4x4 éections in axial compression was
performed. The computer program developed in Phase | was used to geherate theoretical
load deflection data which was compared to the actual testsj The program assumes that there
is a distinct division between core and shell and that the section is perfectly rectangular (i.e.,

' roundness of the comers is ignored). ‘

Flexure

Three point bending tests weré conducted on 60" long .6x6.and 6x8. Secﬁbns in accordance
“with ASTM D 198. One 6x6 and one 6x8 were tested from each manufacturer. Figure 1
shows typical 6x8 members in ﬂexure

Results

The load deformatxon results show non-linear behavior similar to the material ano member
tests of Phase . Although all three products had good ductility for structural purposes, they all

failed suddenly as reflected by the lack of a descending portion in the load-deformation curves

- in Figures 2 through 4. As with the 4x4 tests, the greater ductmty of Manufacturer B can be

. attributed to the lack of remforcement in the product.

Analytical vs. Test Results

The bendin‘g test results compared with the theoretical curve in Figures 2 through 4 show that
the analytical results agree with the experimental results within 15% for loads less than 80% of



the ultimate load for all sections tested. It is suspeéted that stress ‘concentrations caused by
the presence of impurities discussed in Phase | effect theory to deviate from test resuits,
particularly at larger loads. The theoretical curve is derived from the coupon tests, but the
member is-more able to transfer the stress concentrations to adjacent areas than the coupon
due to its larger cross-sectional area (i.e., redistribution of stress).

_The material properties reported by the coupon tests may not be entirely representative of the -
member behavior. The coupon Strain was recorded overa 2" gage length and the net effect of
specific, localized stress concentrations‘occurring in this length cannot be determined because
there are several parameters that affect how stress concenfrations will change the apparent
material behavior. Among thesé are the ratio of coupon size to impurity size, the ratio of ‘

~ coupon size to member size, the density (frequency) of the impurity distribution and the type of
strain gage and gage length. ltis not the intent of this research to lnvestlgate these effects but
rather to develop and lnvestlgate a method for the analySIs of comp05|te RP sections.

At larger loads when the material is yielding, the variation between coupon and member
behavior will be greater because for greater loads, the coupon can rely less on the impurity
bonds. This suggests that for the theoretical member, strength will be affected more than
initial stiffness. The fact that the tension strain in the member at failure was greater (typically
by 20%) than the maximum coupon strain supports this conclusion. Similarly, the theoretical
maximum bending moment (based on maximum coupon tension strain) was less than the
maximum moment experienced during testing. Because of this, the program employs a user-

“defined parameter, the curve ﬁi limit (CFL) to extend the theoretical curves for the purpose of
comparison with the tests. Thé CFL is the maximum coupon tension strain observed before
failure and when the program rgquires the stress at.a strain larger than the CFL, it uses the.
stress at the CFL. In other words, the theoretical curves are extrapolated by assuming pure

~ plastic deformation to take place after the actual observed failure.

Althou’gh all of the theoretical curves p(redict nonlinear behavior, it can be seen that they all
anticipate a more linear response than observed in the tests. it can also be seen that all but
one predict a highér uitimate load than observed which is likely due to an artificial strength
caused by the plastic CFL assumption noted earlier.
While |t is possible to model the ‘bending of RP éections based on the material behavior
| satisfactorily for low loads, this method seems to deviate more for higher loads. Because this
method is based on simpler, Iéss expensive coupon tests and does not neéessita_te separate
tests of the entire member fof;each specific cross section considered, it is anticipated that it will
~ prove useful for RP analysis. ;Additionally, Manufacturer B has reported to now be collecting
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and sorting the scrap more carefully so the notxon of stress concentratrons caused by
|mpunt|es may soon be irrelevant.

Compression

Axial compression tests were performed on whole 4x4 sections with an initial height of 4.5”.
Four samples were used for each manufacturer and testing proceeded followrng ASTM D 198,
Static Compression of T'mbers in Structural Sizes.

Results : | -

The axial compression results showed that all manufacturers exhibited similar 'behaviqr. Near
the ultimate load for the sectiOh the stiffness d'ropped considerably and the shell began to
buckle away from the core markmg visual failure as seen in Figure 5. The ultimate

- compressive strength of the member, thus, is affected by not only the height of the section, but
also the bond strength between core and shell matenals, particularly for short columns. After
visual failure, all samples sustained large plastic deformations suggesting that these materiais

might be well suﬂed for one - tlme large ‘energy- absorblng mechamsms such as crash’
cushrons J C ‘

Analytical vs Test

Flgures 6 through 8 show the theoretrcal curves plotted with the axral member compression
test results. The curves can be seen to closely follow the behavnor of the member before
buckling of the shell occurs for all three manufacturers. The test obviously deviates from
theory at this point because the possibility of shell bucklrng is not considered in the computer
program. Note that Figure 5 suggests that Manufacturer A exhibits a local buckling failure of
‘the shell while Manufacturer C seems to have a more general buckling failure. -The agreement
between the test and theory before visual failure occurs indicates that it is possible to predict .
axial member behavior with reasonabJe accuracy in this ran'g”e but the model gives no
prediction of when the shell buckling might occur.

A simple approximation of the shell buckling load was obtained by considering one side of the
shell to be a simple column supporting a percentage of the total load based on total cioss
sectional area and initial E value as shown in Figure 9. The Euler buckling load was compuied
and the values for each manufacturer are indicated in Figures 6 through 8 which seems to give
a rough indication as to when one mrght expect this buckling to occur. The values are not as
conservative as expected, however, considering the assumptrons made which suggests that
the mode of failure is more of a localized buckling than a general buckiing. It must be
emphasized that Euler's approXimation as applied here is not only approximate but very.
subjective and sensitive to one’s interpretation of core and shell material. It is presented here
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only for reference and is not viéwed as a good method to predict the ultimate load for RP axial
members A more complex analysrs is required if the true behavior is to be considered in
-detail.

s,

Creep

Standard compression coupons were subjected to a constant dead load that produces a stress
level of 10 psi. This is a typical dead load stress-level at the base of a 20 ft high wall created -
with RP. The temperature was held constant at 95° F throughout. Figure 10 shows that after
7 months, the creep strain for all manufacturers was less than 0.15% and that no creep strain
has been measured in the last 4 months for Manufacturer A. If this strain were (conservatively)
considered constant throughout the height, it equates to a creep deflection of only 0.3 inch for
a 20 ft high wall. Although this i is acceptable for a noise wall, Table 2 shows it is extremely
~ large when compared to the mmal strain obtained from the test data Creep deflection
comprises the larger portion of the total deflection by far, even for low stress levels. Noting
that 10 psiis at least 15 times less than the ultimate compressive stress found in the material
tests for all manufacturers, it is apparent that creep deflection can be very significant and is
discussed further |n sectlon Future Work ‘

/.

Table 2 Summary of Creep Strain

C

Manufacturer Initial strain ~ Creep strain after  Increase from initial
%) 7 months (%) strain
A 0.008 0.13 | 1625 %
B - 0.01 \ 013 - 1300 %
C 0.01 0.13 1300 %
NOISE WALL

Previous Work

There has been much interest in the possibility of usmg RP for noise walls since it is
considered an environmentally sound alternat:ve to present materials and has a low hfe—cycle
cost [13] when compared to traditional designs. The New York Department of Transportation ‘
(NYDOT) has'proposed a desxgn that uses RP sheathing wuth wood or metal framework [13],

- This design uses stringers onented horizontally between the posts to support the sheathlng
The Federal Highway Admmustratton (FHWA) has reported installed RP noise walls [14] The-
- Oregon Department of Transportatlon has installed and monitored a noise wall comprised of
RP from different manufacturers. Carsonite, a manufacturer that uses shredded tire pieces
inside a RP shell was used as well as Trimax and Trex. The Nevada Department of

\
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Transportation used the Carsonite product and has not reported any problems with the
material. FHWA has alsov reported erecting test sectlons of noise barriers to evaluate ,
constructability and weatherability of noise barriers usnng RP. One material noted to have
more crumb rubber than the others began to buckle under its own weight. The other panels
were not found to be damaged by the enwronmental loadings.

, Proposed Deslgn

" As seen in Table 1, the stiffness of RP is generally low; much smaller than concrete or even
wood. If current design approaches were to be used, it would be difficult to utilize RP as an
economical noise barrier. An advantage of RP, however is that |t can easily be manufactured
into various shapes and the cross section does not have to be solld With this in mind, a new
noise barrier design, as shown in Flgure 1, is proposed Spacmg of the webs was
determined through finite element (FE) analysis of a typical cell assuming the matenal to be
linear. The proposed design uses shell thlckness of 0.5” with an overall depth of g A 30 psf
(typical AASHTO 80 to 90 mph wind load) apphed toa 15 long panel resulted in a maximum
deflection of 2.2" and the ‘stresses were below 210 psi. The stress dlstnbutlon from FE
analysis is shown in Figure 12, which illustrates that the shear lagi in the panel is not excessive.
The panel length was mcreased to 20’ resulting in a maximum deflection of 6.2” and the
stresses were still below 360 psi so the linear assumptlon is still valid. Figure 13 shows the
stress distribution in the longer panel. The shell thlckness and overall depth of the cross
section can also be increased to allow even greater panel length thus, makmg more
economical designs by further reducing the number of posts

. For typical RP material, the total density (e, considen'ng both layers) of the proposed design
satisfies the recommendation of 20 kg/m? [15] for sound-attenuation. It is.expected that multi-
layering will signiﬁcantly enhance the sound effecti\ieness of the wall since layering is the only
way to overcome the mass requirement [15].. Prototype panels were assembled from 2" thick
RP sheets by fastenlng them together with screws. A drawing of the prototype is shown in
Flgure 14 while Figure 15 shows three actual 8’ long panels stacked in the proposed meanner.
The prototype paneis were tested for sound absorption (ASTM C423-90a and F795-8 e
transmlssion loss ’(ASTM E90-90 and E413-87). The full test report is included in the
‘appendix. The noise reduction coefficient (NRC) is an average of the percent energy
absorbed by the test spec:men at 250, 500, 1000, and 2000 Hz frequenc:es The sound
transmission class (STC) of a spec:men is a single number that gives an indication of the

~ sound transmltted by fitting the test data to an ASTM defi ned curve. For the prototype panels,
. the NRC is 0.10 and the STC rating is 37. Table 3 shows these results along with some ather
commonly used building matenials. This shows th_at these prototype sections are comparable
by these standards even thoug‘h these numbers alone do not give a full understanding of how
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well a material will perform acouetically in a given situation. The STC-and NRC do not reflect,
for example, that the prototype panels were noted to’oerform better at lower frequencies (100
to 250 Hz) of the test range. Large trucks have been noted [16] to generate a majonty of their
noise in this frequency range. ‘

Table 3 Acoustical Properties of Different Materials

Material - NRC STC .
Prototype Panel 0.10 37-
6" concrete 002 54 |
1 %" wood 010 34 3
‘Carsonite* | 015 36
Trimax * | o015 25
Trex* 0.15 - 25

Note: . indicates materials as reported by FHWA

- Ultlmate|y, the proposed desngn would be extruded as a smgle unit rather than individual
pieces as the prototype, thus, reducnng assembly time and allowing for easier installation.
Current design guidelines [17] do not specify a minimum STC or NRC for use as a noise wall
because it is assumed that the ‘transmnssuon loss of the barmier is Iarge compared to the sound
that is diffracted over the bamer The barrier attenuatlon is thus considered a function of the
site geometry. The FHWA has however, established the Highway Innovative Technology
Evaluation Center (HITEC) WhICh evaluates products for which there are no recognized
- standards or specifications. They have set forth a minimum STC of 23 for noise barriers [18],
which the prototype panel does satisfy. |

GUARDRAIL POSTS

‘General”

Present technology and desugn uses road barriers that are made of relatlvely rigid materials
such as steel concrete or a combmatlon of the two. Itis well known, however that flexible but
strong de5|gns can absorb more energy, reduce impact deceieration, and minimize the
damage sustained by the impé_ctingVehicle and its occupants. Previous research has resulted -
in designs that incorporate energy ebsorbing mechanisms (such as the use of rubber energy
absorber) and improved the performance of bridge rails [19 - 23]. Due to high initial costs -
associated with these energy .absorbing designs compared to conventional bridge rails, high
maintenance coets,' and difﬁculiy in attachment to standard bridge decks, these energy- -
absorbing bridge rails have not gained wide acceptance. The proposed design for road

)
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i
barriers combines the flexibility of plastics (used as posts) wnth the stiffness of steel rails.
Thus, the final product is expected to be functionally superior to current designs.

Analysis of a typical guafdrail system was perfenned using frame models and a linear
approximation of 6x8 RP posts. 'A steel 6x6 box section was used for the rail at a 27” height. -
With the typical post spacing of 6, it was not possible to satisfy AASHTO's allowable stress
requirements. Only when reducing the post specing to 2’ could the 10 kip lateral load be
sustained without exceeding the allowable stress of 0.6 times the yield stress (0.6f,). To meet
the more demanding AASHTO bridge rail requnrements of performance level one (PL-1) or
greater, it would likely be cost prohibitive to use RP in a post and rail design. It should be
mentioned, however, that PL-1 through PL-4 antncupate..relatlvely rigid barriers, and can not be
directly used for evaluation of the proposed design which is a flexible dne,

Further investigation of RP for use as guardrail posts ‘Should include specific design guidelines
to be used for RP. An equivalent replacement of steel posts is not possible because the
modulus of elasticity multiplied by the area second moment of mertxa (El) varies by as much'as
- 70 times for the sections discussed. AASHTO suggests an allowable stress design based on
an equivalent static loading. Using an allowable stress method implies that the rail and posts
should sustain no damage under mild events but numerous tests of steel post guardrails [24 -
26] have shown damage to posts in the zone of impact evidencing that the stresses were far
beyond allowable. To effectiilely use RP for posts and capture the high energy absorption

potential, the design must be based-on recognizing the full strength o_f‘_the'pcsts in the zone of
impact. ’ ‘

Crash Analysis

Barrier VIl was used to model a vehicle impacting a guardrail. Itis a two dimensional, dynamic
vehicle/ barrier simulation program that uses a snmple vehicle model with omni-directional
springs [27] . It lncorporates an elastic - purely plastic material model that is well suited for
steel but not capable of fully r_epresentmg a plastic nonlinear material such as RP. Because
the program works in two dimensional space, events such as vehicle vaulting are not
considered. Additionally, the program does not directly indicate if the barrier deflections are
large enough to allow the vehicle to contact the post but this can be interpreted by examining
the output file and checking if the vehicle’s wheel path crosses a post. R

Validation with Actual Crashes o | , -

-Although Barrier VIl has been successfully validated for a wide range of erxuble barriers [28],
sample runs were performed and then compared to actual crash tests to establish a reference
point. PL-1 crash test requirements are commonly used to evaluate barrier performance.

A
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These stipulate that a barrier suocessfully contain a vehicle fortwo different events. The first
is a 1,800 Ib vehicle moving at 50 mph at an angle of 20 degrees and the second is a 5,400 Ib
vehicle moving at 45 mph and 20 degrees. Two PL-1 small vehicle and two PL-1 large vehicle
tests were selected to compare and verify with the Barrier VIl output. Posts were assumed to
be rigidly fixed at the base. The?four tests listed below were all noted to éatisfy PL-1
requirements. - B '

Test 1: A 10 gauge thrie-beam guardrail sdpport‘ed by W6x15 steel posts‘spaced at6.25
contained an 1,800 Ib Honda Civic [25].
Test2: Two Honda Civics. The vehicles were approximately 1900 Ibs and struck a W-beam

barrier at 60 mph and 15 degrees: The rail was supported by S3x5.7 steel spaced at

12.5. Other computer models [29] have also been able to'model this event with
reasonable accuracy .
Test3: A 5,500 lb pickup truck rmpacted a W-beam guardrarl at 41.6 mph and 20.9 degrees.
' The rail was supported by steel W6x15 posts spaced at 6.25' [25]. :
Test4: A 5,600 Ib pickup truck impacted a W-beam guardrail at 44.2 mph and 19.1 degrees.
The rail was supported by steel W6x15 posts spaced at 6.25’ [24].

Containing the vehicle is not the only PL-1 requirement but requirements such as integrity of
the passenger compartment cannot be verified with Bamer Vil. Because of this, only barrier

~ deflection, vehicle accelerations, and exit velocity were considered-although these are not the -

only measure of a barrier's performance. Predicted barrier deflections and exit velocities were
found to be similar to the test data but the predicted vehicle accelerations were larger than
 tests showed. This is thou{ght‘t‘obe due to the assumption of a rigid post base and to the data
acquisition methods of the te’stjs. it is difficult to obtain the absolute maximum of an impact
‘event and typicaliy, actual testa report maximum accelerations as a 0,05'second average. The

program operates with a much ?smaller time interval and gives values at discrete time intervals -

rather than averages. Table 4 Ilsts a summary of the four crash tests compared with the
program output. L ‘

Table 4 Crash Test Data and Barrier VIVIO'utput ’

. Actual Crash Data Barrier Vil Results
Test dynamic deflection  exit velocity | dynamic deflection  exit velocity
(in) _(mph) (in) (mph)
1 05 @ 427 - 32 39.0
2 160 504 : 175 515
3 13.0 . 359 13.9 280
4 138 356 146 30.2
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Companson Using RP Posts

In a crash test of a guardrail system, the use of RP posts has been reported as inadequate
.[30] based on a one-to-one deflection comparison with wood posts Obviously, RP is much .

" more flexible than wood and if deflection is used as the only parameter to determine
‘appropriateness of the design, then it will be very difficult or uneconomical to design a -
guardrail post using RP. .

After changing the post material properties to represent RP, tests 1 and 4 were recreated with
Barrier Vi to-in\)estigate both small and large vehicle response. The properties of typical 6x8
RP members from the member tests were used in the analysis. Results showed that RP posts
- allow for greater deflection but reduce the associated vehicle impact accelerations. The barrier
deflections were about three times as large, a point where vehicle-post snagging is possible. |
The output showed that several posts had broken however, and assuming that the posts failed
at the base, no indication of snagglng was found. The vehicles were assumed to pass over
the broken post base. The exnt velocities reduced slightly but the maxumum accelerations were
reduced by about one-third. The barrier was able to contain and redirect both vehicles.

By reducing the post spacing to 4’, the maxim‘u'r‘n lateral deflection was roughly two times 'that'
of steel posts at 6.25’ but the acceleratlons were reduced by about two. Vehicle snagging was
not noted to occur based on the assumption that the post fallure occurred at the base. This

~ barrier was also able to contain-and red|rect both vehicles. Figure 16 shows the deflected
shape of the barrier at dlfferent time steps for the small vehicle impact while Table 5
summarizes the results for all events.

Table 5 Crash-Analys'is.ZWith..Different Posts. .
Longitudinal Lateral - Max - #posts # posts
acceleration acceleration Deflect.  yielded broken

(9) e in)

Small vehicle _ - : o
Steel posts @ 6.25’ -21.1 314 32 1

0
"RPposts@6.25'| ~ -84 107. . 105 5 4
RPposts@4 | -11.5 - 138 87 6 5
Large vehicle o Y S
Steel posts @ 6.25 |  -96 127 146 5 0
RP posts @ 6.25' 47 54 429 16 9

RP posts @ 4’ 4.3 42 28.9 12 8
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Based on this work, it is clear thét RP posts allow for greater barrier deflections but vehicle
accelerations can be reduced pﬁoviding for a safer redirection. Only 6x8 memb\ers were
considered but it is possible that other combinations of post size and spacing can provide a
‘more optimum design in terms df deflection and accelerations. The key point of this design is
the reduction in vehicle accelerations but it is gained at the cost of increased deflection and
sacrificing more posts due to one-time usage. Itis suggested that to effectively use RP posts
for guardrails, the design should contain more posts than traditional guardrails so that they |
may absorb all of the energy pofssible, and then fail, thus avoiding snagging and vehicle
intrusion. This is obviously not suggested for bridge railings or terminals where limiting
deflections is of g‘i‘eat importance to contain the vehicle and avoid snagging with other objects.
It must be mentioned that computer analysis such as Barrier Vil is bnly a design tool and
cannot replace full-scale crash tests. Crash tests should be of designs based on this
methodology rather than a direct replacement of wood or stee)zl as the latter has already been
_ deemed unacceptable. ‘ ‘
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CONCLUSIONS

N .
Experimental and analytical investigation of RP indicates that it |s a viable material that could
have structural applications. Material tests revealed that RP is a nonlinear material and the

. presence of additives such as glass and wood fibers can increase stiffness and reduce
ductility. Creep deflection of RP can be very lérge and freeze / thaw exposure adversely
affects materials with wood fibers. It is possibie to predict the behavior of RP members with

reasonable accuracy for low to moderate load levels based on the material properties. RP is \

suitable for noise walls but to be efficiently used for guardrail poSts, a design methodology ’
based around capturing the large energy absorption capabilities of RP.should be considered.

Problems that need to be addressed to ensure the use of RP among structural engineers
include quality control, development of standards for testing, design specifications, and long
term performance evaluation. 'Over the last two years,‘manufacturers have also taken major
steps in improving quality and initiating efforts to develop design standards that can be used
by structural engineers. Of course, proper dissemination of this work and research as well as
developments made at various universities is essential to advancing the state of knowledge.

v

FUTURE WORK ~

\

- To further investigate the appropriateness of the RP for highway appurtenances and advance

the general state of knowledge about RP, the following tests and analytical studies should be
pursued:

e Wind test of full scale panels of the proposed model should be conducted. The wind tests

should focus on whether the design loads obtained from current standards are a
reasonable predictor of the actual wind loéds, and if the flow of wind over the top of the
wall causes vortex shedding that might excite the wall and cause it to vibrate.

o Crash worthiness analyses using realistic analytical models by.incorpbrating'the proposed
material model into an existing program such as BARRIER VII.

« A more detailed study of the creep behavior which includes longer test duration, different

stress levels and different temperatures. It has been seen that creep deflection can be far

greater than initial deflection and should be mvestlgated more thoroughly.

¢ The material model should be verified more exhaustively by companng the theoretical
results with more test results mcludmg (different matenals and cross sectlons

. Impact tests and verification with analytlcal procedures

It is the objective of the final phase of this Study to address the first two items.
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FIGURES

Figure 1. Pictures 6f Béﬁding TéSis

Figure 2. Bending Test Results,‘4‘>l<4

Figure 3. Bending Test Resuits; 6x6

- Figure 4. Bending Test Results, 6x8

Figure 5. Pictures of Axial Compression Tests

Figure 6. Axial Compression Test Results, Manufacturer A
Figure 7. Axial,C‘ompreSsion Tesf Results, Manufacturer-»B :
. Figure 8. Axial Cor'npre;sion Tesi'ResuIts, vManufa’cturer Cc
Figure 9. Shell Buckling Analysis Approximatioris
Figure 10. Creep Strain vs Time | | '

Flgure‘-y 11. Proposed Noise Wall Panels

Figure 12. Stress Distribution in 15’ Long Panel

‘ Figure 13. Stress Distﬁbutiqﬁ in 15’ Long Panel

Figure 14. Prototype Panel

Figure 15. Pictures of Prototype Panels

Figure 16. Dfeﬂecteé Barrier Shabe
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Manufacturer B :

Figure 1 Bending Tests
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Samples held at constant temperature: 35 deg C
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Fig‘ure 11 Pr0posed Noise Wall Panels
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Figure 15 Three Pr’ototypeb Panels Cdn‘struCtéd of %" Recycled Plastic Sheets
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Figure 16 Deflected Barrier Shape
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Sound Tests for Prototype Noise Wall Panels
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1. INTRODUCTION

The sound absorption coefficient of a surface in 2 specified ﬁ-équéncv band is, aside from the effects of
diffraction, the fraction of randomly incident sound energy absorbed or otherwise not reflected. The unit
of measurement is sabin per square foot. )

The noise reduction. coet’ﬁcxent, NRC is the avera,e of the sound absorpnon coefﬁcxents at 250, 50Q,
1000, and 2000 Hz expressed to the nearest mtegral multxple of 0.05.

2. APPLICABLE STANDARD
/ , :
Measui'emenls were made according to:

ASTM Desxgnanon C 423-90a, "Standard Test Method for Sound Absorption and Sound Absorption -
Coefficients by the Reverberation Room Method."

Standard Mountings are deﬁned in:

ASTM Designation: E 795-91, "Standard Pracncs for Méunting Test Specimens ing. Sound
Absorption Test. ‘ S AN Durin

3. TEST SPECIMEN

The test specimen consxsted of four 24" wide by 96" long by 8" thlck panels, | ammged im a Type A
-mounting, forming a test specimen §' wide, 8' long, and 8" thick. The specimen was submitted for testing
by New Jersey Institute of Technology {NJIT) and was ideatified as "Recycled Plastic Noise Wall Panels.™
Two panels were made of /2" materials, and two panels were made of 1/2" and 3/8" materials mixed. The
‘weight of the specimen was 197 fos. The area used to calculate absorpnon coefficients was 64 sq. ﬂ., the
face area of the specimen.

4.  TEST RESULTS

The calculated values of the sound absorption of the specimen and sound aBsorptiou coefficients together
with the calculated measurement uncertainty for each are tabulated and shown graphically in Figure 1.

5. ; DISPOSITION OF TEST SPECIMEN : .

The test specimen was returned to NIJIT by Keith MacBain who witnessed the test for NJIT.

Cedar Knolls Acoustical Labs o H, . : Test Report No. 3645.1
a Noise Unlimited. lnc. Comoany - ' s . Page 2
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n Coefficlent, Sabin/sq.ft.

ptio
g

Absor
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Frequency | Absofption Deviation | Coefficient Deviation
(Hz) - (Sabin) | ‘| (Sabin/f®) '

100 423]+ 62 0.66{ + 0.1
7125 19.6{+ 3 - 031+ 0.05
160 18.6] + 3.3 029+ 0.05
200 - 18.9) £ 1.9 0291 0.03
250 10.7] £ 1.5 0.17| | . 0.02
315 103} + 13 0.16|+ 0.02
400 © 85|+ 1.2 0.13]+ 0.02
500 ' 55|+ 1.2 0.09] % 0.02
630 . 49|+ 0.8 0.08|]| 0.01
800f = 43|z 0.6 0.07]+ 0.01
K| 49| 0.6 0.08|+ 0.01
a 125K] | 59|% 0.8 0.09] + 0.01
16K| . 46|z 0.6 0.07]+ 0.01
K| 66| 0.7 0.1]x 0.01
25K| - 77|: 0.8 0.12] + 0.01
315K| 96|+ 07] = 015]+ 0.01
4K| . 149]: 0.9 0.23{+] 0.01
skl . 19.6|% 1.3 031+ 0.02

Noise Reduction Coefficient, \ 0.10°

" Recycled Plastic Noise Wail Panel

for :

New Jersey Institute of Technology

! . Figure 1 )

Cedar Knolls Acoustical Labs j ' ‘ Test Repost No. 8645.1

a Noise Unlimited, [nc. Company ’ 101 Page 3
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INTRODUCTION

1.
The sound transmission loss of a partition in a specified frequency band is the ratio, expressed on the
“decibel scale, of the airborne sound power incident on the partition to the sound power transmitted by the
* parttion and radiated on the other side. The ratio of two like quantities proportional to power of energy is
expressed on the decxbel (dB) scale by muitiplying its common logarithm by ten.
2 APPLICABLE STANDARD "
Measurements were made according to:
ASTM D&mgnanon E 90-90, "Standard Method for Labomory Measurement .of Airborne Sound
Transmxssxon Loss of Bmldmg Pamnons
Sound Transmission Class, STC, was determined according to:
ASTM Designation: E 413-87, "Standard Classification for Determination of Sound Transmission Class.”
3. TEST SPECIMEN
The test specimen was a wall system 48" wide by 96" high by 8" thick. The specimen was installed in the
4’ by 8' test opening in the Cedar Knolls Acoustical Laboratory steel test wall under the supervision of, and
with the assistance of, Keith MacBain of New Jersey Institute of Technology (NJIT). After the wall was
installed, the crack around the perimeter of the test specimen was sealed with "Duxseal” on both sides. The
specimen was submitted for testing by NJIT, and was identified as "Recycled Plastic Noise Wall Panel.”
The panels were constructed of %" recycled plastic. - Thc wexght of the specimen was 103 pounds. The
finished test area was aquuare feet. :
4, TEST RESULTS
The measured sound transmission losses of the test specimen at the preferred one-third octave band center
frequencies are (abulated in Table 1 and shown gmphxcally in Figure 1.
DISPOSITION OF TEST SPECIMEN
The test specimen was hand carried by Keith MacBain of NJIT.
. } {
/
Cedar Knoils Acoustical Labs - : , Test Report No. 8645.2
a Noise Uniimited. Inc. Company ) : Page 2
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| Figure 1

Sound Transmission Loss, TL (dB), vs. Frequency (Hz) on
Recycled P)astxc Noise Wall Panel with 4" Material

~ Job No. 8645.2
sTC=37 i
4 ~ |
w0 ;
is |
s
DL MR RS SO SN UL SOV LU S I (LA DAL S
100 160 250 400 630 1000 1600 | 2500 .« 4000
125 200 315 S00 - - 800 1250 - 2000 3150 S000
o Frequency (Hz) ' ‘
/ I--Tes:Leveas—-STcom]

Frequency, Hz| TL  IDeficiencies|Frequency, Hz| TL |Deficiencies
100 21 ’ 800 42 0 .
125 35 0 1000 44 0
160 30 0 1250 41 0
200 34 0 1600 38 -3
250 30 0 2000 37 -4
315 31 2 | 250 39 2
400 35 -1 | 3150 38 3
500 35 2 4000 35 6
630 40 0 5000 34 e

Sound Transmission Class, STC = 37

Sound Transmission Loss B
' Recycled Plastic Noise Wall Panel with 4" Material
New Jersey Institute of f Technology
Tabie |

Czdar Knolls Acoustical Labs
2 Noise Uniimited, Inc. Company

104

Test Report No. 86452
' Page 3



Test Report No. 86453 . o | No. of Pages 3

STC Test Report
. for o
New Jersey Institute of Technology
. on
Recycled Plastic Noise Wall Panels
Constructed with 1/2"& 3/8" Thlck
- Materials

NOISE UNLIMITED, INC.

312 Old Allerton Road, Annandale, NJ 08801

16 May 1997
Prepared By e " Checked By ' Approved By
B. J. Sayder - M. Lowman T S. Bragg

o /@ﬂwdw fh et | T Doegy
'k A
‘Ma% 97| 0 fro 197 | % b ]

105



1.

4.

INTRODUCTION

The sound txansmission loss of a partition in a specified freq‘uehcy band is the ratio, expressed on the
decibel scale, of the airbome sound power incident on the partition to-the sound power transmitted by the

" partition and radiated on the other side. The ratio of two like quantities proportional to power of energy is 4

expressed on the decibel (dB) scale by mulnplymg its common logarithm by ten.

APPLICABLE STANDARD " ' o N

‘Measurements were made according to:

;ASTM Designation: E 90-90, "Standard Method for Laboratory Measurement of Airbome Sound

A

Transmission Loss of Bmldmg Partitions."
Sound Transmission Class, STC, was determined according to: | ‘
ASTM Designation: E 413-87, Stzndard Classification for Determination of Sound Transmission Class.”
TEST SPECIMEN | . |

The test specimen was a wall system 48" wide by 96™ high by 8" thick. The specimen was installed in the
4' by 8 test opening in the Cedar Knolls Acoustical Laboratory steel test wall under the supervision of, and
with the assistance of, Keith MacBain of New Jersey Institute of Technology (NJIT). After the wall was

installed, the crack around the perimeter of the test specimen was sealed with, *Duxseal” on both sides. The

specimen was submitted for testing by NJIT, and was identified as "Recycled Plastic Noise Wall Panel.”
The panels were constructed of 1,/2" and 3/8" recycled plasnc. The weight of the specimen was 94 pounds.
The finished test area was 32 square fect.

TEST RESULTS

‘The measured sound u-ansmxssxon losses of the test specxmen at the preferred one-thlrd ocxave band center

frequencies are tabulamd in Table I and shown gmphlcally in F\oure 1.
DISPOSITION OF TEST SPECIMEN

The test specimen was hand carried by Keith MacBain of NJIT.

Cedar Knolls Acoustical Labs v ‘ o ' v Test Report No. 36453
a Noise Unlimited. Inc. Company . ; E Pagel
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ot : Figure 1
Sound Transmlsswn Loss, TL (dB), vs. Frequency (Hz) on
‘Recycled Plastic Noise Wall Panel with 1/2" & 3/8" Materials

Job No. 8645.3 -
STC=36
s
S
- DY N A .
PO -
10 [160 250 400 630 1000 1600 2500 4000
125 200 315 SO0 800 1250 2000 3150 5000
! ) ' Frequency (H2) :
{-=- Test Levels — STC Curve | ‘ \
./ |Frequency, Hz| TL _|Deficiencies|Frequency, Hz| TL |Deficiencies
100 21 80 - | 41 | 0
125 31, 0 1000 _ 42 0
160 29 0 1250 43 0
200 1 31 0 . 1600 35 -5
250, 33 0 2000 34 -5
315 N 32 -0 2500 36 | 4
400 | 34 -1 3150 37 {3
500 136 -0 4000 - 34 b
630 - 38 0 5000 32
 Sound Transmission Class, STC = 36
! Sound Transmxssxon Loss
Rccycled‘ Plastic Noise Wail Panel with 1/2" & 3/3" \Aatenals
New Jersey Institute of Technology .
R Table 1 e
Cedar Knolls Acousicad Labs | , TstchonNo 86453
a Noise Unlimited, Inc. Company o ) : . Page3
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OBJECTIVE

The main objectives of this study are to develop more economical traffic noise barriers and
safer road barrier systems that use innovative designs and new materials such as fecycled
plastics, thus, contributing to the management of solid waste too. The work will be conducted in
three phases with the duration of three years, and will include the following tasks: material tests
to evaluate mechanical and structural propérties; development of a constitutive model for
recycled plastics; feasibility analysis of proposed designs for sound and road barriers; freeze-
thaw tests; creep and impact tests, detailed analytlcal evaluation using nonlinear finite element
models wind and acoustic tests; and development of design specifications and CAD programs
for deS|gn of highway appurtenancgs using recycled plastics.

—

This report.presents the results of the first phase of this stddy which includes both experimental
and analytical investigations. The experimental part includes material tests to determine ‘
mechanical properties of various réc\ycled plastics as they vary significantly among different
manufacturers. Furthermore, a unifi ed four-parameter constitutive model is proposed and
verified that can be used in charactenzatlon of recycled plastics. Four-point flexural tests of
recycled plastic beams were performed to assess strength, stiffness and mode of fallure
Analytical results using the proposed constitutive model are in good agreement with the
‘experimental results. An lnnovatlve noise wall design that takes advantage of mul’a-layenng to
increase stiffness and sound effeqtnveness is discussed. Other possible uses and research )
plans for Phases Il and Ill of this study are also discussed.

v

KEY WORDS

Recycled Plastics, Noise Barrier, Material Properties, Material Model, Road Barrier.

INTERIM RECOMMENDATIONS

Recycled plastics is a fairly vnew material and presently there are no test methods or design
specifications for use by structural engineers. However, in the last three years ASTM through
D20.20.01 Section on Plastic Lumber and Shapes (Chairman R. Lampo, USACERL, P.O. Box
9005, Champaign, IL 61826) has worked on development of test methods. The following test
‘methods are being balloted and should be available in a near future:

1) Project X-202001-1, Density and Specific Gravity,

2) Project X-202001-2, Compressive Properties,
3) Project X-202001-3, Flexural Properties,
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4) Project X-202001-4, Creep Properties, and
5)- Project X-202001-5, Mechanical FaSteners.

However, due to non-homogeneity of recycled plastic lumber, these test methods are for
evaluating the properties of plastic lumber or shapes as a product. That'is, they are not material
property test methods that can be used in evaluating stress-strain relationships that can be
used in analysis”and design of structural’systems under_more complex loading.

Until the development of material property test methods, based on this study the following
'mtenm recommendations can be made: : :

1) The material model proposed in this report can be used in analysis of structural
systems under short term general loading. The four-constant for the model can be
determinied using coupons as discussed. | )

2) Recycled products with reinforcing fibers have more stiffness but they are less
ductile and variation in their mechanical characteristics is more pronounced.

3) Mechanical property of recycled plastic lumber with wood fibers appears to be
significantly affected by freeze-thaw cycles. Effect of freeze-thaw cycles, at constant
humidity of about 70%, on recycled plastlc products with no fibers or with fiberglass
appears to be minimal. . : )

4) Recycled plastic Iumber is a thermoplastic matenal and highly susceptible to ,
temperature and creep. Structural use under large sustained load must be avoided
until the state-of-the-knowledge on long term performance improves.

ACKNOWLEDGMENT.

This research and development study is sponsored by the New Jersey Department of
Transportation (NJDOT) and the Federal Highway Administration (FHWA). It is coordinated by
the NJDOT's Bureau of Research and Mr. Robert Baker acts as the Project Manager. The
results and conclusuons are those of the authors and do not necessanly reflect the views of the
SpoNsors. :
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BACKGROUND

Solid waste is overioading 'the\ landfills and is a major contributor to the environmental problems
facing this country. Every year the U.S. alone generates 320 billion Ib. (145 billion kg) of
municipal solid waste. Of this waste, plastics comprise 18 percent by volume and 7 percent by
weight (1). Furthermore, plastics and paper are the fastest growing segments of solid wastes

2.

Recychng is an environmentally acceptable means of reducing solid waste and conserving
resources. Reprocessing industrial plastic waste (e .g., in-house scrap) has been a common
practice for as long as the plastic industry has existed. There have recently been significant
developments in the recycling technology of commingled plastic waste but the key issue to be
resolved is securing long-term, high-value markets for recycled polymefs.

GENERAL PROPERTIES OF RECYCLED PLASTICS ' .

‘Mixed, or commingled, plastics once destined for the waste stream are now being recycled (3).
Collected plastic scrap is granulated, then melted and processed in an extruder. The molten
plastic is then injéction molded into the shape and size of the final product. The product can be
cut and shaped with the same tools and fastening devices used for wood. These molded
products are resistant to attack from gas, oil, salt, sunlight, chemicals and insects and will’
withstand human and mechanical abuse (4). Test results have shown mixed plastics hold nails
approxnmately 40 percent better than wood (5). Fiberglass and treated wood fi ber, both
classified as hazardous waste matenals and costly to landfill, have been successfully used to
improve the mechanical properticjast (6). ‘

Currently, molded profiles are used to make park benches, guardrail block outs, fences, road
markers, landscape timbers and a wide variety of other non-structural applications. Although it
has been highly anticipated that molded prof iles “will replace wood, concrete and steel” (7),

~ structural applications of the product are practically non-existent. This is mainly due to lack of
knowledge about the mechanical and structural properties of the material, especially their
relation to long term performance. Lack of testing standards and design specifications
compound the problem. ~

‘ EXPERIMENTAL TESTS ] g o _ -
The cross section of the extruded product can have any shape but only standard lumber
shapes (2X10, 4X4 & 6X6) were used in testing because these are commonly produced. The

1
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actual dimensions of the 2X10, 4X4, and 6X6 are approximately 1.5"X9.5” (3.8 cm X 24 cm),
3.5"X3.5” (8.9 cm X 8.9 cm), ‘and 5.5"X5.5" (14 cm X 14 cm), respectively but they are generally -
referred to by their nommal\suze The cross-section of the standard recycled plastic (RP) lumber
shape is visually non-homogeneous suggesting that the material propertles also vary. Non-
homogeneity of the material is attributed to the cooling process during extrusion; the section
normally cools from the outside causing the periphery to solidify before the center. Shrinkage of
the center as it cools can also distort the final form of the section causing rounded comers and .
uneven surfaces. Although the degree of variation is different for various manufacturers and
shapes, all products evaluated depict this phenomenon. Material tests (tension and
compression) were conducted to investigate this difference and the results were used to
formulate a constitutive model for RP that can be employed in analytlcal studies. To validate the
constitutive model and to assess gtobal behavior of structural components (such as stiffness,
strength, and ductnhty) ﬂexural member tests were also perfonned

There is variation among‘the manufacturers in COmposition as well as the methods of acquiring

' materials. To represent a range of compositions available, three manufacturers (to be called A,
B & C) were selected for testing. Manufacturer A mlxes fiberglass with the RP, B uses only
RP, and C uses 50% wood fiber in addition to the RP.

Material Tests

Selection of Coupons

To investigate the apparent non-homogeneity, visUalIy consistent sections were cut from both
4X4 and 6X6 shapes and termed ‘core’ or ‘shell’ coupons Coupons were also cut from 2X10
-shapes but the vnsually consistent shell section was too thin (typically less than 1 cm) to be
used for standard coupons. The core and shell coupons were not only visually different but also
were noted to have different dry densities after they were weighed and measured. Depending
on manufacturer (and lumber size for Manufacturer B) the core coupons typically had 50% of
the density of the shell. S

Specimen Dimensions and Test Set Up

e
Core and shell coupons for tension tests were 1 cm x 4 cm x 20 cm 'nominal and the

' compression coupons were 1 ¢cm x 4 cm x 2 cm nominal. Since ASTM is still developing RP
test standards, procedures for wood and plastic Were used. Ten tension tests were conducted
similar to ASTM D 638 and ten compression tests were conducted observing ASTM D 695 for
each manufacturer. ‘Tension strain was measured with an extensometer over a 2" (5 cm) initial
gage length. Figure 1 shows some tension test coupons and the test apparatus.

12



Results -
‘Figures 2 through 4 show tension énd compression stress-strain diagrams for both core and
shell coupons for all three manufacturers. Figure 5 shows that at large strain, a typical
compression test resembles hyper-elastic behavior; there was no point of maximum stress but
rather the stress continued to increase after the material visually failed. Visual failure occurred
near the point of inflection in the stress-strain diagram of Figure 5. \
The stress-strain diagrams show that the material behavior is highly nonlinear énd that there is
a significant difference in both tension and compression behavior as well as the core and shell
materials. For all manufacturers tested, the core was found to have lower initial modulus of
elasticity (E) and lower ultimate strength (Ménufacturer A foam-fills the core for aesthetic
purposes). Table 1 shows differences between the properties of shell and core coupons in
tension and compression for the three manufacturers tested. For Manufacturer B, the core
coupons from 4X4 sizes had a sma{'ller E than that of the 6X6 (E+ = 1,030 MPa, E; =500 MPa)
and the average density of the 4X4 core (0.37 g/cc) was nearly half of that of the 6X6 (0.67
g/cc). There appears to be a correlation between density and strength in a larger scale; higher
density corresponds to a higher strength but differences of less than 5% do not seem to be
significant. } | ’ |

Coupons from all manufacturers contain varying amounts of impurities and tension failure
usually occurred at these locations. Impurities are materials such as bottle tops that are
inadvertently collected and granulated with the recyclable but melt at a different (nonnally
higher) temperature. The amount of bond adhesion for these impurities is unknown. The size of
the impurities varied, but typically it was less for types A and C compared to type B. This is
believed to be a factor in the divergence from theory.mentioned in later sections..

Proposed Constitutive Model

Based on analyses of the test results under both tension and compression stresses for all
manufacturers, the following equation is proposed to define stress-strain relationship for
recycled plastics: ° o | “ |

, de
) | Be*+ Ce + D
As it can be seen, the model contains four constants that need to be determined for each type
of material; that is, tension and(compression of core and shell. This requires sixteen constants
for each manufacturer to fully djeﬂne the section behavior. These constants were determined
using Chi-SqUare minimization method (8) as implemented by TempleGraph package (8). The
model was not fit to the co.mpfession curves beyond the point of inflection. Future work will
attempt to reduce the number of material constants by defining some of them in terms of other

-

0“=

i
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properties of the material, such as the maximum strength, strain corresponding to the maximum
strength and feed stock used.

For all three /manufacturers the proposed model can simulate the experimental results with
good accuracy. In Figure 6, a stress-strain diagram from material tests of Manufacturer B is’
plotted. along with the proposed model, which shows a good match Table 2 gives the material
constants for all three manufacturers, whlch were used to compare analytlcal resurts to the
experimental results as discussed in the following sections.

4 J

Member Tests
Tests set up and specimens

-Four-point ﬂexural tests were performed on 27 inch (68.6 cm) long 4X4 samples in accordance
with ASTM D 198. In addition to load and deformation at the load pomt rotation at the end of
the beam was also recorded using dial gages as shown in Figure 7. Furthermore, strain gages
were adhered to the top and bottom of the member at its center and strains at these locations
were recorded up to failure. Three similar tests were performed for each manufacturer.

Results | N

The results show a non-linear behavior similar to the material tests. An interesting observation
is that despite significant differences in material propertles for tension and compression (Figure
3), the strains at the top and bottom outer fibers were within 25% of each other for all
specimens tested. This is due to the fact that for stain levels close to fa:lure areas under both
tension and compression stress-strain curves are more or less equal although the tangent
module are significantly different.

Although all three products had good ductility for structural purposes, they all failed suddenly as
reflected in a lack of a descending portion in the load-deformation curve. Products from
Manufacturer B exhibited the largest tension strain (9%) before failure. The greater ductility can
be attributed to the lack of reinforcement in the product. That is, addition of fibers (glass or
wood) reduces ductlhty apparently due to bond failure. :

Analytical vs. Experimental Results

A computer program was developed to analyze simply supported beams using the proposed
material model along with the constants given in Table 2. The program uses numerical

bl
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\ .
integration techniques to generate theoretical moment-curvature, load-deflection and load-
rotation curves. The analysis assumes that there is a distinct division between core and shell.
The length and width of shell and core portion are to be specified as an input parameter by the
user.

-

Figures 8 through 10 show the test results compared with the theoretical curve for all three
products. The analytical results agree with the experimental results within 15% for loads less
than 80% of the ultimate load. It is suspected that stress concentrations caused by the
presence of impurities (mentioned in material tests) cause the dewahon between the
experimental and theoretical results at larger loads. The theoretical curve is derived from the
coupon tests where due to smaller area impurities have a more pronounced effect. Member
tests are less affected by these impurities since due to larger cross-sectional area stresses can
be redistributed. At larger loads when the material is yielding, the variation between coupon
and member behavior will be greater suggesting that strength will be affected more than initial
stiffness. The fact that the tension strain in the member at failure was greater (typically by 20%)
than the maximum coupon strain supports this conclusion. The maximum bending/moment
‘measured was also greater than that predlcted by theory using the maximum coupon tension
strain as the upper limit. g

'HIGHWAY APPLICATIONS

An Innovative Noise Wall J

As it can be seen from Table 1, the stiffness of RP is generally low; much smaller than concrete
or even wood. If current design approaches were to be used, it would be difficult to utilize RP as
an economical noise bamer An advantage of RP, however, is that it can easuly be
manufactured into various shapes and the cross section does not have to be solid. With this in
mind, a new noise barrier design, as shown in Figures 11 & 12, is proposed. Spacing of the
webs was determined through finite element analysis of a typical cell as shown in Figure 13. It
was determined that spacing of 24” (60 cm) is optimal in terms of local deflection and shear
lag along panel length. As seen from Figure 14, the shear lag for a 48" (1 20 cm) panel is severe
and deflections are high. Proposed design uses shell thickness of 5" (1 3 cm) with an overall
depth of 6" (15 cm). With these dimensions the panel length can be as great as 20’ (6.1 m)

~ based on a wind load of 80 mph (36 m/s). The shell thickness and overall depth of the cross
section can be increased to accommodate even greater panel length, thus, making more
economical desi(gns} by further reducing the number of posts.

For typical RP material, the total density (i.e., considering both ‘laye\r‘s)y of the proposed design
satisfies the recommendation of 20 kg/m2 (10). ltis ,expect’ed that multi-layering will also
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enhance the sound effectiveness of the wall 'signiﬁcantly since layering is the only way to

overcome the mass requirement (10). Currently, acoustic tests are being planned to validate

the expected performance. Acoustic tests will be performed based 'on ASTM and will include

sound transmission test (ASTM E90-90 and E41 3—87) and sound absorption test (ASTM C423- \
90a and E795-83)

Guardrail Posts

Present technology : and design use road barriers that are made of relatively rigid materials such
as steel, concrete, or a combination of the two. -However, it is well known that flexible but
strong desrgns can absorb more energy and minimize the damage sustalned by the impacting
vehlcle Previous research has resulted in designs that incorporate energy-absorbing
mechanisms (such as the use of rubber energy absorber) and improved the performance of
bridge rails (11-15). Due to high initial costs associated with these energy-absorbing designs
compared to conventional bridge rails, high malntenance costs and difficulty in attachment to
standard bridge decks, these energy-absorbmg bridge rails have not gained wide acceptance.
Here, a new design is belng proposed for further evaluation. The proposed design for road /
barriers (including its possible use as bridge rail) combines the flexibility and strength of plastics
(used as posts) with the stiffness of steel rails. Thus, the final product is expected- to be
functionally superior to current desrgns

For all levels of perfon'nance (PL-1, PL-2, and PL-3), the AASHT! O's design forces anticipate
rigid barriers (16), and can not be directly used for evaluation of the proposed design which is a
flexible one. Therefore, verification of the proposed desrgn requires detailed analytical and
experimental study. Among parameters that need to be lnvestrgated are: level of forces and the
amount of deflection in the lateral as well as Iongltudlnal direction, redirection of the automobile,
rotation of the ralllng and possibility of roll over, angle of impact and the nature of the force
distribution in different components of the system. Based on preliminary analyses of a typical
guardrail system (Colorado Type 5) using frame models, the following statements can be made:
. Dueto ngldrty of steel ralls and ﬂexrbrhty of the RP posts impact forces are dlstnbuted to
a larger number of posts makmg relative dlsplacement of the posts smaller.
Consequently, the pOSSlbIllty of snaggmg is reduced and redirection of the autormobile
will be smoother. :
Il. Deflection of the guardrail system with RP posts obvnously, is hlgher than that with steel
posts. However, AASHTO's guide specifications (both Roadside Design Guide and
Guide Specs. for Bridge Railings) do not put any limitations on the level of deflections.
lll. Due to high energy-absorption capacity of RP posts, the vehicular impact acceleration |
will be reduced significantly. Collision of a point mass with an initial velocity to the typical
guardrail system with different posts was used to verify this point. It was observed that
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for the system with RP pdsts due to its flexibility, forces were only 40% of the forces
~ generated in the rigid posts. This will mean lower injuries to the passengers and Iess
' damage to the car. |

it should be me'ntioned that in a crash test of a guardrail system, the use of RP posts has been
reported as madequate @an based on a one-to-one deflection companson with wood posts ‘
Obwously, RP is much more ﬂeXIbIe than wood and if total deflection is compared to wood, and
this is the only parameter to determme appropriateness of the design, then it will be very difficult
or uneconomical to design a guerdrail post using RP. The approach that is being pursued in
the current study is to evaluate the proposed design i in terms of functlonallty geometnc
considerations and strength requirement.

FREEZE-THAW TESTS

Coupons and whole sections have been exposed to sixty (60) freeze-thaw cycles. The

| temperature range was from -1 5° C t0 20° C and the average cycle was 14 hours frozen, 10
hours thawed. The humidity was roughly constant in the range of 65 to 75%. These samples
are currently being tension and :compresswn tested, and the properties will be compared with
those of coupons and sections not exposed to freeze-thaw cycles. The objective is to determine
the effect of freeze-thaw cycles ?on mechanical properties such as stiffness, strength and
rupture strain under both tension and compression stresses. Some preliminary results of
tension tests are shown in Figures 15 through 17 for all three manufacturers. Shown on these
figures, for comparison purposes,- are the curve fit results for coupons that were not subjected
to freeze-thaw cycles as discussed before. The results show that the products of manufacturers
A and B (i.e. recycled plaetic with fiber glass and with no fiber at all) retain their mechanical
properties, while the mechanical properti‘es of product C (i.e. recycled plastic with wood fiber)
decays significantly when subjected to freeze end thaw cycles.

|

CONCLUSIONS

Experimental and analytical in\}estigaﬁon of Recycled Plastics presented in this interim report
indicate that this is a viable materiel that could have structural applications. Due to differences
in feed stock, manufacturing process, presence of additives such as giass and wood fibers,
there are significant differences in mechanical and structural characteristics of RP products.
However, this by itself will not be a limiting factor in its structural application. Concrete also has
different matenal charactenstncs depending on its composition. Problems that need to be
addressed to ensure its use among structural engineers are quality control, development of .
standards for testing, design specnf catlons and Iong term performance evaluation. Currently,
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Recycled Plastics. Subcommittee (D20.20) of Plastics Committee of ASTM'}is addressing the
needs related to development of procedures for material and member testing. Over the last two
years, manufacturers have also taken major steps in improving quality and initiating efforts to
develop design standards that can be used by structural engineers. Efforts of manufacturers is
consolidated through the Plastic Lumber Trade Association (PLTA, }vbased in Ohio), a non-profit
organization-that is expected to fulfill the needs of the industry similar to what ACI and AISC do
for concrete and steel. Further research and development work is essential to advancing the-
state—of-knowledge on recycled plastic in order to conﬁdently employ the material in the design
of transportation systems. Completion of Phase Il & IiI of this study, as outlined in the following
section, will be a major step toward achlevmg this goal

PHASES Il & lll TASKS

To further investigate the appropriateness of the RP for highway appurtenances the following
tests and analytical: studies are being pursued under this study:
I.  Sound testas dlscussed in the previous sectron
II. - Wind test of full scale panels of the proposed model will be conducted. The wrnd

' tests will focus on two issues: 1) are the design loads obtained from current
standards a reasonable predlctor of the actual wind loads, and 2) does the flow of
wind over the top of the wall shed verhces that would exc:te the wall and cause it to

L vibrate, _
~lll.  Crash worthiness analyses usmg realrstrc analytlcal models by mcorporatmg the
proposed material model into an exrstlng program such as BARRIER VI (18).
. IV. Further material tests mcludrng creep and rmpact tests.
V. Development of srmpllf ied desrgn methods and CAD programs

o
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|4 N

Manuf acmr er E, EC o :n N o Zn " O . @ inflection

| (MPa)  (MPa)  (MPa) (MPa) point
) | | - (MPa)
Shell| 4,300 860 125 G3) 22.5

o Core ®»m S (1,3) (1)
| ~ Shell}] 1,860 690 152 O 350
Core| 3502 2402 40 G) 9.0

Shell{ 2,210 = 620 6.9 3) 14.0

Core[ 1,790 450 4.8 3) 13.0

E, = iﬁitial fangcnt Y/bun/g’s‘ Modulus in tgnsion o

E, = initial tangent Young’s Modulus in compression

Notes:

= maximum tension stress
.max -

= maximum c ompression stress

J

‘1. The core of this manufacturer is foém-ﬁlled for astetic purposés )
2. Values for the 6x6 were as much as 3 times larger

"Table 1

v : * 3. The matetial did not reach a'maximum value ih compression



2ch

Aeg

o = . ,
Be®+ Ce + D (MPa)
Equation Coefficients
A B C D
“1.76E+05 168,500 8490 40
1.69E+06 72,400 -43,280 © 1,940
0 0 0 10
0o 0 0 10
1.17E+05 2,460 6,040 62
- 2.55E+06 -5,390 -51,870 3,700
9.45E+04 147,000 17,700 264
8.62E+04 78,050 -198,700 3,870
1.39E+405 298,400 12,110 62|
8.34E+05 115,880 ~-39,880 1,360
1.39E+05 728,000 10,310 77
- 9.58E+05 87,030: -46,780 2,110|

(1) values for 6 X 6 were different

Tabe 2
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Figure 7. Typiéal Flexural Test Set Up and a Test Specimen during Loading.
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Figure 15.  Freeze - Thaw results compared to Curve Fit results for Manufacturer A
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APPENDIX |

Grid Layout for 4 X 4 Lumber to Cut tension Test Coupons.
Grid Layout for 6 X 6 Lumber to Cut Tension Test Coupons.

List of Tension and Compression Tests Cbupo_ns Manufacturer A.
List of Tension and Corhpressiom Tests Coupons Manufacturer B.
List of Tension and Compression Tests Coupons Manufacturer C.
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“Grid layout

cOuPON CODING

—~—— MAMUF ACTURER
~— LUMBER SIZE

- AX0X00

n

4

o

7

e

"/~ SECTION # (along lengthd
// COUPON TYPE . '
4;%;;///+~GRIDLDCATIDN__,_h

-

e

AN

-

For 4 x 4 lumber




Grid layout for 6 x 6 lumber

COUPON CODING

| MANUF ACTURER N — o
- ////f_ LUMBER SIZE , - . o |
- v —— SECTION # (along lengthd v “ . | ’ -

//// /— COUPON TYPE

4%




Manufacturer A ' e N
Tension Compression
Shell o " Core . N Shell Core
Coupon - Density ‘Coupon  Density Coupon = Density. Coupon  Density
code  (g/cm”3) code  (g/cm*3) code  (g/cm”3) code  (g/cm”3)
AC1G91 . 0.50
92 072
93 000
94 050
95  0.56
9% - 0.00 . .
97 052 )
98 - 0.00
AC3G01 = 1.05  ~ AC3GS1 . 048
02 0.00. 92 045
94 051
g5 | 0.51 N
9% ' 0.00 ‘ .
97 | 049 334
98 . .0.00
‘AB1G91  0.56
92 = 056
~ 0.00
0.00
0.00
0.00 ‘, : -
AB3G91  0.60-
92 « 057
0.00
0.00
0.00
0.00

"~ *INote’ Shaded block indicates coupon was tested

- DENSITY.XLS
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‘Manufacturer B

Tension . Compression

Shell - .~ Core o Sh‘,él‘l‘/- o Core »
Coupon - Density =~ Coupon  Density . - Coupon. Density . Coupon Density
- code (g/cm?3) ‘ code  (g/cm*3) - code " (g/cm”3) ’ code (g/emA3)

08

BC3G01-
02

03

- 058

- 06

02
03
04
05
06

BB3GO1
02

Note: Shaded block indicates coupon was tested -

~ DENSITY.XLS
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A .
Manufacturer C » v
Tension ., Compression t
Shell Coré | Shell - core
Coupon  Density - Coupon ;Den”sity ,- .. Coupon-. Density Coupon  Density
- ‘code (g/cmA3) ~ code (g/cm”3) . code (g/cmA3) code (g/cm”3) -

05 000 ' | 000

06 . 091 o ‘ 0.00

cB3GO1 __0.00

03
04
05
06 -
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