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Abstract 

A computational investigation was performed using a recently de
veloped integrated hygrothermomechanical theory to predict the ef
fects of three moistu1'e profiles oh the ply hygro stresses in angle
plied laminates. The moisture profiles were linear, parabolic and 
hyperbolic. Moisture content varied from 1 percent in the exposed 

ply to zero in the protected ply. The angleplied laminates were of 

two generic configurations, [(±O)2J s and [O/O/-O/OJ s' with 0 :s () 
:s 900

• The results obtained are summarized graphically to illus

trate the effects of both moisture profile and laminate configuration. 

The results indicate that ply transverse tensile hyg-ro stresses 

may reach sufficiently high magnitudes to cause trans ply cracldng. 

1.0 INTRODUCTION 

MoistLlre in advanced fiber composites 
and its degradation effects on the me
chanical properties of these composites 

have received extensive attention in the 
composites community as is evident 

from the works cited in ref. 1. An in

tegrated theory to predict the hygro
thermo mechanical response of advanced 

composite structural components is 
described.in ref. 1. Briefly, this theory 
determines the hygrothermomechanical 
response by integrating composite mi

cromechanics, composite macromechan

ics, combined- stress failure criteria, 
laminate theory and advanced structural 
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mechanics. The details and verification 
of the theory with experimental data are 

described in ref. 1. This integrated 
theory is used to predict the effects of 

diffel'ent moisture profiles and laminate 
configurations on ply hygro stresses and 

continues the work reported in ref. 1. 

The moisture profiles considered are 

linear, parabolic and hyperbolic varying 
from 1 percent in the ply at the exposed 

surface (exposed ply) to zero in the ply 
at the protected surface (protected ply). 

Greater than 1 percent moisture content 

in the exposed ply is considered unlikely 

for composites exposed to ambient con-



ditions. The composito hlllliliates woro 
assumed 1:0 bo mndo fl.'om AWE (illter
modiate modulus graphite fiber in tU! 
epoxy- matrix) with t·wo g'OllOl,'!C IUlglo
plied lmninuto COniig'lI).'UUOll [(*O)I)J 

tUld [O/O/-B/OJ s Witll O;s 0;:$ 90tr, s 'l'lle 
hyg'l'O at.resses in tho plies wel.'l;1 COlll
puted ill euch unglepliod lmnillui;o fo1' 
each oJ.: Ule llloistul,'e pl'Ofiles. Scho
lnntics oJ.: the throo Illoishu'o p:t'o11les 
tUld ply configurutions fire shown in J1g'
UN) 1. Note that itt /};::: 0 01' 900 Ul(~ 
(*0)2] s lUlllinate tUld at 0;::: 0 the 
[O/O/-O/Oj s Imnlluto corrospond to a 
lUlidil'octionnl composite (UDO). At 
o ;::: .150 the [ (:l~O)2J s Md 0;::: 900 the 
[0/0/- 0/0] s llU}linutos CO).'l'cspond 1:0 fl 
cross ply composit:o (Ope), 

2. 0 UESIJL'l'S AND DISCUSSION 

The pl'odlct:od ply hyg'l.'o trunsve;I'So and 
illb:nltUllinu1' shoal' stresses for tho 

tln'ce moisture profilos (linen]", pru:a

bOlic, Md hyperbolic) (Iud for tho two 

diffel.'Ollt gOllOl:lc luminute conug'lll'utiollS 

r (*0)2J s tUld [0/0/_ 0/01 s tll:O presonted 
nud discnssed below. Longitudillill 
strosses nro not presonted sinco they 
llrc only about 10 PO:l,'Collt of the COr
l'cspondillg' ply strOllgth. 

2.1 LlNEAlll\WISTUllE FROF:r:tES 

Tho ply lirrulsvorse hyg'ro stress ill 
[{*0)2)s ('Q\l1,posite lOIl'liuutQS is plotted 
vorsuS ply rulg1.e 0 ill l1g'ltro Z, The 
llloistm:c content hI each ply is shown 

on. the COl'l.'ospollctillg' Cll1'VO. 'l'ho points 
to bo noted in t.his figLlre (teO: (1) U1C 
h'nnclVOl'SG stHlSS in the e..'l:posed ply 
(ply 1) is compressioll, is about 20 ksi 
lllld is insOllSiI;ive to th(l ply angloj (2) 
tho tl'tUlSVel'SO stress ill tho Pl'Otoctcd 
pIlr (ply S) is tensile find 1'oo.ch(:)s II llllL'I:
illlum llUlgl1itlldo 0.( about 20 kSi at 0:: 0 
und 0,:: 90° (UDO) and u. lllillinuUll 

ll'lngnitndo (tllxmt 4 kSi) at 0 = 450 

(Cl) C) i (3) the distance botwoen tho 
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curves fOr Ula differOllt plios is ubout 
(ho samo indicuting thot: tho ply tt'alls
V01'SO stress vuries linmll:ly thr':Hlgh the 
thir.::!moss corl'ost>Ollding' to the mOisturG 
pt()filOj tUld (4) tho curves firo synunct

ric nbout ° = 46° as oxpeoted. 

COl.'l.'osponding' plots of U1G ply illtrrualll
illlU: shear strcss !\l.'O shown ill fig'ltl'o 3. 

Tho points to be notod in t:his figurc are: 
(1) tho Cl1rves (We !1ntisyullllotric about 

/} :::. '15oi (2) tho ply iutrruamilul.l.' sheor 
stress .is llluxilll.lUll (5 ksi) in the Pl.'O
tootod ply (pl.\, S) at ubout 0 = 30°; (8) 
i:ho sheur stress is nogligible;) itl the o.x~ 
posed ply (ply 1) i Olld (4) tho shOllI' 

stross is ZorO (It 0 = 0, _16° and 900 as 
expccted. 

~l'110 ply t:l:rulSVOl.'Se hyp'o stress ill 
[0/0/ ~ 0/0] s COlllpoSitO 1:,Uninntes 1s 
plottQ.d versus ply lUlg'le ° ill fig'ln:o 4. 
'rho points to bo noted ill this figuro ill'e: 

(1) tha tl'mlsvcrso stress ill tho exposed 
ply (ply 1) Is Ml1lprossiol1, ran.chos 
about 22 k$i nt V "" 45°, and vuries mild
ly with ply Mg'lc; (2) tho tl'!1n$vel'so 

stn)l;lS in tho l,H.'Qtoctod ply (ply S) is ten
sile VHl',Y,illg' :hom. UbOlll; 20 l~si at /}:::. 0 
to about 4 ]{si at 0 "" 900, The corrc

sponding' i11t]"I:U!Ullillnr shear strosses 
are plott:ed in figurc 5. As elUl be soon 
tho80 stresses arc rolatively low (It'ss 
Ill:Ul ·1 kst) . 

It is iJ18b:llctive to compi1l'o tho ll'\!l,\,:imllUl 

_ ply hygl'o sb:C'ssos with cOl'responding' 
pIJI strCtlgtlHl, 'rho. ply' trunSVGl'S0 und 
intrftlmniluu.' shottl' streng'ths at nbout 
1 perccilt. 1ll0istlll.'O !1l1d rOOlll tomp01't't

Lure aro itppl'oxinHltel~r 1110 stune as 
those reporl:od at l'OOlll l;empOl'ntlu'O nlld 
50 pOl'c(mt rolative luunidUy (ambient 

conditions), 'l'ho valuos of IlltCl'0St for 
thoso compurisolls arG fl:Qlll l'of. 1: 

30 l~si tttmsvorsQ eompl'Gsslou l 9 l~sl lor 
tl'nnsversG t(;1I1sio11, fllJd 9 1;:s1 fOr intra-
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parabolically through the ply thickness 

in both 1<*0)2) aud [0/0/- 0/0] corn-s s 
posite laminates. To establish this 
variation it is necessary to show that 
the second difference between the 
st:resses in consecutive plies remains 
con stunt at anyone ply angle in fig
ures 6 and 8. This can easily be done 
but the details are not included herein. 
Plotting' of the stress versus ply indi
cates that the parabolic variation of the 
stresses through the laminate thiclmess 
is not as severe as the corresponding 
moisture variation. 

As was the case with the linear moisture 
prOfile, the ply transverse tensile hygro 
stresses are quite large (about 20 ksi) 
compal'ed to corresponding ply strength 
(about 9 ksi) while the intralaminar 
shear stresses are l'elatively small 
(4 ksi compared to 9 kSi). Thus, trUlls
ply cracking ill the protected ply can 
also be caused by a parabolic moisture 
profile. 

2. 3 HYPERBOLIC MOISTURE PROFILE 

The ply trUlIsverse hygro stress ill 

[(:l:lJ) 21 composite laminates is plotted 
s 

versus ply Ullgle (IJ) in figure 10. The 
mOisture content in each ply is given 011 
the corresponding curve in the figure. 
The points to be noted in figure 10 are; 
(1) the maximum compressive trans
verse stress is in the exposed ply (ply 1) 

and is about 24 ksi at 0 = 0 alld 900, , 
(2) the ma..xinmm tensile transverse 
stress is in the protected ply (ply 8) alld 
varies from 1$ ksi at e = 0 to 4 ksi at 
e = 450 back to e = 900; (3) the stress 
variation with 0 is negligible in plies 1 

through 4 and it is considerable in plies 
5 through 8; (4) the stress curves are 
symmetric with respect to e = 450j and 
(5) the stress in ply 8 is the same as for 
the parabolic distribution while in the 
other plies the stress curves have the 
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same shape but smaller magnitudes. 

The ply transverse hygl.'o stress in 
[0/0/- 0/0] s composite laminates is 
plotted versus ply angle (0) in figure 12. 

The points to be lloted from this figure 
are: (1) the maximum compressive 
transverse stress is in the exposed ply 
(ply 1) and is about 24 kSi· and is rela
tively insensitive to OJ (2) the ma..ximulll 
tensile transverse stress is in the pro
tected ply (ply 8) varying from about 13 

kSi at 0 = 0 to ::\ ksi at 0 = 900 
j (8) 

the stresses in plies 1, 2, and 3 have 
negligible variation with 0 while the 
stress variation with 0 in the remain
ing plies is considerable; Ulld (4) the 
curves in figure 12 are comparable to 
those for the parabolic moisture profile 
(fig'. 8). 

The corresponding plots for the intra
laminar shear stress in [0/0/-0/0] s 
composite laminates is shown in fig-
ure 13. As Call be Seen in this figure, 
the shear stress is relatively small 
(less thUll 2 kSi). 

The SiglIificallt observati01Is fro111 the 
above discussioll are: (1) the transverse 
tensile hygl.'o stress in [(:1:0)2] and 
[O/O/-O/O]s compOSite laminafes Call 
reach relatively high magnitudes, 13 to 
16 kSi, compared to 9 ksi for the cor
responding ply strength; (2) the intra
laminar shear stress is about 2 ksi 
Which is relatively small compared to 
9 ksi for the corresponding ply strengthj 
und (3) the hyperbolic Ulld parabolic 
moisture profiles result ill about the 
same ply stresses. 

2.4 COMPARISON OF MAXIMUM PLY 

STRESSES FOR THE THREE 

MOISTURE PROFILES 

The ll1a..ximum ply trallSVerSe cump:res
sion, 1l1a:\.'1.ll1Ul1l tl'ansverse tension 



(0 = 0, '150 or 900
) and intralaminar 

shear hygro stresses, including corre
sponding ply strengths, are summarized 
Ul table I for comparison purposes. 'fhe 
points to be noted from table I are: (1) 
the maximum trrUlsverse compressive 
stress occurs in the exposed ply and is 
not very sensitive to either Dloistul'e 
profile or laminate configu rationj (2) the 
maximum transverse tensile stress oc
Curs in the protected ply and is sensitive 
to both moisture profile and to laminate 
configuration; (3) the maximum intra
laminar shear stress is insensitive to 
both moisture profile and laminate con
figuration; and (4) as was previously 
stated, the maximum transverse com
pression stress is about 70 to 80 percent 
of the corresponding ply strength; the 
maximum tr~Ulsverse tensile is about 
140 to 220 percent greater at 0 = 0, in
dicating that transply cracks would oc
cur put is only 33 to 44 percent for a = 
450 or 90°; and the maximum intralam
inar shear stress is about 20 to 55 per
cent of the corresponding ply strength. 

The conclusions from the previous dis
cussion are: (1) the maximum ply trallS
verse compression hygro stress is not 
sensitive to either moisture profile or 
laminate configurationj (2) the maximum 
ply transverse tensile hygro stresses 
are sensitive to both moistUre profile 
and laminate configuratioll, and can 
reach sufficiently high magnitudes to 
calIse trans ply cracks; (3) the ply intra
laminar shear stresses are sensitive to 
both mois ture profile and laminate con
figuration but their magnitudes are low 
compared to ply strength; and (4) the 
maximum transverse stresses occur in 
ullidirectionallamulates when subject 
to moisture profiles, whereas the maxi
mum ultralaminar shear stresses occur 
in [(:1:30) 2] laminates. 

s 
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2.5 IMPLICATIONS FOR 
DESIGN PURPOSES 

The most important implication of this 
analysis is that the deSigner should 
l"';1ake every effort to avoid or minimize 
moisture gradients through the lam
inate thickness, especially when uni
directional composites are involved. 
Hygro stresses resultulg from a 1 per
cent moisture gradient can significant
ly reduce the residual strength of a 
laminated composite and may cause 
crackulg of the protected ply. 

If moisture gradients cannot be aVOided, 
they should certaully be accounted for 
in an analysis. If the actual moistUre 
gradient profile is unknown, the as
sumption of a linear g1'2.dient will yield 
conservative predictions of the trans
verse tensile and intralaminar shear 
hygro stresses. Note that the hygro 
stresses are ill addition to any residual 
stresses that may be present. 

3.0 SUMMARY OP RESULTS 
AND CONCLUSIONS 

A computational investigation was per
formed using a recently developed in
tegrated hygrothermomechanlcal theory 
to predict the effects of three different 
moisture profiles (lulear, parabolic and 
hyperbolic varying from 1 percent 
moisture in the exposed ply to zero in 

the protected ply) on hygro stresses in 

two generic [(:1:0) 21s and [0/0/- 0/0] s 
(0 S (] :$ 90) intermediate modulus 
graphite fiber reulforced epoxy resin 
(AS/E) composite laminates. The sig
lrlficant results and conclusions of this 
investigation are summarized below. 

(1) The maximulll ply transverse 
tensile hygro stress is sensitive 
to both moistUre profile and 
laminate configuration and it 
can reach magnitudes suffiCient
ly high (220 percent of the cor-



rosponding' ply strength) to CHnse 
trnllsply c:rncldng' in the plies 
1\01\1\ and at the Pl'otootod Sllr

fncu, 
(2) '.['ho mn:xhnnlU ply tl:UllSV01'SO 

compl'ossivo h~'g'1'Q sta'oss oc
cnrs ill U10 e:xposod ply, It: is 
not sOI\SHiVO to t.llthor moistnro 
pl'of1IQ or laminate oonflg'1.tratioll 
tUld NUl :r(.lflch n ll1ngnitudo of 

f)bOllt 80 percellt; of tho 001'1'('

spomlillg' ply sb:(mgth. 

(il) ~ehe mn:ximmn ply intrnlaminal' 

shoal' hygl'O stl'ess is sensitive 
to both ll\oistlll:O Pl'O.t1lc and 
Imninalo oonfig;u)'utlon. It CUll 
l.'Oncll lllagnitlldes of about 

55 porcent ol the COl"l'cl:lpon(lillg 
pl~r st:~'tmgth ill OlQ plies claso to 

UIO protocted SUrfIWO. 

('1) ~l'he nHI.:dmom ta'Ullsvor/w stl'pss 

OCOUl.'S in a llllidirectiollltllnm
ilHlte wh.ilo tlH) llltl.."bllln.n i!ltl'll

Inmilllu' slu,1Ill' stross ocours in 

tll(,\ [(:1:30hl Imninate, ... s 
(5) The assumption of n 1111em: 

llloistln:e Pl'O.(HQ wonld lead to n 

COllsorvativo prodietion of tho 

ply tl'UllSVOl'SO tensile 11yg'l'Q 
stresses. 
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TABLE 1. - SUMMARY OF MAXIMUM PLY STRESSES DUE TO THREE MOISTURE 

PROFILES IN TWO AS/E COMPOSITE LAMINATES AND 

COMPARISONS WITH PLY STRENGTHS 

Laminate configuration! stress (ksi) in 

moisture profile 
Exposed ply Protected ply 

Transverse Intralaminate Transverse Intralaminar 

shear shear 

«±O) 2] Linear -22 (O)a ..... 0 20 (0) 4 (45) 5 (30) 
s 

Parabolic -23 (0) ..... 0 17 (0) 3 (45) 4 (30) 
Hyperbolic -24 (0) ..... 0 13 (0) 4 (45) 3 (30) 

[O/O/-O/O]s Linear -22 (45) ..... 0 20 (0) 4 (90) 4 (30) 
Parabolic -23 (0) ..... 0 16 (0) 3 (90) 3 (30) 
Hyperbolic -24 (0) ..... 0 13 (0) 3 (90) 2 (30) 

Ply strengths (ref. 1) -30 9 9 9 9 

aNumber in parentheses indicates the ply angle at which the value occurred. 
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