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EV ALUA TION OF MESL MEMBRANE - PUNCTURE, 
STIFFNESS, TEMPERATURE, SOLVENTS 

by 

John M Sayw:ml 

INTRODUCTION 

Sods wuhollt excesslvc fille materials arc: best I-or constructIllIl of roads, airports, and radroacls, 

because whcn these solis are properly compacted they wIllmallltalll then strength over a WIde 

range oflllOlsture contents In many areas sllch suds are l11creasl11gly scarce Sods wIth exceSSIve 

fine materIals (SIlty or clayey) are often Illore avadable, but these lose bearmg strength when too 

wet or too dry In areas llf seasonal frost, sllch soIls are Jlso sllbl':'ct to frost actIon, wah dlsrllptlve 

heavlllg 111 wmter and loss of strength when water drawn from below clur111g freellng melts to pru­

dllce an excessIve water content 

The Idea of protectmg poor soIl fl\lm mOIsture or fl\lst actJOn by means of an Impcrmeable 

membrane seems to have orIglJ1ated several decades ago Prllksch I8 states that 11l 1930 the BavarIan 

HIghway Department started a 15-m test sectIon near Deggendorf, Cermany, llSlllg prefabrIcated 

asphalt membranes He says that 111 1936 Casagrande sllggested the llSC of prefabrIcated bltUJ1lCn­

coatedlutc I'llr two test s<:ctlClns 1ll the same area (on Federal I IJghway Nil 11) In 1955 a 30-m 

envelupe-type l1lembrane uf 85/40 0 A (uxidi/ed asphalt) was placed III a l'rust-aLtIve arca of 

State I hghway No 2165 ncar AIl1bcrg, Cermany (Pruksch's llIagram lll(lIcates a membrane on the 

top :ll1d Sluplllg SIdes hllt not on the bottom, which rested on a 2-Ill sand cllsillon) Proksch llldI­

cates that the Sllccess 01 the Amberg test led to another 30-11l test sectloll Installed III 1968 on 
Fecleral Hlghway]\ill 2 near Hof, Germany ThIS membrane was laId on sIlty saml, ane! It utllll,cd 

a complete envelope of asphalt (8 mm thIck), bottom as well as top From nuclear mOlstllre obser­

vatIons ovcr three years, the membrane was concluded to be watertIght Ag:l1n, III I ()68 an asphalt 

membrane was used to protect from mOIsture a 5:2-111 lllslllatl11g layer of expalllkd clay on county 

road K-I 0 near Hannover, GeIlllan" 

In a 1953 reVIew on the sublcct, Bcnson s 111dlcates that the Idea of llSlllg asphalt membranes 

under pavements was suggested even before 1930, by Prevost Hubbard (then CIller ChemIst) and 

Bcrnard CrdY (later PresIdent), of the AmerIcan Asphalt InstitlIte To some extent, the techl1Jquc 

relates to practIces used to control seepage 111 ponds, canals, dams and levees Some of the tcst 

sectIOns Bensull deSCrIbes were smgle membranes (capIllary cut-offs) and some were complete 

envelopes He recummcnds catalytIcally blown asphalt, as pavement grade asphalt IS too soft when 

warm and too brittle when cold Ilc cIles tests as I'ullows 

1930 - Four tests ncar Fau Clane, WIsconSIn (capIllary cut-ofT) 

1935 - Tcst ncar Vcntura, CaiIforllla (capIllary cut-oil) 

1945-6· Tests at US Army Lng111ccrs Watcrways FXperIIllC'nt StatlCln (USAF WES), VIcksburg, 

MISSISSIPPI - SOlI mattress and sub-grade mOIsture protectJUn for runways (complete 

cnvelope, WIth a prefabrlcatcd bitumen surface) 



1947 - Installations on Gulf Freeway, Holtston, T c:\as (complete envelope, methods elabora ted 

by van London lI1 discussion followll1g Bcnson's papcrs, sec also Harns l 0) 
1947 - S1I11l1ar ll1stallatlons at Pans, Texas 
1949 - Tna1s III Mame (complete envelope, :2 1Il tar and aggregate) 

The asphalt membranes lllstalled III the Houston Freeway III 1947 and pcrformance slllce were 

reViewed by Hams l ° III 1963 They were used on 104 abutment fdls The method has been adopted 

there as standard for all fills except those of very low plastiC properties Coverage of 1 gal/yd2 of 

grade OA-55 otl asphalt has been found suffiCient 

An early envelopmg of highway base wllh asphalt III Alberta, Canada, was discussed hy Pmchbeck17 

m 1954 lIe relates the development of SOlI envelopmcnt to the avallablltty of speCIally modified 
asphalt for pondl1l1lI1gs, etc Just north of Calgary where Highway No .2 crosses Parson's Slough, 

2000 ft of the top 3 ft of gravel base was enveloped I1l ~~ III of catalytiC asphalt (2 gal/yd 2 ) spread 
III SIX passes over the bottom and Sides, With asphalt concrete on top 

The use of asphalt membranes With expansive sods on mterstate highways 111 Colorado, startlllg 
1I1 1967, has been discussed by Merton and Brakey 15 It has been s~lld4 that membrane methods 

have also been used III Wyommg UUlnt report With Colorado, L \V Flsperman, Bureau of Reclama­
tIOn, Denver) 

An early tnal of plastiC film enclosure of sull for a road base was conducted at Purdue UlJlvcrslty 
by Bell and Yoder 3 111 about 1953 Complete envelopes were made uSlllg plastiC film [~' 4-11111 PE 
(polyethylene) bottom and Sides, 8-n1l1 PVC (polyvillyl chlomie) top] Jomts were scaled With 

adheSive (unspcclfled), although It was conSidered tInt heat scallllg could be adapted to flcld needs 
Tests mdlcated the PVC to bc more resistant to puncture than PL, but the availabIlIty of PVC 111 

only 10-ft Wid ths was a handicap at the tune of testmg 

Through recent contacts WIth Charles StaH2 9 of Staff IndustrIes (active 111 the pondllllll1g field), 

It IS learned that the Purdue test was not altogether successful, due to poor performance of the PE­
to-vlllyl adheSive when the whole test area was under water the next sprmg Staff did mdlcate that, 
III another report, Yoder had shown the baSIC soundness of such an envelope I1l reslstlllg mOIsture 
penetration under the mf1ucnce of frost cycles For pond Itllmg, Staff prefers vll1yl, Butyl or CPE 

(chlOrInated polyethylene), sll1ce PE Will not pass the Bureau of Reclamatllln puncture tcst (film 
laid on 31( - 112-111 crushed rock dnd subjected to slowly Illcreasmg hydrostatic pressure) Vmyl 
goes to 50 pSI but PE faIls at below 5 pSI Staff says that the Bureau recommends 10-11111 vll1y1 for 
ponds, but he prefers 20 or 30 l1ul, which he says IS more Widely used Accordmg to lIterature from 

Staff IndustrIes, vlllyllS now avaIlable 111 Widths of 4 to 61 ft 

If the Purdue test were to bc donc now, Staff would recolllmend vmyl rather than PE because 
the cost of vll1yl has decreased to nearer that of PE, and It IS more puncture-resistant, more readily 
heat sealed and more weather-reSistant He has avaIlable an adheSive fur vlIIY!, applicable by squeeLe 

bottle or by mach1l1e, which can Jom sheets In seconds and develop 50% of full strength wlthm 5 1111ll. 

the solvent IS eVidently able to diffuse through the film Staft lI1dlcated that heat sealll1g of PE would 

have the dIsadvantage of weakel1lng the film adJ3cent to the seal He also mtllllated that high fre­
quency seallJlg IS a pOSSibility 

For some years, USAE WES has been conductmg tests and field tnals of mcmbrane-enveloped 
sOIl layer (MESL) for expedient roads II1 temperatc areas The IllltJal work IS reported by Burns and 

Barber6 It 1I1volved enclos1I1g a "poor" SOIL bottom and SIdes WIth polyethylene (PE) rilm and top 
with a polypropylcne (PP) nOll-woven fabriC Impregnated WIth asphalt elllulslOn, which was spnnkled 
WIth sand to give a temporary, trafficable surface Josephs and Webster I I have prepared a manual 

on thiS method for field use Further trIals at WES have been reported by Burns, Brabston and 
Crau 7 and by Josephs et al 12 Strength tests of asphalt slab rClI1forced WIth PP non-woven fabrIC 

for pavements have hcen reportcd by Gagle and DraperY 



The WES method !Hay be descnbed bnefly as follows The fine-gramed sOIl IS excavated and stock­
piled for re-use, Its mOisture content bemg adjusted If necessary to 2 to 3% below the optm1Um mOIs­
ture content for the speCified compactIOn (a possible dIfficulty m mOist clImates) The subgrade 
IS prepared With a grader and compacted Wlule not InitIally specified, asphalt emulSIOn (CRS-2, a 
medlllJl1 VISCOSity, catlOI11C, rapld-settmg type, approximately 65% solIds) IS sprayed on the subgrade, 
which helps to hold the PE t1Im111 place If there IS any wl11d and serves as assurance agamst leaks 
If the membrane IS cut or torn dunng placement After the PE film has been placed on the prepared 

subgrade, the excavated s01lls replaced and compacted to the deSIred denSity and mOisture content 
Asphalt emulSIOn IS sprayed on the surface and the PP non-woven membrane IS 111stalled Seams 
between sheets of both PE and PP are sealed With asphalt, which also IS apphed (at 0 3 gal/yd2 ) to 

the whole top membrane A fmal lIght spnnkl111g of sand blots up any excess asphalt The PP non­

woven With asphalt and sand provides a tough trafficable surface suitable for temporary use 

Interest 111 the MESL construction techmque has extended to pOSSible use III cold chmates, 
where IS should permit the use of frost-susceptible Salls by protectlllg them from mOisture that 
causes frost heavmg Cooperat111g With USAF WES on cold regIOns aspects, USA CRREL has 
undertaken several tnals 111 Alaska, by Smith and Pals111t 2 7 , SmIth and Karahus28 , and Schaefer26 

Recently QUInn 19 et al have dIscussed the pOSSibilities of MESL applicatIOn III frost areas, and have 
conducted laboratory tests of freelIng and other properties of three tYPical soils (plastic clay, sandy 
Silt, lean clay) proposed for USA CRREL field tnals of MESL where frost heave can be a problem 
(Some of these tests were begun m the fall of 1973, others 111 1974 SU11IIar tests Will be done III 

speCial faCilities where several short road sectIOns can be subjected to artifiCial frost cycles year-round 
under controlled conditions) 

As developed by WES, MESL was deSigned for temporary roads 111 warm climates More recently 
mterest III MESL has broadened to applicatIOn With more permanent roads and auports (and con­
ceivably railroads) and to use m cold areas to forestall frost heavlllg while allowmg use of poor, 
frost-susceptible SOlis In these cases, as for earher asphalt membrane envelopes, there would be a 
conventIOnal pavement or other weanng surface placed on top of the MESL layer ThiS might allow 

a Wider chOice of membrane matenals, With pOSSible advantages 111 procedures and costs 

Sale et al 24 give a bnef J;eVlew of the development of MESL methods In road and aIrfield con­

structIOn Included IS CitatIOn of Bntlsh developments III Burma m WW II, where bltum1110us­
Impregnated Jute membrane worked well untIl the Jute decayed Also Cited IS a WES demonstratIOn 
at about the same tune of a "SOli mattress" of bltununous-encapsulated clay to support truck traffiC 
for several months Sale et al surnmanLe MESL work at WES The results proVide encouragement 

for high expectatIOns and \l1creasmg use of MESL for both expedient and permanent constructIOn 

ThiS report, a part of USA CRRE L's contnbutlOn, IS an effort to seek and evaluate alternative 
membranes and sealant matenals Slllce proposed areas of use mclude cold regIOns, the effect of 
low temperatures IS a consideratIOn both m handlmg and 111 service To be of mterest 111 thiS ll1Vestl­

gatIon, a membrane matenal must not only have sUltable properties and be easy to apply, but must 
also be commerCially available 111 Wide Widths and 111 large quantities at low cost Accordmgly, 
much emphaSIS rema1l1s on PE fIlm, which IS cheap, avaIlable 111 vanous thicknesses and 111 Widths 
up to 40 ft and IS usable 111 the cold Protected by a surface pavement, It would not be vulnerable 

to puncture and tear haLards whIch had been expenenced111 the PP dsphalt expedIent road surfac111g 

dunng snow removal operatlOns2 8 However, conSideration IS be111g given to vanous non-woven 
fabncs, which, to be made unpervlOus, reqUIre asphalt or other sealant, or la111111atlOn With a water­
proof film 

Results of an 111 forma tlOn search for enca psulat111g mJ tenals have been d ra wn upon here111 bu t 

may be given 1111l1ore detallm another report 2 S Reported here are expenmental evaluatIOns of 

solvent-soaked PE film and of severalmatenals as to puncture strength and fleXibility 311d the 
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effect of temperature and tlllckness SImple methods were devIsed for these tests In tests for 
solvent effect. samples were welglled and measured before and aner soakIng The puncture test 
l11vnlved 1l1easunng the force of penetratlOn wlth a blunt needle Though less sophIstIcated than 
the ASTlvl (Amencan SOCIety for Testlllg and Matenals) "dart test" (D-1709-67), tIllS IS cunsldered 

to SImulate more nearly the actIon of sharp sol1 grams The tlexlbdlly test was SImply a measure­
Illent of the pull requued to bend a sample 45° 

The puncture test here was 111ltlally developed to evaluate the effect on PE fllm of solvents such 
as gasolIne or kerosene, SlI1ce the use uf PE fIlm for the upper MESl membrane beneath a permanent 
pavement could entall exposure to such solvents when used IJl "cut-back" asphalts Exposure to 

sulvents mIght also occur 111 patchl11g, SlI1ce cut-back may be used I'll!" qUIck, cold-weather patchlllg, 
or III case of a fuel spIll penetratlllg the pavement 

Mentllln should be made of exploratory tests for pUllcturabdlty of plastIC fIlm made more recently 

by Rlcard 23 In these, three Gnffolyn membranes (2,3 and 4-ply PE WIth nylon web hetween) 

were placed on 2Y2 III of compacted sandy gravellIl a 6-ln -dlam mold SlIt was cumpacted on top 
111 flVt~ 1-111 layers at optlmulll water content and wet denSIty about 1241b/ft3 The membrane 
was then removed, to be clamped at the bottom of a 5-111 -dlam cyllIlder II1 which a 12-111 head of 
water was mallltallled The 2-ply pIeces tested developed leaks ufO 006 to 0 0075 g cm-" sec- I The 

3-ply haelleaks of 000002 to 0 028 None of three tests on 4-ply developed leaks TIllS test was 
developed to SImulate fIeld condltlOIlS for MESL and was deemed practlcal It somewhat resembles 
the Bureau Llf ReclamatIOn puncture test (see above and reference 2 9) 

The tests reported here were carned out at RT (room temperature, approxImately 70°F or 21 °e) 
and at about OaF (-18°C), WIth a few addItIOnal values for tlexlbllIty of PI' non-\Vlwcn fabrIC elt 
20°F (-7°C) 

The tests were done II1 1972-73 and are recorded In USA CRREl Laboratory Notebook 6012, 
p 18-80,102-105 

EXPERIMENTAL 

Materials 

The materIals tested here represent both contll1uous IIlms (PE film, PE fIlm WIth lamll1ated nylun 
web relllforcement, anel Butyl rubber) and pervIOUS, non-woven fabncs (PP, PE, polyester, and nylon), 
the latter requlflng asphalt or other sealant treatment It IS not llnplled that other matenals are not 

avaIlable or not of mterest, but these were the speCllllens obtallled from manufacturers as the result 
of tclepllllne or maIllllqumes Sample charactenstlcs and sources are hstedlll Table I 

PE fIlm IS a commercIal materIal commonly used for mOIsture bafflers, constructlOll shelters, 
slupment wrappll1g, etc It tears qUIte readIly, espeCIally III the lIghter gages, when the tear starts 

from a cut or puncture, and It can stretch faIrly readIly It remallls qmte tlexlble In the cold and 
has:a low brIttle POll1t, -50° or -70°C (-59° or -94°F)20 30, as has become eVIdent 1I1 balloon 

use 1Il the cold upper atI11osphere 20 PE's poor weatherabIlIty can be Improved by addItIves. It IS 
conSIdered qlllte resIstant to bIOlogIcal attack21 

The duPont deNemours Company produces three vafletJes of non-woven fabflcs Tyvek, Reemay 
and Typar These are "spun bonded" (thermally fused at JunctIons, spaghettI-lIke random arrays 

of contlI1UOUS filaments) Tyvek IS made of PE (low denSIty), Rcemay of polyester, and Typar of 

PP Tyvek Jnd Reemay are relatlvely s11100th on both SIdes and are used for paper, apparel, fIlters, 
etc The numbered Typars are also slllooth on both SIdes, but one whIch IS unnumbered (frolll 

WES, usedm MESL tests) IS rough WIth loose, unbonded fIbers OIl one SIde presumably to enhance 
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asphalt absorption (It resembles T jpar 3401) Suggested Llses of Typar are palkagll1g, tarpaulll1s, 

furlllture covcrlllgs, rIlters, carpet backll1g, as well as roof and bridge eled:'1I1g anellllglmay membrane 

underlYll1g pavement overlays (for which It IS cumbilled with asphalt. e g for crJck stopplIlg) In 

some grades of Recm<IY (c g 2034,2033) the filaments are relalively straight, III others, (e g 2431, 

2470, and perhaps 2440) they arc Crimped, gmng mure buely to the fabriC A wank (ur "woven 

fabriC") clleet IS emh'lssed on 2254,2431,2440 and 2470 Only thcse somewhat heaner speclillelis 

werl' Il'skd of the 14 sampics furlllslleel 

Aceordlllg to f\lr R J Bennc((4, of Pllllhps Petroleum Co, the PllIlllps PP non-woven product, 

Petrllma t, \\as orlglllallv elevelupcd for bridge decking On bndges anel alsu on Portland cemen( 

concrete pavements, an overlay of Pctromat lI11prl'gnakd \\'Ith asphalt plus an asphalt Cl'lllent Cllll­

crete wcallng surface protects the cuncrete from road salt, willch may otlwrwise attack the concrete 

and corrode rellliurclllg bars, With c()nsequent breakage of the pa\c1llents and weakenll1g 01 the 

bridge structure Petromat has also been USt'el to plc\'ent telegraphlllg \)1' cracks III concrete when 

repavlllg, as \vell as for pOl1d hnll1gs 

QUite probably P<:tromat was an outcome of non,woven fabnc development III tcxtlles It IS 

made of 3-del1ler (21 fJm or 084 mtl) filaments (see AppendiX for explanatlOn of "delller") These 

ale chopped mto perhaps 6-111 lengths and l~lId down randomly on a lIght SLilm 01 parallel polyester 

stLlI1ds and pUllched \\'Ith hluIlt needles at lI1tervals to entangle them (DuPllnt's Typar IS Similar, 
except that Its fllalllents arc not chopped, buth Typar andPetrulllat are spun-b\lI1ded ) The 

sheet IS partially fusecllu bond the structure by passin!" une or both silies uver a heated rl1lkr 

Petromat IS black, presumably contalIlmg carbon black for better weather resistance It somewhat 

resembles tar paper but IS Illuch lighter III weIght and IS, of course, porous It \vas apparently the 

preferred material In the WLS tests of f\IESL for expedient roaels, where Petromat's asphalt absorp­

tIOn capaCity (abollt three tllnes Its weight) and strength were both Important when used wltlwut a 

surface pavement (only a thm coat of sand) 

l\llypropylene III bulk Dr IIlin furm Ilormally he comes qUite hrlttle at low tl'lllperatures It Illay 

have a brlltle pmllt ()r -,-f'r-: (-20°C) ,)t" 11l~lIcr: I elepcmllllg un sample or SOUICt', but thIS can be 

l,)wered by plastlCIl.l'rS In some cases It has been found usable to temperatures as low as-SO°C 

(-112°F)30 The stretcillng of the I!laillents durlllg extrusIOn or PJ\lCeSSlll~4 and the vcry l'lIlt' 

filamcntlllls f()rll1s mel\' produc" partial ortentatllln and Illlproved strength and cold properties In the 

non-wuven rmm As sLlted ,lb,),,<:, Petromat filaments :Ire less tban I mil tllllk By micrometer 

measurement, IIldlvlelual filaments were founel to be I nlll or less for Petroll1:Jl, and I to 1 5 n111 for 

T\par Petromat IS sald 4 to have been used successfully at temperatures as low as -40°C (--1-0e F) 

Cerex (ll1dnufal'tured by the f\1<lI1santo Clwnllcal Co) IS a spun-bonded (non-\\(lVen) I-Clbllc made 

of nylon 6b which IS selr-bonded by a "caud\'tlc" process not lllvulvlIlg either el liJerlnal fusI\)n or 

all adlIcsl\'l' It IS said to he strunger to le,lr, burst anel heat than any (ltber cOlllmcrclalnllll-wuven 

rabrlc it IS used for rell1forclllg textiles and apparel, labels, filters and parachutes All the non-woven 

01 spun-bonded I'abrlcs are remarkable for their strength and tlexlbIlltv 

(,llfrulyn (lilanufactured by the (;nllolyn e,) ) IS bulit up ot- two m more lavers or 2-n1111'f' 

iIlmlllterlammated with Illultlftlament nylon strands (nut tWlstL'd or wuven) In J '1- 1 c-1ll grid A,n 

adhcslve bomlIng agent, whIch bunds the layers, can Iw seen (0 be tal'ky UJllln cllssectlOn Tmy Jl! 

pockets arc VISIble along the strancIs, partlculJrly where folded Its eOllstructlOn makes Crlilolyn 

very resIstant to tear pl\lpagatwn, even from a cut or puncture \\;ll1le tYPIcally black, GnlTolyn 

lllay he clear. whIte or green some black samples had wlllte as an Illntr layer or on one SIde 

Cnffolynls lIsed prIll1arlly as a lIght, strong covenng fur bulk shIpment wrappmg, constillctlon 

shelters, temporarv buIlellllgS, greenhuuses, etl (The 4-ply Gnffolyn found use In VIetnam for dllst 

control on landlllg pads) Although not named III the report, It was Gnffolyn that was used III the 
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Table [ Materials data 

d 
Max. l~1 :le ,leiJ)ht 

Cost k 

Co10r j b 
'rhi ckneo 0 Wdth x Lp:th Ib oz 

Type MateriLLl a Source Designation c 
(Mil) Sp (ft ) ') -2 (i/ft2) Remll.rkB gr Mft~ :id 

I FE black Monsanto(F&E constr ( 4 0) 4 0-1 5 0 93 40 roll 19 2 [] 2 1 From stock 

II FE clear Monsanto(P&E) constr (6 0) 4 0-6 0 93 ho roll 29 4 2 2 4 From stock 

III PE clear Mobil Chem fertll bag (7 0) 6 5-1 0 93 40 roll 34 4 8 ( 2 [] ) Rec'd 1969 

IVh PE/nylon 55-2(2 ply) 4 4-4 8/8 2-8 600 
f' 

26 4 5~ web ec 2 Griffolyn Co 1 95 x 900~ 3 1 1 bb 1 55-1(2 ply) 4 0-4 4/8 0-8 1 95 600 900 26 3 1 4 Rec'd 9/18/72 nbk, 21 x 
; l 

p 
dd 1 65-1( 2 ply)l 4 8-5 0/9 0-9 95 600 x 900 32 4 6 6 

IVh bbb 2 85-2( 3 ply) -/10-1:" 95 600 x 900 38 5 5 8 5t 2 bww 1 85-1(3 ply) -/9 5-11 95 600 900 38 5 5 8 Rec'd 11/24/72 ,nbk,p 56 x 
; f bwb 3 85-3(3 1 )g -19-11 95 600 x 900 38 5 8 

IVh 
P Y 1 

bb 2 65-2(2 ply) 6/8-9 95 Goo y 900 32 4 6 6 5 t 3 beb 4 85-4(2 ply) -/12 95 600 x 900 38 5 5 S 
~ ~ 

Gec'd 2 i 13/73,nbk,p 65 
bbbb 1 105-1(4 ply) -/15-18 95 600 x 900 62 8 9 12 

V PE nw whlte duPont Tyvek 1056 (6 ) lj 5-7 0(5 8 ) 93 10 x 9000 11 1 1 6 1 35 
1053 (( ) 4 5-6 5(5 5 ) 93 10 x 9000 11 1 1 6 1 <" ~'/ 

lOn ( ) 6 3-0 0(7 2) 93 10 x 6600 15 3 2 2 1 85 Rec'd 11/16/72 ,nbk,p 48 
1079 (10) 1 5-10 5(9 0) 93 10 x 6000 17 2 2 15 
10B5 (10) 7 5-9 5(8 5 ) 93 10 x 5700 18 8 2 7 2 60 

\TI Polyester nw whlte duPont Reemay2024 10-12 (11) 1 37 II 8 roll '-"15 " 2 2 
2033 13 5-16 ')(15) 1 Y' Ji 'I 4 9 roll v-20 2 9 3 
2254 le-:l3 (20 5 ) 1 37 ? not rnfcl >./'23 3 W)t mf~~ Rec'a 11/16/72,nbk,]C 49 
2431 12-16(14) 1 37 0 roll v-16 j 2 r~'5 
2440 16 7-18(17 ,,) 1 37 ? .s roll ~20 2 S 2 9 
2470 23 5-2,(25 2 ) 1 37 ? 9 roll V'4G 6 6 2 

VII PI' nw gray duPont Typal' 3201 7 5-12 0(9 5 ) 90 15 roll 13 9 2 0 ? 23 I Pec',j 11/16/72 ,nbk,p 1+B 
black 3301 9 0-111 0(11 ) 90 15 roll 20 9 3 0 33 -Sf.1.ooth both sldes 
e;ray 3351 (13 )10 3-14 2(11 I,) 90 15 roll 24 4 , 3 89 j 
khakl duPont 1/1a 10 5-16 3(15 1 ) 90 1" j r,)11 29 0 I, ;0 4 45 Hee',] Vla HES 9/72, 

HE~~, ntk, p 26 



Type 

VIII 

IX 

X 

Table I (Cont'd) 

Tl1lckness d 
r.1ax Slze He1ght 

lb oz Cost k 

Mater1ala ColorJ Source 
b 

Des1gnat1on 
c 

(M1l) Sp gr 
Hdth x Lgth 

(ft ) Mft2 yd2 (i/ft2) Remarks 

PP nw black Phllllps Petromat 13 0-20 2 0 90 12 5(15 5)30 1 0 4 5 1 From Alaska 1972,nbk 
p 12 

Nylon nw wh1te Monsanto Cerex 1 0 (5 1)3 8-5 7 4 7 1 14 9 8 roll 7 7 1 1 1 45 
2 0 (9 4) 9-1" 110 14 5 2 1 2 9 Rec'd 1/29/73,nbk,p 64 
3 0 (13 2)9 5-12 10 9 20 8 3 0 33 

Butylrubber black Hodgmane 

Goodyeare 
nylon relnf(32) 28 5-29 0(29) large 

f 
210 30 20 Rec'd 11/17/72,nbk,p 48 

NOTES a) PE 
PP 
nw 

polyethylene 
polypropylene 

unrewf (60) 

non-woven (spun-bonded) fabr1c 

67-68 5 (68) spl1ced 411 59 

b) Sources (P&E) - CRREL Plant & Equ1pment V1a GSA, probably manufactw'ed by 1,10nsanto 
Monsanto - 800 N L1ndbergh Blv , St LOU1S, MO 63166 
Mob1l Chem1cal Co F1lms Dept (") Macedon, NY 14502 
Gr1ffolyn Co , Inc, POBox 33248, Houston, Texas 77033 
E I duPont de Nemours & Co Inc , Text1le F1bers Dept , 1007 Market St , W1lm1ngton, Del 
Ph1ll1PS Petroleum Co , Chem1cal Dept, Plast1cs D1V , Bartesv1lle, Okla 74003 
Hodgman Rubber Co , Revere St , Canton, ~lass 02021 
Goodyear T1re & Rubber Co , POBox 301, New Bedford, Mass 

c) Des1gnat1on Construct1on grade 
Fert1l1zer (ammon1um n1trate) bag 

02741 
See note (e) 

42 

Trade name and number (no after dash represents sample no and 1dent1f1es ply colors for Gr1ffolyn (note J) 

d) Th1ckness (nom1nalor spec1f1ed), as measured by m1crometer - for Gr1ffolyn between web/on web, ("average") 
e) Butyl 1S manufactured by EnJay Chem1cal Co , Elastomers Dept, POBox 201, Florham Park, N J , who sent samples 
f) Large sheets spl1ced at factory Gr1ffolyn heat-sealed, Butyl adhes1ve-sealed 
g) Th1S sample of Gr1ffolyn sent as #105 but proved to be 3 ply, 1 e #85 
h) Gr1ffolyn three separate sh1pments D1ff1cult to get between web th1ckness on mult1ple-ply, as webs staggered 
1) Gr1ffolyn 65 1S "copolymer" 
j) Gr1ffolyn color (by pl1es) c - clear, b - black, d - dull black, w - wh1te, nos are sample nos (note c) 
k) Costs FE f1lm quoted by local supplIer, Mar 1974, others by mfr as of Mar/Apr 1974, except Butyl, 1972 



recent r-.lFSl test 111 Alasb by Schaefer26 It handled satisfactorily liming construction MOisture 
con tents have rema1l1ed constant, observa tlOIlS are con tll1 Ulllg (1975) 

The Butyl rubber matenals (manufactured by Ln]Jy Chellllcal Co) arc qlllte thick and therefore 

heavy and very durable Butyl IS highly weather resistant andll1lperVlous, as well as Jluncture resist­

ant and usable at low temperatures Regardless of fabllcatlOn Width, Butyl sheets can be scaled III 

factory or field (USlllg a rubber cement or mastic) to obtaIn continuous coverage hundreds of feet 

Wide Their chief usc IS for pond and canallIl1lngs, e g for potable water, waste water treatment 

and IrrIgation svstems RonI' dc'cklllg Il1ell1brane IS another use 

J\Iany plastics are vulnerable to sunllghL wluch bllngs on deterlUratlon, brittleness and cracking, 

particularly 111 the polyoll'ilns (PI:: and PP) The presence uf carbon black Illakes black grades more 

sunlIght resistant and preferable when:, exposure IS lIkely Other addltlvcs deSigned to absorb dele­

terious radiation are also used thIS IS the case With Cerl'x (which IS not as Sllsccptlble as PI- or PP) 

Butyl IS Inherently Illure resistant to lIght and also o/one than most plastiCS ~!l1d rubbers All of the 

Illatenals testcd here are belrcvcd to he qUite resistant to ,()II btIrl~d and bIOlogical attack (by 1ll11lds, 

fungi, bacterIa) It should be borne m Il1lml that plastiCS properties and weatherabIlIty lll~ly vary 
With source, prucessmg and furmulatlon '" 

For the solvent tests, gasolIne was ubtall1ed frolll the liSA CRREl Plant and I::qulpillent stock 

It WdS sLlpphcd by Agway, Inc and had a plIlk-urange culO! The kerusene had a straw color, ane! 

was obtall1ed frum the lJSA CRRFl Sods Lab (orrgillal suurce not known) 

Apparatus 

S'(I/r'CII( soak Covered glass petrr dlSllcs of 4-111 dl~lI11cter and l~_ln depth served tur soakll1g tlic 

2-ln square speCllllcns ()f PE fdm Samples were ll1e~lsllfcd With a ruler marked III 1/12 IJ1 (readable 

to 1/64 III ) and thIckness WIth a IllICromcter marked In 0001 In (readable tu 0 0002 III ) 

Plillcture tcst In Ml:SL, tlic lower membrane IS suhstant1alk protected by burial and tlie upper 

lllcmbrdne by asphalt and sand and perhaps by a pavement The clllef ha,l~!lcl uf punctllll:' IS tlien frolll 

sharp grams oC sand or aggrcgate, as when relatIvely small gram Pllillts and slight I"e!atlve mOVl'lllcnt 
are IIkclv Prrck or abraSIOn h~lLards ll1ay also eXist dUring handlmg, e g wlien tile membrane IS 

rulled or dragged to position It Thus, ;\ST\l te,t D-1709-67 (the --dart test") was deemed less SUit­

able, as It Illvolvcs PUllctLlrC or burstll1g by a I 5-ln -cham hellllsphere It also requires speCial appar­
atus not readIly avaIlable 

Therefore, a puncture test was deVised USll1g a blunt nt:edle and Chatillon spnng gages The blunt 

needle was the back end of a laboratory dissecting needle removed frolll Its wuoden handle Its nat 

blllnt end was measured by micrometer ciS about 00027-ln (00686 Illlll) 111 dlall1eter, correspolll1-

ll1g to 0 00367 cm 2 111 arca Thus, for each IOOO-g IUddln); tht:re was 273:; kg/cm:' or 263 S 

atmospheres (31\80 pSI) pressure at tile tiP The nt?eclle was Illounted 011 the rod (push end) uf the 

Cliatrllun gdge by an Improvised plastiC adaptel The CllatLlloll gages had 0-500,0-1 000 ~Iml 0-5000 

g capaLity and each had a slrdlng disk which ll1dlcated Ill~IXlll1lllllload reached In the early tests, 

1 e those (In the hlack PE frlm and the solvent soak test, the test sample was hand-held over the end 

of a wooden spool havlllg a %-In (95 Illlll) hole 

Later, a morc convenIent yet simple apparatus was deVised to hold the film sampl\? With 1I11lrUrlll 

and reproducIble pressure (see Fig 1) With tIllS apparatus, the sailiple IY,IS Ileld un the lower spCll)1 

(/8 F1 I D ) by a second spool reamcd to 1~ 111 I D To Insure LllllforllL planar contact, the upper 

spcwl was pivoted crosswise 111 a wuoden arm which was universally plvuted dt one end, and weighted 

at the other A pomter and ll1dex scale aSSisted 111 allgnll1g the spools, so that the needle, when 

*Peferences 30 l 21 ano 16 are of gencral u.')efuiness C()I1CernlIlg culd and weather effects and general II1fOrt11atlon 
011 plaStiCS 
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© Pivoted arm (wt 404 gm) 
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® Test Ipeclmen 

CD Blunt needle and adapter 
(To Chatilion Gage,hand held) 

Section A-A 

(Showing blunt needle approach) 

centcfcdll1 the upper spooL was liver the lower spuul hole Slwck UpOIl puncture wa, absorbed by 

a plastIc plug 111 the base or by the 11l1pmved needle holder stnking the lOp of the lower spunl 

Consideration 01' weIghts, moment arms and uppcr spool area showed the sample holdll1g pressure 
tu be 4x5 (047 at nwsphcre or (, I) psI) 

Also, a better holder I'or the needle was made of Tetlon, With an adapkr til aCl'o1111lludak the 

larger rod ,ln the 5-kg Chat Ilion gage Tll('se adapters also made Pl,ssible the use Ill' I/S -1I1 and %-In 

tlu t cylllldncal puncture tlps If demed 

BClldlllg test The bendlllg test apparatus was very Simple A Spe1l1l1Cn sheet of known length 

was placcd on the edge of the bench and held with a wouden hloc'k, so that'; c'Ill prlltruded A 

paper gUide fastened to one end of tIrc block served til dellileate a 45° an~lc to 11llnLlIntal B., 

uS1I1g the hlluK (pull) end of a Clratlllon gage, the force required tl) bend the shed up to ~Ippn):-;I­

mately a 45° angle was measured Here tIll: smallest Chatdlull ~age (0-50 g) was sufflCICllt. as tIllS 

dlclnut have all mlilcatlll~ elisk the 1l1aXIIllUill rCddll1g was Iloted wlllle pullmg As saillples actually 

bellt III a curve, the 45° pUll1t had to be roughly estlillated SlllCC the gage hook overlapped the 

sheet about 2 CIll, tile actualmoll1cllt arm of appl1ed force was UbOlit 3 cm 

Procedure 

S(}/ru/t soak Samples of the black PE ttll1l were Clit With a sharp klllfe alld straight edge mto 

2-111 squares, wHh all accuracy believed Ilear ± 0 01 III ThclI" Width was measured at abollt lh 31111 

% uf It)(al Width each way, the fuur values (WlllCh varied but Ilttle) werc thell "eyeball" averaged 

ThiCKness was checked:.lt several pl)mts tu llbt:1l1l ,I reprt'sl'l1tatIVE' value Wlthm the pieces used 



inItIally, thickness proved qUite umform at about 4 nlll Later, variatIOns of 35 to 7 n111 were 

tound 111 other areas of the sallle black PE sheet, S(lIne thicker pieces were also given the soak test 

The pieces were Illllllersedm gasolllle or kerosene 3-5 111111 deep, several to a clIsh, and left covered 

t-or 0 5 to 3 huurs (or even up to 16 days) untllmeasufed As shown In Table ll, the samples were 

usually' measured wet 

Cold tests When puncture and tle.'\lbIllty tests were to be clone III the cold, the specimens 

were stored In a coldroolll at the chosen temperature either overl1lght or for several days The 

testlllg apparatus was condltlClned for several hOllIS to assure Its bemg at the test temperature 

Pllllctllre test For a puncture tes!' the hand-held Chatillun gage With the blllnt needle on the 

push end was broLlgllt mto contact With the sample membrane held over the 1s-m hole m the spool 
and pressure was applied ~It a moderate rate, such that puncture gcnerdlh' occurred wltlnn I or.2 sec 

(The effect of r:lte IS discussed below) Several replicate punctures were made on each sample In 

the earlier experIments the film was hand-held on the spool However, the apparatus ot' Figure 1, 

deVised io hold the sample more 1Il1iformly and reproduCibly, was usecilll most of the tests 

BCllillllg (es( For the bending test, the free part of the sample was engaged by the hook at the 

pull end or the smallest (50-g) ChJtlllun gage and the sheet bent up to about a 45° angle FnctlOn 

1I1 thiS small gage caused result, to vary, and a representatlvc maXIIllUIll uf the t1exlng luad was noted 

from among sever<l! trIals for each speclmcn The tests wel'e clune face up and face down, usually 

on two or more samples, at c,lch temperature (Face-up ~1I1c1 face-down tests arc clcsllahle because 

111 sOllle cases the manufacturing process or bemg on a roll may ca lise dissymmetry between the 

two sides) The o[JentatlOn perpendicular to thc sample bendmg aXIs was also noted where dlStll1-

glllshable (The maclllne clirectlUn (MD) IS p:JI'lllcl to length as a long band co Illes from the machll1e, 

WIllie transverse direction (TD) IS perpendicular to tIllS Properties :lre apt to dIffer III the two 

directIOns, UWlllg to structural OrICntatlUl1, built-In stress from process tenSIOn, (II' from belllg on a 

roll) As the samples varIecl 111 length along the bend, the recorded loads were normali/ed to "load! 

d m ", (g/l 0 c n J) 

Srallst/ca! trmtllll'lIt Variability of the test saillple thickness and, III tbe case of the non-wuvens, 

observable VarIatlOnlI1 mat clenslty of the fibers, as well as test procedure v:trlatlOllS, lllJdc replicate 

tests necessary and statIstIcal treatmcnt deSirable In the puncture tcst, generally 5 to 10 punctures 

were m:lde on each sample, I e wlthl11 a I or 21112 area, and III mallY cases a number of rephcdte 
specimens were tested Results were segregated by thickness as deterlll111ed by llllcrometcr For 

stiffness, there was a face-up and a face-down datum for each spCCI111en tested, and usually two or 

1ll00C replicate specimens The face-up and -down data were handled separately and together 

TIle mean value and 0, the stanclard cleV1atlon from the mean, were computed by standard methods 

for each group of replicates The valuc uf 0 as a ± on the mean value llldlcates the band wnhll1 

which the trtle value will lie 68(,; of the time The values of ± (J are shown WIth all data herem 

When there are groups of results done on c!Jfferent but Similar SpeCllllCnS, the mean and 0 lIlay 

be better known The latter IS not calculated, however, by SImply lumplllg all the results together, 

eacll set of replicates 111 the group may hdve ItS own mean So, to deterll11l1e the group 0, the 

vanances (0 2 ) for each replicate set :lre pooled, USll1g the formula for pooled variance 8 In tillS way, 

an overall 0 for all the speCIlllens for a given type and con clitIOn Illay be found ThIS IS applied to the 

overedl 111ean of the group, I e It IIlcllcates the preCISion of the group mean The values 0p 111 the 

T abIes are such puolcci values 

011 the bar graphs, figures 2, 3 and 4, the ± 0 ullcertalilty bands shuw tlielr use III cllstlllglllSlllllg 
slglllflcallt allClnon-slglllficant differences, e g between RT and OU F or soaked and not soaked 

Wllere bands overlap, (I e when means diller bv < 20), they are deemed not different, It bands du 

nut overlap, the means du dltler (at the 68(X level) If one llsed ± 20, mealls must differ by 4u for 

the c!Jffcrences tll be slglllficant at the l)5~{ level 
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Table II Solvent swellIng of PE film 

(a) Ihdth (c) (d) 
Sample Ex.l2osure Thlckness 

no solv soak dry (b) lnltlal after 1I%(e) lnltlal after 1I%(e) Remarks 
(hr) (hr) (In) (lD ) (mll) (mll) 

I Thlckness 3 9-4 5 mlls --
1 gas 1 0 2 00 2 10 5 4 0 4 0+ tr Blot dry, curls sl 

" 1+2 3 0 2 13 6 5 Wet, same after blot dry 
3 3 16 2 00 0 4 0- -tr Re-drled 
3 3 48 2 016 0 8 4 0 0 Re-drled 

4 23 0 2 00 2 13 6 5 4 0 ( 5 0) (f) 25(f) Wet 
" 23+24 0 2 12 6 4 0 0 Wet (b) 
" 380 0 2 11 5 5 4 0 0 Wet 

5 0~ L5 0 2 00 2 13 6 5 h 0 3 9 -2 5 Wet 
" 23+2h 0 2 12 6- 11 0- -tr Wet (b) 

380 0 2 12 6- 3 9 -2 5 Wet 

(, 23 0 2 00 ~! lh 7 h 0 3 9 -2 5 Wet-dry 1 mln , cllrls 
2l+2h 0 2 12- 6- 3 9 -2 5 Viet (b) 
380 0 2 12- 6- 3 8-h 0 (-2 5) Het 

-=: ker 1 0 2 00 2 09 h 5 h 0 4 0+ tr Blot dry, no curl 
1+2 3 0 2 10 5 Wet, same after blot dry 

3 3 16 2 00 0 II 0- -tr Re-c_rl eel 
-=: 3 43 2 003 0 4 4 0 0 Re-drlec 

7 " 23 0 2 00 2 07 3 5 4 0 II 4 10 VIet 
23+24 0 2 09 4 5 4 2 5 Vlet(b) 
330 0 2 10 5 0 II 3-4 4 9 Wet 

3 KeY' 23 0 2 00 2 10 5 0 4 0 11 0 0 VIet 
23+24 0 2 09 4 5 4 3 3 Vlet(b) 
330 0 ;' 08 4 0 4 2-h 3 (6) Het 



Table II (coni'd) Solvent sweIlmg of PE fIlm 

Sample 

no 

9 

0" , 
1" , 

3' " 
2' " 

ker 

" 

gas 
" 

ker 
" 

(a) 
EXJ;!osure 

solv soak dry(b) 
(hr) (hr) 

23 
23+24 
380 

o 5 
o 7 

o 6 
o 7 

o 
o 
o 

o 
o 

o 
o 

II Thlckress 4 9-6 5 mlls 

2 00 

1 995 
1 99 

2 00 
2 00 

Wldth(c) 

2 08 
2 09 
2 08 

·2 086 
2 093 

2 055 
2 062 

6%(e) 

4 0 
4 5 
4 0 

4 6 
5 2 

2 8 
3 1 

lnltlal 
(llill) 

4 0 

4 0 
4 05 

3 9 
4 05 

Tlllckness (d) 

after 6%(e) 
(mll) 

4 2 
4 3 

4 3-4 5 

4 05 
4 2 

4 1 
4 1 

5 
8 

(ll) 

Wet-dry 1 mln, no cur] 
Wet (b) 
Wet 

1 2(d) Wet 
3 8(d) Wet 

5 ltd) Wet 
1 2(d) Wet 

4" 
5" 

gas 
" 

0.8 
1 0 

o 
o 

2 00 
2 00 

2 093 4 6 5 55 5 85 5 4(d) Wet 
3 7(d) Wet 2 093 4 6 5 45 5 65 

---------------------------------------------------

2" 
3" 

ker 
" 

o 9 
1 1 

o 
o 

2 00 
2 00 

2 047 2 4 5 45 5 65 
2 055 2.8 5.5 5 6 

3 7(d) Wet 
1 8(d) Wet 

III Thlckness 7 0-7 5 mils 

0' 
l' 

2' 
3' 

gaE. 1.2 
1.3 

o 
o 

2.00 
2 00 

2 093 
2 093 

4 6 
4 6 " 

ker 
" 

1.2 
1 4 

o 
o 

2 00 
2 00 

2.047 
2.047 

2 4 
2 4 

(a) Solvents gasollne, kerosene 

Except where shown "dry", "re-drled" or "blot dry", 
measurements were made wet, fresh from soak. 
(For Nos. 4-9 at 23+24 hrs., puncture tests (Table 
III) made fust) 

(c) Wldth lS eyeball average of four values at 1/3 and 
2/3 pOlnts each way. 

7 1 
7 1 

7.1 
7.2 

(e) 

7 33 
7 33 

7 1 
7 45 

3 2(d) Wet 
3.2(d) Wet 

o (d) Wet 
3.5(d) Wet 

Thlckness less accurate in laft SlX sets (0"', 
4", 0' etc ), due to poor unlfcrml ty, valueE 
srown are rough averages. 

6% = chan~e as % of initial. 

(f) Possibly in error, ar otler 4 mll in gfS did 

not increase, although thlcker specimens did. 
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Results 

Solvellt soak Solvent soak tests were done only on the black PE film, 111 vIew of possIble lise of 
solvent cut-back asphalt wIth sllch film 111 a M ~SL test 111 Alaska The data for swellIng ll1 gasolIne 
and ll1 kerosene appear 111 Table II Related puncture tests appear ll1 Table IlIA and 111 detail 111 

AppendIX Table AlA 

PUl1cture tests The puncture data arc sUl1lmanLcd 111 Table III and recorded 111 detaIl ll1 AppendIX 
Table AI There are many replicates on the black PE fIlm at RT, whIch were done to prove out the 

puncture test method and also to explore the effect of the cOllslderable thIckness vana tlOIlS 111 thIS 
matenal These results have been combl11ed mto master groups of three thIckness ranges (detaIls 111 

Table IlIA) 

A 39-4 8 nul, about 4 35 

B 49-6 5 nul, about 5 70 

C 70-7 5 mIl, about 7 25 

These are used 111 Table !lIA as the control bases tor asseSSl11g solvent soak effects and ll1 Table I1IB 

as the bases for asseSSl11g cold effects on the PI: fIlm For graphIcal compansOI1, the puncture test 
results are shown ll1 bar graphs 111 FIgures :2 and 3 The bars are arranged 111 order of U1CreaSl11g film 
tluckness and IdentIflCd wIth the groups 111 Tables III and AI Further graphIcal ciisplay of puncture 
results appears 111 FIgures 5, 6 and 7, where for each temperature the data are plotted agall1st fabrIC 

weIght (oL!yd2 ), and agal11st thIckness for the fIlm types ~ see DISCUSSION sectIOn 

Belldzng tests The data for bendlllg tests of temperature effect arc shown concIsely 111 Table IV 
and 111 detalll11 AppendIX Table All Here the number of rephcates IS not as great as for puncture, 
and the test Itself IS I11herently less precIse The glOUp means 1I1dlcate that the temperature effect 
IS essentIally the same for face-up or face-down or combl11ed Therefore, only the mean load for 
each COI1llItlOn (combl11ed face-up and face-down values) IS shown 1Il Table IV 

Where known or guessable, the onentatlOn of the bend to MD or TD IS recorded, Sl11ce propertIes 
may be duectIonal Tests were not usually made m both dIrectIOns on the same matenal, sll1ce the 
object was pnmanly to assess the stlffemng at lower tempera ture In the case of Typar some resul ts 
are reLorded tor both onentatlOns (see DISCUSSION sectIOn) 

Graplucal presentatIOn of the bendll1g test results IS made 111 FIgure 4 The bars are Identlfied 
WIth the data lI1 Tables IV and AlII The bendll1g data are also plotted, for each temperature, 
aga1l1st fabnc weIght (oL/yd2 ) 111 FIgure 8 and, for the film types, aga1l1st thIckness 1Il FIgure 9 

DISCUSSION 

PE solvent soak and swellmg 

SwellIng of PE film 111 hydrocarbon solvents IS eVIdent frolll the test data (Table II) GasolIne and 

kerosene both caused laterallllcreases wlthlll an hour up to 45-7% and :2 8-5% respectively, depend­

lllg on l1me and sample thickness Swelling was qlllte rapid, oCLllrnng mostly wlthll1 an hour or so, 
wllh httle change beyond the first day ThIckness generally lllcreased as well, although some tests 

With gasolIne seemed to mdlcate shght decrease III thIckness Kerosene seemed to cause more 111-

crease III thickness than gasol1l1e (111 contrast to the effect on WIdth) DIffIcultIes 111 measurement, 

due to softness and vanable thIckness of the onglllal fIlm may be lI1volved A better method of 

measunng and more rephcates would be deSlfable 

14 
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Table IlIa Puncture strength of solvent-soaked PE fIlm 

Treatment Nbk. Plece No of Puncture Lo["d (g) 
~-

Group Solvent Soak Dry p. no Pleces Punctures Mean +0 % of control 
(hr) (hr) 

A 3.9-4 8 lUlls control A 16 102 309 21 100 

2 gasol. 3 48 35 1 1 5 286 13 93 
3 24 35 )j, 5,6 3 15 172 11 56 
4 380 39 4,5,6 3 15 173 11 5C 
5 o 6 40 0'" ,1" f 2 20 227 15 73 
8 keros 3 48 35 3 3 5 299 6 97 
9 24 35 7,8,9 3 15 197 6 64 

10 380 40 7,8,9 3 15 192 15 62 
11 o 6 40 2'" .,3' 1 i 2 20 2] 4 10 69 

-~---

oc B 4 9-6 5 mlls Control B 15 116 403 24 100 

6 gasol. 0 9 40 4",5" 2 20 293 8 72 
12 keros 1 0 40,41 2",3" 2 20 306 11 75 

C 7 0-7 5 IDlls Control C 5 46 482 22 100 

7 gasol 1 2 41 0' ,1' 2 20 348 10 72 
13 keros 1 4 In 2' ,3' 2 20 378 12 78 

----

Controls Ere comblned results from Table AIA 

lUlls nbk p Plece no Grou!:'s 

A 3 9-4.8 35,36 2,0,B,K,E,L P,J,A,G 1,4,15 
41,48 4'" ,5" t ,6' I r ,a' ,c' 20,26 

B 4 9-6 5 36,37 D,H,I,C,A' ,B', 16,17,18 
41,42 0",1",6",7",8",9 11 ,10",11" 21 

C 7 0-7 5 37,41 c' ,4' ,4' ,6' ,5' 19,22 



Table IIIb Puncture strength and temperature 

Samj21e Temp Thlckness Nbk Plece No of Puncture 10~1 _____ 
GrouI-' Deslg of (mll) p no Pleces Puncture~ Hean +0 % of RT contra] 

Black P:S: Fllm 

A RT 3 9-4 8 A 16 102 309 21 100 
B 4,9-6 5 B 15 116 408 2L 100 
C 7 0-7 5 C 5 46 482 22 100 

28 0 4 2+ 46 b 1 5 510 14 165 
27 5 4+ 46 a,b,c 3 15 630 108 154 

--------
Clear PE Fllm --------

23 RT 5 8+ 48 d,e 2 12 400 21 
24 0 4 7+ 46 a 1 6 516 7 186 
25 5 8+ 46 b,c 2 10 680 16 167(170) 

v Clear PE Fllm (bag) 

29 RT 7 o~ 53 1,4 2 13 473 19 
30 0 7.0~ 56 2,3 2 14 779 57 162(165) 

Grlffolyn 

1 55-1 RT 4 2/8 4 47,53,54 3 19 308 20 
2 0 47 1 5 509 22 165 
3 55-2 RT 4 6/8 4 47,53,54 3 18 314 12 
4 0 47 1 5 556 38 177 
5 65-1 RT 4 9/9.2 47,53,54 3 17 325 21 
6 0 47 1 9 527 29 162 

13 65-2 RT 6/8 5 68 A,B,C 3 30 316 39 
14 0 70 D,E,F 3 28 518 21 1(;4 

7 85-1 RT -/10.5 56 1 6 395 40 
8 0 56 1 6 572 31 145 



Table IIIb (coni'd) 

SamEle Temp. Thlckness NDk Plece No of Plllcture load (g) 
Group Deslg of (mll) p no Pleces Punctures MeEn +0 % of RT contlol 

~----

9 85-2 RT -/11 56 1 6 416 8 
10 0 56 1 6 64~ 1('2 154 11 85-3 RT 9/11 56 1 6 398 12 
12 0 56 1 6 584 19 147 15 85-4 RT 9/12 68 A,B,C 3 30 450 29 16 0 70 D,E,F 3 30 688 23 153 
17 105-4 RT 11/17 68 A,B,C 3 30 506 23 18 0 70 D,E,F 3 30 800 21 15S 

1'-.) 

0 
~ 

4 5-6 1 1058 RT 5 52 1 6 1335 155 2 0 51 1 6 1308 285 98 3 1056 RT 4 5-7 0 52 1 6 1442 327 4 0 51 1 6 1192 171 83 5 1073 RT 6 3-8 0 52 1 6 1672 95 6 0 51 1 6 1670 183 100 
7 1085 RT 7 5-9 5 52 1 7 2377 245 8 0 51 1 ,-

1958 301 135 \) 

9 1079 RT 7 5-10 5 53 1 6 1897 165 10 0 51 1 6 1958 273 103 

Reemay 

1 2024 RT 10-12 53 1 6 882 178 2 0 52 1 6 605 49 69 3 2431 RT 12-16 53 1 6 490 73 4 0 52 1 6 468 94 96 5 2033 RT 13 5-16 5 53 1 6 1225 133 6 0 52 1 6 790 80 65 7 2440 RT 16 7-18 0 53 1 6 708 41 8 0 52 1 6 712 103 100 



Table IIIb (coni'd) 

Sample Temp Thlckness Nbk Plece No of Puncture 10Ced (g) 
Group Deslg of (mll) p no Pleces Punctures MeEn +0 % of RT contlol 

9 2254 RT 18-23 53 1 6 818 104 
10 0 52 1 6 622 110 76 
II 2470 RT 23 5-27 53 1 6 1348 129 
12 0 52 1 6 1443 194 107 

~ 
1 3201 RT 7 5-11 53 1 6 650 220 
2 0 51 1 6 255 94 39 
3 3301 RT 10-14 53 1 6 1438 613 
4 0 51 1 6 1681 276 117 
5 3351 RT 10 3-14 2 53 1 6 1597 25:) 
6 0 51 1 6 1642 413 103 
7 (Wl:S) RT 11-15 48 3,4,8 3 20 1412 196 

N 8 0 52 2,7 2 13 1711 1"4 12] 

Cerex 

1 1 0 RT 3 8-5 3 67 d,b 2 2C' 530 105 
2 0 69 a,c 2 20 676 120 122 
3 2 0 RT 9-14 68 d,b 2 2G 808 133 
4 0 69 a,c 2 20 1244 149 154 
5 3 0 RT 10-12 68 d,b 2 20 1912 153 
6 0 69 a,c 2 20 2086 ;:::04 109 

-----
Butyl Rubber 

1 relnf RT 29 48,53 1 11 670 125 
2 0 52 1 6 845 30 12( 
3 unre RT 68 48,53 1 12 1973 60 
4 0 52 1 6 2750 180 139 

Petromat 

1 (Alaska) RT 12-16 47,52 1,10,13,15 4 29 2125 873 
2 0 51 2,11 2 13 2332 1042 109 
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----- -----

Table IV. Bendmg strength and temperature 

Temp Thlckness Nbk Plece Bend-L * No. of Mean load Factor of 
Sample (OF) (mll) p. no. to dlr pleCeS g/dm +a RT load 

-----

PE Fllrn 

black RT 4.0-4 5 60 a'.,c' T 2 0 84 o 1 
0 a' ,c' 2 1 90 o 2 2 3 

PE Fllm 

clear RT 5 5-6 5 60 d,e T 2 1 7 o 4 
0 d,e 2 5.0 1.0 2 9 

hj PE Fllrn (Bag) 
w 

clear RT -7 60,63 A'4,1,B'3,2 T i+ 1 75 0 5 
0 60 Al+,1,B3,2 4 4 38 0 6 2 5 

Grlffol;t:n 

55-1 RT 4.2/6 9 30 M ~ 1 1 00 0 4 
0 33 1 2 00 0 3 2 0 

55-2 RT 4 6/7 0 29 M 0 1 0 85 0 5 
0 33 1 2 0 1 8 ;:: 4 

65-1 RT 5 1/9 2 29 M 0 1 1 65 0 5 
0 33 1 3 30 1 0 2 0 

8~'-1 RT (5 1)/10 5 60 M ? 2 3 55 0 7 
0 63 2 7 70 1 1 2 2 

85-2 RT (5 1) /11 60,63 !JJ " 2 3 45 1 4 
0 60 2 7 42 1 2 2 2 

85-3 RT 5 1/10 60,63 M 0 2 4 38 0 7 
0 60 9 35 1 1 2 1 

*M 11D = machlne dlrectlon 
T TD = transverse dlrectlon 



Table IV (confd) 

Temp. Thlckness Nbk Plece Bend~ No of Mean load Factor of 

Sample (OF) (mll) p no to dlr * pleces g/dm +0 RT load 

But;L:l Rubber (From Enjay) 

relnf RT 29 60 ? 1 6 2 0 8 

0 60 1 11 1 1 6 1 8 

unrelnf. RT 67-68 60 ? 1 84 4 6 3 

0 60 1 1306 19 6 1 6 

Cerex 

1.0 oz RT 3 3-5.3 66 d,b M 2 0 18 0 0 

0 a,c 2 o 83 0 2 4 6 

2 0 oz RT 9-14 66 d,b M 2 6 9 0 8 

0 fL,C 2 5 9 0 .9 

t'-' 3 0 oz RT 10-2 66 d,b M 2 7 50 1 2 
Ln 0 a,c 2 1e 28 2 0 1 4 

Petrcmat (Alaska) 

RT 13-19 22,61 1,5,1,10,l3,15 T 6 8 1)1 0 9 

20 21 3,4,7,8 T 4 10 95 4 5 1 35 

0 21,22,61 2,6,1,10,13,15 T 6 13 01 2 2 1 6 

~ 

3201-2 oz RT 7 5-11 60,63 A' ,B' M,T 2 1 62 0 6 

tan 0 60 A,B 2 3 88 1 6 2 4 

3301-3 oz RT 10-14 60,63 A' ,B' M,T 2 l, 58 0 9 

black 0 60 A,B 2 12 5 5 9 2 7 

3351-3.5 oz RT 10 3-14 2 61,63 A' ,B' M,T 2 5 7 1 2 

gray 0 61 A,B 2 12 32 5 8 2 2 

~ 
(WES) 

RT 10.5-15 5 29,61 3,4,8,10 M,T 
, c, 6 1 5 0 / 

20 32 1,58 3 10 8 2 6 1 9 
0 32,61 2,3,4,6,7,8,9 7 11 9 4 6 2 1 



Gasolme "average" 

pentane to undecane 

CS H12 Cll H24 

Kerosene "average" 

decane to hexadecane 

ClOH22 C16 H34 

Molecular wt 

114 

72-156 

184 

142-226 

BOIlmg range 

(C) 

Structurally, polyethylene polymer IS made up of -(CHz-CH2 )- chams which are comparable m 

form and hence compatible with the solvent molecules AccordIngly, InterpenetratIOn and swe1l1l1g 

are to be expected The smaller molecules of gasolme may penetrate the polymer structure more 

readily than kerosene but perhaps swell It 111 a different mode and to a lesser volume The lower 

molecular weight, bOIling POInt and VISCOSity would also allow the more rapid drymg of gasolIne­

soaked PE The tendency to curl concave upwards while drYIng IS due to contraction as solvent 

escapes faster from the exposed upper surface 

The swellmg process of PE With kerosene and gasolme IS revefSlble, for after 16 or 48 hours of 

au drymg, the dimenSIOns return essentially to the InItial values (Table II) As discussed below, 

puncture strength also IS regamed upon drymg 

Very often the Width of the sample changes slightly more In one directIOn than m the other TI1JS 

IS not eVident m Table II, where the Width shown IS the average of two measurements m each direc­

tIOn, but can be seen from the follOWIng 

Solvent 

GasolIne 

3 Kerosene 

Soaked 

(hr) 

1 + 2 3 

1 + 2 3 

Width, after soak 

(In ) 

2'/64 X 2%4 

2%4 X 2%4 

Such differences from the InItial 2- x 2-In squares are likely due to some difference In sheet struc­

ture between the MD and TD, I e due to the geometry of constructIOn and/or the force In the di­

rectIOn of processIng and wIndmg, mfluencIng the spaCIng or alignment of polymer chaInS and 

branches Such differences are tYPical of paper, textIles and plastiCS made In long, contInUOUS 
sheets Strength properties may also be directional WillIe they would not show Up In the puncture 

tests descnbed herem, such effects could mfluence bendIng tests 

PE solvent soak and puncture 

Soakmg In gasolIne or kerosene not only causes swellIng but IS also detnmental to the strength 

of PE film ThiS IS clearly eVident m Table IlIa and Figure 2 While the present tests were of punc­

ture strength, there can be no questIOn but that such solvents decrease tear and tenSile strength, for 

puncture really mvolves both of these properties 

It appears that the puncture strength of PE IS reduced to about 75% of ongmal WithIn about an 

hour of soakmg Wltilln 24 hours the decrease IS to about 60%, WIth lIttle further change m 16 days 

F ollowmg a three-hour soak, the samples regamed much of their ongmal puncture strength when 

they were dned for 48 hours Although the soak-and-dry value appears to be less (92%) for gaso­

lIne than for kerosene (97%), these dIfferences are not slgmficant when the ±o values are applied to 

each datum gasolme 286 ± 13 g, kerosene 299 ± 6 g, control 309 ± 21 g 
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Sample mIls 

A' 5 3-5 7 

B' 60-65 

65-1 49 

55-2 46 

55-1 42 

Table VI FIlm puncture rate effect 

No of 
tests 

Load (f') 
Range avg 

a PE (black) at RT (nbk p 37) 

5 330-345 337 
5 325-375 354 
5 395-420 409 
5 470-510 485 

330-420 363 
II 365-425 400 

2 360-380 370 
2 480-490 485 

b Gnffolyn at O°F (nbk p 47) 

9 480'-570 527 
1 490 

560 
5 530-620 556 

500 
540 

490-535 509 
I 420 
2 560-570 565 

a 

6 

17 

29 

38 

22 

Rale 

Normal 
Slow 
Fast 
Very fast 
Very slow 
Normal 
Very slow 
Very fast 

Normal 
Very slow 
Fast 
Normal 
Very slow 
Fast 
Normal 
Very slow 
Fast 

The apparent regam of puncture strength on drymg may be encouragmg for the use of solvent­

based adhesIves m MESL, provided that the solvent can mdeed diffuse suffiCiently from the mem­

brane before any great puncture or other stress occurs The tOPIC of adheSIOn IS further discussed 

below (see General conslderatlOlls - Sealing alld patchtng) 

Film puncture rate effect 

The rate of apphcatlOn of load could be a factor 111 puncture tests ThiS was qualitatIVely ex­

plored m a few cases, shown m Table VI The results m Table VI tend to suggest higher loads for 

faster rates and lower loads for slower rates, particularly for the PE at room temperature The re­

sults on Gnffolyn at O°C are less consistent, perhaps because these tests were so limited m number 

and varIability IS so great Higher loads at higher application rates are qUite tYPlcalm strength tests 

In the case of film like PE, thiS IS easily explamed, smce such film stretches readily Consequently, 

111 a slow test It becomes thmner and hence more susceptible to puncture, m a fast test It doesn't 
have time to stretch as much Failure load thus bemg a functIOn of tllne mdlcates that plastiC 

deformatIOn IS mvolved 

Bendmg onentatlOn 

OnentatlOn of the test bend to maclune or transverse dIrection (MD or TD) has been recorded m 

Tables IV and All All bendmg tests were usually m the same directIOn for a given matenal Al­

though bendmg load per se would likely depend on directIOn, the stlffenmg actIOn of cold (I e load 

ratio for O°F /RT values), would probably be equally mamfest m both MD and TD directIOns 

DirectIOn was not Identified on samples receIVed but m most cases It was ll1terpretable from ap­

pearance In the case of Typar, bendmg tests were made m both dIrections In Table All, mdlVldual 

values are shown for Typar 3201, 3301, 3351 m both MD and TD and face up and face down, and 

also the combmed MD and TD values are given Combmed up and down values With MD and TD 

segregated are shown m Table VII For the WES sample ofTypar, from which the maJonty of the 

specimens tested came, segregated as well as combmed MD and TD values are shown m Table All 
Both sets are reproduced m Table VII 
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Table VII Typar bendmg and fabnc onentatlOn 

DirectIOn Temp 
Sample to bend tF) 

3201 MD RT 
0 

TD RT 
0 

MD&TD RT 
0 

3301 MD RT 
0 

TD RT 
0 

MD&TD RT 
0 

3351 MD RT 
0 

TD RT 
0 

MD&TD RT 
0 

WES MD RT 
20 
0 

TD RT 
20 
0 

MD&TD RT 
20 
0 

* Combmed face up and down 
t Load at OaF/Load at RT) 

No of Bendmg load, g/dm 
tests * up and down mean 

2 1 65 
2 495 
2 1 6 
2 2 8 
4 1 62 
4 387 
2 395 
2 11 95 
2 5 2 
2 1305 
4 458 
4 12 50 
2 5 6 
2 1285 
2 5 8 
2 11 8 
4 5 7 
4 12 32 
4 658 
2 12 85 
6 1326 
8 5 12 
4 972 
8 1090 

12 5 6 
6 108 

14 II 9 

Factor of 
RTloadt 

30 

1 8 

24 

30 

2 5 

27 

2 3 

20 

22 

1 95 
20 

19 
2 1 

19 
2 1 

The Typar 3201,3301 and 3351 data do seem to show a difference between MD and TD, Ie 

factors for O°F/RT values differ This difference IS not beheved meanmgful, however, cOllSlderlng 

the vanablhty of tins test and cOllSldenng that only one test was made at each Orientation This 

conclUSIOn seems borne out by the WES sample Here the factors 20°F /RT and O°F /RT are nearly 

Identical for MD and TD and combllled MD and TD This supports the vahdlty of conclUSions 
based on only one dlfectlOn for other matenals 

Comparative tables and graphs 

To faclhtate comparisons, pertment data have been taken from the more cumbersome Tables 
III and IV and set out III Table VIII for PE and III Table IX for the other matenals Tables VIII 

and IX show simply the puncture and bendlllg load results for RT and O°F, averaged for each 

matenal and type or thickness Thicknesses shown are representative, I e they show the midpOint 

of the range of actual measurements by micrometer The fabnc weights (ol/yd 2 ) are the 

manufacturers' values (except as noted) Apparent denslty* IS also shown III Table IX, where 

Part B shows for companson a new and more fluffy non-woven polyester recently received (see 
SectIOn on E2B below) 

The effects of weight (ol/yd 2 ) and thickness, as well as temperature, are plotted III Figures 

5-9 from the data of Tables VIII and IX Reemay, Typar and Cerex are not plotted vs thickness 

for lack of a systematic relatIOnship, I e apparent denSity (degree of compactness) vanes, so that 

thIckness does not relate to strength Butyl IS not plotted, as there were no varIants III thIckness 

* Calculated from (oz/yd 2 ) (I/mtl) I 337 = g/cm 3 
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Table VIII Load, thIckness, weIght and test data for PE fIlm 

Thlckness(a) 
Welght(a) 

resl,lt(c) ~ PE fllm No of Test 
(OF) Color Group approx range % (~) (%) tEcsts load 0 --% 

(mil) (mil) yd2 

A. Puncture 

RT black A 4 35 3 9-4 8 100 3 0 100 102 209 21 100 
B 5 70 4.9-6 5 132 3 95 132 116 408 21.. 132 
C 7.25 7 0-7 5 164 5 05 168 46 462 22 156 

clear 23 6.0 5.5-6 5 138 4 15 138 12 400 21 130 
29 6.7 6 4-7 0 154 4.65 155 13 473 19 153 

0 black 28 4.15 4.0-4.3(b) 100 2 95 100 5 510 14 100 
'~) 

27 5 45 4.2-6 7 131 3 75 127 15 630 10e(a) 124 

clear 24 4.75 4.5-5 0 114 3.3 112 6 576 7 IJ 3 
25 5.75 5 5-6 0 139 4 0 136 10 68c 16 133 
30 6.85 6.6-7 1 165 4 75 161 14 779 57 153 

B Bendln6 

RT black 4.25 4 0-4 5 100 2 95 100 4 o 84 o 1 100 
clear 6.0 5 5-6 5 141 4.15 141 4 1 7 o 4 20:; 

7.0 7.0~ 165 4.85 164 8 1. 75 0.5 208 

0 lllack 4.25 4.0-4.5 100 2 95 100 4 1 90 0.2 100 
clear 6.0 5.5-6.5 141 4.15 141 4 5.0 1.0 26~ 

7.0 7.0~ 165 4.85 164 8 4.38 0.6 231 

a) OOF and RT values for thickness and weight dlffer for puncture but not for bending because many more pieces 
were testEd for puncture at RT than at OOF. 

b) Large variability owing to wide thickness range. 

c) Load' g for Part A, g/dm for Part B. 



Table IX Other load, thickness, weight and test data 

Part A 
(e) 

Th~ckness(a) Weight (b) Apparent Load Mater~al 
dens~ty (d) (d) 

(m~l) (oz/Yd2) 
(g/cm3) 

Puncture (g) Berdlng (g/dm) 
RT OOF RT 0°} 

PE F~lm - See Table VIII 

Grlffolyn(c) 55 4 4 3 7 1 12 310 532 9 2 0 
65 4 8 4 6 1 27 320 522 1 65 3 85 
85 6.6(7) 5 5 1 12 415 621 3 85 9 05 

105 8.8(?) 8 9 1 35 506 800 7 7 22 3 
Tyvek 1056 5 8 1 6 37 1440 1190 1 4 1 4 

1058 5 5 1 6 39 1335 1310 1 0 2 1 
w 1073 7 2 2 2 41 1670 1670 2 0 4 5 

1079 9 0 2 5 37 1895 1960 4 2;; 7 7 tv 

1085 8 5 2 7 42 2375 1960 4 15 6 1 
Reemay 20c4 11 2 2 27 880 605 3 7 3 85 

2033 15 2 9 26 1225 790 6 3 6 2 
2254 20 5 3 3 22 818 620 4 2 4 8 
2431 14 2 3 22 490 470 1 0 o 7 
2440 17 4 2 9 22 710 710 2 5 2 0 
2470 25 2 6 6 35 1350 1445 IJ 05 12 5 

Typar 32('1 9 5 2 0 .28 650 255 1 6 3 9 
3301 11.0 3 0 36 1440 1680 4 6 12 5 
3351 11 4 3 5 41 1595 1640 5 5 12 3 (WES) 15 1 4 0 35 1410 1710 5 5 11 9 

Petromat PG 19.0 4 2 30 2125 2330 8 15 130 
Cerex 1 0 4 7 1 0 28 530 675 o 2 0 8° 2 0 11 0 2 0 24 810 1245 6 9 5 9 3 0 10 9 3 0 37 1910 2085 7 5 10 3 
Butyl re~nf 29 30 1 38 670 845 C 2 111 

unre~nf 68 59 1 17 1975 2750 84 131 

l 



,~ 

w 

Table IX (coni'd) Other load, thickness, weight and test data 

Part B 

Apparent Density (c) Apparent Density (c) 

Material Thickness He~ght(b) Height (b) (mfr ~ (meas ) 
(mil) (mfr.~ (meas.) (g/cm ) (g/cm3) 

i ii ~ii (oz/Zd ) (oz/yd2) ~ ii iii i ii iii 

(e)E2B 200 105 50 43 5 9 7.4 0.08 0.16 0.18 0.09 0.20 0.23 
300 118 55 46 8 8 9.8 0.10 0.21 0.26 0.11 0.23 0.28 
400 145 90 52 11 8 12.0 0.11 0.18 0.30 O. 11 0.18 0.32 
600 179 119 91 17.6 22.1 0.13 0.20 0.26 0.16 0.25 0.33 

--------- ---------- ----------

Cerpetromat PG 25 21 17 4.2 4.5 0.22 0.27 0.33 0.25 0.30 0.37 

(a) 

(b) 

-_._---

Mil values are measured, either midpoint of range or average of a number of values. For Griffolyn, 
measured between webs for 2-ply, estimated for 3- and 4-ply. 

2 
(Oz/yd ) are manufacturers' values, except calculated from thickness for PE film, dete2mined by weighing 
for Reemay, and Butyl. For E2B and Petromat, values measured by weighing (135-575 in. pieces) are also 
given in Part B. 

(c) Apparent density calculated: oz/yd2 1.337 = g/cm3 
mil x 

(d) Puncture and bending loads taken from Tables III and IV; those for Griffolyn are averages of the 
several samples. 

(e) The values for E2B (see text) and Petromat PG (paving grade) in Part B are based on measurements with 
micrometer in (i) visual (loose) contact, (ii) moderately firm contact (somewhat free to slide), 
(iii) from (clicker knob) tight contact (not free to slide). As point-to-point variations occur in 
both, values shown are "representative". For (oz/yd2) both manufacturers' and measured values are given, 
with density values based on each. 



Puncture and temperature 

The puncture strength of plastics would be expected to be greater at lower temperatures, smce 
plastics m general get harder, stiffer, and tougher at low temperatures Tlus IS plamly eVident with 
the true films, PE and Gnffolyn, m the graphs of Figures 5, 6 and 7 and also m the bar graphs of 
Figures 2 and 3 Table IIIB mdlcates that puncture strengths at O°F were 115-185% of RT values 
for PE, 150-175% for Gnffolyn, 139% for Butyl and 126% for remforced Butyl 

The non-woven fabncs show httle of the expected mcrease m puncture strength when cold m 
either Figures 2, 3, 5 and 6, or Table IIIB In fact, a slight decrease of strength m the cold seems 
to occur m some cases As tests on the non-wovens did not have as many replIcates and had 
great vanabllIty, these results are not very slgmficant ApplIcatIOn of ± a to each mean shows that 
the bands overlap heaVIly for most of the non-wovens (note the bar graphs) Only four of the 18 
non-wovens show a slgmficant difference between RT and O°F Three of these (Reemay 2024, 
2023,2254) all show lower puncture strength values at O°F, only Cerex 2 0 shows a stahshcally 
slgmflcant mcrease Such results on the non-woven, spun-bonded membranes may come about 

because the non-wovens are not contmuous sheets but random mattmg of fme filaments VanatlOns 
m mat denSity are obvIOUS when they are held to lIght These vanatlOns would affect puncture 
loads and scatter of results 

Only Tyvek IS fairly denslfied (more fused and less pemous, resemblmg paper, for which It IS 
often used) The other non-wovens are all relahvely loose, open structures which might be used as 

filters or as stlffenmg for other fabncs Thus, the thm, blunt puncture needle may pass partly be­
tween filaments m these matenals, resultmg m lower load and more scatter 

Although plashcs generally become stronger and tougher at lower temperature, some may be­

come more bnttle, and all become shffer and less extensible Tlus may mean that filaments of 
non-wovens exposed to low temperatures break more eaSily under the needle or, lackmg stretch, 
may snap aSide as the needle bears on them, allowmg puncture at lower loads with more scatter 
Such behavIOr mgy not necessanly mean that the use of non-wovens for MESL membranes with 

asphalt sealer would be unsahsfactory m the cold, however 

Bendmg and temperature 

Stiffness of plastIcs IS also expected to be greater at lower temperature In Figures 4, 8 and 9 
thiS IS clearly eVident for the true films, PE and Gnffolyn, and also for Butyl As for the non-wovens, 
Typar and Petromat (and to a lesser degree Tyvek) exlublt some mcrease m shffness with cold (shown 
by the factor of RT load m Table IV) However, the results seem errahc and the tests are lImited m 
number and lugh m varabllIty The ± a range IS large m proportIOn to load (bar height, Fig 4) m 
most bendmg tests, often with overlap of O°F and RT ranges 

The bendmg graphs, Figures 8 and 9, seem to mdlcate only small differences between O°F and 
RT at small thicknesses, but more promment differences at greater thicknesses ThiS may result 
because at small thicknesses the bendmg load IS so small (compared to the sensltlVlty of the gage) 

that differences due to temperature hardly show and the observed values may be Imsleadmg At 
greater tlucknesses, the cold effect becomes more eVident, however, due to the stIffemng action 

of cold temperature which produces a more ngld molecular structure Because tensIOn and 

compression of lower and upper surfaces occur m bendmg, cold stlffemng produces a relatively 

greater effect m a thick sheet than m a tlun sheet ThiS would be partIcularly eVident m a true 

film, but It also would show m a non-woven fabnc that was somewhat fused A completely 
non-fused non-woven (such as E2B) might not stiffen as much With cold and thickness, as ItS 

mdlVldual random filaments would be more able to adapt to new configuratIOns upon bend1l1g 

The abilIty of non-woven fabriCS to remam relahvely fleXible even at low temperatures should 

be a plus factor for their use 111 constructIOn under cold as well as normal conditIons It should 

faCIlItate handlIng and also enable the membrane to resist stress and SOlI sluftmg 
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Test result vs thickness and weight 

The strength of plastiC film IS expected to vary with thickness The relatively large number 

of puncture tests on PE film and the vanatlons 111 ItS thickness permit assessment of such a 

relatIOn Tlus IS eVident m Figures 2 and 3, where the bars are arranged by 111creas111g film thick­

ness, and their heights mcrease correspond111gly, for RT or for OaF It IS shown also 111 Table 

VIII, glVlng the results for groups of different thicknesses at RT and at OaF Here thickness, 

welght/umt area and load are also expressed as percentages of the thmnest films Sll1111antyof 

the percentage figures suggests a lmear relatIOnship, as IS also 111dlcated 1Jl Figure 7 Sl11ular 

plots for PE puncture appear along With graphs for the other matenals aga111st membrane weight 

111 Figure 5 and, for some, agamst thickness 111 Figure 6 These results are approxllnate, S111ce 

the thicknesses are not closely defined The PE plots exlllbit steeper slopes for OaF than for 

the RT data TIllS suggests that toughel11ng at lower temperatures IS more slgmficant for ducker 

film However, the OaF and RT slopes do not differ for Gnffolyn (a PE lammate) 

As might be expected, the plots 111 Figures 5-9 also show an essentially lll1ear relatIOn of 

puncture or bendlllg resistance to membrane weight and thickness for all the other matenals 

Two separate l111es apply for Reemay for the 2000 senes (which arc stralght t1bers) and for the 

2400 senes (willch are cnmped) The naturc of the 2254 IS unspecified Just why straight fibers 

should give grca ter strength IS not Immediately clear 

The plots also show that the true film materials exillbit lower slopes, With a less marked lIlcrease 

of puncture strength With weight (oL/yd2 ) than for the non-wovens Presumably tIllS reflects the 

I11Creaslllg challce of the blunt needle encountenng llldlVldual fjlamcnts III a tluckcr, heavIer nOll­

woven matenal, plus the known greater strength of matcnals 111 filament than III bulk or film form, 

and the greater tear-vulnerability of plastiC fIlms vs non-wovens (a puncture belllg III tIllS sense a 

tear) 

It will be noted 111 Tables VIII and IX and FIgures 5-9 that the values for PE film and Gntlolyn 

are qUite Similar at the lesser tlucknesses or weights, as might be expected For 111creas111g thickness 

or weights (oL/yd 2 ), however, values mcrease more for PE than for Gnflolyn III puncture, and more 

for Gnffolyn m bendmg TIllS must reflect the lllfluence of thc remforcmg web 111 Gnffolyn on 

bend111g, but not on puncture, whereas the web does contnbute to the (oL/yd2 ) values Further, 

an assembly of thlll PE films, lannnated with elastomeflc adheSive, may well be more susceptIble 

to stretch-weakenlllg and puncture than an eqUIvalent smgle thickness 

The plots III Figure 5 and 8 show much steeper puncture and bendll1g slopes for the non-wovens 

than for the films, as well as greater strengths than film at a given (ol/yd 2 ) TIllS may seem 

surpnsmg, consldenng that the films are contmuous, Impcrmeable sheets and the non-wovens are 

random assemblIes of discrete filaments However, the filament diameters are small compared to 

that of the blunt needle, and as thickness, weight and packmg denSity mcreasc, the needle cannot 

as rcadily penctrate Further, films lIke PL are known for poor tear strength and easy puncture, 

while the general rule that matenals arc stronger III fjber than IJl bulk or film forlll gives the llOll­

wovens an advantage As to bendmg, the more open structure of l1on-wovens, particularly If 

part1311y fused at the surface, gives them, to some extent, a sandWich panel or "trussed" effect, 

which would stiffen the sheets more at greater thicknesses and apparently also at low temperatures 

General conSIderatIOns 

Bulkmess uf 1101l-WOVI!IlS The calculated apparent denSity shown I1l Table IX IS aIllllvcrse 

mdlcatlOIl of the relative bulk (or "fluffmess") of the matenal Both are factors of mtcrest m 

non-wovens If the permeable, open structure IS to be used for MESL or other water barflers 

Fluffmess or low denSity should rela te to the ability to absorb and hold asphalt or other sealer 
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Of the non-wovens tested, Table IX shows that the bulk figure IS hIghest (denSIty lowest) for 

Reemay and next for Cerex, neither of whIch has so far been produced for road constructlOn 

use Reemay, a polyester, mIght also ment conSIderatIon, Slllce ItS cost IS comparable WIth the 

cost of the PP non-wovens, Typar and Petromat (Although, next to PE, PP IS usually the 

cheapest plastIC, one llldustry source suggests that the PP non-woven sold for road constructlOn 

goes for a hIgher pnce than suni1ar rnatenals for other uses) Cerex may not be a good candIdate 

for MESL, Its manufacturer suggests, because of the slIght tendency for nylon to absorb water 

reversIbly, WIth consequent swelllllg and shnnkmg and pOSSIble stram on an asphalt blllder 

New polyester nOIl-wovell, E2B Monsanto Chenncal Co , the manufacturer of Cerex, now IS 

promotlllg a new non-woven, E2B It IS a polyester (elenslty 1 38 g/cm3 ) wlllch softens at 460°F 

and melts at 500°F TIllS they hope mIght be useful for MESL and other road constructIon use 

It IS presently produced 111 France and has been used III Canada smce 1972 Monsanto lIltends to 

produce It III the USA by 1976 It can be made m WIdths up to 174ft, whIch IS WIder than the 

155ft maXl1num WIdth for Petromat and Typar So far the malll uses of E2B have been 

I) Eng111eerIng - chemIcal filters, relllforcement of rllad bases, crack preventIon beneath pave-

ment overlays, and IImng for waterways, subsurface dram:Jge, and thaw erosIon control 

2) Shoe constructIOn (adheSIve carner) 

3) RelIlforclIlg or backlIlg for vlIlyl sheet goods and plastIC f100nng 

4) Furlllture blankets (cushIOns) 

5) Wall covenng 

Accordmg to Monsanto, the road base use of E2B (with already hundreds of I11lles Illstal1ed) IS 

made WIthout asphalt, the E2B servmg as a fIlter blanket and remforcmg 18yer uver compressIble 

SOIls, allowmg passage of water whIle retallllng flIles down to 6011111 and thereby preservmg the 

load-beallng abIlIty of good gravel placed on top of mucky soli It has been used successfully, 

e g by paper compames 1Il Mamc, for mexpenSlVe tote roads buIlt WIth 8-15 m of gravel laId on 

E2B placed dIrectly un forest or bog soil and able to carry 20-ton axle luads Scott Paper Co used 

E2B III June 1974 at Greenvlle, Mame, where It was traffIcked only four days after construction, 

and the U S Forest ServIce has used It around pIlIngs and for bank restralllt Such uses of E2B 

may be of value 111 arctIC condItIons and for ImlItary constructIOn 

Samples of E2B receIved III January 1974 have weIghts of 200,300,400 and 600 g!m 2 (59, 

88, II 8, 176 ol/yd 2 ), 150 and perhaps 100 g/m2 (44 and 3 0 ol/yd 2 ) are also made The 

matenails relatIvely loose and t1uffy, the heaVIer sample somewhat resemblIng a heavy blanket 

It IS dIstll1ctly bulkIer than Petromat and Typar 

Some data for weIght and for thIckness WIth dIfferent degrees of nllcrometer contact and the 

correspondlllg apparent denSItIes are recorded Il1 Table IXB, for E2B and, for comparISon, Petromat 

IS also mcluded E2B IS fluffier than Petromat (or even Reemay), as shown by the apparent denSIty 

figures based on VIsual (approxllllatlon of louse) contact WIth tIghter contact t1llS factor Il1dlcates 

that E2B IS bulkIer than most of the others III Table IX Even WIth the tIghtest contact, E2B IS 

t1uffler than many, Illclud1l1g Petromat and Typar III most 1I1stances 

E2B IS saId by the manufacturer to be made of cont1l1110US f!laments laId down randomly and 

extensIvely Illterlocked 111 the thIckness dIrectIOn by heavy needle-punchmg The fIlaments are 

5 8-8 5 del11er, With a denSIty of 1 38 g/cm 3 for polyester, thIS del1ler corresponds to 24 6-29 811m 

or 0 9-1 17 mIl MIcrometer measurement of some E2B fibers confirmed tIllS, 1I1dlcatmg a thIckness 

of 0 6-1 0 n111 (I5 3-25 4 /1m), or a del1ler of 2 3-6 3 Then dIameter IS, then, comparable WI th 

Petromat fIlaments (084 mil, 21 11m), but the much lower density of PP makes them only 3 

deI1ler TillS denSIty dIfference should, other tillngs beIng equal, make Petromat fluffier and less 

dense than E2B That It IS not must renect more compressIOn plus partial fUSIOn E2B IS apparently 
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not fused at all and this makes It spnngler TIllS charactenstIc could be of value for the lammated 

film/non-woven combmatlOn membrane proposed m the followmg sectlOn Such spnngmess might 

help aVOld abraslOn or puncture damage 

Puncture and bendmg tests of E2B were not made, as It arnved when the Chatlllon spnng gages 

were not avallable Quahtatlvely, It IS Judged that ItS flexlblhty would be no problem Puncture 

resistance of E2B alone would probably be low, due to Its low fiber packmg denSity and non-fuslOn 

Monsanto mdlcates that they have furmshed a 100-yd roll of 6 ol/yd2 E2B to the USAE Water­

ways Expenment StatlOn for MESL tnal (The 4 5 oz/yd 2 matenal would have been prefered and 

more comparable to the PP non-wovens used for MESL but was not avallable) There IS some 

concern lest the greater bulk and fluffmess of E2B reqUIre too much asphalt for saturatIOn, m­

creasmg the cost of apphcatlOn The E2B Itself cost 1 Ot/Ol, or 45¢/yd2 or 5¢/ft2 m the 4 5 ol/yd2 

grade m early 1974 (m early 1975, pnces were 8 4 - 19 4¢1ft2 dependmg on weight) Thus, It IS 

comparable m pnce with Petromet and a bit more expensIVe than Typar (Table J) 

Film/non-woven lammatlOn Non-woven, spun-bonded matenals have virtues of hght weight, 

durablhty, touglmess, strength, tear resistance, and flexlbll1ty even at low temperatures, but alone 

they are highly porous Plastlc films, on the other hand, are generally highly Impermeable to mOIs­

ture and have usable strength propertles, but they are more subject to puncture and tear So, one 

might conSider the posslblllty, for MESL or other purposes, of combmmg the film and non-woven 

matenals by lammatmg one or more sheets of each to one or more sheets of the other If two films 

were used, It would help to overcome the very sl1ght leakage that may occur through the occasIOnal 

tmy pmholes willch are acknowledged to eXist m plastIc film Such an advantage IS gamed m Gnffo­

Iyn, havmg two or more layers of PE film On the other hand, plac111g non-woven on one or both 

outSide surfaces might offer advantages 111 durablhty, protectmg the system from puncture and 

mcreas111g the angle of fnctlOn to SOlI (see below) 

The propertIes of the non-woven and the film plastiCS seem to make them amenable to lammatlOn, 

either by apphcatlOn of adheSive (as m Gnffolyn) or by controlled partial fUSIOn dunng production 

operatIOns Manufacturers have mdlcated that tills should be feaSible, and one mdlcates that It has 

been tned m the past on a lImIted scale 4 The preferred fIlm for lanunahon wIth non-wovens might 

be PVC (polyvmyl cblonde), which has su penor propertIes, weather resIstance and puncture strength 

Polyethylene, or a combmatlOn of PVC and PE, mIght also be of mterest (e g m pOSSible heat sealmg 

of PE wIthout darnagmg the higher-temperature meltmg PVC or PP non-woven component) 

The use of a film/non-woven lammate should elImmate the need for any general asphalt applIca­

tIon m MESL constructlOn, although It or other SUItable adheSive would stIll be needed to Jom sheets 

together m the field Smce PE IS notably dIfficult to atlhere, alternate films may ment consIderatIOn 

It has been mdlcated that PVC, with Its better propertIes, IS now conSIdered more competitive with 

PE because ItS pnce IS now not as much higher Another pOSSIble materIal for a lammate IS ePE 

(chlonnated PE), which IS often used for pond Immgs 

The Idea of heat-sealmg the membrane when PE IS mvolved IS conSidered m Seallllg and patchll1g 

below TIllS might be the more feaSIble If PE were lammated to a non-woven or another film havmg 

a higher meltmg pomt 

Angle of frictIOn of film III SOli Another pomt to conSider m usmg plastic film for the upper 

membrane of MESL IS ItS angle of fnctlOn m soIl If a relatIVely thm, say 2-m , pavement IS placed 

dIrectly on a smooth plastIc upper membrane, what wlll be the effect of a hard-brakmg truck or 

airplane? The pavement may tend to shde and buckle The POSSlblhty of thiS seems realm lIght of 

some expenence with pond Imers and some angle of fnctlOn measurements m Germany 2 The latter 

showed the angle of fnctlOn of smooth plastIc to sOlI IS about 13 lower than for soll to sOil, and IS 

lower when the sOlI IS wet 
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The German study also mdlcated that the angle of fnctlOn of plastic films IS lower for gravel than 

for sand Although the authors expressed surpnse at tlus, It may relate to the greater angulanty of 
most natural sands, whereas gravels are generally smooth Thus, the sand may have more bite or gnp 

on the plastic However, a sharp sand might be more likely to eventually puncture a plastiC film 

Thus, It might be necessary to have suffiCient thickness of sand and/or pavement above the mem­

brane to elimmate, by merha and by stress spreadmg, the tendency for slidmg at the plastic surface 

Or, combmmg film and non-woven by lammatlOn might also help to overcome slidmg by havmg the 

rough lanunate of non-woven on one or both Sides outSide the smooth film, thus mcreasmg the angle 

of fnctlOn 

Sealzng and patchzng A problem m MESL applications IS the sealmg of adjacent stnps and patches 

Adequate patclung techniques are needed for mstrumentatlOn, for core samplmg or for damage repam 

If the angle of fnctlOn IS not unduly lowered, a finIte layer of unbonded sand (perhaps Yz or 1 m thick) 

above the membrane would allow cuttmg the pavement on a diameter larger than a core-hole or 111-

jured area Without damagmg surroundmg membrane After back-flllmg the hole, an overlapp1l1g patch 
mIght be applied, With asphalt or other SUItable adheSive 

Some effort was made to learn of adheSives SUItable for MESL applicatIOns and for patchmg, par­
ticularly where PE film may be mvolved Asphalt emulSIOn apparently works for sealmg the PP non­

woven to Itself and has been satisfactory so far for sealmg PE film AdheSIOn to the mert surface 

of PE generally IS not good unless modified by slIght smtenng, partial OXidatIOn, or radiation treat­

ment to enable adheSives to take hold However, such processes add expense and typically must be 

factory-applIed on the whole sheet, whereas for MESL only narrow stnps at edges and ends (or 
patches) are needed 

A survey of a few dozen manufacturers seemed to mdlcate that most had no recommendations 

for adhenng raw PE film m the field A few firms sent samples, wluch mcluded hot melt, solvent­

based or emulSIOn type adheSives Tests of these were made by J A KaralIus DescnptlOns of them 

appear 111 Table X, assembled from mformatlOn m hiS USA CRREL Techmcal Note of May 1974,13 

from which Figure lOIS reproduced to summanze the results 

Hot melt adheSives cure 1I1stantly upon coolmg, there IS no problem of escape of solvent or water 

Instant cure also occurs With heat sealIng, a method applIcable to thermoplastIc films m general and 
partIcularly to PE film However, as Staff29 suggests, heat sealmg tends to weaken the film next to 

the seal The difficulty of heat sealmg m the field and obtammg the cntIcal temperature control 

needed has seemed to preclude thiS method from use ol1Slte, although It IS feaSible m factory condi­
tIOns The same adjacent weakenmg effect IS likely m usmg hot melt adheSives, wluch generally re­

qUIre temperatures higher than the meltmg range of polyethylene, 109° -125°C (230° _257°F) for 
low denSity PE, and 130° -135°C (266° _275°F) for high density PE So, hot melts as well as heat 

sealmg may be Impractical for field use 

The reactive or catalyzed, two-part type of adheSive (such as polyester, epoxy, urethane, phenolic, 

etc) also aVOids the problem of IIqllld escape m CUrIng Staff29 has mentIOned a squeeze bottle or 

"sewmg maclune fashion" applIcable adheSive (presumably of thiS type and avaIlable from UnIon 

Carbide), which IS apparently successful for adhenng PVC stnps m the fJeld, as for pond lInIngs 

However, none of the adheSives tested by KarallUs were of thiS type (which may not develop good 

adheSIOn to PE) High frequency sealmg IS another pOSSible method With mstantaneous cure, but 

thiS, too, may not be field-adaptable 

For cunng of either solvent or emulSIOn type adheSives, the solvent or water must escape For a 

pervIOus non-woven fabnc tlus seems not to be a problem, but With two film layers It would be 

PE and most plastIc films are qlllte Impermeable to water (vapor or IIqllld) and generally faIrly Im­

permeable to solvents Staf[29 suggests that solvent-based adheSives can be used With PE film, for 
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Name 

Mystery X rlastic 

Deck #4 

AC 85/100 

AC 2-1/2 

Flash Patch 

Bostik 8601 

Bostik 7514 

Mllastic 15J56B 

Scotch grip 4693 
Industrial Adhesive 

Bondmaster 
K218-DLA 

M&M 7317 

Essex 52-512 
hot melt 

CRS-? 

Polybutene 
Gllsonlte 
RTV (slllcone) 

Table X AdheSIves for PE (J A Karahus) 13 

Mfr & loca 

Husky Oil Co 
Cody, WY 

Pan, Inc 
Cleveland, OH 

USM Corp 
Middleton, MA 

J G Milligan & Co 
Mllwaukee, WI 

3M Co 
St Paul, MN 

Bondmaster Div 
Nat Starch & Chern 
Corp NY, NY 

Moore & Munger 
Stamford, CT 

Base 

asphalt 
rubber 
asbestos 

asphalt 
rubber 

asphalt 

asphalt 

asphalt 
elastomer 

synth reSln 

synth rubber 

elastomer 

synth rubber 

oletac 
(amorph pp) 

BFC Div , Essex Chern chern mod 
Corp ,Sayrevllle, homopolymer 
NJ 

Peckham Material Corp asphalt 
Athens, NY 

Type 

solvent 

hot melt 

hot melt 

hot melt 

tare 
(press sens) 

emulslon 

solvent 

solvent 

solvent 

solvent 

hot melt 

hot melt 

emulslon 

L1Cluld 

naphtha 

water 

(non-flam 

naphtha 

water 

% Sollds 

79 

100 

100 

100 

100 

65-6S 

28 

100 

100 

(63+) 

Cure or 
tacky time 

(OF) Appl T (mln) 

RT 

350-375 

285-350 

260-325 

RT 
-65-180° 

RT 

RT 

RT 

RT 

slight 

o 

o 
o 

(15) to 
sev hrs 

15-20 

1 11 - 10 

( 1)-60 

Usage2 Cost 
(gal/yd ) (i/lb)(i/yd2 ) 

o 66 

work, W(t 

black, seft 

black 

blacy, v seft 

black, works 
damp, max 8" 
wide 1/8" tlick 

whlte 

allber color, 6 
mas srelf 
llfe at RT 

Recom for PE 

clear 

RT 2-30+ o O~-O 03 clear 

350-375 o 

300-350 o 

RT-140 short (15) o 3 
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good for PE? 

It brown, 
tacYy, good 
for PE? 

black 
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Husky AC 2Y2 

80 -40 

Temperature, of 

Figure 1 () Tests uf adlzeslVes on FE - T-pee! test at 10/1/ /rmn (/i"0I1l 

referellce 13 - see Table X for adheslves Identity) 

such solvents can slowly dIffuse through the fIlm However, a 6 to 12-111 overlap seam assembled 

promptly after coat111g mIght be slow to dry DUrIng tim tune, stress should be IUl1lted, as the rIlm 

may be vulnerable due to the temporary 30-40% loss of strength upon solvent soak reported above 

Perhaps thIS transIent weakness could be tolerated, wIth care and aVOIdance of undue or premature 

stress, but It would delay completIOn of constructIOn or use of the pavement MeanwhIle, however, 

overburden pressure would tend to prevent the mutual curlmg away of the films noted by Karalll1s 13 

Problems of dlspersmg lIqUId loss and solvent softenmg may also be Imtlgated by assembly "open 

tnne" Tlus may be a redeemmg factor for solvent or water dIspersed adhesIves - theIr applIcatIOn, 

as wIth many glues, requlfes an "open tlIne" before assembly of the Jomt DUrIng tJ1IS penod the 
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adhesIve becomes tacky as solvent or water escapes by evaporatIon, as well as by diffusIOn 1I1to the 

substrate If permeable Thus, N SmIth comments that, before assembly of MESL Il1 the fIeld, 

asphalt emulsIOn IS allowed to coagulate (turmng from brown-black to black as watcr IS lost and 

asphalt droplets coalesce) and becomcs tacky In IllS Alaska field test 2 7 , where CRS-2 asphalt emul­

SIOn was mopped on at 16°-21°C (60° _70 0 F), tlJls took about one hour, at two hours It stIll remall1cd 

tacky CRS-2 emulsIOn IS normally hot sprayed at about 60°C (1 40°F) and It becomes tacky and 

"sets" much sooner WIth sUItable eqUIpment avaIlable, tillS was done lJ1 SmIth's later test 28 lJ1 

Alaska, evolvll1g clouds of vapor 

KaralIus has stated that 111 IllS lab tests he usually allowed about 15 mm assembly tllne for sol­

vent or emulsIOn type adhesIves, III whIch tllne the emulsIOn type developed a tYPIcal change 111 

appearance due to coalescence As Table X summarizes, manufacturers suggest penods varylllg from 

a few seconds to a half hour, or even up to several hours, open tlllle for emulsIOn or solvent type 

adhesIves, assembly should, of course, be made before tack IS lost The hot melt types naturally cure 

ll1stantly 011 coolIng In the case of emulsIOns, particularly CRS-2, KaralIus says that he Judged open 

tllne pnmanly by the change lJ1 color and development of tack That he found CRS-2 conSIderably 

poorer than the other adhesIves tested mIght be due to madcquate escape of water, although It 1111ght 

also be because the asphalt of CRS-2 remall1S qUIte soft and tacky at room temperature 

MOIsture trallslIllSSlOll through PE film TransnllSSlOn of mOIsture through film, as from asphalt 

emulSIOn sealed seams, IS now conSIdered Vapor tranSllllSSlOn through a film IS glven 2 2 by 

Q = P(At/d) !::"p 

where Q = g, or cm 3 , of vapor transmItted 

P = Qd/(A t!::,.p), the permeabIlIty (usually mdependent of thIckness) 

A = area 

t = tIme 

tv) = partIal pressure dIfference of vapor across the membrane 

d = membrane thIckness 

Various umts may be used 111 thIS equation For water through low denSIty PE the followmg are 

"Iven b 

or 

P = I 25 g X nul 
100 III 2 x 24 Ius x 44 rnm Hg 

P=0118xlcrIO gxcm 
cm2 x sec x cm J-Ig 

(Ref 16) 

(Ref 22) 

When reduced to the same umts, these values are comparable, apparently based on ASTM Ep6-66(E), 

1Il whIch transmISSIon IS measured at lOO°F (378°C) (where water vapor pressure IS 49 mm) between 

90% and 0% relatIVe hunlldlty (I e dp = 0 90 x 49 = 44 m111 of mercury) Sl11ce P l11creases expo­

nent13l1y WIth temperature I, It WIll be much lower at usual field condItIOns The actual tranSllllSSlon 

Q WIll be still lower at usual field condItIOns, smce the vapor pressure of water IS also lower at lower 

temperatures (e g 13 111m at 60°F) The 6p WIll be even lower, to the cxtent that an or SOli 011 the 

opposIte SIde of the fil111 IS hUl1ud or 11101St, as for a I\1ESL seam buned ll1 c0111pacted mOIst SOli 

POSSIbly 6p = 1 111111 would then be more realIstic 
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.p.. 
tJ 

Table XI Water vapor tranSl1l1SSlOn of PE film (calculated) 

Asphalt emulSlon appllcatlona_ Water to lose (total) Water to lose (lC'%_,_ 

(gal) (lb ) 

yd2 ft2 

Fllml mll 

wet dry 

(lb ) (~) (lb ) (~) ') 

ft2 ftL ftL ft 
----

0.3 0.123 54 33 0 0455 206 0.00455 20.6 
0.1 0.041 18 11 0 0152 69 o 00152 6.9 
0.03 0.012 5 4 3.3 0 00116 21 0.00046 2.1 
o 01 0.004 1 8 1 1 0 0015 1 o 00015 6.9 
o 003 0.0012 o 54 0.33 0 00046 2 1 o 0000116 0.21 

Days to lose water 
b 

at 
PE fllm a Q, water transmlsslon, g/(da,r x ft2) 0 03 gal emulslon/,rd2 

(fill) 

1 
4 
6 

Note 

LIp - 1 mm 5= 13 mm LIp ~ Imm 5 mm 1< lllD' 

0 041 0 204 0 53 51 10 4 
0 010 0 051 0 132 210 41 16 
0 001 0.034 0 088 300 62 211 

84 g x ml1 ° ( ) Ca1culatlons based on P = 0 02 100 ln2 ~ 24 lIT x mm Hg ,a value appllcab1e at 100 F 31.8°c , for 

fleld condltlons, P and also LIP would be much lower and hence transm1sslon lower and days to lace much more. 

(a) Asphalt CRS-2 emu1s1on lS 31% water and 1S consldered 1 18 sp gr , or 10 1b/gaJ (taklng asrhalt 
1tself to be 1 3 sp gr ) 

(b) 

(c) 

Assllilllng 90% of emulslon water already loo:t ,lurlng "open" tlme 

3 The quant1ty 0 03 gal/yd lS used on the assumptlon that emuls10n usage on fl1m need be only 
one tenth of the 0 3 gal/yd 2 recommended on the more rough and pervlous nc,n-woven fabrlc. 



WIllie a field test would be deslfable for any likely sealer, one may consIder here the rate of 

dryl11g of an emulsIOn type adhesIVe between films of PE by mOIsture loss through the films Rough 

calculatIOns were made for representatIve conditIons, uSlllg however the P = 1 25 value above whIch 

for f':,p = I ll1m reduces to 

P = 0 0284 g x n1l1 
100 111 2 x 24 hr x mm Hg 

For several assumed conditIOns for hypothetlcal PE MESL seam sealmg with CRS-2, Table XI 

shows asphalt emulsIOn usage, adheSIVe film tluckness, water to lose, water transmission rate, and 

tune to lose water through one face after JOllllllg The posslblhty that mOIsture might dIffuse through 

both faces, I e mto the MESL soli as well as outward, might reduce the tunes However, because 

fIeld conditIOns would be less favorable (lower penneablhty, lower temperature), these tunes are 

probably optmustlc For the last 10% of water left upon assembly III the tacky asphalt to dry 

through one or both faces of a seam of 6-11111 PE film, It would apparently take several weeks If not 

a year or longer 

For obtallllllg a good bond adequately resIstant to the stresscs of constructIOn use or frost actIon, 

the necessIty for escape of the last 107< (I e of all IllOlsture after the tacky or asscmbly stage) may 

be questIOned So also thc mcchamsm of escape through the film mIght be questIOned Although 

lateral dIffUSIOn of mOIsture through thc adheSIve layer to ItS exposed edges presumably IS slow for a 

6 to 12-m overlap, It mIght be slgmficant or even donnnant compared wIth the low permeatIOn rate 

through the film These pomts should be consldercd m more extensive testmg of PE film for MESL, 

for they mIght Improve ItS acceptabIlIty and relIeve concern as to sealmg It 

Meanwhlle, untIl proven otherWise, the computed results 111 Table XI mdlcate that a water emul­

sIon sealer may have IUl1ltatlOns for PE to PE film sealmg A solvent-based adheSive may then be 

better, sll1ce hydrocarbon solvents can swell and permcate PE, and the f':,p WIll be more favorable 

wIth solvent 1Ilillally absent from the soli The assoCIated strength loss may not be senous, may be 

allowed for 1Il deSIgn and handlll1g, and may soon return to normal So, wIth precautIons dunng 

the cure period, asphalt cut-back or other solvent-based adheSIve may serve for PE to PE sealll1g 

(albeIt not wIthout some envlfonmental pollutIOn by solvent) 

InCIdentally, by sunllar computatIon, the hypothetlcal change of mOIsture wltlun a MI::SL sectIOn 

may be esunated Takmg a MFSL 12111 thIck, Its SOlI denSIty 130 Ib/ft 3 and ItS mOIsture content 

18%, ItS water content IS 23 41b/ft3 Assullllng the value of Fused above and the effectIve f':,p to 

be 5 mm, the tlme for 1 % (0234 Ib) of the mOIsture 111 I ft3 to migrate through I ft 2 of 4 nul PE 

would be 5 5 years (actually even longer, s1l1ce the value of P used IS much too lllgh for field condi­

tIOns, also, the f':,p would probably be much less than 5 mm most of the tllne) Use of 6 11ul PI:: fIlm, 

or PVC etc would further IIlcrease the tllne So, gIven good deSIgn and seals, a MESL should serve 

for many years 

CONCLUSIONS AND RECOMMENDA nONS 

WIth sUltable procedures and adheSIOn of seams, plastIC fIlms such as polyethylene appear of 

1I1terest to supplement or replace asphalt-llnpregnated polypropylene non-woven fabrIC 111 MESL 

(membrane-encapsulated sod layer ) constructIOn 

2 Puncture strength and stIffness of plastIc fIlms such as PE II1crease at lower temperatures, I e 

-18°C (O°F) 
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3 The effect of low temperature on non-woven, spun-bonded plastIc fabrIcs IS Illdefimte, WIth 

llluch scatter of data that probably relates to the random non-umfonmty of the structure Several 

of the non-wovens seemed to become lIttle (If any) more puncture resIstant or stIffer at -ISoC 

(0° F) than at room temperature 

4 For both non-wovens and PE film, puncture and bendmg strengths mcrease lInearly wIth 

weIght or tluckness The slope IS steeper for the non-wovens, whose strengths generally are greater 

on a weIght baSIS 

5 Hydrocarbon solvents lIke gasolllle and kerosene swell PE fIlm and cause about a 30-40% de­

crease III puncture strength The loss occurs wlthlll an hour but IS regamcd on drymg wltilln a day 

or two III the open Thus, solvent-based sealers and adhesIves may be usable If the solvent can escape 

sufficIently by evaporatIOn dunng "open tlIne" and by diftusIOn after assembly before exceSSIve 

stress IS expcnenced TillS could mean delay dunng constructIOn or before traffickmg, but may be 

less senous when a permanent pavement layer protects the MESL 

6 EmulsIOn type adhesIves may also be feaSIble If hot applIcatIOn and "open tlII1e" allow suf­

fiCIent water to escape before assembly The ImpermeabIlIty of PE film would VIrtually block es­

cape of remaIllIllgmOIsturebetween two films, as III a scalll However, the removal of ail the rc­

maIll111g water may not be necessary for obtall11ng a satIsfactory seal 

7 PermeabilIty calculatIOns mdlcate that a MESL of PE fIlm should hold soil mOIsture stable 

for many years They suggest that the escape of solvent or water-based adhesIves from seams wIll 

also be very slow 

S COmbll11ng the VIrtues of film (PE, PVC, etc) and of non-wovens by 111terlanl1natmg may 

llltroduce advantages 111 handlmg and 111 el1I1UnatIOn of general asphalt applIcatIon m MESL projects 

9 Further efforts should 1I1c1ude eontmumg exploratIOn and tests of a) unproved or compOSIte 

membrane systems, b) adheSIves and bondmg techmques and patchIllg methods, and c) solvent and 

mOIsture permeabIlIty of film and seams 

10 The pOSSIbIlItIes of undesuable slIppage of pavements or soIl layers on smooth plastIc fIlm 

layers of MESL, I e due to low angle of fnetIOn, should be conSidered Tll1S Illlght occur upon 111-

tense brakIng by a truck or large plane, and means to guard agamst It should be dcveloped Lamlllat­

lllg a non-woven to the film mIght accompiIsh thIS 

11 Currently the leadll1g contenders for MESL membrane are polypropylene, polyester, poly­

ethylene or other non-wovens wIth an asphalt (or other) sealer, and fIlms of PE, or (httle tested 

here) PVC, ePE or Butyl, etc, WIth a sllltable adhesIve for seams InteriaI111nates may be advan­

tageous 
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APPENDIX 

DetaIled data tables 

Complete data for the puncture and the bendmg tests are mcluded m Tables Al and All These 

are explamed m notes at the end of each In Table AI, part A covers solvent-soaked PE film and 

part B temperature and tluckness effects Replicates are combmed mto groups for conCIse presenta­

tIon m the text m Table III and FIgures 2 and 3 From Table All, replIcates, Il1cludmg face-up and 

face-down data, are combll1ed for the sImpler dIsplay m Table IV and FIgure 4 m the text 

Demer explanatIOn 

The term "del1ler" was used m the text m descnbmg the Slle of filaments as used m non-woven 

fabncs As tIllS term may not be fanllliar or fully understood, the followmg explanatIon IS offered 

The term" del1ler" IS used m the textIle mdustry for desIgnatmg Slle of contmuous filament 

fibers, such as natural sIlk and plastIc fIlaments lIke nylon, rayon, PP, etc, that are man-made 

Demer IS the weIght 111 grams of 9000 m (29,500 ft) of the fIlament Demer IS not necessanly exactly 

proportIonal to actual dIameter, smce denSIty of the substance enters mto the converSIOn of volume 

to weIght Nme thousand meters of a lugh densIty plastIc of a gIven dIameter WIll have a greater 

weIght, I e demer, than the same dIameter of a low denSIty plastIc Thus, I demer PP (densIty 090 

g/cm3 ) has a dIameter of 12 5 fJm (0 000494 111 or 0 494 mIl), whereas 1 demer nylon (densIty 

1 14) would be 11 fJm (0 432 mIl) m dIameter The 3 demer dIameter for Petromat (PP non-woven) 

corresponds then to 21 fJ (0 84 mIl) Measurements of Petromat fIbers by mIcrometer mdIcated 0 5 

to 1 0 nul (12-25 fJm), a reasonable check FIbers of E2B are SImIlar ll1 dIameter (approxImately 

08 !lui) but Its demer IS 5 0, because polyester densIty IS 1 38 g/cm3 

For companson, the 1971 J'v[an-Inade fiber fact bookl4 states that women's nylon hOSIery fila­

ment IS commonly 15 del1ler (43 fJm, I 711ul) A random check gave 1 8 lIul (46 fJm) by mIcro­

meter (17 del1ler) The fiber (mdlVldual fIlament) of men's nylon socks (spun multIple fIber worsted) 

measured about 0 3 nul (7 5 fJrn), correspondmg to 0 5 demer For further comparISon, the above 

non-woven fIbers are of sunIlar magl1ltude to the upper lumt of sIlt parlIcles m soIl (20 fJm), cloud 

and fog droplets (10 fJm), and human Imr (35 fJm) 
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Nbk 
P 

1 2 

Plece 

3 4 

Polyethylene fllm, black 

35 RT 

39 

40 

40 

40 

41 

2 
o 
1 
6 
4 
5 
6 
5 
4 
011 I 

l' II 
1-111 

5 I I 

0' 
l' 
3 
9 
7 
8 
8 
7 
9 
3' I I 

:? I " 

2' , 

3' , 

3' 

2x2 
5 
4 
I, 
4 
3 9 
4-
4 
3 8-4 0 
3 9 
!+ 0 
4 0-1+ 1 
4 1-4 3 

7-6 0 
6-5 7 

7 0-7 4 
7 2-7 4 
4 
L 3 
1+ 2 
I, ' 
4 2-4 3 
4 3-4 
4 3-4 

O-)~ 2 
4 Q-4 ~ 

6-5 7 
5-5 7 
0-7 
3-1' 6 

Gage 
Slze 
(kg) 

6 

1/2 

Treatment 

7 

gas,3hr,dry 2days 
gas, 2days, wet 
gas,2days,wet 
gas,2clays,wet 
gas, 16days, wet 
gas,16days,wet 
gas, 16days, wet 
gas,O 5hr,wet 
gas,O 5hr,wet 
gas,O Shr, wet 
gas,O 5hr,wet 
gas,O 5hr, wet 
gas,l 4hr,wet 
ker,311r,dry,2days 
ker,2days,wet 
ker, 2days, wet 
ker,2days,wet 
ker, 16da:rs, wet 
ker, 16days, wet 
ker, 16days, wet 
ker,O Shr, \-let 
ker,O 5hr,wet 
ker,O 5hr,wet 
ker,O 5hr,wet 
ker,O Shr,wet 
ker,l 4hr,vet 

Table AlA Puncture data - solvent effects 

Indlvldual test loads 
(g) 

8 

350 360 365 385 335 
270 285 285 285 260 
310 310 305 310 330 
265 285 285 300 295 
160 18S 185 180 170 
165 160 170 185 175 
160 155 170 175 185 
200 175 165 loS 160 
175 175 165 180 180 
170 170 175 170 170 
250 250 250 220 225 230 220 250 230 235 
195 215 230 220 230 220 215 220 220 
300 295 300 285 295 285 300 310 295 290 
290 290 300 295 290 285 210 290 285 
355 360 335 330 345 ~40 330 355 355 
345 335 355 340 365 357 350 ~45 355 360 
305 298 275 315 310 
200 200 205 205 200 
185 190 175 190 185 
2C5 195 190 190 185 
185 190 180 195 190 
200 200 200 180 195 
195 205 190 185 200 
205 215 205 215 210 21S 195 210 ~l~ 210 
215 230 230 240 215 ?lU 205 205 225 
300 330 310 310 295 310 300 300 310 

325 3DI) 300 29~' 

380 355 ~60 c90 
395 395 390 3~5 385 

No of 
tests 

9 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

10 
10 
10 
le 
10 
10 

5 
5 
5 
5 
5 
5 
5 

10 
HJ 
10 
10 
10 
III 

Range 
(g) 

10 

50 
25 
25 
35 
25 
25 
25 
40 
15 

30 
35 
25 
20 
30 
30 
40 

5 
15 
20 
15 

20 

Avg 
(g) 

11 

359 
277 
313 
286 
176 
175 
169 
113 
175 

218 
296 
290 
346 
351 
299 
202 
185 
193 
1813 
195 
19'i 
210 
219 
307 
306 

Group 

a Avg 
(g) 

12 13 

18 
12 
10 
1< 
11 
10 
12 
16 

6 
5 

13 
:0 

8 
8 

11 

9 
16 

3 
6 
S 

11 
17 
16 

12 
10 
12 
12 
1 ~~ 

359 
295 

286 

172 

173 

227 

2?3 

342 

299 

197 

192 

306 

a 
p No 

14 15 

18 
11 

11 

IJ 

15 

8 

le 
6 

o 

1 1:­
-) 

10 

11 

12 

1 

2 

3 

4 

6 

7 

8 

9 

le 

11 

12 

13 



Slze 

1 

1 ~age 

C;I ze 
(kg~ 

folyethvl p ne fIlm, black (co tyeatment) 

36 PT 

37 

41 

B 
K 
E 

F 
J 
A 
G 
D 

H 
I 
C 
A' 
B' 
B' 
C' 
4' , , 
5 I , , 

6'" 
'7" , 
I 

0' , 
l' , 
6' , 
7' I 

.8' , 
9' , 

10' , 
11 T T 

:3 9-,1-+ (] 
9-4 

4 3 
3-~ 3 

4 5- L 7 
4 9-5 2 

o 
3-5 5 
4-5 7 
3-5 7 

6 0-6 

3-7 
2x2 (] 

o 
o 
l-LI ~ 

5-5 
5-5 tl 

l-5 
L~-5 6 
5-5 7 
6-5 I 
L-5 
5-5 7 

1/2 

Table AlB Puncture data - temperature and thickness effects 

InJl' ... l,JU;JJ test ~,- a,Js 

('! ) 

250 265 270 270 290 

305 
340 
315 

310 20 1) 

335 35') 

303 :)75 
350 360 
380 355 
350 380 
335 '.60 
360 390 
330 340 
425 410 
410 395 4C5 
430 435 405 
300 285 
310 290 
315 325 
335 330 
385 395 4"-5 

295 lOC) 
31(J 3L 5 
295 275 
325 330 
2.35 310 
292 2e.2' 

400 405 
425 1,45 

410 41CI 425 430 
415 L~15 420 LoS· L05 420 
425 )105 405 
4_~5 435 420 
'~30 435 l-tL5 4G 50CI l+':~5 
428 1105 415 47 425 

29C 296 
300 

315 295 3lC' 
31; 325 3J 5 

:Ii5 400 40r:1 41e, 
] 5 4::?5 41n 11]0 
95 420 410 4115 
eO 405 435 430 
95 42C) 435 505 
30 

420 J~35 425 Ll 410 430 GO 

435 43/i 
1~20 42(,1 
425 415 

tests 

9 

5 
5 
5 

5 
6 

10 
10 
10 
10 

lC 
10 
10 
10 
10 
10 
10 

40 
35 
45 
60 
35 
80 
26 
5C 
50 
35 
30 
30 
15 
60 
15 
40 
35 
60 
45 
5,3 
60 
25 
25 
55 

110 
70 
65 
35 

209 14 
295 

292 
337 
384 
358 
379 
371 

428 
288 
300 
313 
=~.2e 
40i 
41( 
412 
413 
432 
452 
421 
4~0 

1 ? 
11 
20 
lIS 
29 
14 
19 
20 

12 
11 

6 
22 

15 
12 
20 
13 
12 
17 

9 
17 

2 
2 
1 

'~1 

P 

14 

323 21 

373 15 

337 6 

15 

423 lCJ 

:10 

15 

15 

16 

17 

18 

19 

20 

21 



Plece Gage Group 
NDk T Slze t Slze IndlVldual test loads No of Range Avg Avg 

P (OF) No bn ) (mll) (kg) (g) tests (g) (g) (g) a No a p 

l 2 3 4 6 8 9 10 11 12 13 14 15 

Pollethllene hlm, black (cont) 

41 RT 4' 2x2 7 0-7 3 1 470 480 510 470 477 520 495 485 495 460 10 60 486 19 
4' 7 0-7 3 1/2 480 480 535 490 495 475 505 490 485 515 490 11 60 495 18 488 20 22 42 6' 7 0-7 1 460 475 475 488 488 500 510 517 535 525 10 75 497 22 
5' 7 0-7 5 455 470 450 455 460 475 490 525 500 470 10 45 476 24 

48 a' 2 5x5 4 0-4 5 310 310 305 310 330 305 6 25 312 9 310 10 26 c' " 4 0-4 2 300 305 305 330 300 305 6 30 308 11 
46 0 a 4 2-6 5 1 700 685 600 590 520 5 180 619 74 

b 4 2-6 7 780 695 510 585 520 5 270 618 117 630 108 27 
c 4 2-6 7 790 740 690 510 530 5 280 652 126 
b' 4 0-4 3 520 520 520 490 500 5 30 510 14 510 14 28 

Pollethllene fllm, clear 
.j>. 
\0 

48 5 5-6 0 1/2 385 395 400 400 405 398 6 RT d 2 5x5 20 397 7 400 21 23 
e 5 5-6 5 420 430 370 430 370 390 6 60 402 29 

46 0 a 4 5-5 0 1 575 570 573 570 575 590 6 20 576 7 576 7 24 
b 5 5-6 0 1 675 675 690 690 625 5 20 685 19 680 16 25 c 5 5-6 0 670 670 670 675 685 5 15 674 13 

Pollethllene fllm, clear (fertlllzer bag) 

53 RT 1 3x4 6 4-6 8 1/2 470 490 405 480 480 480 430 7 60 474 20 473 19 29 4 7 0 460 500 480 450 480 460 6 50 472 16 
56 0 2 6 6-7 1 1 785 790 795 755 755 760 6 35 773 19 779 57 30 

3 6 7-7 1 820 680 695 805 890 850 745 790 8 210 785 73 

Gnffolln (PE fllm-nllon web lamlnate) 

47 RT 55-1 1 2x3 4 2/6 9 1/2 300 305 310 310 325 310 6 25 310 8 
53 8x3 315 330 300 300 310 5 30 311 12 308 20 1 
54 260 290 300 325 325 325 325 270 8 75 304 28 
47 0 3x6 1 535 490 500 490 530 5 45 509 22 509 22 2 
47 RT 55-2 1 2x3 4 6/7 0 1/2 300 310 300 290 300 310 6 20 302 8 
53 " 8x3 315 310 310 315 4 5 312 3 314 12 3 
54 310 310 340 310 350 8 40 328 16 
47 0 3x6 1 620 530 540 530 560 5 90 556 38 556 38 4 



Table AlB (Cont) Puncture data - temperature and thickness effects 

Piece Gage Group 
Nbk T size t Size IndIvidual test loads No of Range Avg Avg 

P (OF) No (In) (mIl) (kg) (g) tests (g) (g) (g) a No a p 

1 2 3 4 5 6 8 9 10 11 12 13 14 15 

41 RT 65-1 1 2x3 4 8/9 2 1/2 215 320 310 320 340 330 6 65 316 22 
53 8x3 320 325 315 3 10 320 5 325 21 5 
54 320 335 365 335 340 335 345 310 8 55 339 22 
41 0 3x6 1 480 510 540 540 550 530 530 520 485 9 90 521 29 521 29 6 

U't 56 RT 85-1 - -/4 5-16 5 1/2 355 400 390 315 410 380 6 115 395 40 395 40 1 
0 0 3x3 8 1 620 530 550 585 510 580 6 90 512 31 512 31 8 

RT 85-2 - -/10-12 1/2 410 410 415 410 420 430 6 20 416 8 416 8 9 
0 3x3 8 1 535 600 600 135 800 580 6 265 642 102 642 102 10 

RT 85-3 - -/9-11 1/2 410 400 380 400 410 390 6 30 398 12 398 12 11 
0 3x3 8 1 500 590 600 595 515 595 6 50 584 19 584 19 12 

68 RT 65-2A 3x5 6 1/2 440 300 291 290 315 300 320 323 320 348 10 150 325 44 
B 312 291 385 310 300 308 300 310 450 310 10 153 328 50 316 39 13 
c 3x5 302 282 281 313 320 290 305 295 280 280 10 33 295 15 

10 0 D 1 525 510 515 535 530 415 530 490 8 95 521 29 
E 480 415 510 500 525 560 560 535 525 530 10 85 520 29 518 21 14 
F 515 415 500 500 545 550 525 520 505 500 10 15 514 23 

68 RT 85-4A 3x5 -9 1 452 415 410 450 410 410 505 440 430 455 10 95 438 30 
B " 410 450 450 460 445 455 440 440 560 440 10 120 461 36 450 29 15 
c 455 445 460 465 420 445 465 430 455 480 10 60 452 18 

10 0 D 1 690 133 685 695 665 100 690 120 690 610 10 68 694 20 
E 108 665 610 660 120 110 650 685 105 695 10 10 681 24 688 23 16 
F 690 100 645 685 640 680 690 120 690 680 10 80 682 2), 

68 RT 105-1A 3x5 -11 1 500 500 490 485 500 490 495 500 505 505 10 20 491 1 
B 500 500 500 505 515 515 500 485 550 515 10 65 508 11 506 23 11 

69 c 505 485 480 495 550 560 510 500 510 530 10 15 512 26 
10 0 ;) 1 152 145 190 800 165 150 185 115 160 800 10 55 112 21 

E 820 810 110 840 800 800 190 820 830 835 10 10 812 22 800 21 18 
F 820 170 830 810 805 840 810 835 810 830 10 65 816 20 



PIece Gage Group 
[fbk T Slze t SIze IndIvIdual test loads ITo of Range Avg Avg 

P ( OF) No (In (mIl) (kg) (g) tests (g) (g) (g) a No a p 

1 2 3 4 6 8 9 10 11 12 13 14 15 

T'c:ek (non-woven pol:t:eth:t:lene) 

52 RT 1058' 3x5 4 5-6 5 1500 1550 1200 1180 1300 1280 6 370 1335 155 1335 155 1 
51 0 1058 1600 1700 1250 1200 950 1150 6 750 1308 285 1308 235 2 
52 RT 1056' 4 5-20 1300 1350 1670 1480 950 ]900 6 950 1442 327 1442 327 3 
51 0 1056 1080 1450 1300 1250 1000 1070 6 450 1192 171 1192 171 4 
52 RT 1075' 6 3-8 0 1550 1700 1630 1750 1300 1600 6 350 1672 95 1672 95 5 
51 0 1073 1800 1650 1400 1920 1550 1700 6 1,00 1670 183 1670 183 6 
53 RT 1085 ' 7 5-9 5 1920 2470 2530 2680 21170 2320 2250 7 760 2377 245 2377 245 7 
51 0 1085 2300 1750 2200 1500 1900 2100 6 800 1958 301 1958 301 8 

VI 53 RT 1079' 2 5-10 1050 2050 2100 1880 1600 1900 
, 

450 1897 165 1897 165 9 0 

51 0 1079 2150 1650 2000 1480 2070 2080 6 300 1958 273 1958 273 10 

Rcemay (non-woven Eo1:t:ester) 

53 RT 2021, ' 3x5 10 0-12 0 5 1020 580 930 Boo 1080 880 Ii 500 882 178 882 178 1 
52 0 2024 1 620 650 600 530 570 660 6 130 605 !+9 605 49 2 
53 RT 2431' 12 0-16 0 535 500 1,25 480 400 (JOO 6 200 490 73 73 3 
52 0 2431 380 450 600 465 550 360 6 240 468 94 91, 4 
53 RT 2033' 18 5-16 5 1280 1220 1350 1200 980 1320 6 :no 1225 133 1225 1',3 5 
52 0 2033 1 7;)0 720 780 830 760 930 6 210 790 80 790 80 6 
53 RT 2440' 16 7-18 0 680 645 710 750 150 no 6 105 70S 1+1 708 4] 7 
50' 0 2440 580 71,0 890 700 705 660 6 310 112 103 112 103 8 
53 RT 235!' ' 18 0-23 0 800 930 750 950 800 680 6 270 818 104 818 101, 9 
52 0 2254 735 675 490 700 815 620 6 325 622 110 622 llO 10 
53 RT 2410' 23 5-27 0 1350 1240 1270 1450 1230 1550 I) 320 1348 129 1348 129 11 
52 0 2470 1450 1350 1430 1150 1730 1550 6 580 1443 194 1443 194 12 

Typar (non-woven Eo1:i:Erop:t:1ene) 

53 70 3201' 3x5 7 5-11 0 1 105 570 910 260 350 800 6 650 609 220 650 220 1 
5] 0 3201 705 450 640 590 705 610 6 255 617 94 255 94 2 
53 70 3301 10 0-11 0 1500 1300 470 1600 1380 2380 6 1910 1438 613 1 1'38 613 3 
51 0 3301 ' 2020 1200 1650 1750 1650 1850 6 820 1681 216 1681 216 4 



Table AlB (Cont) Puncture data - temperature and thIckness effects 

Plece Gage (}roup 

lIbk T Slze t Slze ILh vldual test loads nu of A-..,rg 
P (OF) No (In (mll) (kg) (g) (g) 

n 
tests 0 p No 

1 2 3 4 (~ 8 9 10 11 12 l' 14 15 

'['{par (cont 

53 RT 3351' 3x5 10 3-14 2 1530 1250 1600 1130 2000 1470 6 750 1597 1597 253 5 
51 0 3351 1450 1230 1950 2300 1620 1300 6 650 1642 1642 413 6 
48 RT "3 3x6 11 3-14 2 1500 1500 1330 1050 720 1700 1670 1400 S 329 

4 " 12 3-15 0 670 1550 1000 2320 1600 1750 6 1412 196 7 
52 8 15 0 1800 1650 2400 750 1500 278 6 2122 1396 
51 0 2 11 1-15 0 2250 1900 1500 1550 2250 2000 6 750 1908 328 lin 154 8 

7 11 0-13 4 1030 350 1700 1750 1400 1500 7 1800 1554 586 

Cerex (non-woven n;z:lon) 
VI 
N 67 RT 1 Od 3x5 3 8-5 3 1 540 470 520 410 630 725 360 640 430 520 10 365 524 114 

530 105 1 
b 540 seo 400 510 380 565 500 620 575 700 10 320 535 95 

69 0 a 580 655 820 735 745 635 845 655 550 535 10 310 676 108 676 120 2 
895 750 530 4"" 725 720 725 565 590 790 10 420 676 131 c I / 

68 RT 2 Od 9-14 585 730 48S 755 135 855 770 520 740 1010 10 525 722 160 808 133 3 b 995 800 995 925 990 740 745 890 960 910 10 255 895 100 
69 0 a 1600 1450 1230 1380 1480 1250 1430 1425 1350 1080 10 520 1368 148 1244 149 4 

c 1080 1080 1200 n80 1370 830 1000 1056 1280 1120 10 540 1119 151 
68 RT 3 Od 10-12 2070 1900 1700 1900 2130 1820 1840 1720 1750 1800 10 430 1863 143 1912 153 

b 2100 1900 2070 1950 2100 1940 1950 1950 1555 2100 10 545 1962 163 
69 0 a 2230 2130 2350 2340 2040 J 830 1800 2100 2150 2400 10 600 2137 206 2086 204 6 

c 2430 2080 2320 1900 1800 1950 2100 1900 1890 1980 10 630 2035 202 

But;z:l rubber, relnforced (32 ml1) 

48 RT 3x3 5 28 5-29 0 1 582 630 660 650 620 5 78 670 106 
670 105 1 

53 635 600 638 595 650 680 6 85 671 105 
52 0 790 865 860 830 870 855 6 80 845 30 845 30 2 

But;z:l rubber, unreinforced (60 mil) 

48 RT 3x3 5 67 0-68 1850 1920 1950 1850 1950 1850 6 100 1895 50 1973 60 3 
53 " 2130 2100 2050 1980 2000 2040 6 150 2050 57 
51 0 2500 2950 2750 2830 2900 2573 6 450 2750 180 2750 180 4 



'JO 

"J 

Pieee Gage 
Nbk T size t Size Individual test 

P (OF) No. (in. ) (mil) (kg) 

1 2 3 4 5 6 

Petromat (non-woven 1201:02rol2",lene) 

47 RT 

52 

51 0 

NOTES TO 

Col. 

1 3x6 14 7-16 5 2000 2850 2300 4220 
10 13 0-14 0 1700 3400 1500 1280 
13 13 3-15 7 2150 1680 1280 1850 
15 13 2-15 0 2450 2680 680 1280 

2 14 0-15 0 1650 3350 3000 2880 
11 13 5-16 0 1800 1550 670 3500 

TABLE AI (Puncture) 

1 
2 
3 
4 

Page no In notebook 6012 
Temperature, of, RT- room temperature (65-75°) 
# = sample ]HeCe nwnber 
SIze In Inches 

(g) 

8 

4500 2230 
2850 2250 
2470 1880 
3200 1120 
1850 1750 
1350 2150 

loads No of Range Avg Avg 
tests (g) (g) 0 (g) 

9 10 11 12 13 

2800 1440 1750 2830 10 3060 2592 1032 
6 2120 2163 830 

2125 
6 1190 1885 405 

1600 7 2250 1(:159 927 
6 1700 2413 745 

2332 
4150 7 3480 2167 1234 

5 t = thIckness, mIls, often gIven as 
second fIgure on web IntersectIons 
Chatll10n gage Slzes, kg (same Slze 
Treatment (solvent soak, etc) 
Puncture load, g, lndlvldual tests 

range For Grlffolyn, flgw'e "before slash lS wltllln web (not measw'able for 

6 
7 
8 

9 
10 
11 
12 
13 
14 
15 

No of tests 
Range between max to mln loads, g 
Average puncture load 
a = std devlatlon (avg + 10 lneludes true value 68% of tlme) 
Group average of several s8111ples of same treatment, thIckness, or temperature 
a = pooled value for group (from comblned data where several p"eces tested) 
Group no (deslgnatlon on bar graph, Flgure 2ft) 

Oroup 

a 
No. p 

14 15 

873 1 

1042 2 

3-or 4-ply) , 



--------

Table All Bendmg test data - temperature effects 

:,bk 
F 

1 

Lsth 
Deslgna ;)0 (em) 

2 3 4 

Polyethylene fllm, black 

RT 4 2+mll 

o 

IVa' 
,~ , 
a' 
c' 

12 7 

Polyethylene fllm clear 

t 
( nnI) 

6 

4 0-4 5 

Bend 
..L to 
dll' 

7 

T 

g /plece g / clm Fact,)r ie<) 

face HI RT pc 
up dovm up (lown 

face 
up clown 

8 

1 0 
1 ? 
2 0 
2 0 

9 10 

1 ODS 
1 0 95 
:3 0 1 () 
2 1 G 

11 12 

o 8 
8 

1 I' 

60 RT 6 O+mll IIId I? 7 '5 5-6 5 T? 2 0 1 2 
e 

o cl 

e 

Polyethylene [l1m, clea,' (llae) 

20216 ~ 0 
5 5 6 0 4 3 4 7 2 1 l 9 
8 0 6 0 (3 4 7 ~ 9 2 4 

60 RT 7 2+mll 
6< 

4A' 10 0 
lB' 

-7 T 1 0 2 0 1 0 ? 0 
1 5 2 5 1 5 2 5 
2 0 2 5 2 0 ? 5 
1 0 1 5 1 0 1 5 60 

30 
33 
29 
33 
29 
33 
60 
63 
60 

2B' 
lA' 

o 4A 
3E 
2E 
lA 

3 0 5 0 3 0 5 0 3 0 G 5 
4 0 5 0 4 0 5 0 2 I' 2 0 
4 0 6 0 4 0 6 0 2 0 2 4 
354354535 l 0 

Grlffolyn (polyethylene - nylon web laIlllnated) 

-"RcOT_-",-5 5"----=1=--____ --'l"'5"---'2'----_4'----=2+./-,o6---L9_--'-I,-'-'! (~?--'-) _ _=_2___"_0 ----=1,-,0:---=-1-".3 --,O:--7~ see las t 
o 3 3 2 8 2 2 1 8 colwnns 

RT 55-2 15246/70 t<J(?) 18 081205 
o 50103307 

RT 65-1 15 2 5 1/9 2 t<J(?) 3 0 2 0 2 0 1 3 
o 60404026 

RT 85-1 A' 12 7 (5 I) /10 5 H(?) 4 0 4 0 3 1 3 1 
E' 9 4 3 5 4 0 3 7 4 3 

o A 12 7 10 0 10 3 8 0 8 3 
E 94 55805986 

2 6 2 7 
1. 6 ') 0 

all f3.ce IIp all 
no a'lg G 

15 16 1I 

o S,s o 09 

] (,0 (j 

1 80 0?8 2 

30 1 41 

4 4 

4 3 62 0 48 4 

1 1 3 1 
1 2 2 1 
1 1 2 1 
1 3 3 1 
1 2 0 1 
1 L 0 1 

? , 4 2 

6 95 2 

rCtCC (10\<.011 
no 

18 FI 20 

o 

1 60 0 '51 4 

7 0 4 

2 12 0 46 

3 

o 7 
1 e 2 
o 2 
o 1 2 
1 3 2 
2 6 2 

3 7 4 

4 

range R'rg 'J 
P 

21 

o 1 

o -

2 0 0 1 0 

1 5 1 75 0 5 

o 6 
o 4 2 00 o 3 
o 7 o 85 o 5 
2 6 2 00 1 8, 

o 7 1 65 o 
1 4 ~ 30 1 0 

1 2 3 55 o I' 

" 7 7 70 1 1 

Factor to RT Load 
up clown both 

25 

1 3 2 8 2 3 

2 9 :2 9 2 9 

2 6 2 4 2 

1 7 2 6 2 0 

2 7 1 4 2 

2 0 2 ° 2 0 

2 0 2 3 2 2 



Vl 
Vl 

Nbk 
P 

1 

60 
63 
60 

60 
63 
60 

67 

67 

67 

Gnffolyn (Cont 

RT 85-2 

o 

RT 85-3 

o 

Lgth 
No (cm) 

t 
(mll) 

4 5 6 

A' 
B' 
A 
B 

A' 

12 7 (5 1)/11 
9 5 

12 7 
9 4 

12 7 5 1/10 
9 5 

12 7 
9 4 

Grlffolyn (new, large samples) 

RT 65-2 

o 

RT 85-4 

o 

RT 105-1 

o 

A 
B 
C 
D 
E 
F 
A 
B 
C 
D 
E 
F 
A 
B 
C 
D 
E 
F 

12 7 6/8 5 

12 7 9/12 

12 7 11/16 5 

Bend 
--L to 
dlr 

g /plece 
face 

up down 

g /dm Factor to 
face ld RT pc all face up 

up down up down no avg ° 
7 8 9 10 11 12 13 14 15 16 

M(?) 7 0 1 0 5 6 0 8 
4 0 3 0 4 2 3 2 
6 0 10 5 4 8 8 4 
6 5 9 0 6 9 9 6 

M(?) 5 0 5 0 4 0 4 0 
5 0 4 0 5 3 4 2 

T 

T 

T 

11 0 10 5 8 8 8 4 
10 0 9 0 10 6 9 6 

2 0 2 0 1 6 1 6 
1 7 2 7 1 3 2 1 
1 7 2 5 1 3 2 0 
3 5 8 0 2 8 6 3 
5 0 7 0 3 9 5 5 
4 0 6 0 3 2 4 7 

14 0 14 5 11 0 11 
12 5 14 5 9 3 11 4 
18 0 16 5 14 2 13 0 
13 0 8 5 10 2 6 7 

9 0 8 0 7 1 6 3 
11 0 9 0 8 7 7 1 
26.0 25 0 20 4 19 7 
27 0 33 0 21 2 26 0 
32 0 27 0 25 2 21 3 

2 4 90 0 99 

o 9 1 05 2 
1 6 3 0 

5 85 1 48 

2 2 2 1 
2 0 2 3 

see last 
columns 

see last 
columns 

see last 
columns 

2 4 65 0 92 

2 9 7 1 27 

3 1 40 0 17 

3 3 30 0 56 

3 4 43 0 92 

3 11 67 2 27 

3 8 67 1 55 

3 22 27 2 57 

all face down 
no avg ° 
17 18 19 

2 2 00 1 70 

2 9 00 0 85 

2 4 10 0 14 

2 9 0 0 84 

3 1 90 0 26 

3 5 50 0 80 

3 3 67 0 40 

3 11 93 0 92 

3 6 70 0 40 

3 22 33 3 27 

all both up & down 
Factor to RT Load 

up down both 
no range avg 0p 

20 21 22 23 24 25 26 

4 4 8 3 45 1 4 

4 4 8 7 42 1 2 1 2 4 5 2 2 

4 1 3 4 38 0 7 

4 2 2 9 35 1 1 2 1 2 2 2 1 

6 o 8 1 65 0 3 

6 3 4 40 0 8 2 4 2 9 2 7 

6 2 3 4 05 0 8 

6 4 4 11 70 2 0 2 6 3 2 2 9 

6 3 9 7 68 1 3 

6 6 3 22 30 2 7 3 9 3 3 2 9 



Nbk 
P 

1 

Plece 
Lgth 

No (cm) 

2 3 4 5 

t 
(mll) 

6 

Bend 
.l- to 
dlr 

7 

Tyvek (duPont's spun-bonded polyethylene) 

Table All (Cont) Bendmg test data ~ temperature effects 

g /plece 
face 

up down 

8 9 

g lam Factor to 
face ld RT pc all face up 

up down up down no avg 0 

10 11 12 13 14 15 16 

all face down 
no avg a 

17 18 19 

all both up & down 
no. range avg 0p 

20 21 22 23 

Factor to RT Load 
up down both 

62 RT 1056 B' 12 T 4 5-7 T 1 5 2 0 1 2 1 6 see last 1 1 2 1 1 6 2 0 4 1 40 0 3 
59 ~0 ____ ~ ____ ~B __________ ~~~~~~2~0~1~5~1~6~1~2~~cO~1~Mrr.~'~S ______________________________ ~2~~0~4 __ 1~4~0~0~3~_1~0~~1~0~~1~0~ 
59 RT 1058 A' 12 7 4 5-6 5 T 1 0 1 0 0 8 0 8 2 1 0 0 28 2 1 0 0 28 4 0 4 1 00 0 3 
62 B' 1 5 1 5 1 2 1 2 
59 0 A 2 5 3 5 2 0 2 8 

59 RT 1073 
62 
59 0 

59 RT 1079 
62 
59 0 

59 RT 1085 
62 
59 0 

B 
A' 
B' 
A 
B 
A' 
B' 
A 
B 
A' 
B' 
A 
B 

12 7 6 3-8 T 

12 7 75-10 5 T 

12 7 7 5-9 5 T 

Reemay (duPont's spun-bonded polyester) 

59 
62 
59 

59 
62 
59 

59 
62 
59 

RT 

o 

RT 

o 

RT 

o 

2024 

2033 

A' 
B' 
A 

A' 
B' 
A 

B 
A' 
B' 
II 
B 

12 7 10-12 H 

12 7 

12 7 

2 0 2 5 1 6 2 0 
3 0 5 0 2 4 4 0 
3 0 4 0 2 4 3 2 
5 0 6 0 3 9 4 7 
6 5 5 5 5 1 4 3 
4 0 6 0 3 2 4 7 
4 0 7 5 3 2 5 9 

10 0 13 0 7 9 10 2 
6 5 9 5 5 1 7 5 
4 0 5 0 3 2 3 9 
4 0 8 0 3 2 6 3 
B 0 11 0 6 3 8 7 
6 0 6 0 4 7 4 7 

5 0 6 0 3 9 4 7 
3 5 4 5 2 8 3 5 
7 5 6 ') 5 9 5 1 
2 5 3 0 2 0 2 4 
60704755 

10 0 9 0 'I 9 7 1 
7 5 10 0 5 9 7 9 
3 0 6 0 6 3 4 7 
6 4 050 3 9 
5 0 5 2 3 9 4 1 
e 0 9 0 6 3 7 1 
25502039 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

1 80 0 28 2 2 40 0 57 4 1 2 2 10 0 5 1 8 2 4 2 1 

2 40 0 2 3 60 0 57 4 1 6 3 00 0 4 

4 50 0 85 2 4 50 0 85 I, 1 2 4 50 0 8 1 9 1 2 1 5 

3 2 0 2 5 3 1 85 4 2 7" 4 25 0 6 

6 50 1 98 8 88 1 91 5 1 7 68 2 0 2 0 1 7 1 8 

3 2 0 2 5 1 1 70 4 3 1 4 15 1 2 

5 ') 1 13 2 6 70 2 83 4 4 0 6 10 2 2 1 'I 1 1 1 6 

3 35 0 78 2 4 1 0 85 4 1 9 3 72 o 8 

3 95 2 76 2 :3 15 1 91 4 3 9 3 85 2 4 o 9 1 1 1 0 

6 30 2 26 2 6 30 1 13 

6 10 0 23 6 30 z' 26 1 0 

4 45 0 n l, 0 0 14 4 

II 15 3 04 2 50 2 26 o 9 1 4 1 1 



NDk 
P 

1 2 3 

Reemay (cant) 

Plece 
Lgth 

No (cm) 

4 6 

Bend 
-.L to 
dlr 

7 

g /plece 
face 

up down 

8 9 

g /dm Factor to 
face ld RT pc all face up 

up down up down no avg a 

10 11 12 13 14 15 16 

all face down all both up & down 

no avg a no range avg 0p 

17 18 19 20 21 22 23 

59 RT 2470 A' 12 7 23 5-27 M 12 0 14 0 9 5 11 0 2 9 90 0 57 2 12 2 1 70 4 
62 E' 13 0 17 0 10 3 13 4 3 9 11 05 1 3 

Factor to RT Load 
up down both 

24 25 26 

2 4 12 5 0 8 1 3 1 0 1 1 59 0 A 17 0 16 0 13 4 12 6 see last 2 13 20 0 28 2 11 80 1 13 4 
____ ~-------1BL---~~--~~~--~--l16~5~1~3~0-1~2~0~1~1~0~~c2o~lumn~~s~ ______________________________ ~------~------~-----------------

59 RT 2431 A' 12 7 12-16 M 2 0 1 0 1 6 0 8 2 1 20 0 57 2 0 8 0 4 0 8 1 0 0 4 
62 B' 1 0 1 0 0 8 0 8 

59 0 A 1 5 1 0 1 2 0 8 2 0 8 0 57 2 0 6 0 28 4 0 8 0 7 0 4 0 67 0 75 0 7 
____ ~----~BL---~~~~~--~--~0~5~0~5~0~4~0~4~----------------------------------~--~:-~--~~-------------

59 RT 2440 A' 12 7 16 7-18 M 3 0 2 5 2 4 2 0 2 2 6 0 28 2 2 4 0 51 4 0 8 2 5 0 4 
62 B' 3 5 3 5 2 8 2 8 

59 0 A 3 2 3 0 2 5 2 4 2 2 05 0 64 2 2 0 0 51 4 0 9 2 02 0 6 0 79 0 83 0 8 
B 20201616 

60 
63 
60 

60 
63 
60 

61 
63 
61 

Typar (duPont's spun-bonded polypropylene) 

RT 

o 

RT 

o 

RT 

o 

3201(tan) A' 
B' 
A 
B 

3301(b1k) A' 
B' 
A 
B 

3351(gray)A' 
B' 
A 
B 

I 6 
12 5 
I 6 

12 5 
7 6 

12 5 
7 6 

12 5 
I 6 

12 5 
I 6 

12 5 

I 5-11 M 
T 
M 
T 

10-14 M 
T 
M 
T 

10 3-14 2 M 
T 
M 
T 

1 5 1 0 2 0 1 3 
2 5 1 5 2 0 1 2 
4 0 3 5 5 3 4 6 2 6 3 5 
5 0 2 0 4 0 1 6 2 0 1 3 
4 0 2 0 5 3 2 6 
8 0 5 0 6 4 4 0 
3 5 10 0 13 2 10 7 2 5 4 1 

28 0 4 5 22 5 3 6 3 5 0 9 
3 5 5 0 4 6 6 6 
8 0 6 5 6 4 5 2 
8 0 11 5 10 5 15 2 2 3 2 3 

22 0 7 5 17 6 6 0 2 7 1 2 

2 2 0 0 2 1 22 0 TT 4 o 8 1 62 0 6 

2 4 65 0 92 2 3 10 2 12 4 3 I 3 88 1 6 2 32 2 TT 2 4 

2 5 85 0 18 2 3 30 0 99 4 11 4 4 58 0 9 

2178 6 1 2 I 2 5 0 4 18 9 12 5 9 3 0 2 2 2 I 

2 5 55 1 21 2 5 9 0 99 4 2 0 5 I 1 2 

2 14 05 5 05 2 10 6 6 38 4 12 2 12 32 5 8 2 5 1 8 2 2 



Nbk 
P 

1 

29 
61 
32 

61 
29 

61 

32 

61 

60 

----------------

Table All (Cont) Bendmg test data - temperature effects 

Plece g /dm Pactor to 
T Lgth 

(OF) Designa No (em) 
t 

(mll) 

Bend 
--L to 
dlr 

g /plece 
face 

up down 
face ld RT pc all face up 

up down up down no avg ° 
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Typar, Sample from WES - tests in machlne and transverse dlrectlons segregated 

RT 

20 
o 

RT 

20 

o 

(tan, II 10 
fluffy) A'8 

8 
7 
9 
A8 

II 3 
4 

A'3 
A'4 

1 
5 
2 
6 

A3 
A4 

15.2 10 5-15 5 M 12 0 7 0 7 9 4 6 
11 0 10 0 7 2 6 6 
26 0 13.0 17 1 8 6 
27 0 10 0 17.8 6 6 
35.0 22 0 23 0 14 5 see last 
12 5 14 5 8.2 9.5 columns 

15 2 10.5-15 5 T 6.0 4 0 3 9 2 6 
10 0 6 0 6.6 3 9 

8 0 7 5 5 3 4 9 
12 0 9.0 7 9 5 9 
15.0 12 0 9 9 7.9 
20 0 12 0 13 2 7 9 
21.0 14.0 13 8 9.2 
30 0 13.0 19.7 8 6 
14 5 11.5 9.5 7 6 
15 0 13.5 9 9 8.9 

!ypar, Sample from WES - tests in both directions lumped 

RT 15 2 10 5-15.5 M&T 
20 ~l&T 

o M&T 

Butyl rubber (from En,1ay) 

7 

2 7 55 0 54 

1 17 1 

4 92 1 7 

4 5 92 1 7 

2 11 55 2 3 

4 13 22 4 7 

6 6 t 
3 13 

1 6 
3 6 
5 7 

1 6 7 
1 10 0 
1 8 
1 1 

all face Jown 
no avg a 

17 18 19 

2 5 6 1 4 

1 8 6 

4 4 32 1 4 

4 4 32 1 4 

2 7 9 0 

4 8 58 0 7 

6 4 8 1 )-1 

381 4 
"[ 9 3 2 5 

1 6 
1 12 2 
1 80 0 
1 11 7 

all both up & down 
no range avg 0p 

20 21 22 23 

4 3 3 6 58 1 1 

2 8 5 12 85 6 0 

8 5 3 12 1 6 

8 5 3 5 12 1 6 

4 3 9 72 1 6 

8 12 1 10 90 3 4 

12 5 3 6 1 5 
6 ~ 2 10 8 2 6 

14 1 4 11 9 4 6 

2 
2 
2 
2 

Factor to RT Load 
up down both 

24 25 26 

2 3 1 5 2 0 

2 0 1 8 1.9 

2 2 2 0 2 1 

2 1 1 7 1 9 

221 

1 1 6 



Nbk 
P 

1 

66 

66 

66 

Plece 
Lgth 

No (cm) 

2 3 4 5 

t 
(ml1) 

6 

Cerex (Monsanto's spun-bonded nylon) 

RT 1 0 Oz 

o 

RT 2 0 oz 

o 

RT 3 0 oz 

o 

d 
b 
a 
c 
d 
b 
a 
c 
d 
b 
a 
c 

12 7 3 8-5 3 

12 7 3 8-5 3 

12 7 3 8-5 3 

Bend 
..Lto 
dlr 

7 

M 

M 

M 

g /plece 
face 

up down 

8 9 

o 0 5 
o 0 4 
1 0 1 0 
o 7 1 5 
7 0 9 5 
9 0 9 5 
6 0 9 0 
6 0 9 0 
7 5 10 5 
7 0 13 0 

10 0 13 0 
11 0 18 0 

g /dm Factor to 
face ld RT pc all face up 

up down up down no avg a 

10 11 12 13 14 15 16 

o 0 39 
o 0 32 

o 79 0 79 
o 55 1 18 
5 5 7 5 
7 1 7 5 
4 7 7 1 
4 7 7 1 
5 9 8 3 
5 5 10 3 
7 9 10 3 
8 7 14 2 

see last 
columns 

2 o 0 

2 o 67 0 17 

2 6 30 1 13 

2 4 70 0 

2 70 0 28 

2 8 30 0 57 

all face down 
no avg a 

17 18 19 

2 0 36 0 04 

2 0 99 0 27 

2 7 50 0 

2 7 10 0 

2 9 30 1 41 

2 12 25 2 76 

all both up & down 
no range avg ap 

20 21 22 23 

4 o 39 0 18 0 0 

4 o 63 0 83 0 2 

4 2 0 6 90 0 8 

4 o 90 0 

4 4 8 7 50 1 2 

4 6 3 10 28 2 0 

Factor to RT Load 
up down both 

24 25 26 

2 75 4 6 

1 5 1 3 1 4-

Petromat (Phl111PS' spun-bonded polypropylene) 

22 RT 

61 

21 20 

21 0 
22 
61 

I 1 15 2 13-19 
5 

A'l 
A'10 
A'13 
A'15 

3 
4 
7 
8 
2 
6 

Al 
AI0 
Al3 
A15 

T 13 0 11 0 8 6 7 2 
13 5 14 0 8 9 9 2 
13 0 11 0 8 6 7 2 
11 0 10 0 7 2 6 6 
15 0 11 0 9 9 7 2 
14 0 12 0 9 2 7 9 

T 10 0 12 0 6 6 7 9 
14 0 11 0 9 2 7 2 
30 0 20 0 19 7 13 2 
20 0 15 0 13 2 10 6 

T 20 0 20 0 13 2 13 2 
22 0 19 0 14 5 12 5 
20 0 15 5 13 2 10 2 
15 0 14 0 10 6 9 2 
26 0 19 5 17 1 12 8 
27 0 18 0 17 8 11 8 

6 8 75 0 89 6 7 55 0 90 12 

4 12 18 5 70 4 9 72 2 74 8 

6 14 40 2 69 6 11 62 1 59 12 

3 3 8 14 0 9 

10 95 4 5 1 4 1 3 1 35 

13 01 2 2 1 65 1 55 1 6 



Column 

1 

2 

3 

4 

Q\ 
0 

6 

7 

8,9 

10,11 

12,13 

14-16 

17-19 

20-23 

24-26 

Hotes to Table All (?lexlbl"1t:-; 

Page no 1n notebook 6012 

Temperature, 0p, RT = ,'oom temperature (65-75°p) 

Deslgnatlon of s8JIlple - naJlle, cCHie no ,color or thIckness, second no for Grl:0folyn ~s sarnljle no (See rrab~_e I) 

Srunple p"ece number 

Length parallel to fold 

t = representatlve thIckness, lOlls 
second fIgure on web lntersectlons 

For ''}rIffolyn, flgure before slash IS ~I'ntlnn web (not :'"'.easllrable for ;, ply), 

Dlrectlon..Lto axIS of bend, MD = machIne lilrectlon, TD transverse dIrectIon (s~:le t:.ntll another cIted) 

Bend1ng load observed 

up = face up (conca'!e up 1f notable, even 1f label on reverse) 
down = face down 

Ilend1ng load norrnallzed to g/dm (g/lO CIT,) 

Factor of (lowR~e~;a~oad) - shown here only 1n a few cases where ident1cal p"ece tested at RT an.o' OCF (compos:-:;e values 1n col 24-26) 

No of samples, avg load (g/dm), 0 (std dev1ation) for face-up tests (avg + 1 a includes true value 68% of c1r",e) 

D1tto for face down 

Ditto for combined face up and face doWY;, showing also range between highest and lo .. est value 
up and down data combined) 

Factor as in 12,13, composite for combined ave; results 

Here c is poclei value (from 
p 
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