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1.0 Executive Summary 
This report presents the results of an experimental and analytical study on recycled 
plastics that can be used in the design of highway appurtenances. Performance 
evaluation of a noise walrmanufactured from recycled plastics indicates 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 requirements. 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 appropriate design criteria, and long 
term performance. 

2.0 Background 

2.1 General 
.. ) Recycling is an environmentally acceptable means of reducing solid waste and 

conserving resources. Many federal, state and local laws, such as the "lntermodal 
Surface Transportation Efficiency 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 performance characteristics that are similar to, if not superior 
than, traditional ~esigns. The primary applications are the use of recycled plastics for 
noise walls and guardrail posts. However, due to lack of knowledge about the material, 
especially the long term performance, 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 obj~ives 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. , 

·2.2 Summary of Interim 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 material behaves differently in tension and compression and 
the nonlin~Eir nature of recycled plastic makes traditional terminology such as modulus 
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of elasticity difficult to determine because generally, there is no clearly defined yield 
point. Furthermore, the modul~s of rupture, a property determined}rom beam tests, 
can vary for different sections making these terms specific to the section rather than 
exclusively a material property. Phase I of the study investigated the properties of 
recycled plastics and methods of testing and analyzing recycled plastic '!1embers in 
both axial compression and flexure. • 

In effort to provide a more unified design procedure,· uni-axial material tests of discrete 
sections ·were performed to develop a proposed consti1utive· material model that 
archetypes the stress - strainbehavior. The model w~ used to predict member 
response based on section.geometry alone. This enables·one to predict member· 
response. of sections not yet tested or even· constructed with greater accuracy than 
previously possible, regardless of the differences in tension - compression behavior 

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 psi 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· 1oads and gives a fair estimate of ultimate strength. 

Upon completion ofthe material tests, an innovative noise wall design that uses 
recycled plastic and takes advantage of multi-layering 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 the.ir effectiveness and ·show the desirability• of. a .multi-layered approach. 
The resutts.s .. how that acoustically, the transmission loss of the proposed design is as 
effective as the traditional.designs. The sound tests report is included i~ Phase II report 
as an appendix. Furthermore, finite element analyses as well as an analytical model 
developed ~cifically 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 bridges. The Phase' II report also dis~s results 

· of creep testing and simulated crash analys .. es of guardrail systems. Results indicate . . 
that creep is a significant problem and applications involving large sustain~ loads 

' 
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should be avoided. Furthermore, comparison of analytical crash tests demonstrated . 
that guardrail system with recydled plastic posts allow fQr greater barrier deflections but 
vehicle accelerations are reduc.ed significantly, implying safer redirection and less 
damage to the occupants and the car. This is further discussed in ~is final report using . . 
the results of other studies too. 

3.0 Noise Wall . 
Wind tests were imong. important objectives 'of the study thafwere addressed during 
the final phese of th~ work. In determining the:wind load, NJDOT1 uses the wind load 
equation given by the AASHTO's Guide Specifications•-for Structural Supports for 
Highw,y Signs, Luminaires and Traffic Signals. This- is the same equation given by' 
AASHTO's Guide Specifications for Structural Design of Sound Barriers_ (1989), which 
is as follows: . 

'i 
·. . I , . • ··. ' • 

where P is pressure in pounds per squ~e foot, V is design wind velocity in mil• per 
hour and the 1.3 coefficient accounts for a.a0%.increase in design wind velocity due to 
gust. The drag coefficient, c~. is equal to 1.2 fo~ noise barriers. Cc is combined height, .. 

' 1 . 

exposure and location coefficient, which for.typical nois~ wall heights is equal to unity. 
In the state of New Jersey, tt,e design wind velocity to be used in the above equation is 
90 mph (145 km/hr) resulting 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 
, consisteru compari~on with earlier i8'1alysi$. Additionally, the value-of Cc can actually 

, -: range from 0.59 to 1.49-depertding on appJi'cation thus also changing the minimum 
. I . 

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

3.1 Wind Tests 

The objecti_ye of the wind t~sts was to determine the maximum capacity, flexural -
stiffness and failur~ mode of the recycled plastics panels under wind load. The 
geometry of the proposed design (flat re~gular panels to be stacked on top of each 
other) is quite similar to the traditional precast concrete panels. Therefore, it is 
expected that current design eqijations, such as the above equation, are adequate in _ 

l ' 
· 1. &\gim-ering Instmction 93~BS, June 14, 1993. 



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

' ' The .wind tests were p~rformed 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 depth. 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 II report. 

The wind tests can be summariz~ as successful. 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 neve~ exceeded. 2 in as seen in the test report (Appendix I).· 
The tests had to be stopped due to failur~ of the plastic sheet used to seal the pressure 
chamber .. In the following section the wind tests r~lts are extrapolated to evaluate 
performance of longer panels in terms of the maximum deflection and flexural stresses. 

3.2 Parametric Study 
( 

The response of ~e panels under win~. 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 5wL 4t384EI, where w l,oad per unit length along the span, 
Lis the span length, Eis Modulus of Elasticity, and I 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 i~ obtained using resu1ts1from 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" (7112• center to center) and a 

\ 
width of 2-ft (241 is 366 in4• The load intensity, as discussed before, for New Jersey 
(80 mph wind speed) is 33 psf. This is equal to w of 5.5 lb/in. Thus, the mid-span 

deflection as a function of span length, L in inches, is equal to .1.4X1 o-9L 4 in. For a 12' 
paneUhis equation gives a deflection of 0.6 in; Bas~ on the experimental wind tests 
the following equations are proposed for mid-span deflections at the top and middle of 
the cross section (section·2.4 of Appendix I): 
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y = 0.0161P 
y = 0.0191P 

Top Center . 
Middle Center 

in these equations y is displacement in inches: and P is the pressure 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 thal:can be associated with the difference between the analytical and 
experimental values are: i) actual clear span is less than 12', iQ 3-D action, and iii) 
actual modulus of elasticity and material nonlinearity. 

The maximum flexural stress 1at mid-span, based on the idealized assumption of a 
simply supported beam ·and ~urning linear_ material behavior, is equal to Mc/I = 
0.0075 L2, where Lis in inches. Thus, the maximum stress of 155 psi for a 12' panel is J 

well below the ultimate capacity (less than 1 /20 in tension and less than 1 /40 in 
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 n;iaking more economical designs by further 
reducing the number of posts. It should be noted that no deflection requirements were 
found in the FHWA guides 1. The widely referenced generic deflection limits, such as U 
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 
w_idth 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. 

'i 
It should be mentioned that the flexibility of recycled plastics (compared to precast 
·concrete panels) will also have a beneficial effect on construction tolerances. This in 

1. "Guide Specificatioos for Structural Design of Sound Barriers." AASHTO, 1989. 
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turn can result in more economical designs. 

Ultimately, the proposed design would be extruded as a single unit rather than 
assembled from sheets, thus, reducing assembly time and allowing for easier -
installation. A preliminary estimate of th$ cost for the panels shows them to be 
comparable to current designs. Based dn the mmi! 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 1 for installed barriers are $) 4 per square foot for 
wood and $18 per square foot for concrete. Assuming the barrier mater.ial cost 
comprises one third oMhe total installed cost, this equates to a material cost of $4.67 
for wood and $6.00 for concrete. Tf:1e lifecycle cost ofthe. recycled plastic design is 
expected to be significantly lower due to its inherent characteristics which is durable 

'-and recyclable. 

4.0 CAD / CAA Program 
With a more complete knowledge of the material behavior f(om Phase I, 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 of a recycled plastic beam. Two distinct regions were noted in the 

• I , 1 

cross section of thick (e.g., 4x4) recycled plastic 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 se1s of material constants 
are needed for the material model. It was shown in \Phase I and II that it is possible to 
predict member response with good accuracy (5 - 10%) using this method. The key 
advantages .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 O.~ inch (1.4 cm) deflection at the top of the cross 
section under the 33 psf distributed load. ,This cqmpares well with the test result of 0.53 
inch. It is well worth noting that the.program predicts a predominantly linear response 

1. "Summary ofNoiseBmier$ Constructed byendof 1995."U. S.DepartmentofTranspcrtatim. The Wall 
Joumal Issue No. 27. 19'J7 . 
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indicating that the mate,rial is well below the ultimate stress level at this loading ~d for 
' this case, the previous linear FE analysis is valid. This conclusion can only be obtain~ 

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 respom~e althoug,h fewer program options are available. Figure 
1 shows the input fields for the internet based version found at http://koenig.njit.edu/ · 
... ala/keith/JAV A/rp.hbnl. 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. 'ignore core' option is ~ctivated and su~able for analysis of this 
1 ·section becaLJSe the prototype· is entirely 'shell' material.( As noted previously, the 
appearance of distinct core and shell regions disappears with thir1ner sheets and the 
sheets used to construct the prototype panel {0.5 incf?) showed n~ evidence of this 
distinction. The internet version uses the material constarns of Manufacturer B noted in 
Phase I 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 Jhe Phase I. 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 ~an;ie way but does not allow the user to change many of the 

. values that effect the accuracy of the resu,lts. It has certain qefault values that may not 

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

• material constants {properties) 
• .maximum strain reaclled. 
• tolerance for the force .imbalance 

' • number of iterations 
• number of subdivisions of the cross-section 
• number of moment cuJVature 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 differem 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 particular need. 

Bl•IDear Mmriol 
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5.0 Guardrail System 
The primary function of a guardrail system i~ 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 vehicle, thus, IT1inimizing occupant's risk. As shown in Phase 
II report through crash analysis using Barrier VII, 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). 

. . : . . . . ( - ... 

In a recent report by FHWA 1 results of a full scale crash" test using similar design (i.e., 
recycled plastic posts and W-beam railing) is repQrtect The conclusions of this study 
are that the test data complies with the requirements of NCHRP Report 2302 but the 
test is considered unsuccessfulbecause oflarge lateral deflection. However, the report 
does not provide a .reference on the "established. value of less than 1 m (3 ftt for lateral 
deflection. The impact conditions in the crash test reported were a 2129 kg (4,695 lb) 
sedan travelling at 93.5 km/h (58.2 mi/h) and 24;4 degrees. 

l 

In another study performed by Raschke et al.3 a guardrail system that uses standard w-
beam steel rail supported by composite commingled plastic 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 alternative to current standard wooden and steel posts. 
The conclusion of the full-scale crash test is thatthe guardrail system fulfilled its 
primary function. The impac,t conditions were a 2,043 kg (4,500 lb) 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 

r 

(i.e., strong-post guardrail s~ms that use'wood or steel posts). 

Therefore, the suitability of a guardrail system thf,3.t uses·recycled plastics posts is still 

1. · Evaluation 1of Recycled Maten.als f~ Roa~ Safety Devices, U,S. Department of Transportation. Pub-
lication No. FHWA-RD-97-XXX. Mmcb. 19,')7 ' 

2. NCBRP ~port 350 is an update to NCBRP Report 230. 
3. Reschke, Paul N., R. P.:Blign, and K. R. Pruski, "Commingle Plastic Guardrail Post," 

ASCE, Journal of Transportation Engineering, Vol. 121, No. 2, March/April, 1995. 
( \ 



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. 

I • 

6.0 Conclusions \~ 
. The results of this study indicate that recycled plastic is a viable material that can ~e 

used in the construction of certain components of the hig~way system. The noise wall 
panels 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, making more economical designs 
by further reducing the number of posts. Weight and limit on stresses during 
construction and transportation are among fadors limiting the length of current designs. 

Therefore,. it is recommende~ that the proposed design be installed in field in an 
experim~ntal Qasis. This will allow evaluation of environmental effects such as lo~g 
term freeze / thaw exposure, objects thrown from traffic striking the panels, and similar 
field conditions thatwere not a part of this study. ' 

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

Recycled plastic lumber is a thermoplastic material .and highly susceptible to 
temperature and the effects of creep are significant. It is recommended that sustained 
stress levels greater than 10% of ultimate should be avoided. Furthermore, freeze/thaw 
exposure indicates that recycled plastics with high·percentage of additive~ (such as 
wood fibers) are not suitable for lo,ng terrn outdoor exposure. Quality control and 
development of testing sta!'ldards \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 Compression, 06109-97 Flex, D6111-97 Density • 
. D6112-97 Creep, and D6117-97 Fasteners. Work on coefficient of thermal expansion, 
shear properties, coefficient of friction,' and specifications of deck boards and joists are 
currently underway. 

10 



Future studies should investigate the use of recycled plastics in the design of other 
highway appurtenances such as/ culverts and glarescreens. Long term performance 
evaluation and durability, manufacturing techniques·(rotational molding; heat welding, 

I , . 

etc.} and design specs are also among areas that require further research. 

/ 
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Recycled Plastic, Sound-Wal/Box Beams 

1.0 SET-UP 
/ 

1. 1 Plastic Beam Specimens 
Construction of the box beams was done a week before testing. Plastic 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 ½ in. and two (2) 7in:-"x 12ft x 1/2 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 typical beam is illustrated in Figure· 
A.I. . 

1.2 , Tes~gFrame Configuration 
The Wind Load Test Facility at Clemson University was utilized to perform pressure 
tests on the box beams. Spec;i:fically 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 relllainder of the chamber was internally blocked off with 
2xl2's as shown in Figure A.2. End supports were built with the dimensions currently 
used in the field and are illus1:rated in Figure A.3. ·oriented strand boards traversed the. 
bottom of both supports and were covered with 6-mil plastic to proyide a "frictionless" 
surface between the support and the specimen bearing 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 
121/Jt 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 
(L VDT' s) could later be installed. A continuous piece of 6-mil plastic was taped to the 
bottom2 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 chamb¢r. 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 chamberto the pump. Tuough9ut 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 differential pressure. The suction caused the beam to be drawn 

. I 

towards the chamber. 



· Recycled Plcistic, So,md-Wall Box Beams 

2.0 ANALYSIS PROCESS 7 
The raw data Was obtained and put intoa 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. Data for Beams A 
and B are located in Appendix Band C, respectively. 

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 1-½ inches 
while simultaneo1:15ly measuring the resulting differentialvol~e .. Calibration factors for 
each L VDT were obtained by dividing the displacement by the change in voltage. Both 
qne and two inch range L VDT'.s were used with calibration factors of approximately 1 

O.lin/volt and 0.2in/volt, respectively. All calibration factors-are shown in Table 2.1. 

'I 

TABLE 2.1 Calibration Factors for L VDT's 

Top Left Top Center Top Right Middle Left Middle Center MiddleRight 

0.1007. . 0.2040 0'.1002 0.2179 0.2006 0.1984 

NOTE: All factors iil Inches per Volt 

2.2 L VDT Locations · . , 
L VDT's were located at the coordinates listed in Table.2.2 and illustrated in Figure A.1. 
It should be rioted that the Middle Center I,, VDT was located slightly off center. · 
However, using beam theory analysis with simply supported bo~dary conditions, the 
actual center displacements can be compared with. the offset locatiqn with a very high 
d~gree of accuracy. Supporting calculations can be found in Appendix H. 

TABLE 2.2 L VDT Locations 

Coordinates 

L VDT location X y 
'·. 

Left 5 22.5 
Top Center 72 22.5 

Right 139 22.5 
Left 4.75 12 

Middle Genter '69.75 12 
. Right 138.75 12 

NOTE: · I.) All coordin~es in Inches, and 
2.) The origin is located at the lowei; left comer of the beams. 

14 



Recycled Plastic, Sound-Wall Box !}~ams 

2.3 Determining Displacements · 11 

Displacements were calculated by zeroing all voltage readings by each LVDT initial 
voltage reading, then multiplied by the appropriate calibration factor. These· . .1 

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 pressmes. The displacements 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 glldual restriction of air loss. Figures B.1 and 
C.l show displacement time hi~ory 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 rangedifrom 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 fqr Beam B. Re-starting the pump essentially subjected the 
specimen to a cyclic load and mbved 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 intercept the 
displacement axis at the origin signifying the beam, indeed underwent a rigid body shift 
prior to any relative displacements 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 ~dB are shown in Figures B.2-B.3 and C.2-C.3, 
respectively. Using both Tqp and Middle Center L VDT intercepts for determining the 
RBS eliminated the need for a<;lditional L VDT locations (Top Left, Top Righ~, Middle 
Left, and Middle Left), therefore they were not used in the analysis process. · 

' 

2.4 Equations from Sub-Tests 
Next, displacements adjusted for a RBS, for all sub-tests of both beams were plotted 
against pressure and fit with a;line. Table G.l lists all the deflections plotted in Figure 
G.l. Based on the slopes of each equation, mid-span deflections at the Top and Middle 
of the beam at any pressure w:ere determined with less than 3% error. The equations are 
in the form of y = -mx, wherey is di~lacement in inches, x is the pressme in pounds per 
square foot, and m is the slope in inches per pounds per sq. ft (in/pst). Slopes and 
corresponding coefficient of correlation values (R2) are listed in Table 2.3. It should be 
noted that equations are based on all data collected in which pressures:ranged from O to 

I_ ·, ; , 

93.6 psf. _ · · · . 

TABLE 2.3 Slopes of Top and Middle Center L VDT's 

Slope (m) 
Top Center 0.9161 0.9740 

Mid~le Center 0.0191 0.9747 

15 



Recycled Plastic, Sound-Wall Box Beams 

3.0 MATERIAL PROPERTIES 
Coupons were made from the same sheets ofplastic 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 clescribe how these properties,-were obtained. All datafrom the 
tension·and compre~ion coupon tests are provided in Appendix D and E, respectively, 

3.1 i Tensile Modulus of Elasticity (I'MOE) 
'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 artd extension readings were taken.every 1 0Opounds. At 
first it was thought that an extensometer would disturb the coupon when attaching to the 
two-inch gage length, therefore, the, initial attempt atmeasuring extension was through. 
the -qse of dividers. Figure D. l shows how this method provided data for the duration of 
the test. However, aithe beginning of the test, extensions, became difficult to read using 
this method so subsequent coupons were tested 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 stresse-s induced 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.4 is a typical failed tension coupon. 

i 3.2 Compressive Modulus of Elasticity (CMOE) 
Compression coupons were made with the dimensions of4 x 1.3 x 2 cm. These were 
placed in a Universal Testing Machine cPidapplied a compressive load along the 2cm 
direction at a rate of 0.05 in/min, .Extension readings were taken with the crosshead 
move~ent every 200 pounds, up to 4000 pounds. Thereafter, the load increased much 
slower hllowing readings to be taken every 100 pounds uo.til 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 ari average approximately 65.5.ksi. Figure EA shows an original and 
the three tested compression coupons. All coupons deformed in a similar manner. 

( 
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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 siae of the ½ inch 
thick piece they w~re being screwed into. However, this aid not seem to effect the 
overall performance of the be~ 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 suggesting the beam performed as if it were an I extruded piece of 
plastic. 

4.2 Stiffness and Flexibility 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 defle¢.ion whatsoever when handling. 
Moreover, when testing the bqx 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 
th.us the. slope, and can be expressed in units of psffm. The stiffness of the two center 
L VDT locations are listed below in Table 4.L 

TABLE 4. l Stiffness of Center L VDT Locations 

Stiffness 
sf/in 

Top Center 62.1 
Middle Center 52.4 

4.3 Rigid Body Movements 
Immediately after the pump was turned on the entire beam underwent a rigid body 
translation. The translation was detected by all L VDT' s and is a result of the intended 
gap between the support and the beam, shown in Figure A3. Also det~d was the rigid 
rotation of the top of the beam coming into contact with the supports. Uris can be 
explained by excess plastic that built up under the inside edge of the beam when 
installing it. This also explains 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. Accordingly, this was accounted for in 
the L VDT 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 O to 90 psf in increments of 1 Opsf. 
A mid-span profile plot catr'be found in Figure f.2. 
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Recycled Plastic, Sound-Wal/lBox Beams 

4.5 Deflection of Beams 
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. l, 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 earlier, both Top and Middle Center displacements are listed for 
comparison. L 

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 
examining the contact area between the beam and the. end supports throughout the test. 
Theoretically, the tributary areafor a box.beam is 12ftby 2ft, providing the simple 
support is only in contact with the two exa:-eme 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 compe~ate 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. 1bis would be the case when 
examining the slope comparison of Top Center L VDT with that obtained using beam 
theory with the average MOE. The slope o(the Top Center (0.0161) is indeed less than 
the slope obtained using beam theory (0.01815). 

/ 
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J 

l 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 Wmd Speed, Pressure and Wall Height Relationship 

Height Fastest Mile Pressure Wind Speed (ft) (moh) (psf) 

70 14.3 
~15 90 23.7 

' 110 35.4 
70 15.2 

20 90 25.2 
110 37.6 
70 16.8 

30 90 .. 27.7 
.,· 110 41.4 
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Figure A. I L VDT Locations on Typical Beam 
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FigureA.4 Beam Location in Supports 
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Figure A. 6 Suction from Enveloped Plastic 
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· Figure B.1 

Displacement Time History for Beam A 
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Figure B.2 

Beam A Displacements vs. Pressure 
Using Sub-Test #1 
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Figure B.3 
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Figure C.1 

Displacement Time History for Beam B 
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. Figure C.2 
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Beam B Displacements vs. Pressure 
Using Sub-Test #1 
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Figure C.3 

Beam B Displacements vs. Pressure 
Using Sub-Test #2 
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Figure D.1 

Stress Strain Curve for Coupon #1 (Using Dividers) 
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Table 0.1 

·' 

' Determining of. Modulus of Elasticity 

Coupon #t2. -
,· Width~ 0.704 in 

· Thickness = •. .· 0.456 in:,_· ·,: 

Area= ,0.3210in2 
Gage Length = : ; 2in 

' 

Load Rate 
·.• 

Load(#)· ~ion s•·(psi) . Strain 
(in/min) (in) .•(infill) 

: 

0 ·0.00000 0.0 •··0.0000 
/ 50 0.00200 " 155,8 0,0010 

100 o.o~o-·· .311;5 ,. 0.0018 
150 · 0;0()4;35 -· :467;3 · 0.0022 

, 200 0.0,0580 623;0 0.0029 
•' 25.0 0.00680 · ·118~8 - 0.0034 

·300 0.00.890 · .. '934.,5 0.0045 
350 0.01070 .1090.3. O.Qp54 
400 . -0.01250· 1246.0 · 0.0063 
450 0,-01500 · 1401'.8 0.0075 

0.1 500 0.01689 · .1557.5 0.0084 
. : I• 550 0.01998'· 1713;3 0.0100. 

600 0.02270 1869:0 0.0114 ., 
650 o.oiaao. 2024l8 0.01~ 
700 0.02980. 2180~5 0.0149 
.750 0.03470 2336:3. 0.0174 
800 0.03970 24920 0.()199' 

, ......_,.. 850 0.04560 2547;a 0.0228 
··soo o.·05268 2So3;5 0.0263 
950 0.06010 .. 2959:3-.. ·.· 0,0301-

., •, 1000' 0.06900 .. 3115'.0 0.0345 
1050 0.07910. :,270!8 0.0396 

E = 214568 psi :from best-fit line 'using 
pressures from O tc:778.8 psi. 

with.an R2 valc.,e= 0.9765 

{' 
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Figure 0.2 

Stress Strain Curve for Tension Coupon #2 
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Table 0.2 , 

Determining of Modulus of 8asticity 
J 

·. Coupon#3 I 

Width = \_ 0.685 in 
Thickness= 0.454 in 

Area== 0.3110)n2 
Gage Length = 2in 

. 

Load Rate Load(#) Extension Stress ·strain 
(in/min) (in) (psO {in/in) 

.·. 

0 0.00000 :0.0 - 0.0000 
50 0.00218 · .· 160.8 I 0.0011 
100 0.00280 321.6 0.0014 
150 ·0;00430 .. 482.31 0.0022 
200 0.00580 643.1 .. 0.0029 -

. 250 0.00750 803.9 0.0038 
300 0.00960 964.7 0.0048 

·. 350 0.01150 1125.4 0.0058 
400 0.01345 1286:2 . 0~0067 
450 0.01530 1447;0 o.oon 

0.1 500 0.01800 1607.8 Oa0090 
I 

550 . 0.02190 1768.5 0.0110 -
600 . 0.02490 1929.3. 0.0125 
650 0.02930 2090J 0.0147 -
700 0.03390 ·2250.9 Oa0170 
750 0;03860 2411.7 0.0193 
800 0.04490 25724 

.. 

0.0225 
850 0.05260 2733.2. 0.0263 
900 0.06010 2894.0 0.0301 
950 0.07130 ·. 3054.8 10.0357 

I 1000 0,08375 3215.5 0.0419 ··. 
I 
I ·.-

E = i16314 psHrom best-fit'rine\ising 
pressures from O ta 803~9 psi 

2 I . J 

with an R value= · 0.9855 
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Figure 0.3 

Stress Strain Curve for Tension Coupon #3 
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Figure D.5 Typical Failed Tension Coupon 
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Table f;.1 Determining of Compressive MOE 

Coupon #1 
Width= 1.573 in 

Thickness= 0.456 in 
Area= 0.7173 In2 ' 

Original Length = 0.791 in 

Load(#) Extension Stress Strain 
(in) (psi) (in/in) 

a 0.0000 a.a 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 0.0119 1394.1 0.0150 
1200 0.0134 1673.0 0.0169 
1400 .. 0.0159 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 4182.4 0.0613 
3200 0.0567 4461.2 0.0717 
3400 0.0667 4740.1 0.0843 
3600 0.0812' 5018.9 0.1027 
3800 0.0997 5297.7 0.1260 
4000 0.1198 5576.6 i 0.1515 
4100 0.1307 5716.0 0.1652 
4200 0.1406 5855;4 0.1m 
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 7249.5 0.2919 
5300 0.2413 7388.9 .. 0.3051 

COJ?lpressive Modulus of Elasticity was determined to be 
75553 psi using stresses from 0 to 1115.3 psi. 

with a R2 = 0.8927 
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Figure E.1 
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Table E.2 Determining of Compressive MOE 

Coupon#2 
Width= .1.573.in 

Thickness= ' 0.457in 
( 

Area= 0.7189 in2 
Original Length = 0.791 in 

Load(#) Extension Stress Strain .. (in) (psi) (in/in) 
o 0.0000 0.0 0a00QO 

100 . 0.0037 139.1 0.0047 
200 0.0057 278.2 0.0072 
600 0a0107 834.7 0.0135 
800 0.0125 1112.9 0.0158 · 
1000 0.0145 1391.1 0.0183 
1200. 0.0163 ' . 1669.3 .... 0.0206. . 
1400 - 0.0189 1947.5 ·•.· 0.0239 : 
1800 0.0237 2504.0 0.0300 
2000 ... 0.0263 2782.2 0.03'32 
2200 0.0302 I 3060_4 0.0382 
2400 0:0339 3338.6 0.0429. 
2600 0.0392 3616.8 0~0496 
2800 0.0443 3895.1 . 0.0560 
3000: · 0.0514 4173.3 0.0650 
3200 0.0606 4451.5 0.0766 
3300 0.0662 4590;6 ·o.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 I 0.1942. 
4300 0:1638 .· 5981.7 0.2071 
4400 0.1742 6120.8 I 0.2202 
4500 0.1833 6259.9 0.2317 
460.0 0.1952 6399.0 0.2468 
4700'· 0.2028 6538.1 0.2564 
4800 0.2132 6677.2 .0.2695 
4900 0.2361 6816.3 0.2985 
5000 0.2493 6955.4 0.3152 

1 . 
Compressive Modulus of Sasticity was detennined to be 

62253 · psi. using~stresses · from ·a to' 1112.9 psi. 
. with a R2 = 0.9246 · 
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Table E.3 _ Determining of Compressive MOE 

Coupon#3 
V\ligth = 1.574 in 

Thickness= 0.456 in-
Area= 0.7177 in2 

Original Length= 0.787 irt 

; Extension- ·Stress Strain I.dad(#) (in) •, . (~i) (in/"m) 
0 0.0000 ; 0.0 0.0000 

200 Q.0045 278.7 · 0.0057 
'400 0.0072. · 557.3 0.0091 
600 0.0093 . 836.0. 0.0118 

\· 800· o.012s .. ·. 1114:6 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.()276 
1800 0.0247 2507.9 -.Q.0314 
2000 0'.0278. 2786.5 0.0353 
2200 0.0319 3065.2 · 0.0405 
2400 ·. 0.0363 . I 3343.8 0.0461 . 
2600 0.0417 •. : 3622.5 ·, 0.0530 
2800 0.0483 3901,1 0.0614.·· 
3000 0.0563 4.179.8 0;0115 · 
3200 0.0673 , 4458.4 0.0855, 
3300 0.073S· 4597.7 , 0.0939 
3400 0.0813 4737.1 0.1033 
3500 0.0902 . 4876.4. . o.~1146 
3600 . 0,0998 ~015.7 · 0.1268 
3700 0.1093 5~55.0 0.1389 
3900 0.1287 5433.7 0.1635. · 
4000 OJ387 .. 5573,0 0.1762 
4100 0.1483 · 5712.3 .·.0.1884 
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 , ·0.2445 
4700 0 . .2013 6~48.3 0.2558 
4800' 0.2100 6687.6 . 0 . .2668. 
4900 0.2183 ··6826:9 0.2774 · 
5000 0.2269 6966.3 · 0.2883 
5100 02357 7105.6 .·0.2995 \ '. 
5200 · 0.2448 .7244 .. 9 0.31.11 

· Compressive ModWus of Elasticity was detennined to be 
. . ·57427 psi using stresses from Oto: 1114.6 psi. 

· · with 'a R2 = · · 0.9763 · 
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Figure E.3 
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. Figure E. 4 Original and Tested Compression Coupons 
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Figure F 1 Screws Protruding from Sides. of Beam 
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Figure F.2 _ 

---Mid-Span Profile.of Beam at Various Pressures 
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Figure G.J Deflected Shape of Beam During Test 
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Table G.1 Mid-Span Deflections For All Sub-Tests ofiBoth Beams A and B 
\ 

.Deflection lin\ 
Beam Sub-Test# Pressure (psf) Top Center Middle Center 

', 

' .5.2 -0.09 -0.10 
10A -0,15' ,, -0.19 

. 7.28 -0.13 -0.13 
' 10A, ·-0.16 -0.19 

15.6. ·-0;23 -0.29 
. 20.8 -0.31 . -0.39 

1 22.88 :-o.34· -0.43•' 
31.2 -0;45 \ -0.55 

. 35.36 -0:52 -0.63 
37.44/ -0.58 -0.68., 

A · 38.48 -0.5,9 -0.71 
45.76· -0.71 -0.83 
46.8 -0.75 -0.88 
52 -0.92 -1.02 

l 
.. 56~16. ,-0.97 -1 .. 07 -

2 57.2 -1~00 -1J1 . 
', 59.28 -1.0~ · -1.14 

67~6 -1.17 -1.29 
72.8 -1;27 -1.39. 

3 78 -1.12 -1.25 
83.2 -1.~ -1.58 

,/ 3.12 -0.06 -0.11 
6.2 -0.12 -0.15 
6.2 -0.14 -0.17 

\ 12.5 l -0.2Q -0.23 
15:6 .-0.29 -0.33 
16.,6 -0.31 -0.36 

1 21.8 -0,37 I -0.43 
' 26.0 -0.44 -0.51 

29~1. ,-0.50 -0.59 
32.2·· -0.55 -0.64 

8 ' 
35.4. -0.61 ..()~ 71 
36;4 -0;63 -0:75 
41.6 -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 67.6 -1.04 -1.34 · 
70.7 '...1.11 :.1.43 
a1:1 ,-1.20 -1.54 
86'.3 -1.38 -1.78 
93.6 -1.51 -1.96 
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Figure G.( 

Mid-Span Deflections vs. Pressure 
Using All Sub-Tests For Both Beams A and B 
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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 

-
\ I % Difference I 
MOE Used Value (psQ .·· Slope* 1 Top Middle 

' Center Center 
Tensile 2.15E+05 0.01184 36.0 61.3 
Compressive 6.55E+04 0.03886 58.q 50.8 
Average 140250 0.01815 11.3 5:2 

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

r x = pressure in psf 
m = slope in inches/psf 

- see attached calculation 
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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 recycled 
plastics.; 

This report presents the·resl,llts of the second phase of this study. Included is a review of the 
key points found in Phase I of the study. Member tests and comparison of the resultswith the 
model developed in Phase· 1 and the results of creep testing are also included. Highway 

. . . . . . . 
applications are further developed with a prototype panel proposed in Phase I and a computer 
simulated crash analysis of a guardrail using steel posts is compared to that of recycled plastic 
posts. 

RECOMMENDATIONS 

Based on the research up to this point, the following inte.rim recommendations can be made: 
I 

• · Effective noise wall panels can be constructed of recycled plastics. Sound tests 
have shown rthat prototype panels are as effective as traditional designs . 

. Furthermpre, they are much lighter making them suitable. for mounting on structures 
I 

such as bridges. 
• It is possible to predict member behavior of sections other than 4x4 (i.e.,. 6x6 and . 

I . . 

6x8) for low to moderate loads using the proposed material model and the methods 
developed in Phase I. 

• The effects of creep are significant and applications with sustained stress levels 
grec1ter than 10% of ultimate should be avoided. The self weight of the proposed 
noise wall causes a stress level much below this limit 

• Freeze / thaw exposlJre indicates that recycled plastics wi.th wood additives are not 
good for long tenn outdoor exposure. 
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BACKGROUND 

General 

Solid waste is overloading the landfills and is a major contributor to the environmental 
problems facing this country. Every year th~ U.S. alone generates 320 billiorolb (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]. 

Recycling is an. environmentally acceptable means of reducing solid waste and conserving 
I ' i 

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 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 properti'es among 
manufacturers. The use of recycled plastics in development of economical ai:1d 
environmentally acceptable highwa~ appurtenances, such as noise and traffic barriers, is also 
discussed. 

Mixed, or commingled, plastics once destined for the waste stream are now being recyded [31. 
Collected plastic scrap is granulated, then melted and processed in an extruder. The molten 

I 

plastic is then forced into a maid cavity of the shape and size of the final product· The product 
can be cut and shaped with the same tools and fastening·devicesused for-wood~ These · · 
molded products are resistant to attack from gc1s, oil, salt,. sunlight, chemicals and insects and 
will withstand human and mechanical abuse [4]. Test results have shown mixed plastics hold 

· nails approximately40 percent better than wood [5]. Fiberglass and treated wood fiber: both 
classified as hazardous waste materials, have been successfully used to improve the 
mechanical properties [6] of recycled plastics. · 

Currently, molded shapes are used to make park benches, guardrail block outs, fences, road 
markers, landscape timbers and a wide variety of other non",'.structural applicationo/-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 a.nd structural properties of the material, especially their 
relation to long term performance. Lack of testing standards and design specifications 
compound the problem. 

C 
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,. 
Previous work [8] has revealed tnat the modulus of elasticity varies greatly among 

~- ! • 

manufacturers. Creep effects [9l are thought to be significant and it has been noted [10] that 
sample size and temperature affect material properties. It has also been shown (11] that these 
recycled plastics are virtually non-tox~which is in sharp contrast to chemically pressure 
treated lumber r 

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

' 

There is ~rrently no industry standard for the manufacture of RP products so there is variation 
among the manufacturers in composition as well as the m~ods of acquiring materials. To 
represent the range of compositions available, three manufacturers referred to as A, B & C 

1 • - • • • • 

were selected fortesting. Manufc1cturerA mixes fiberglass with the RP, Buses only RP,-and C 
uses 50% wood fiber in additior;i 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' ~r 'shell' coupons 1based on their origin. 
Standard tension coupons were 1 cm x 4 cm x 20. cm nominal and compression coupons were 

\ ; . . . 
1 cm x 4 cm x 2 cm. The following information w~s revealed by the· Phase I tests. 

• Typical members have a visually inconsistent cross section. 
• The core and shell coupons were not only visually different but also were noted to 

ha'{e different dry densities and greatly 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 

I 

is thoughtto be caused by the rate of co~ling as larger shapes cool at a different 
rate. 

• Freeze I thaw exposure advers~ly affects th~. material properties of products 
containing wood fibers but does not appear to have a significant affect on those • 
composed entirely: of RP. 

• .· Member behavior can be predicted with reasonable accu~cy fqr low to moderate 
loads using the proposed material model and considering the ~ontributions of core 
and shell. ' 



Table 1 Material Properties 
max tension compression 

Manufacturer Et Ee· 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 2200 5100 

(4x4) Core 51 35 580 1000 
(6:x6, 6x8) Core 150 72 750 1300 

C Shell 320 90 1000 2000 
Core 260 65 750 1900 

Note: Et represents Modulus in tension, Ee represents Modulus in compression 

MATERIAL/ MEMBER TESTS 

Testing of 6:x6 and 6x8 members in bending and 4x4 ~ections in axial compression was 
performed. The computer program developed in Phase I was used to generate theoretical 
load deflection data which was compared to the actual tests. 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 were conducted oo 60" long ,6x6. and 6x8. sections .in accordance 
·with ASTM D 198. One 6:x6 and one 6x8 were tested from ;each manufacturer. Figure 1 
shows typical 6x8 members in flexure. 

Results 

The load deformation results show non-linear behavior similar to the material and mernber 
tests of Phase I. Although all three products had good ductility for structural purp0u~r , they cdl 

I 

failed sudd_enly as reflected by the lack of a descending portion in the load-deforrnation curves 
in Figures 2 through 4. As with the 4x4 tests, the greater ductility of Manufacturer B can be 
attributed to the lack of reinforcement in the product. 

Analytical vs. Test Results 

The bending 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 
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' ' 

the ultimate load for all sections tested. It is suspected that stress'concentrations caused by· 
the presence of impurities discussed jn Phase I effect theory to deviate from test results, 
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 {Le., 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 over a 2" gage length and the net effect of 
specific, localized stress concentrations occurring in this le~gth cannot be determined because 

. there are several parameters that affect how stress concentrations will cha11ge the apparent 
material behavior .. Among these~are the ratio of-coupon Sizeto 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. It 1is not the intent of thi.s research to investigate these effe$ but 

, . . . I . . . 

rather to develop and .investigate a method for the analysis of composite 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 thatfor tt,e 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 ' ' 

i . l 

maximum bending rnoment (ba~ed 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. Th~ CFL is the maxi'mum coupon tension strain observed before 

. failure and when the program requires th~ stress at.a strain larger than the CFL. it uses the 
stress at the CFL. · In other words, the theoretical curves are extrapolated by a~suming pure 

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

Although all of the theoretical curves predict 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 

J 

one predict a higher ultimate load than observed which is likely due to an artificial strength 
caused by the plastic CF!,:. assumption noted earlier. 

' ' ' ' ,- " ' ( ' ' ' ' 

While it is possible to model the bending of RP sections based on the material behavior 
1 satisfactorily for low loads, this method seems to deviate more for higher loads. Because this 

.I \ 

method is based on simpler, less expensive coupon tests and does not necessitate .separate 
tests of the entire member for each specific cross section conside,:ect, it is \anticipated that it will 

' ' ' 

prove useful for RP analysis: ;Additionally, Manufacturer B has reported to now be collecting 
• I • • 
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and sorting.the scrap more carefully so the notion of stress concentrations caused by 
impurities may soon be irrelevant 

Compression 

Axial compression tests were perfonned on whole 4x4 sections with an _initial height of 4.5". . ' . 

Four samples were used for each manufacturer and testing proceeded .following ASTM D 198, 
Static Compression of Timbers in Structural Sizes. 

Results 

The axial compression results showeq_ that au manufacturers exhibited similar behaviqr. Near 
0 the ultimate load for the section, the stiffness dropped consid~rably' and the shell began to 

buckle away from ttie core marking 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.arid shelrmaterials, particularly for short columns ... After, 
visual failure, all samples sustained large plastic deformations suggesting that these materials 
might be well suited for one -time, large·-energy·absorbing mechanisms such as crash· 

' . ' 
cushions. 

Analytical vs Test 

Figures 6 through 8 show the theoretical curves plotted with the axial member compression 
• , ' I •• ' r 

test results. The curves can be seen to closely follow the be'1avior of the member.before 
buckling ofthe shell occurs for all three manufacturers: The test obviously deviates fh>m 
theory at this point because the possibility of shell buckling 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 9eneral buckling failure: ·The agreement 
between the. test and theory before visual failure ocau.ts indicates that it is p9ssible to predict . 

. . . : 

axial member behavior with reasona~le accuracy in this range butthe model gives no 
prediction of when the shell buckling ~night occµr. · · 

. \ 
' . 

A simple approximation of the shell buckling toad was optained by, considering one side of the 
shell to be a simple column supporting a percentage of the total load based· on total c:r os.s 
sectional area and initial E value as shown in Figure 9. The Euler:buckling load was computed 
and·the values for each manufacturer are indicated in Figures 6 through ·8 which seems to· give 
a rough indication as to when one might expect thi_s buckling·to occur. ·The values are not as 
conservative as expected, however\ considering the assumptions made which suggests that 

- . ' . 

the mode of failure is more of a localized buckling than· a general buckling. It must be 
emphasiz~d 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 refere11ce and is not viewed as a good method to' predictthe ultimate load for RP' axial 
I , - ' ·- - -

members. A more complex analysis· is required if the true behavior ,is to be considered in 
--detaiL 

\ 

Creep 
' . . . 

Standard compression coupons were subjected to a constant dead load that produces a stress 
level of 1 o psi. This is a typical: dead load stress--!evel at the base of a 20 ft high wan created' -
with RP. The temp~ratllre 'was held constant at 95° F throughout. Figure 1 O shows ~at after · 
7 months, the creep strain for ~II-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) , . I . 

considered constant throughout the height, it equates to a creep deflection of only 0.3 inch for 
a 20 ft high wall. Although this. is acceptable for a noise wall, Table 2 shows it is extremely 

. . ' ·-, . 1·-, . . ' . ( . - . 

large when compared to the initial strain obtained from the test data. Creep deflection 
' 

compri,ses the larger portion of the total deflection by far, even ·for low s~s levels. Noting 
that-10 psi is at least 15 times less than the ultimate compressive stress found in the·material - , - - - I - -
tests for all manufacturers, it is apparent that creep de,flection can be very significant and is 
discussed further in section FlJt4re Work. \-

I 

Table 2 Summary of Creep Strain (.. 

Manufacturer Initial strain Creep strain after Increase from initial 
{%) 7 months {o/ci) strain 

A 0.008 0.13 1625,% 
8, 0:01 0.13 1300% 
C 0:01 0.13 1300% 

NOISE WALL 

Previous Work 

There has been ·much interest in the possibility of using RP for noise walls since it is 
considered an environmentally sound alternative to present materials and has a low life-cycle 

. . . / . .. . 

cost [13] when compared to traditional designs. TheNewYork Department of Transportation 
(NYDOT) has· proposed a de~ign that uses RP sheathing with wood or metal framework [13}1 

· This design uses stringers oriented -horizontally between the posts to support the sheathing. 
. ! . - -

Thetederal Highway Administration (FHWA) has reported installed RP noise walls [14]. The -
Oregon Department of Transportation has installed and monitored a noise wall comprised of 
RP from different manufactufers. Carsonite, a.manufacturer that uses shredeied tire pieces 
inside a RP shell was used as well as Trimax and Trex. The Nevada Department of 



Transportation used the Carsonite product and has not reportea any problems with the 
material. FHWA has also reported erecting test sections of noise barriers to evaluate 

r . '• ,/ 

constructability. and weatherability of 1noise barriers using 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 environmental loadings. 

Proposed Design 

· 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 difficultto utilize RP as an· 
economical noise .barrier~ An advantage of RP, however, is that it can easily be manufactured 
into various shapes and the cross section does not haveto be solid. With this in mind, a new 
noise barrier design, as shown in · Figure 11, is proposed. Spacing of the webs was 
determined through finite element (FE) analysis of a typical cell assuming the material to be 

. . ' . 
linear. The proposed design uses shell thickness of 0.5n with an overall depth of 8". · A 30 psf 
(typical AASHTO 80 to 90 mph wind toad) applied to a 15' long panel resulted in a maximum 
deflection of 2.2" and the· stresses were below 21 o psi. The stress distribution from FE 
analysis is shown in Figure 12, which illustrates that the shear lag in the panel is notexcessive. 
The panel length was increased to 20' resulting in a maximum deflection of 6.2" and the 
stresses were still below .360 · psi so the linear assumption is still valid. Figure 13 shows the 
stress distribution in the longer panel. The shell thickness and overall depth of the cross 
section can also be incre.ased to allow even greater p~nel length, thus, making more 
economical designs by further reducing the number of posts, 

· For typical RP material, the total density ~.e., considering both layers) of the proposed design 
satisfies the recommendatio.n of 20 kg/m2 [15] for sound attenuation. It is.expected that multi-
layering will significantly enhance the sound effectiveness of the wall sinc;:e layering is the only 
way to overcome the mass requirement [15].. Prototype panels were assembled from ½" thick 
RP sheets by fastening them together with screws. A drawing of the prototype is show1'.1 in 
Figure 14 while Figure 15 shows three actual 8' long panels. stacked in the proposed m,~nner. 
The prototype panels were·tested for sound absorption (ASTM C423-90a a,nd E795~K~) and 
transmission loss (ASTM E90-90 and E413-87). The full test report is includE!d in the 

. 

appendix. The noise reduction coefficient (NRC) is an average of the percent energy 
absorbed by the test specimen at 250, 500, 1000, and 2000 Hz fr~quencies. The sound 
transmission class (STC). of a specimen is a single number that gives an indication of the 
sound transmitted by fitting the test data to an ASTM defined curve. For the prototype panels, 
the NRC is 0, 10 and the STC rating is 37. Table 3 shows these results along with some other 
commonly us_ed building materials. This shows that these prototype sections are comparable 

. . 
by these standards even though these numbers alone· do not give a full understanding of how 
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well a material will perform acoustically in a given situation. The STC-and NRC -do not reflect, 
· for example, that the prototype panels were noted to· perform better at .lower frequencies (100 
to 250 Hz) of the test range. Large trucks have been noted [16] ~o generate a majority of their 

• • • - 1 I , , . 

noise in this frequency range. 

Table 3 Acoustical Properties of Different Materi_als 
Material : NRC ·. STC · 

Prototyp~ Panel 0.10 37--
an ·concrete 0.02 54 

,· r 

1 ¾nwood 0.10 34 
· Carsonite * o:1s 36 

·Trimax* · 0.15 25 
Trex* 0;15 2.5 

Note: * indi~tes materials as reported by FHWA 
\ 

Ultimately, the proposed design would be extruded as a single unit rather than individual 
I 

pieces as the. prototype, thus, reducing assembly time and allowing for easier installation. 
Current design guidelines [17] ¢io notspecify a minimum STC or NRC for us·e as a noise wall 
because it is assumed that the itrarismission loss of the bani er is large compaa;ed to the sound 

• I • ' 

that is diffracted over the barri~r~ The barrier attenuation is thus considered a function of the 
site geometry. The FHWA haihowever, established the Highway Innovative Technology 

I 

Evaluation Center (HITEC) whi1ch evaluates p~ducts for which there are no recognized 
. standards or specifications. Trney have set forth a minimum STC Qf 23 for noise barriers [18], 
which the prototype panel does satisfy. 

GUARDRAIL POSTS 

·Generar 

Present technology and desigh uses road barriers that are made of relatively rigid materials 
such as steel, concrete or a CC:,mbination of the two. It is well known, however that flexible but 
strong designs can absorb mQre energy, reduce impact deceleration, and minimize the 
damage sustained by the ifflpacting vehide and its occupants. Previous research. has resulted · 
in designs that incorporate en_ergy absorbing 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 costs, and difficulty in attachment to standard bridge decks,· these energy- · 
absorbing bridge ·rails have not gained wide acceptance. The pr:oposed design for road 
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barriers combines the flexibility of plastics (used as posts) with the stiffness of steel rails. 
Thus, the final product is expecteQ to be functionally superior to current designs. · 

Analysis of a typical guardrail system was perfonned using frame models and a linear 
approximation of 6x8 RP posts. lA steel 6x6 box section was used forthe rail at a 27'' height. 
With the typical post spacing of 6', it was ncit possible to satisfy AASHTO's allowable stress 
requirements. Only when reducing the post spacing to 2' could the 1 O kip lateral load be 
sustained without exceeding the allowable' stress of 0.6 times the yield stress (0.6fy). To meet 

.. ' 

the more demanding AASHTO bridge rail requirements 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 anticipate.relatively rigid barriers, and can not be 
directly used for evaluation of the proposed design which is a flexible one. 

Further investigation of RP for use.as guardrail posts.'should include specific design guidelines 
to be used for RP. An equivalent replacemento~ steel posts !s 9ot possible· be~use th~ 
modulus of elasticity ~ultip,ied by the area second moment of inertia (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 all~able 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 
~eyond allowable:· To effectively use RP for posts. and capture the high energy absorption 
potential, the design must be based on recogrtizing the full ~trength of.the'posts in the zohe of 
impact·. 

Crash Analysis 

Barrier VII was used to model a vehide impacting a guardraiL ·· 1t is a two dimensional, dynamic 
. I 

vehicle/ barrier simulation program that uses a sim~le vehide model with omni-directional 
springs [27} . It incorporates an elastic - purely plastic material model that is.well suited for ---, 
steel but not capable of fully representing 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 contac;t the.post but this can be interpreted by examining 
the output file and checking if the vehi9e's wheel patfl crosses a post. 

Validation with Actual Cta$hes 

Although Barrier VII has be.en succe~sfully validated for a wide range of Jlexible barriers [28], · 
sample runs were performed and then ·compared to actual crash tests to establish a reference 
point. PL-1 crash test requirements are Qdmnionly used to evaluate barrier performance. 
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These stipulate that a barrier successfully contain a vehicle for-,two different events. The first 
is a 1,800 lb vehicle moving at 50 mph at an angle of 20 degr~es and the second is a 5,400 lb 
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 VII output. Po,sts were assumed to 
be rigidly fixed at the base. The four tests listed below were all noted to ~atisfy PL-1 
requirements. 

Test· 1: A 1 O gauge thrie-beam guardrail supported by W6x15 steel posts spaced at 6.25' 
contained an 1,800 lb Honda Civic [25]. 

Test 2: Two Honda Civics. Th~ vehicles were approximately 1900 lbs and struck a W-beam 
barrier at 60 mph and 15 degrees: The rail was supported by S3x5.7 steel spaced at 
12.5'. qther COQ'lputer models [29) have also been able to \model this event with 
reasonable accuracy 

Test 3: A 5,500 ~b pickup truck impacted a W-beam guardrail at 41.6 mph and 20.9 degrees. 
The rail was supported by steel W6x15 posts spaced at 6.25' [25]. 

Test 4: A 5,600 lb pickup truck impacted a W-beam guardrail at 44.2 mph and 19.1 degrees. 
ll;le 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 compa~ent cannot be verified with Barrier VII. Because of this, only barrier 
deflectjon, v~hicle 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 thought to be due to the assumption of a rigid post base and to the data 

' ' 
acquisition methods of the test$. It is difficult to obtain the absolute maximum of an impact 

I 

event and typically, actual tests report maximufTl 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 jists a summary of the four crash tests compared with the 
program outpyt. 

Table 4 Crash Test Data,and Barrier VII Output 

' 
Actual Crash· Data Barrier VII Results 

Test dynamic deflection exit velocity dynamic deflection exit velocity 
(in) (mph) (in) (mph) 

1 0.5 42.7 3.2 39.0 
2 16.0 50.4 17.5 51.5 
3 13.0 I 35.9 13.9 28.0 
4 13.8 35.6 14.6 30.2 ' 
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Comparison 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 defl~dioncomparison wi~h wooct posts~ Obviously, RP is much . 
more flexible than wood and -if d~flection is used as the only parameter_ to determine 
. appropriateness of the .design, then it will be very difficult or uneconomical to design a . 
guardrail postusing RP. 

After changing the post material properties to represent RP, tests 1 and 4 were recreated with 
Barrier VII to· investigate both small and large vehicle respon~e. The ·properties of typical 6x8 
RP members from the member tests were usedin the analysis. Results showed thatRP posts 

.·. allow for greater deflection but reduce the associated vehide!impact acceierations'. The barrier 
deflections were aqout three times r1s large, a poinf where vehicle-post snagging is possible. 
The output showed that several posts had b(Ok.en however, and assuming that the posts failed / 
at the base, no indication of snagging was fo1,md. The vehicles ~re assumed to pass over 
the.broken post base. ·-Tt,e exit velocities reduced slightly but the maximum accelerations were 
reduced by about on~thircLThe barrierwas able to,-coritain ~nd redirectb9th vehicles. 

By reducing the post spacing 4', the maximum lateral deflection was roughly two times that . . 

of steel posts at 6.25' but the accelerations were reduced by'about two. Vehicle sna.gging was. 
. . , ·• I . 

not noted to occur based on the ass1,.1mption th,at the post failure occurred ~t the base. This 
barrier was also. able to contain an_d redire~ both vehicle~.· Figure 16. shows the deflected 
sha~e of the barrier at different·time st~ps for the small vehicle impact whiieTable 5 · 
summarizes the results for all events. • • 

Table5 Crash Analysis with Diff~rent Posts ... 
Longitudinal .Lateral ,, Max· # posts #posts 

' 
i. acceleration acceleration · ·oeflect· yielded ·broken ! ' 

(g) (g) / (in) . 
Small vehicle 
Steel posts @ 6.25' -21.1 -· 31A_.• 3.2 ,, 1 0 

RP posts @ 6.25' -8.4 .10.7, 10.5 5 4 
RP. posts @ 4'. ·-11.5 13,8 • 8,7 6 5 

Large vehicle 
Steel posts @ 6.25' -9'6 12.1:, 14.6 5 0 

RP posts @ 6.25' -4.7 5.4. 42.9-·-· 16 9 ,-· 

RP posts@4' . -4.,3 4.2 28.9 12 8 
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Based on this work, it is clear that RP posts ~How for greater barrier deflections but vehicle 
accelerations can be reduced pr;oviding for a safer redirection. Only 6x8 mem~~rs were 
considered but it is possible that other combinations of post size and spacing can provide a 
more optimum design ill terms1 of 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. It is 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 possible and then fail, thus avoiding snagging and vehicle 
intrusion. This is obviously not suggested for bridge railings or terminals where limiting L 

deflections is of great importance. to contain the vehicle and avoid snagging with other objects. 
It must be mentioned that computer analysis such as Barrier Vii is only 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 steel as the latter has already been 
deemed unacceptable. 

n 



CONCLUSIONS 

Experimental and analytical investigation of RP.indicates that it is a viable material that could 
. \ 

have structural applications. Material tests revealed thatRP is a nonlinear material and the 
. presenc~ of additives such as glass and wood fibers can increase stiffnes.s and reduce 

ductility. . Creep deflection of RP can be very large and freeze / thaw exposure adversely 
affects materials with wood fibers. It is possible to predict the behavior of RP members with 

I , , , .' 

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 stru<;tural 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. 

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: 

• Wind test of full scale panels of the proposed model should be conducted. The wind t~sts 
should focus on whether the design loads obtained from current standards are a 
reasonable predictor of the actual wind loads, and if the flow of wind over the top of the 
wall causes vortex shedding that might excite the wall and cause itto vibrate. 

• Crash worthiness analyses using realistic analytical models by incorporating 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 temperature~. It has been seen that creep deflection can be far 
greater than initial deflection and should be investigated more thoroughly. 

. . . 

· • · The material model sho;-ild be verified more exhaustively by comparing the theoretical 
results with more test results including/different materials and cross sections. 

• hTipact tests and verification with analytical procedures. 

It is the objective of the final phase of this study to address the first two items. 
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FIGURES 
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Figure 1. Pictures Of. Bending Tests 
Figure 2. Bending Test Results, 4x4 . 

·, 
Figure 3. ·. Bending Test Results,i 6~ 
Figure 4. Bending Test Results, 6x8 

' ' ' Figure 5. Pictures of Axial Compression Tests 
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1. INTRODUCTION 

2. 

The sound absorption coefficient of a surface in a specified frequency band is, aside from the effects: of 
diffraction, the fraction of randomly incid'?nt sound energy absorbed or otherwise not reflected.. The. unit 
of measurement is sabin per square foot. 

The noise reduction. coefficient, NRC, is the average of the sound absorption coefficients at ZSO, 500,. 
1000, and 2000 Hz expressed to the nearest integral multiple of 0.05. 

APPLICABLE STANDARD 

Measurements were made according to: 
\ . 

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

Standard Mountings are defined in: 

ASTM: Designation: E 795-91, "Standard Practices for Mounting Test Specimens During,,-Sound 
Absorption Test." 

3. TEST SPECIMEN 

' The test specimen consisted of four 24" wide by 96" long by r thick panels, · ammg=i. in a Type A ' 
mounting, fanning a test specimen 8' wide, 8' long. and 8" thick. The specimen was subgutted tor testing 
by New Jersey Institute ofTechnology{NJI'.I") and was identified as "Recycled Plastic Noise Wall Panels.."' 
Two panels were made ·Of l/2" materials, and two panels were made of I.a" and 313• materials mixed.. The 
weight of the specimen was l 97 _ lbs. The area used to calculate ab~rption coefficients was 64- sq. ft.,. thet 
face area of the specimen. :• 

4. TEST RESULTS 

5. 

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

DISPOSITION OF TEST SPECIMEN 

The test specimen was rerumed to NJIT by Keith MacBain who witnessed the test for NJIT~ 

u 

Cc:dar Knolls A.:oustic:tl Labs Test Report No. 8645.1 
?-igc 2 a Noise Unlimi1i::i. lnc. Como:i.-iy 
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I 
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1. INTRODUCTION 

Toe sound transmission loss' of~ partition in a specified frequency band is the ratio, expressed on the 
. decibel scale, of the airborne so~d 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 
expressed on the decibel (dB) scale by multiplying its common logarithm by ten. 

' 
APPLICABLE ST AND ARD " . 

Measurements were made according to: 

ASTM Designation: E 90-90, "Standard Method for Laboratory Measurement .. of Airborne Sound 
Transmission Loss of Building Partitions." 

Sound Transmission Class, STC,'.was <;fetennined according to: 

ASTM Desi~on: E 413-87, "Standard Classification for Detenninatioo of Sound Transmission Class." 
! ·' 

3. TESTSPECIMEN 

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 Cedat Knolls Acoustical Laboratory steel test wall under the supervision of, and 
with the assistance of. KeithM;1CBain ofNew Jersey Institute of Technology (NJ11). After the wall was 
installed, the ~k 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 WaU Panel" 
The panels were coosttuc:ted or½" recycled plastic. The weight of the specimen was 103 pounds. The 
finished test area was 32 feet. . 

I • 
' . 

TEST RESULTS 

The measured sound transmiss.ion losses of the test specimen at the preferred one-third octave band center 
frequencies arc tabulated in Table I and 5-bown graphically in Figure l. 

5. DISPOSITION OF TEST SPECIMEN 

The test specimen was hand carried by Keith MacBain ofNJIT. 

/ 

Cedar Knoils Acoustic:i.l Labs Test Report No. 8645.2 
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Figure 1 
Sound Transmission Loss, TL {dB), vs. Frequency {Hz) on 
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1. INTRODUCTION 

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 
partition and radiated on the other side. The ratio of two like quantities proportional to power of energy is · 
expressed on the decibel (dB) scale by multiplying its common logarithm by ten. 

2. APPLICABLE STANDARD" 

Measurements were made according to: 
·1 

ASTM Designation: E 90-90. •standard Method for Laboratory Measurement of Airborne Sound 
Transmission Loss of Building Partitions." 1 · 

Sound Transmission Class. STC, was determined according to: 

ASTM Designation: E 413-87, •standard Classification for Determination of Sound Transmission Class." 

3. TEST SPECIMEN 

4. 

5. 

The test specimen was a wall 48" wide by 96" high by 8" thick. The specimen was installed in the 
4' by S' test opening in the Cedar Knolls Acoustical Laboratory steel test wall under the supemsion ot: and 
with the assistance ot: Keith MacBain of New Jersey Institute of Technology (NJI1). 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 NilT, and was, identified as "Recycled Plastic Noise' Wall Panel .. 
The panels were constructed of 1,2" and 3/8" recycled plastic. The weight of the specimen was 94 pounds.. 
The finished test area was 32 square feet. 

TESTRESUL~ 

The measured sound transmission losses of the test specimen. at the preferred one-third octave band center 
frequencies are ~ulated in Table l and shown graphically in Figure l. ' 

DISPOSITION OF TEST SPECMEN · 

The test specimen was hand canicd by Keith MacBain ofNJIT. 

Cc:dar Knolls Acoustical Labs Test Re-port No. 8645.3 
?3ge2 a Noise Unlimited.: Inc. Company 
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. Figure 1 
Sound Transmission Loss, TL (dB). vs. Frequency (Hz) on 

Recycled Plasti~ Noise Wall Panel with 1/2" & 3/8" Materials . ) 

Job No. 8645.3 
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Sound Transmission Loss 
Recycleq Plastic Noise Wall Panel with 1/2" &3/8" Materials 

1 1 New Jersey Institute of Technology · 
Table I / 

\ 
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OBJECTIVE 

The main objectives or this study are to develop more economical traffic noise ba~ers and 
safer road barri~r systems that use ~nnovative designs and new materials such as recycled 
plastics, thus, contributing to the management of solict 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 properties; 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 analytical evaluation u~ing nonlinear finite element 

/ ' . 
- models; wind and acoustic tests; and development of design specifications and CAD programs 

for design of highway appurtena~ces using recycled plastics.· 
J • • • 

This report.presents the results of the first phase ofthis study which includes both experimental 
and analytical investigations. The experimental part includes material tests to determine 
mechanical properties of various r~cycled plastics as they vary significantly among different 

"-- . 
manufacturers. Furthermore,- a unifie,d four-parameter constitutive model·is proposed and 
verified that can be used in characterization· of recycled plastics. Four-point flexural tests of 
recycled plastic beams were performed to assess strength, stiffness and mode of failure. . . 
Analytical results using the proposed constitutive model are in good agreement with the 
experimental results. An innovative noise wall design that takes advantage of multi-layering to 
.increase stiffness and sound effeqtiveness is discussed. Other possible uses and research , 

. . . ! 
plans for Phases II and Ill of this s~udy are also discussed. 

KEYWORDS 
I 

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

INTERIM RECOMMENDATIONS 

Recycled plastics is a fairly . new 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 Lurnber:and Shapes (Chairman R. ~ampo, 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 Prope~ies, 
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 pfastic lumber, these test methods are for 
. I 

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 
interim 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 fo.rthe model can be 
determined 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 plastic products with no fibers or with fiberglass 
appears to be minimal. , 

4) Recycled plastic lumber is~ thermoplastic material ·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. 
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BACKGROUND 

Solid waste is overloading the landfills and is a major contributor to the environmental problems 
facing this country. Every year the' U.S. alone generates 320 billion lb. (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). 

Recycling 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 k,ey issue to be 
resolved is securing long-term, high-value markets for recycled polymers. 

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 injection 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 anc:J 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 and costly to landfill, have been successfully used to 
improve the mechanical properti~S (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 1 molded profiles "will replace wood, concrete and steel" (7), 
sti:uctural 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 probl,em. 

EXPERIMENTAL TESTS 

I 

" 

The cross section of the extrud~d product can have any shape but only standard lumber 
shapes (2X10, 4X4 & 6X6) were used in testing because these are commonly produced. The 
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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 , 

J • 

referred to by their nominal\size. The cross-section of the standard recycled plastic (RP) lumber 
shape is visually non-homogeneous, suggesting that the material properties also vary. Non-
homogeneity of the material is attributrcf 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 analytical studies. To validate the 
constitutive model and to assess global behavior of structural components (such as stiffness, 

' . . . '. ' ' .. 

strength, and ductility) flexural member tests were also performed. 

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 sele,cted for testing. ManufacturerA mixes fiberglass with the RP, Buses only 
RP, and C uses 50% wood fiber in addition to the RP. 

Material Tests 

Selection of Coupons 

To investigate the apparent non-homogeneity, visually consistent sections were cut from both 
4X4 and 6X6 shapes and termed 'core' or 'shelf coupons. Coupons were also cut from 2X10 
shapes but the visually consistent shell section was too thin (typically less than 1 cm) to be r . 
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. Dependinp. 
on manufacturer (and lumber size for Manufacturer B), the core coupons typically had 50% c1f 
the density of the shell. 

r 
Specimen Dimensions and Test Set Up 

Core and sheJI 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 we.re used. Ten tension tests were conducted 
similar to ASTM D 638 and ten compression tests were conducted obser::ving ASTM b 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. 
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Results 

Figures 2 through 4 show tension and 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. 

I 

The stress-strain diagrams show that the material behavior is highly nonlinear and 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 (Manufacturer A foam-fills the core for aestnetic 
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 sn;ialler Ethan that of the 6X6 (Er = 1,030 MPa, Ee = 500 MPa} 
and the average density of the 4X4 core (0.37 glee) was nearly half of that of the 6X6 (0.67 
g/cc). There appears to be a corr~lation between density and strength in a larger scale; higher 
density corresponds to a higher strength but differences of less tha-n 5% do not seem to be 
significant. 

Coupons from all manclfacturers contain varying amounts of impurities and tension failure 
usually occurred at these locations. Impurities are materials such as bottle tops that are 
inadvertently collected anci granulated with the recyclable but melt at a different (normally 
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: \ 

A & 
cr 

B & 2 + 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 cfofine the section behavior. These constants were determined 
using Chi-square minimization .method (8) as implemented by TempleGraph package (9). The 
model was not fit to the compression 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 
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properties of the material, such as the maximum strength, strain corresponding to the maximum 
strength; and feed stock used. 

For aH three ranuf~cturers. the propose~ m~del can simulate ~e experimental. results wit~ 
good accuracy. In Figure 6, a stress-strain diagram from matenal tests of Manufacture,1/B 1s 
platted-along with the proposed model, which shows a good match. Table 2 gives the material . . 
constants for all three manufacturers, which were. used to compare analytical results to the 
expe,rimental results.as discussed i11 the following sections. 

Member Tests 

Tests set up and specimens 
. : . . . 

. Four-point flexural tests were performed on 27 inch (68.6 cm) long 4X4 samples in accoltiance 
,•· . '" 

with ASTM . D 198. In addition to load and. defonnition at the load point, rotation at the end of 
the beam was also recorded using dial gages as shown in Figure 7. Furthennore, 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 

The results show a non-linear behavior similar to the material tests. An interesting observation 
is that despite, significant differences in material properties for tension and compression (Figure 
. 3), · the strains at the top and bottom outerfibers' were within 25% of each other for all 
specimens tested. This is due to the fact that for stain levels close to failure, 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 descend1ng portion in the load-deformation curve. Products from 
Manufacturers 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 ductility, apparently due to bond failure. 

Analytical vs. Experimental Results 

A computer program was developed to analyze sii;nply supported beams using the proposed 
material model along with the constants given in.Table 2. ·Toe program uses numerical 
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integration techniques to generate theoretical moment-curvature, load-<leflection 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 deviatipn between the 
experimental and theoretical results at larger loads. The theoretical ctlrve 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 l~ads when the material is.yielding, the vari

1
ation between coupon 

and member behavior will be greater suggesting that strength will tie 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 condusion. The maximum bending moment 

. measured was also greater than that predicted by theory using the maximum coupon tension 
strain as the upper limit. 

HIGHWAY APPLICATIONS 

An Innovative Noise Wall 

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, itwould be difficultto utilize RP as 
an economical noise barrier. An advantage of RP, however, is that it can easily be 
manufactured into various shapes and the cross section does not have to be solid. With this in 
mind, a new noise barrier desigri, 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 oflocal deflection and shear 
la~ along panel length. As seen from Figure 14, the shear lag fora4a· (120 cm) panel is severe 
and deflections are high. Proposed design uses shell thickness of ½ • (1.3 cm) with an overall 

I 

depth of 6" (15 cm). With these dimensions the panel length can be as great as20' (6.1 m) 
based on a wind load of 80 mph (36 mis). The shell thickness and overall depth of the cross 
section can be increased to accommodate even greater panel length, thus, making more 
economical designs by further reducing the number of posts. 1 

I ' . , 

For typical RP material, the total density (i.e., considering both laye'rs) of the proposed design 
satisfies the recommendation· of 20 kg/m2 (10). · It is expected 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 be{ng planned to validate 
the expected performance. Acoustic tests will be performed based on ASTM and will indude_ 
sound transmission test {ASTM E90~90 and E413-87) and sound absorption test (ASTM C423-

- I 

90a and E795-83). 

Guardrail Posts 

Present technology a~d design use" road barriers that are made of re!atively: rigid. material~ such 
as steel, concrete, or a combination of the two. /However. it is well known that flexible but 

1 strong designs can absorb more eriergy and minii;nize the damage su$tai~_ed by the impacting 
.ve~icle. Previous research has rE!sulted in designs·that incorporate energy-absorbing 
mechanisms (such as the use of rubber energy absorber) and improved the performance of 
bridge rails (11-15). Due to high initial costs a~sociated with ·these energy~absorbing designs · 
compared to conventional bridg-e rails, high m·aintenance costs and difficulty in attachment to 
standard bridge decks, these energy-absorbing bridge rails have not gained wide acceptance. 
Here, a new ·design is being proposed for further evaluation •. The prop0$ed design for road ( 
barriers (induding,·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 designs. 

For all levels of perf~rrnance (p(-1, PL-2, and PL-3); the AAS.HTO's d~ign 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 design requires detailed analytical and 
experimental study. Among pararnet~rs that n~ed to be inv(~stigatep are: level of forces and the 

,_ amount of deflection in the lateral as well as l.ongitudinal direction, redirection of the autorri'obile, 
rotation of the railing 'and possibility of roll civer, angle of impact and the nature of the force 

I distribution in different components of the system. Based cm J)n(!liminary analyses of a typical 
guardrail system (Colorado Type 5) using frame models, the foHowing statements can be made: 

I. Due to rigidity -of -steel -rajls -~nd flexibility of the RP posts. impact forces are distributed to 
a larger number of posts n.,aKing relative displacement of the posts smaller. 
Consequently,. the possibility of snagging is· reduc;ed and redirection C>f th~ automobile 
will be smoother. 

II. Deflection of the guardrail system with RP·posts, obviously, is higher 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. 

111.·- Due to high energy-absorption capacity .of RP po~, the vehicular impact acceleration 1 

wm · be reduced significantly. Collision of a point mass with an initial velocity to the typical 
guard~ail-system with different posts was used to verify this point ltwas observed that 
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for the system with RP posts, 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 less 
damage to the car. I 

It should be mentioned that in a crash test of a guardrail system, the use of RP posts has been 
reported as inadequate (17) based on a one-to-one deflection comparison with wood posts. " . . •. ) ' ( 

Obviously, RP is much more flexible than wood and if total deflection is compared to wood, and 
this is'the only parameter to determine appropriateness of the design, then it will be very difficult 
or uneconomical to design a guc1rdrail post using RP. The approach thatis being pursued in 
the current study is to evaluate the proposed design in terms of function~lity, geometric 
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 -15° C to 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 compression 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.ion mechanical properties such as stiffness, strength and 
rupture strain under both tensio;n 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 plastic with fiber glass and with no fiber at all) retain their mechanical 
. properties, while the mechanical properties of product C (i.e. recycled· plastic with wood fiber) 
decays significantly when subjected to freeze and thaw cycles. 
' ' 

' 
CONCLUSIONS 

Experimental and analytical inJestigation of Recycled Plastics presented in this interim report 
indicate that this .is a viable material that could have structural applications. Due to differences 
in feed stock, manufacturing process, presence of additives such as glass and wood fibers, 
thece are significant differences in mechanical and structural characteristics of RP products. 
However, this by itself will not pe a limiting factor in its structural application. Concrete also has 
different material characteristics depending on its composition. Problems that need to be. 

I • 

addressed to ensure its use among structural engineers are quality control, development of 
standards for testing, design s!pecifications, and long term performance evaluation. Currently, 
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Recycled Plastics Subcommittee (020.20) 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 (Pl TA, based 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 II & Ill of this study, as outlined in the following 
section, will be a. major step toward achieving this goal. 

PHASES II & Ill 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 test as di~cussed in the previous section. 
II. Wind test of full scale panels of the proposed model will be conducted. The wind . ' 

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

I 

vibrate, 
Ill. Crash worthiness analyses; using realistic analytical models by incorporating the 

proposed material model into an existing program such as BARRIER VII (18). 
IV. Further material·tests including creep.·and·impacttests~ 
V. Development of simplified design methods and CAD programs. 
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I\) _.. 

Manufacturer E, Ee 
(MPa) (MPa) 

· .. 

A 
Shell . 4,300 860 
Core (1) (1) 

B 
.Shell 1,860 690 
Core 350(2) 240 (2) 

C 
Shell 2,210 620 
Core 1,790 450 

E, = initial tangent Young's Modulus in tension 

Ee= initial tangent Young's Modul~s in compression 

Notes: 

(J' max 
t 

(MPa) 

12.5 
(1) 

15.2 .. 
4.0 

6.9 
4.8 

a max 
C 

(MPa) 

(3) ·• 

(1),(3) 

(3) 

(3) 

(3) 
(3) 

·. 

CJ c @ inflection 
point 
(MPa) 

22.5 
. (1) 

· 35.0 
·. 9.0 

14.0 
13.0 

max 
<J" , = maximum tension stress 

max 
(1 c = maximum c ompression stress 

l. The core of this manufacturer is foam-filled for astetic purposes ' 
2. Values for the 6x6 were as much as 3 times larget 
3. The material did not reach a'maximum value ih compression 

1 Table 1 



AE 
CJ - Be 2 +Ce+D (MPa) 

Equation Coefficients 
A D 

··1.76E+05 168,500 8.490 40 

1.69E+06 72.400 -43,280 1,940 

0 0 0 10 

0 0 0 10 
J. 
I\) 
I\) 

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+05 298,400 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 
Notes: 
(1) values for 6 X 6 were differe11t 

Tabe2 



Figure 1. Some Tension Coupons and Test Apparatus 
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Figure 7. Typical Flexural Test Set Up and a Test Specimen during h.oading. 
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APPENDIX I 

Grid Layout for 4 X 4 Lumber to Cut tensior;, Test Coupons. 

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

List of Tension and Compression Tests Coupons Manufacturer A. 

List of Tension and Compression1Tests Coupons Manufacturer 8. 

List of Tension and Compression Tests Coupons Manufacturer C. 
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;. 

Manufacturer A '/ 

Tension Compression 

Shell 
Coupon 

code 
Density 

(g/cmA3) 

04 1.14 ~-06 0.00 
07 0.00 
08 0.00 

AC3G01 1.05 
02 , 0.00 -·-04 0.00 

. 

06 0.00 ---08 1.11 

AB3G01 0.00 

04 0.00 

06 0.94 

Core 
, Coupon Density 

code (g/cl'"('IA3) 

AC1G91 
92, 
93 
94 
95 
96 
97 
98 

AC3G91 
92 
93 
94' 
95 
96 
97 
98 

AB1G91 
92 

A83G91 
92 

0.50 
0.72 
0.00 

10.50 
0.56 

,0,00 , .. 
0.52 
0.00 

'0.48 
'0.45 
• o.~ 

0.51 
0.51 
0.00. 
0.49 
0.00 

0.56 
0.56 
0.00 
0.00 
0.00 
0.00 

0.60.' 
0.57 
0.00 
0.00 
0.00 
0.00 

Shell 
Coupon Density 

code (g/~3) 

COB 1.1 

..•.. :tINote[ Shaded block indicates COllpOn1was tested 

, DENSITY.XLS 
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Core 
Coupon Density 

code (g/cmA3) 



Manufacturer B 

Tension Compression 

Shell 
Coupon Density 

code (g/cm"3) 

08 

BC3G01. 
02 
03 
04 

· 05 
06 

0.00 I 

till_~ijJl'.fll"ito)J 
02 0.00 
03 0.00 
04 0.00 
05 1.04 
06 0.00 

BB3G01 0.00 
02 0.00 
03 0.00 
04 0.00 

06 1.05· 

Core 
, Coupon Density 
· code (g/Cm"3) -· . .. · 92 .• 0.00 • 

· . 98 .·. 0.00 

98 0.00 

·~.~/ ·rsm.· '.l.•:ilfie. ·"".·· _,, t~ ... ·.· · ~~-~~-,,..,;:::· .~ .... --- .. · _, ·- -L~ 
92 0.36 

0,00 
0.00 
0.00 
0.00 

~~13Jl!IIIIIB 
92 0.37 

0.00 
0.00 
0.00 
0.00' 

Shell r 
Coupon Density 
· code (g/cniA3) 

,L{]lNbte:; Shaded block indicates coupon was· tested 

OENSfTY.XLS 
144 

Core 
.. Coupon Density 

code (g/cm"3) 



,- l 

(/ 

Manufacturer. C 

Tension Compression 

Shell 
Coupon Density 

code (g/cm"3) 

... ...- I 

02 0.00 
03 0.90 
04 0.00 - 06 0.00 

-=ollll 
08 0.00 

P&~Jl'&falt~~l'1m 
02 0.00 
03 · 0.00 

9? 0.00 
06 0.91 

CB3G01 0.00 
li~<I~!i(i 

03 0.00 
04 0.00 
05 0.00 
06 0.88 

Core 
Coupon ;Density 

I 

code (g/cm"3) 

93, 0.00 
94' 0.00 

. 95 0.00 - 97: 0.92 
I 9a: o.oo ~~-Olm 92 0.85 

0.00 
0.00 
0.00 
0.00 

92 0.91 
0.00 
0.00 
0.00 
0.00 

Shell 
Coupon Density 

code (g/crrr'3) 

8:BB~1sl 

":t~~~;:;;?'Notef' Shaded block indicates coupon was tested 
··• .l"':""" ., . . . I 
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Core 
Coupon Density 

code (g/cm"~) -
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