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tr..XE'CUITVE SUMMARY

Using the governing equations of the plastic failure load analysis discr¡ssed hereiq tb¡ee retrofit designs were developed

o inærface with preseot-day highway gì¡ardrail BCT sysæms. 1åese ¡etrofit designs have reduced buckling strength and

otber favorable desiga feannes. Täey are initially cr¡rved away ftom the direction of traffic flow, have com¡gated sections
that interfac¿ wiù highway guardrail BCT sptens, a¡d a¡e fla¡ed width-wise a¡d tapered depth-wise owa¡ds the

impacted end. They are also ine4ensive, easy ûo insta[, and do not require a diffe¡ent cable-release mecbani$n or
additional terninal ha¡dwa¡e. Ttis general t¡pe of termiDal stn¡chre is ilhsraæd in Fig. 1.

ïte reduced bucHing strength a¡d fla¡ed ends of the renofit desiets reduce the potential of the highway grrardrail

termina¡s penetrating enant vehicles ulþn end impacts. Also, the potential for yaw motion of the err¿nt vehicle upon
impact is decreased and tbe poæntial for vehicle roll over is reduced, when compared to highway guardrail tr¡¡ned-down

termiDal designs. The fla¡ed profile of rhe reroFrt designs provides a broad a¡ea of contact with the vehicle. As a result,
the ærminal-vehicle contact stresses a¡e minimized- Tïe flared proflrle also minimizes snagging tbat may occr¡r betwe¿n
errant vehicles and guardrail pcts. The key desip fean¡re tbat malces these designs so effective is that grs plastic
failure occurs not at the inærface with the existing guardrail, but in the middle third of the terminal.

An experimental program was c¿rried out on two t¡çes of half-scale models that were bqsed on the general static plastic
failure analysis of flared, cuwed, comrgated terminals. The static eryeriments showed that plastic buckling did occur
at the third point from the clamped ends, as predicted by static theory. Iow speed crash tess were also performed on
the balf-scale models in which Duke Universit/s test car, traveling at about 5 mph, impacted the models head-on These
test ¡esr¡lts showed that plastic failurè occured at about the two-thirds point from the fixed eud- A failure model for such
impacs has yet to be formulated, a¡d this would be a topic of future work Scaling laws a¡e discr¡ssed herein, and the
rrse of the present anqlysi5 and experimental data for ñ¡ll-scale applications is discr¡ssed.

lls ñain objectives of thic fust year study were achieved, which \\rere: to formulate a faift¡¡e ù*ry, ¡s r$s this thgory
to design of flared, curved grurdrail terminals that would not peneuate through vehicles that impacted them, and to design
and test scale models to show proof of coucept. Fuhue work would involve the formulation of a dynamic impact failu¡e
theory together with complementary experiments on full-scats terminels with the present desigu characteristics. These
Dew termiDals would act eff,rciently when impacted with vehicles of different sizes and comiag f¡om both the head-on
and the nea¡ head-ou di¡ections.
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FÏGIIRE 1 A typical new-concept terminal structure designed to avoid vehicle penetration.



PI,ASTIC FAILI]RE LOAD ANALYSIS

A theotetical üeahent based on the plastic hinge tecbnique is developed to determine the satic plastic coltapse (græs
plastic faih¡re loads and faih¡re locations) for a class of ca¡tilevered beans that are initially cr¡rved and apered- Tte
beåns are subjected to end loads, where shallow angles of the end loads a¡e considereû the cræs sections of the beams
a¡e thin-walled cærugated sections that interface with present-day grrardrail Breakaway Cahle Terminal (BCT) s''stems.
Accordingl¡ the propæed theoretical treatment "^' be applied o fun¡re terminal ¡etrofit desigps for highway grur&ail
s)'ìstens. lbe equations governing the propæed treahent are eryressed in non-dimensional form, where srnqll elastic
displacements of the beam a¡e considered- Ttese eqrutio¡x¡ ale the¡ used to investigaæ the effects of the following
panmeters on the static plastic collapse: the angle of the end load, the initial nansve¡se s¡d di$laceneng and the aper
profile of the bean. lte effect of the cbange of beam geometry duing elastic loading on the static plastic collapse load
is also investigated.

INTRODUCTION

Tapered stn¡ctr¡ral members such as beans and coh¡mns are widely used in va¡ior¡s engineering applications. They
have, therefore, been the subject of numerous investigations. Exanples inthe open liæranne include the worls of Dinnik
(1932), Timæhenko and Ge¡e (1961), Ermopoulæ (1980, Witliam and Ason (f989), and Siginer (1992). these
investigators discussed the elastic buckling loads for ar.ially loaded tapered bea.ms, considering several ty¡ns of cræs
sections, end fixities, and taper profiles.. Ka¡abalis and Besko (1982) investigated rhe static, dynamic, and sability
bebavior ef line¿¡ elastic plane stn¡ch¡res consisting of apered beams, a¡d included a comprehensive srrvey of the relaæd
literatu¡e.

The elastic buckling loads of endJoaded, tapered, cantileve¡ed sæel beams haring idealized thin-walled comrgaæd
se¡tions were disanssed by Wilson and Snong (1997), who included the effects of rhe initial beam cr¡wan¡¡es. One
important application of tapered beams having initial curvatures is terminal desips for present-day highway grurdrail
systems. The ideal grurdrail te¡minal design bas several attributes: it is a¡ energy absorber when impacæd by an enant
vehicle; it has su[ficient sEengh o deflect an enant vehicle back to its uavel lane; and it buckles sufficiently so that it
does not penetrate aD errant vehicle upon end i-p""t. Gr¡a¡drait ærminal desips are coDstn¡cted from galvanized steel
beams that þvs rhin-t¡/alled comrgaæd sections. Tbese sæel beams rrsr¡ally bave moderate slenderness ratios and can,
therefore, fail due to plastic deformations even before the elastic buckling loads a¡e reached- If the guardrail ærminal
de"ip is a tapered beam, then plastic deformations c¡tt develop at any section along the beam length" The section where
plastic deformatio¡s develop and the corresponding gross plastic failure load will depend on the initial curvan¡re, taper
profile, and stiff;ness of the beam, as well as on the angle of impact of the er¡ant vehicle.

Herein, a theoretical treåhent is presenæd to deærmine the satic plastic collapse load and collapse location for a class
of end-loaded, initielly cu¡ved, com¡gated, tapered, cantilevered steel beams. This theoretical treament is based on the
plastic hinge technique (Horne, 1979). Models based on the plastic hinge æchnique have been commonly ¡sed ro srudy
strt¡ctu¡al collapse and vehicle c¡ash simulations. Ttese plastic hinge models provide favorable resuls for structu¡al
members mrde of ductile materials such as steel. They also require less computational effort and a¡e relatively simple
compared to finite element mode¡s (Nilcavesh and Chrmg, 1984; Maruthayaplnn a¡d l-anh¡ani, lgg4).

The analysis herein targes preseut-day grurdrail Breakaway Cable Terminal @CT) systems commouly installed on
highways in the Uniæd Saæs. As a result of their high buckling snengt[ present-day guardrail BCT sysrems ofæn
perform inadequately in case of nearly head-on or sballow impacts (Pigman and Agent, f988). They sometimes peneüate
impacting vehicles, especially present-day smail, Iight-weight passenge¡ vehicles. Accordingly, the cross sections of the
c¿ntilevered þ¡ms ¿¡s thin-walled comrgated sections that inærface with present-day highway guardrail BCT systems.
Also, shallow aagles for the end loads of the beam a¡e considered. For desip pu4)ces, a favorable location for plastic
deformations of these tapered, cantilevered beans is away ftom the fixed end, which in turn reduces the buckling s¡ength



of the beam. These initialty curved, com¡gated, taperd cantilevered steel beans having reduced buckling strength can

serve as models fc fr¡u¡re terninal ¡etrofit desigÐs for highway guardr¿il BCI s¡ntens.

BEAÙI CEARACTERISTICS

Consider the cantilevered sæel beam shown in Fig. 2(a), wherc ¡ is the longinrdinal a:ris whæe origin is the ce¡troid
of the beam section located at the frxed end- The beam is of length L5 and is zubjected to an end load F inclined at angle

Ê o the ¡-Ðds. fte rmloaded beam is initially crrved, where the initial configrrration ¿ (.r) co" be either a parabolic arc
or a ci¡cnla¡ arc with small initial curvatt¡res, or

I -\2
vo(ò = drl* I ttl

\Lt)

where d, is the initial end dþlacement of the beam relative to tbe fixed end directed along the transverse y-a:ris. The

bean has the c¡oss section shown in Fig. 1(b), refened to as the W-section lAis W-section has one plane of slmmetry

(a)

Seclion X-X

o)

FIGURE 2 Model of the initially curved, cantilevered beam: (a)

xy-plane, (b) typical full W-section

J
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througb tbe tansve¡se raxis (the raxis is the centroidat Fincipal synmetry-axis of tbe W-section)' It comprises straight

segmenb (denoted by 1,31, aûd Ð and circt¡¡ar segpeott (¿"oot¿!l--2), where the staight ffens are angent to the

adjacent circula¡ segments. The'w-section i" d;nTd herÀ by the following parameters: therhick¡ess f', the arc len4h

s,, ând the angle c, of the comrgation In teros of these Pafamete$' soÉe arEa properties of tbe W-section' at a distance

.r along the beam lengfh, a¡e as follows:

w(x) = s, G1(er)

A(x)=2srt,

4x) = s, Gr(a,)

¿rx)=Lorl+G3.r-)'2r.11

( - sina' \
Á(x) = 

[r, 
. r, (Ts * ito) cosc, cosT(x) * 3 4z Ë )t.

Y(x) = **-(+ [Gr(c,) * (?s - 2 qo) simo., r)

(b)

(2b)

(2c)

(2d)

(b)

ar)

where r,r, is the cormgation depth, á is the cræs sectiona I area, cis the location of the centroidal principal aslmmetry-axis

which is parallel to the tra¡sverse z-æris, .I is the second area moment about the centroidal principal asymmetry-axis' lz

is balf the comrgatiou widtlq and t is the angle of the straight seqnent or item 5 of the 'W-section (see Figure 1)' In

eqnations (2), GJ@,), i-I,2,..,5,a¡e fimctions of the cormgation angle, which are given in Appendix I' and q' 
' 
i-l'2"''5'

are ratiæ of the length or arc length of the ith straight or ci¡cula¡ segment to s' '

The cantilevered beam is tapered along iS length such that the ratiæ 4, ale constant' and the thiclness of the

comrgation is cogstant (f,=f). Meanwhile, the arc lelngth and the angle of the comrgation a¡e considered to vary linearly

along the length of the beam, or

l.s - s'\
s, = SI + )-L ---.! ¡

t¿b

d,=dt.ry-

In equations (3) and (4), s, and c, are the arc length and the angle of the comrgation at the fxed end, respectively, while

s, and d, a¡e those Fnrâmeters at the free eod oi the beam. The variation of s' reflects the form of the flat sæel sheet

rsed for manufactu¡ing ùe w-section of the bea:n. Accordingly, the linea¡ va¡iation of the a¡c length of the com'rgation

given by equation (4) indicates that this flat sæel sheet h¡" alinitial uapezoidal form (sr+s,) 6¡ ¡sçran$ulâr form (st=st)'

(3)

(4)



FIGURE 3 Schematic of half \ü-section of the beam model showing the CPA, EAA, and PNA as well as the normal
compressive force and bending moment due to end load.

THEORETICAL TREATMHYT

Consider now the c¿se of bending in the plane of s¡mnetry of the rü-section of the beam, i.e., bending a¡ormd the
centroidal principal asymmetry-axis (CPA) as shown in Fig. 2. A favorable mathematical model for the bebavior of the
steel berm beyond its yield stress oy is the perfectly-plastic model. Accordingly, the static plastic collapse of the beam
c^" be reasonably determi¡ed using the plastic hinge tecbnique. In this technique, plastic hinges occur at sections tbat
have become fully plastic due to bending momene of applied loads. Each plastic hinge has a consranr momenr of
resist^nce, which is the full plastic moment M* of the conesponding section- V/hen sufficient plastic hinges bave formed
to develop a kinematically admissible collapse mechanism for the snrrctural member, græs plastic failrue is considered
to occr¡r. One plastic hinge is, therefore, required for the static plastic collapse of the cantilevered beam shown in Fig.l.

The ñ¡ll plastic moment of the W-section is reduced by both the normal comprs*sive force N(x) a¡d the shea¡ force
of the end load of the cantilevered beam. The effect of the shea¡ force may, however, be neglecæd in case of sballow
angles of the end load, since the shea¡ force is relatively small compared to the ma:rimum shea¡ load carrying capacity
of the W-section (Horne and Morris, 1982). In this case, considering only the effect of N(.r), the reduced plastic moment
Mu of the W-sectioq at a distance .r along the beam lengtll determined about the CPA is given by

MnpQ)= Mp(x) - k, [{4,, À(x)) + kz À(*) (4@) - 4@) ¡l ÀIr(x) s, (5a)

where

MrpG) = Z¡7(x) o,

llx) = ¡¡(x)
Nr(x)

(5b)

(sc)

In equation (5a), the term operated on by k, represents the effect of the normal compressive force N(.r), where k, and
a¡e indicators that have values of 0 or 1. Z* is the plastic modulus of the V/-section corsidering no normal



comfEessive fotce' this plasttc moduh¡s is deærmined by øking the fi¡st moment of a¡ea about the eq'al a¡ea axis (EAA,
the axis whic'h divides the W-secúon into two eqrul areas) ,rgrr-diog the moment on eithe¡ side of the EAA ro be pæitive.
That is

zrÁÐ=2ts| Gs(o,)

Â('r) defrned by equatioa (5c) is refened to as the squash load ratio, where ivr(.r) is the maximum normal load carryingcapaciry of the w-section fo¡ the case of no hnding -o.*t (tle sE¡ash loaá¡, or

Nr(x) = A(x) oy = Z t sx øï (l)

rhe frrnaionfic', À(.r)) in eqrution (5a) depends on the location of the plastic neurral ðds (pNA, the neutal axis fora fi¡lly plastic w-section). In the absence of /v(.r), the PNA and the EAA are coincident In rhe presence of jv(.x), thePNA moves in the negative ¡direction (see Fig. 2). rfthe sqrush load ¡atio is 1(.r)s(1-ar1), then rhe pNA will lieactæs the straight sesments denoted by 3 and 4 (Region I in Fig. 2), otherwise it will lie acræs the op circular segmentsdenoæd by 2 @egion II). For the former c¿se,

l(a,, ),(x)) = f, tft*l)2 sina,

while for the latter case,

Í(ar, )"(x)) =

(o

*,t - 4r7,)z sina, +(*[e(r - r(x))] - **)
- (1-4 rt2-),(x))(o,å,;- à*,, ft)

(8)

(e)

lae term operated on by þ in equation (5a) is a ¡esult of the difference between the location of the EAA and theloc¿tion of the cPA bTl of the mouæymmetery of the w-section. rf the effect of this difference between the CpAand tfe EAA is.neglecæd, rhen b-0; if the effect of iV(.r) is neglected, then k,=0 (lS=0 a, well); otherwise k,_þ= t. Fora rypical highway guardrail w-section' the difference ben"eeo t¡e cpA and tne ¡ae is negligible. Therefore, k -0 is¿55umgd hereafter.

The end load F of the c¿ntilevered be¡m is considered to lie in the plaae of rhe centroidal a¡res of the v/-section.Shallow angles of the end load p are considerd where p-g to 15 degrees. Elastic deformations of the beam due .o Fa¡e considered small t¡¿ çhenges of r, and p drning loading are, therefore, neglected- In this çase, for small initialclrvatures' the normal compressive force and the bending -or"ot, at a distance x along the beam length due to F areres¡rcctively given by

Àr(x) = [*u - W,.u ]. (ro)

M(x) =l(Lb- x)sinB * (tr-y(x))cosBlF (11)

where y('r) and y, are the elastic tra¡sverse displacement cr¡rve and end displacement of the loaded beam, respectively.



Neglect now the effect of the spread of the plastic zone on the b€an deformations that follow the fust leld of üe \M-

section rmtil the section becomes fr¡lly plastic. Tte,n, based on the plastic hinge technique, a plastic hinge occurs at the

'W-section where the bending moment due o F given by equation (11) approaches the plastic moment given by equation

(5a). The end load at which the plastic hinge occgrs is conside¡ed the g¡æs plastic faih¡re load Fcp (the satic plastic

collâpss load) of the initialty ffiv;{ cantilevered beam. For a tmiform ca¡tilevered beam, the plastic hinge occïrs at

the section located at tbe fixed "nd. Foß a tapered cantilevered beam, tbe plastic hinge can occul at any section along

the beam lengtl¡ especially in case of shallow aagles p of the end load. rn this latter case, considering the effect of .lV(.r)'

the reduced plastic mioEent cr¡rve of the beam forms an envelope which is tqngêDt to the bending molneDt ct¡Eve

cones¡nnding to the græs plastic faih¡re load at the location of the plastic hinge .rr, or

dM(x\ = 
dMo{x)

dx dx

M(x) = MnpG) at x= xo t

at x=xot

xP=

t

and F = Fep

a¡d F = Fo,

Y(Lo)

(12\

(13)

Eq¡ations (12) and (13) can be us€d to determine the græs plastic faih¡re load of an end-loaded, initially crnved'

tapered, cantilevered steel beam, as well as the corres¡nnding location of the plastic hinge. If .r, obøined f9n solving

these nvo equations, lies outside the feasible range, x" -0 to Ir, then the feasible solution is that the plastic hinge occurs

at the fixed en4 .rr-0. In rhis case, only equation 1iZ¡ governs the determination of the græs plastic failure load F6¡.

Application of equations (12) nd (13) is now illustrated for the c¿se in which the PNA lies in Region I (see Fig. 3)'

*nere Oe ñrnctionficr,, t(x)) in eqgation (5a) is given by equation (8). For a tJ¡pical \M-section for highway guardrail

systems, the term (1aq)=9.6 and, co¡sidering or-?15 ì/ßI/n'z, the ma,ximun normal load carrying capacity 4(¡) is

about 0.46 MN, which is equivalent to a vehicle óf -o*s ?2OO kg having a oorlstant deceleratiou of ZLg, where g is the

accelerarion due to graviry. Accordingly, the case of À(.r)< 0.6 (N(¡)<60% of Nr(.r)) accommodates a practical range

for the beam end loads. For this case, the results of applying equations (12) and (13) were expressed in non-dimensional

form ¡sing ùe following notatiou a bs¡ denoæs a non-dimensional parameter, and a subscript p denotes a Parâmeter

evalr¡ated at the location of the plastic hinge. thus, the result of applying equation (12) is

-s] crta") * rA O;sinao - ForI ¡tt-xo) sinÉ * (rz- r)cospl = 0

while the result of applying equation (13) is

s| tn - ") 
dc#?ln,=n,* z spi- - r) Gr(ao)

-a,) cæc, . 2+ l;=;. rioÉ "-%'ì'dx")

. r*I("nø . 
fut;=r, *rÉ 

) 
= o

(14)

k.-. -(-- i 4,u,[tro t't (ts)

where

;- x
Lb'

(10L
Lb

- - v(x)
'Lb

y(x,)
lP ILb

7

LbVz= (17)



7 - FGI'

'*- Tor'
dP= Ql

7-Lt
I--

å
(r8)

(le)

(æ)

QL)

Fr=
,s

g,=J
'q

å=1*
q

*"

,(q-or\lo

(E - 1) Ip'

= a*¡É - fiU=:, sinÉ

Equations (1a) and (15) are nmlinear and a numerical scheme such as Newton-Rapbson rnay be used to solve tbese
equations for both the græs plastic failure load Fo" and'the conesponding loc¿tion of the plastic hinge ¡p. These two
equations were solved herein using rhe Newton-Rapbson scheme implemented im Mathcmatica çWolftam, t9gf¡.

If the effect of the normal compressive force in equations (1a) and (15) is neglected (kr =0), then an upper bormd on
the gross plastic faih¡re load Få, ^ be deærmined ts this case, equation (14) gives

,' = si cr@r)
toe_

Substituting equarion (22) Ãb equation (15) yields

n"'? r+ - ,.r, oo!oi,'' 
ln,=n, * z sp(, - r) Gr(ao)

Equation (23) can be solved for lo, ¿¡d this value is then substituæd back into equation (zz) tD determine F$ .

As mentioned ea¡lier, if solving e4uations (1a) and (15) or equation (23) lelús n ouside the fe¿sible range, .r-, -0
to l, then the feasible solution i" t, =0. In this case, the expecæd gross plastic tailu¡e ioad or its upper bound is goveåed
by equation (14) or equation (22), respectively.

PRACTICAL CONSIDERATIONS

The equations governing the proposed theoretical treameur, equations (la) and (15), involve the expecæd elastic curve
of the tra¡sverse displacement of the loaded beam (t, fr,lr). A closed form expression for this elastic curve is
impractical to implement becarxe 6f 1þs çhqnge of the beam geometry during loading. Accordingly, some practical
idealizations are considered-

Tte simplest idealization is to ig¡ore the elasticity of the c¿¡tilevered be¿m by assuming tbat the beam behaves in a
rigid perfectly-plastic mânner. l¡ rhis 6:¿5s, the transverse displacement c¡¡.ve of the beam before yielding, expressed in

@)

(23)

[(1 - ;p) snP + 11, - t) cosß]



non-¡lim ensional føm, is

= Aol2 , A¿=

Accordingly, fr= Lul| a¡d Íz= Ao. For this rigid perfectly-plastic case, F", b always higher than ¡[s rn¡e static
plastic collapse load of ùe beam.

Another idealization is to include an approximate elasticity by considering the lineü elastic cr¡n¿e for the transverse
displacement of a simila¡ cantilevered beam having an approximate variation for the second area moment of the W-section
/,(.r) along the bean leogtL A commonly rsed form for the variation of the second area moment of a tapered bean
member is a ¡nwer law of .r (timæhenko and Gere, 1961; Ermopoulæ, 1986; Y/füon and Strong, 1997; Al-Gahani,
1996). A quadratic power law was used by Wilson and Suong (L997) to approximate the r¡a¡iation of the second a¡ea
moment for tbeir idealized thin-walled conugated section this power law for the beam in Fig. 2 is expressed as

(?r4)
db

Lb
= - /o(x)
'Lb

t - -12I,(x)=ttlt-(1-y'rrZrl

(?-7)

(2s)

where r is the aper ratio defined by

(26)

and I' and /, are the exact values of the second area moments of the W-section of the beam at the fixed end and the free
end, respectively.

A closed form e4tressiou for an approximate linear elastic curve for the Eansverse dþlacement of the loaded
c¿¡tilevered beam y,"(.r) was derived based on the classical beam theory, or

T
K=i

4

E f,(x)

where E is Young's modulus of the beam. This approximate linea¡ elastic curve, expressed in non-dimensional form
C.ü, = lt,(x)lL),ß

_-t'
ln=Aøtz*Felgr(x,F,¡r)- -al,iY. l;.Fo[ &(x,þ,L) - ø(r..ß.a.);lntr-(1 -,Æ)x](28)rt¿ s s["^' " ' o' Ze-rÇ¡z )^ l - fi 
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where
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&(r, þ, At) =
(1 - x) sinp * \ (2 - r * 2,/'x) cæþ

(1 - .'Æ)3

g2(K, P, A'o) =
(1 - fi) sinÉ * 2 A,, wp

(1 -,Æ)3

In equation (2s), F is a non-dime¡sional parameter for the end load, and õ is a non-dimensio¡al paramerer ¡eflecti'g
the stiffuess of the beam, where Q, is the critical Euler buckling load for a uniform canúlevered beam where I(x)-Iv
In this linea¡ elastic perfectly-plastic case, y = f¡o, f r = l¡o ît x- = lr, and fz = f,o ît .i = l. For this case, r* is s6t
higher th¡n the true satic plastic collapse load of tÉ b"";, since tire effecæ of the cbange of beam geomeü and the
spread of the plastic zone during loading are not considered. However, Fc¿ of this linea¡ elastic perfttly-plastic case
is lower rh'n tbat of the rigid perfecrly-plastic case.

}IT]MERICAL RESI]LTS AND DISCUSSION

Consider an endJoadd initially cruve4 tapereq comrgaæd, canrilevered sreel be¡m having the following reference
parameters: Lt-l.Dm,do-0.1n,8=200GN/m2, or-!15MN/m2,t-0.003m,s,-0.2m,c,-0.96,12-0.1g5m,cr-0.35,
1r -0'059, Tì2 -0.094, q3 -0.313, r¡. -0.25ì, ana q5 -0.æ2. Forthis beam, the difference berween the CPA and the EAA
along the beam length i5 lgss th¡n LVo. T1ne difference between I(.r), equation (2d), and I.(r), equation (25), is shown in
Fig' 4, where the Da)dmtrm enor is lsss rh¡n 4% when compared to I(.r). lte exact linear deflection curve of the beam,
õy,(x)=y¡(x)-!o(x),whercyr(;r)wasdeærminednr¡mericallyusing Mattumatiu.isshowninFig.5,forrhecåsesp-0
and 15 degrees, ogether with the approximaæ linear deflection curve ô y, (.r ) , where y, (x ) was deærmined by equation
(28). The shown defleaion curves are normalized with respect to ôyr-fyrl Lo) for f JtS a"gr".". The maximr¡m enor
between the exact and approximaæ end deflection of the beam, for totl cases of p, is less tn^" gn when compared to
the exact end deflection-

Using the governing equations of the proposed theoretical Eeahenq equations (la) and (15), the effect of the angle
of the end load 0 on the ex¡recæd gross pl"*ti: failu¡e load F" and rhe *rr.*poodiog location of the plastic hinge .r,
is shown in Figs. 6(a) and (b), respectively. The results shown a¡e thæe of the rigid perfectty-plastic case çR-caseJ, the
approximate linea¡ elastic perfectly-plastic case (LE-case), and EPFRAME: a program for elastic perfealy-plastic analysis
of plane fumes (Iæe and Goel, 198Q. fs¡ this latter program, the tapered beem was discretized into 100 uniform beam
elements, where the full plastic moment of each element, in the case of no normal compressive force Q<, -0), was
calculated at the mid length of the element. The output of the EPFRAME includes tle e4ecied rigid plastic faihue load
and the corresponding location of the plastic hinge. As shown in Figs. 6(a) and (b), Fc¿ and i, of rhe proposed
theoretical heåment, for the R-case G,-O), are in very good agreemeut with those of EprnÀirlr. The small differences,
especially f2t xo, a¡e due to the discretization of the beam model. The results shown in Fig. 6(a) are normalized with
respect to 4 = Fo, of rhe R-case considering kr =0 a¡d p=0.

Figure 6{a) shows tbat Fo" decreases monotonically as p increases. Tte influence of the normal compressive force
on Fo" for the R-case is småIl and decreases as p increases. F", for the LE-c¿se is less rh¡n Fo, for the R-case, as
expected- The difference between Fo" of the LE-case and the conespouding Fo" of the R-case decreases as p
incteases. This difference is less thal,3}% for p-g when compared to rhe fg-c¿se,-while it is less then lJyo for p=7
degrees and less ¡hnn lQo/s for p-15 degees.

The cn¡sh load ratio at the plastic hinge was t(*r) s(1- 4 11)-62.4%. The applicarion of equations (ta) and (15) is
valid. Therefore, the effect of the shea¡ force on Fo, ß o"giigibl".

(30)

(31)
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FIGURE 5 Exact and approximate linear elastic deflection curres of beâm for p=g and 15 degrees.

Figure 6@) shows that the relation berween p and xo i5 almss¡ linear for the R-case a.s well as for the LE-case. Asp increases, xp moves owa¡ds the fìxed end- x, for the R-case approaches the fxed end at a smaller p compared tothe LE-case.

The effect of the initial Eznqverse end displacement of the beam do on Fo, and xo for the LE-case (kr =1) isrespectively showa in Figs. 7(a) and @), for the c¿ses g=0, 1,5, 10, and tsägrees. 'fig*" 7(a) sbows tbat Fo"decreases as d, increases, as expected. For very small 0-angles, the decrease h Fo, is reütively larger thon tbat formoderate and large p-angles in the sballow range. For g=0, the decrease h F" fü au=ZOn of I, is about g0% whencompared to dr=Z% of rr, while rhis dsc¡eåse is about 37% Íor p=15 degeõ. ro. urg" p-angles, the connibution
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FIGTIRE 6 Effcct of angle of end load on: (a) plastic failure load, (b) plastic hinge location.

of the nansverse force component of the end load to M(.r) is larger th¡n that of the longitudinal force componenr and the
effect of d, is, therefore, reduced.

Figure 7(b) shows rhet, except for p = 0, .ro moves away from the fixed end as d, incre¿ses. xo is, however, slightly
affecæd by d, fot small p-angles. For modeiate and large p-angles, the plastic hinge occurs away from the fìxed end

þt0l if du exceeds a critical value. This critical value is, for example, 2% of L, for 0 = 5 degrees md, 14% of Iu for
P = 15 degrees' As d, incteases beyoud the criúcat value, the effect of do on x, ß initialty significant and then
decreases.
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FIGURE 7 Effect of initial end displacement of beam on: (a) plastic failure load, (b) plastic hinge location.

The effect of the angle of the comrgation at the free end c, on F"" and .xo for the LE-case (k, =l) is ræpectively
shown in Figs. 8(a) a¡d (b), for the c¿ses 9=0, 1, 5, 10, and 15 degrees. Figuie 8(a) shows rhat Fcp decreases as ø,
decreases, as eryected, since the full plastic moment of the W-section of the beam decteases. For vóry small p-angles,
the decreåse in F6p is larger th'n that for moderate and large p-aagles in rhe sballow range. For Þ =0, the decrease in F""
for ar=0.14 is about 27% wben compared to ør=0.70, ¡¡¡þ[]s thic decre¿se is about 6% for p=15 degrees.

For cr =0. 14 the taper ratio x is 0.023 a¡d the difference between the exact and approximate second a¡ea moment is
less than 7%, while these values for a, =0.70 are 0.482 and 0.57o, respectively. For very sm¡l[ taps¡ ratios, rsually less
than 0.1, the assumption of smell elastic deformations may not be adequate as the beam undergoes relatively large elastic
deformations as compared O a beam with a larger taper ratio.
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Figure 8@) shows ,hql xpmoves away from the fixed end as ø, decreases. The plastic hinge occurs away ftom the
fixed end (¡otO) if ø, is less than a critical value. This critical value is, for example, 0.63 for p = 5 degrees and 0.28
for p = 15 degrees. As a, decteases below the critical value, the effect of d,z ot x p is initially sm¡ll and then incre¿ses
significantly, especially for large p -angles.

EFFBCT O[' CEÀNGE OF BEAM GEOMETRY

Consider now how 1¡s çhqnge of be¿m geometry drning elastic loading affects Fo" . The gross plastic failure load
(the søtic plastic collapse load) of this case was determined herein following Horne (1979), who considered the static
plastic collapse load of an eccentrically loaded column having a rectangular cross section- Horne determined the static

0.1
a\ì

ì 
o''

0.2

0.1

t4



plastic collapse load of the coh¡mn, considering the effect of the cbange of geometry drning loading, as the point of
intersection of the elastic buckling cune a¡d the rigid perfectt¡plastic mecbanism cr¡rve of the column.

The elastic buclding cun'e was detamined he¡ein following Wilson and Strong (1997), wbe¡e the reference parameters
in Section 5 and /"(.r) in eqrution (25) were employed. Wilson and Stong presented the differential equation governing
the el¿stic deflection of an initially cr¡n'e4 apered, cantileve¡ed bean, and then tra¡sformed tbat equation to a differential
equation with co¡sant coefficiens. Herein, this transformed differential equation was numerically solved ¡sing
Mathcmatica to obain the elastic truckling curve of the beam (F¡ versus yrr).

The rigid perfectty-plastic mechanism cun'e was deærmined coosidering the mechanism shown in Fig. 9. For small
plastic hinge rctations, Mrr(x) at the plastic hinge and p were considered coDstant during the ¡sçhaniqm. f¡1 this ç¿ss,
negleaing the effect of iV(.r), the dgid perfectly-plastic mecbanism cr¡rve (4, versus yr,) is

(32)
(Yr-- Yo(*p))cosP . 

"nP

where Mr (.r) is given by equation (5b) and ¿ (¡) is given by equation (1).

Tte elastic buckling cr¡n¡e and the rigid perfectly-plas¡is ¡echenism curve are shown in Fig. 10, for the cases p - g
and 15 degrees. The point of intersection of these two curves is F6¡, where the effect of the change of beam geometry
during elastic loading is considered @BM-case). This FGp of the EBM-case is still higher tba4 but close ro, the true
static plastic collapse load of the beam as the spread of the plastic zone is ipored. As shown in Fig. 10, the elastic
buckling curves rise aslmptoticatly to the expected elastic buckling loads. These elastic buckling loads, for both cases
of p, are higher t''on Fep of the EBM-case. Tberefore, the beam fails due to the development of plastic deformatioos.

Plostic
Hinge

4"" t_
"\*,eid prosric

Mechonism

.Fa

u

FIGURE 9 Rigid perfectly-plastic mechanism of initially curved, c¡ntilevered beam.

Fo, of the EBM-case for different p-angles a¡e shown in Fig. 11, ogether with thæe of the LE-c¿se. The loads at
fìrst leld of the V/-sections located at the plastic hinges E, are also shown for the rigid case ffR-case) and for the
approxim¡¡s linear elastic case (YLE-case). These yield loads a¡e determined based on the classical beam theory, where
the effect of the compressive uormal force is included

As showu in Fig. 11, the effect of ¡[s çh^nge of beam geometry during loading on Fo" is relatively high for small p-
angles. For moderate aad large p-aagles, F* of the EBM-case is very clæe to that of the LE-case. Tte difference
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FIGURE 11 Plastic failure loads, considering change of beam geometry during elastic loading, for different
angles of end load of beam.

h F", between these two c¿ses is less th^n 8% for p =0 when compared to the LE-case, while rhis differeuce is less than
3% for p =5 degrees and less than o-5% for p - 15 degree". The yield load { of ttre yR-case is a better lower boundfor F"" of the EBM-case than tbat of the YLE-c¿se, especially for small p--gl.. The difference berween Fo" of the

fe-cïe a¡j ! of the YR-case is less than Lr% for p=0 when compared to the LE-case, while that difference is less
than20% for p=15 degrees.

The gross plastic failure loads of the EBM-c:rse are also compared wirh the gross plastic failu¡e loads of a finite
element beam model (FEBM-case). The finite element code r¡sed herein is NIKE3D (Maker er al., l99l), where nonlinear
material and geometric behaviors a¡e considered- The finite element model comprised 100 uniform be¡m elements. For
each beam element' a rect'ngular cross section baring the same atæ,A(x) and second area moment (x) of the V/-sectiou,
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calculated at the nid-length of the element, was qecified. The maærial model for each beam element was the elastic
perfectly-plastic model implemented in NIKHID.

For the finite elenent beam model, the græs plastic failure load was determined by first applyng an incremental end
displacenent ô¿ in the desircd direction of the end toad (quasi-satic displacement conrol). Then, fhe end load-
displacement hi.tory conesponding to ô¿ was deærmined- A typical end load-dþlacement history obtained ftom the
finite element bean model is shown in Fig. 12 for the case of F-0. As s€e,n, as ô¿ increased, the conesponding end load
F (FEBM-case) increased (elastic loading ctrve), peål€{ then sarted to decre¿se (plastic rmloading curve). The point
of inte¡section of the elastic loading cune arld tbe plastic rmloading cunre (the peak) is the satic plastic collapse load
of the frnite element bean model, Fn of FEBM-case, coosidering the change of be¿m geometry during loading. The
ra¡sition ftom the elastic loading q¡rve to the plastic unloading curve occrtred suddenly (not smoothly) since the finite
element beam model is still a slceleal presentation of the beam a¡d the spread of the plastic zone is, therefore, neglected-
Accordingly, Fo, of, the FEBM-c¿se is still higher tban the tn¡e static plastic collapse load of the beam.

Table 1 gives Fo" of the EBM-case normalized with respect þ Fep of the FEBM-case, for several angles of the end
load in the shallow range. As seen, F", of the EBM-case and F"" of the FEBM-case a¡e in good agreement (within
IÙVo).

Þno of the EBM-Case Normalized with to F^" of the FEBM-Case
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FIGURE 12 End load-disptacement history curres of finite element beam model (FEBM-c¿se) for p=g.
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RETROFIT DESIGNS

Retrofit desips A and B are primarily for highway grurdrail BCf slntems that a¡e insalled parallel to rhe direction of
traffic flow, or limiæd right-of-way staight grurdrail BCT sysæms. A and B were designed considering a head-on
vehicle impacq where the angle of the end load p vanishes, p-0. See fig.2.

Retrofit desip C was developed for highway gua¡&ail BCT rystems that a¡e instatled with a recomnended parabolic
curve over the last 37.5 îeet with an offset at the end of 4 feet away ftom the directim of taffic flow @gman and Agent,
1988). Design C was developed considering a vehicle impact in a direction parallel o the direction of traffic flow, or
p-12 degrees. Ttis design is effective, however, for all vehicle load aagles 0 between 0 and 12 degress

For A, B, and C tbe initial flat steel sheet used for manufacnrring the comrgated section is rectang"lqr. Tte following
design reference pa¡ameters of a t¡pical highway guardrail comrgated section a¡e considereú s,-9.56 inches (2.28 cm),
w¡3.25 inches (8.26 cm), hr-6.t25 inches (f5.56 cm), c,-0.96 (55 degrees), r¡,-0.059, r¡r-0.094, r¡r-0.313, t1r-0.?54,
and qr-0.09L thl following ¡efe¡ence material characæristics a¡e r¡seú E-29x1Ú psi (200 GN/m2), p-15.22 slugff
(7853 kgDf), and or-60,000 psi (414 MN/m2). For the taper profile of the comrgation ângle, the following design
reference parameters a¡e considere d: q-3, r-2, and, n-2. Other desip reference patameters for A, B, and C are given
in Table 2.

In Table 2, the gross plastic fail¡¡e loads of the retrofit desigps Fo" were determined s¡ch tbat the expecæd average
vehicle deceleration is below 15g (S is the acceleration due to g¿vity), which is the maximrm recommended occupanr
¡idedown acceleration for the safety of vèhicle occupants (Michie, 1981; Ross et al., 1993). The th¡eshold value for the
occq)ant ridedown acceleration is 205. For minicompact and subcompact vehicles rhat a¡e in the weight range of 1800
to 2500 lb (816 to 1133 kÐ, the average vehicle deceleratioq or the average ocÆupant ridedown acceleration, is expected
to be in the range of 5 to 8g. It should be noted that A, B, and C were developed considering quasi-static condiúons for
the application of the end load"

Retrofit desip B is initially cr¡rved away from the direction of traffic flow more rh¡n {, has less græs plastic faifuue
load' and has, therefore, less buckling suengtb- For both A and B, the taper profile of the comrgation aagle was selecæd
to be close to a linea¡ profile (m-L). Also, the design load was increased by l0% when compared to the specified Fos.
plastic failrue load of the ¡etrofit deisq ô¡=1.1, to compensate for the effea of the cbange of geometry during elastic
loading. This effect has been neglected for C since the end toad is applied in an oblique m'nner.

For retrofit deign C, the initial Eznsverse tip displacement d, was determined based on the recommended paraboüc
curve of the existing guardrail, considering the length of the reuofit design Lr. 'I'1ne oblique endload condition (þ=lz
degrees) and the initial cuvature of the parabolic fla¡e reduces the buckling srength of the grrardrail BCT sysrem.
Therefore, a shorter and thicker retrofit desip is r¡sed so that the performance of C is not largely compromisd especially
during impacts involving large passenger vehicles.

TYPICAL RESULTS AND DISCUSSION

Typical resuls for retrofit desips A, B, and C are given in Table 3. These results a¡e as follows: the fr¡ll plastic moment
of the comrgaæd W-section at the expecæd location for græs plastic fuh;u;e Mrr; the reduced plastic moment of the
corrugated Vy'-section at the expected location for gross plastic failure M6 the taper ratio r-lJlr; the ratio wrlw,; the ratio
hJhr; the average sbape factor v considering bending in the symnetry plane as shown nHig. Z.Z, where y is defined as
the ratio of the pla.stic moduhs to the elastic section moduhs (Horne and Morris, 1982); the upper bound on the lowest
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TABLE 2 Design Reference Parameters For Retrofit Designs A, B, and C

A B c

Lb

db

t

ELGP

p

,/Lo

ôt

aldt

m

50 inches
(1.?:r nl

5 inches

(l?^70 æ,)

0.1084 inches

(275 nm)

14,500 lb
(64,525 N)

0

0.35

1.1 
,

0.4

1

50 i"ches

(1.?:7 m)

10 inches
(25.a0 cn)

0.1084 inches

(2.75 mm)

8000 lb
(35,600 Ð

0

0.40

1.1

0.3

1

45 inches
(1.1a m)

0.45 inches
(1.1a cm)

0.1382 inches
(3.51mm)

12500Ib
(55,625 Ð

12 degrees

0.30

1.0

0.4

3

expectedelasticbending ftequency oi and f! = ai¡12r); theratio lo¡^loI (roû" istheexpectedftequencyof impact
benveen errant vehicles and the reEofit designs), where the values shown a¡e for ,ä 

"u"."g" 
i-p""t du¡ation of 100 ms;

and the tatio a,nl(2 r o:i¡, which is a me¿surement of the expected enor between the quasi-satic and dynamic responses
of the renofit åesigns @ally et al., 1984). The upper bound on the lowest expecred elastic bending frequencies were
calcul¿æd rsing RayleigHs energy method ('trilson, 19g4).

As seen in'Table 3, the effect of the normal force is not sig¡ificant as the difference between M* and,Mnp is smâll
(less than 3%). For retrofit desip B, x and wJwrare less than thæe of A and C as aJa, for B is lsss then that of A
aad C (see Table 2). For A, B, and C, the comrgation width at the end section is flarcd a¡ormd 50% wbæcompared
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TABLE 3 Typical Resulb For Retofit Designs A, B, and C

A B c

MFp 0b inch)

M^" (b inch)

K

wzlwt

wh,

coi (rad/sec)

f! a¡z)

o',loi

a,^lQr of,)

96,38t

94,747

0206

0.45

t.47

383.67

6r.1

0.164

0.u26

90,844

90,373

0.118

0.34

1.51

380.1

60.5

0.165

0.v26

L02,t17

101500

0.206

0.45

1.47

416.6

66.3

0.151

0.v24

with th¿t at the interface section The prof,ile is almæt constant along the length of reuofit deig!" Á, B, -d c. This
can be a result of having the three retrofit desip" tapered such thet the ratiæ l¡i-1,2,3,4,5, are constant along the length
of the rerofit design

The compuæd frequencies ati for ¡etrofit designs A and B are nearly the same even though B h¿s ¡pice the initial
tril$verse end'dþlacement when compared o A. This is becar¡se the effect of the difference berween rhe initial
transverse end dþlacements of A and B is not sigpificant. Ihe assr¡mption of small initial curvadures is considered
adeqr:aæ for desig¡ purpses since the initial tra¡sverse end displacements a¡e within Z0% of the length of the retrofit
designs.

For retrofit desip" A, B, and C, the results in Table 3 show that the ratio ro,,/<,rl<<l (qrusi-static regime for load
application), and the epecæd e¡ror between the qrusi-static and dynamic responses of the ieuofit desigus is less than
5%. Accordingly, the essumption that the end load is applied in a qnqci-static manner is adequate for design purpæes.

The græs plastic faih¡¡e loads and failure locations for retrofit designs A and C were checked ¡sing finite element
beam models as discl¡ssed eatlier, using the aforementioned design reference parameærs. For these be¿m models, the
gross plastic faift¡¡e loads were within 5% of those considered in the design The græs plastic failure locations for A and
C were 35% and 33% of the retrof,rt length, respectively, away ftom the inærface section These values agree very well
with those considered in the desip: 35% and30% for A and C, respectively, away from the interface section (see Table
2)' Three configurations for the beam models of A and C a¡e shown in Figs. l2(a) and (b), respectively (the Eânsverse
displacements of the retofit designs have be¿n mapified compared to the length). These configurations are for rhe
unloaded beam model (C1), the loaded bean model at the occunence of the plastic hinge (C2), and the loaded beam
model well afær the occr¡nence of the plastic hinge (C3).
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As angle p of rhe end load is increased beyond tbat co¡sidered in the design, then the græs plastic faih¡re load of the

retofit desigp will decrease and the græs plastic faih¡¡e location will move owa¡ds the interfaced end For ¡etrofit desigB

A, the plastic faift¡e load analysis as well as the nr¡meric.al results ftom the progmm EPFR.AME showed tbat the græs

plastic faift¡re location is e.xpected to ocq¡r at the interface section fot p larger thq¡ 2-3 degrees. For retrofit desip B,

the gross plastic faifire locatioa is e,:çecæd to ocq¡r at the interface section for p larger tha¡r 5.6 deg¡ees. Fot p less

tha¡-2-3 degrees or 5-6 degrees for A or B, the grs plastic failr¡re locations are e.4ected o deveþ at sections away

ftom the inærface section by 3Ua0% of the retrofit lengtb- This sudden cbange in the location of the græs plastic faih¡e

location as p increases is a resqlt of the uper profiles of A and B, which a¡e clæe to a linear profïle. Also, the moment

due to the end load at the interfacê section was within 10% of the plastic moment capacity of the comrgaæd section for

both A and B.

EI'IGII{EERING DRAWINGS: FULLSCALE AI'ID EALF-SCALE DESIGNS

Engineering drawings for retrofït desigp B are given in Fig. 13. These drawings were generated using AutoCAD release

12, which is ar¡ailable on the public computer clusters of Duke Univenity. tls dimsnsions shown a¡e meant to be

accurare 16 ¡yithin 1/32 inches and the angles to within one degree. The direction of the raffic flow is indicateú toward

the ftai¡ed end. To tbe left of section A-4, a rmiform segnent wa.s added o provide for a rmiform overlap between the

rerofit designs and the existing com¡gated se¡tion of highway guar&ail systems. The detai¡s shown for the uniform

overlap a¡e thæe for present-day grrardrail ærminals of the Deparment of Transportation of North Ca¡olina. Tbe hole

in the valley of the comrgated section and located clæe o the impacæd end is r¡sed to bolt the retrofit design o the

breakaway pær At the botton of Fig. 13 a¡e th¡ee cræs section views. Section C-C, which is located at the one-third

the lengthdistance foverall length ftom rhe fixed end section A-ll,, is the e,4ecæd location of the gross plastic faihue. This

full-scale deign would be made of This ærminal would be fabricaæd ftom a rectangular sheet of either 10 or 12 gage

sæel.

Shown in Figs. 14 and 15 a¡e the engineering drawings of two half-scale ærmi¡al specinens us€d in the eryerimental

test progran, types I and II. Both types were based on desip B of Fig. 13. Shown in Fig. 15 a¡e the cræs s€ctio¡s of
these test specimens: t1çe I with rhe one ror¡nded top and t¡pe tr with the flat top on the outside comrgations. Both bave

the same flair (side view) and both bave the same curvature þlan view).

Shown in Table 4 are the compuæd results for the gross faihne moments M* and for the upper bounds on the natual

ftequencies oi and f| for both a half-scale version of desip A (not rsed for eryeriments) and of the type I balf-scale

desip, which was r¡sed for the experimene. Note that these cbaracæristics not very different, comparing the two desigps.

TABLE 4 Computed Moments and Frequencies for Two Half-Scale Designs

Desip A Desip B. Type I

M^" (lb inch)

r,rä Gad/sec)

.!

I"
(Hz)

24,Læ

767

t22

22,7æ

7û

121
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Ð(PERIMENTS ON THE HALF-SCALE MODELS

Ihree types of e'4edmens were performeú tensile tess on the 0.072 in rhick 14 gagesteel sheet ( the nate¡íal of
the æst models), satic bucHing þse, and dpamic impact t€sts. The geometry of tbe tensile specimens was based oa
ASTÀ4 5tr¡d¡nlc for steel sbeer In all th¡ee types of oqreriments, the specimens were ooated with a paint called Stess
Coat that showed tbe o¡set of maæ¡ial yrelding by p,roducing mall, visible ctacls in the paint

The ¡esulæ of the two tet'.ile tests are shown in Table 5. The tb'ree mechanical propenies, Young's moduhrs, yield
stess, and ultimate stress, as well as the initial stess at which cmcking of tbe Sness Coat became visible (at about qi,W
psi) were quite consisant between the two specimens. Tte flow stress forplastic faih¡¡e was deflrned as the average r¡alue
of the yield stess a¡d tbe ultimaæ stess measrred in these tensile eryeriments, or 48,000 psi.

TABLE 5 Mechanical Properties of the 14 Gage steel For The Model Terminals

Test #1 Test #2

Yonug's Modulus (psi)

Yield Stress (psÐ 
,

Ultimaæ Sress (psi)

Initial Stress Coat CrackinC (psÐ

29.1 x lÚ

41.3 x ld

55.0 x ld

45.4 x lt

30.5 x ld

41.6 x ld

55.1 x ld

48.6 x ld

Photograpbs of the nvo t¡rcs of specimens used in both the static and inpact eryeriments are shown in Fig. 15. For
economical reåsolN' these specimens were oo¡ ¿is-stqmpe¿ Both t)"e I and type II specimens were fi¡st formed in a
mechqnical "breal(' as sraight sections. The comrgations were filled with pol¡uethane to avoid buckling, when they
\+'ere next flared in a mechqnical press. The ctrvatue was achieved by fìrst sawing tra.nsverse cuts every three inches,
about half way through the back face (the faæ, away ftom the road), and then bending the specimen to nearly close up
the cuts and thr¡s obtain the desired curvature. Tbe cus were rhen carefully filled with a low æmperanue steel-bronze
weld" and polished on the outer face. The welded cuts on the final models ¿ìre soen in the photographs of Fig. 15.

Photograpbs for a tlpical static eryeriment with the specimen mounted in the universal testing m¡çhins aad standing
alone, ate shown in the top phoograpbs of Fig. 16. This is a double qlecimen configuration symmetric about rhe middle.
The fìxed ends were overlapped at the middle and were securely bolæd ogether to simr¡late the ærminal-guardrail
connection The exEeme ends were on roller supports. The sadc loading was applied through the lower roller by the
upward motion of the cross head of the rmiversal testing mrchine. Thus, the loading of tbe lower roller of this symmetric
configr.uation simulated static vehicle loading.

Obsewations of the static bebâvior of specimens tlpes I and II a¡e snmma¡ized in Table 6. For bçe tr specimens, the
elastic buckling was comPuteÀ as 2120 lb, which wor¡ld be nearly the same for type I specimens. In the eryerimens,
however, elastic buckling did not occur. GrGs plastic failu¡e occr¡¡red at loads much lower ¡h,.n Zl2O lb, or ar 660 lb
for type I and 1000 lb for type II specimens. Tte main reason that the græs plastic load was only about one-thi¡d the
predicæd value for ty¡le I was that premature buckling occurred at the lower roller support. This was avoided in later
tess for t¡çe II specimens by adding polyurethane inserts at the roller supports, r¡nder the comrgations. Thus, type II
specimens failed at a higher load of 1000 lb, which was closer to the predicæd value of about 1600 lb. Tbere are rwo

24



FIGIJRE 15 The half-scale models, types I and II: plan views (top) and side views (bottom).
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IIIGURE 16 View of a double specÍmen: edge voew as mounted in the testing machine (upper left);
side view (upper right), and a view of a buckled specimen (bottom center).
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mqin ¡s¿ss¡5 for this laner difference: (1) the acu¡al spead of the plastic zone as faih¡re was ap¡roached, observed by
the progressive cracking of the Briute Coat during the e,:çeriments, was not accor¡nted for in the anat¡ris; and (2) large
chaages in geometry óring the a¡4roach to plastic failr¡re were not included in the anatpis. Nevenheless, the anal¡ris
did gave a reasonable r4ryer bormds for tbe græs failure loads. The last and mæt imlþrail observation was tbat plastic
failure did occr¡¡ at about the third point ftom tbe middle (the simulaæd fixed end), at 10.1 a¡d 7.1 inches whereas rhe
alalysis ptediaed that gross failu¡e would occr¡¡ at the 10.0 a¡d 10.1 inch points fc t¡ns I and tr specimens,
res¡rctively. A phoograph of plastic buckling for a type tr specimen is shown at the bottom of Fig. 16.

ÎABLE 6 Static Failr¡e Characteristics of E:c¡rerimental Models

Specimen t¡pe I
(rounded+op)

Specimen tlpe U
(flat-top)

Fleqdc Buckling I-oad

0b)

Analysis 2120

Græs Plastic Failu¡e
Inad (b)

Analysis
Experiment

2Lû
650

1596

1000

I-ocation from Fixed
Esd for Plastic Failure

(inches)

Analysis
Experiment

r0.0
10.1

10.3

7.L

The experimental system for the dynamic i-paa erçeriments is shown in the Figs. 17(a) and 17(b). The fi¡st of these
photographs shows Duke Universit/s test c¿r, a 1984 Honda Accord weighing 2450 lb fully loaded, and fitted with a steel
covered wood plank for the ftont bunper, desiped to span the specimeu's fla¡e in the venical plane. Tte car fteely rolled
down an incline and is speed jrst prior to impact was racþd with a videocamera that recorded every l/30 th of a second
the location of the pointer on the þrrmp€r along the distanc¿ scale on the road. The cals shock absorbers were blocked
so that they were not operational. An accelerometer attached to the ch^ssis at midwidth, coupled o its ouboa¡d signal
conditioner and recorder, was used to mea.sure the ridedown deceleration during impact with ærminal specimens.

Before performing the car impact tests on the two specimen configurations, the fundamental ftee vibration bending
frequency was me¿sured for each while cla-mped in the Y-configuration shown in Fig. 17. The specimen was given a
tap tr,nsversely with a hammer, ¿¡d ¿ magnetic-tpe vibration pickup a¡d recorder were r¡sed to meastue the transverse
vibrations. The me¿sured frequencies were 50 Hz and 3L-3 ltz for specimen types I and II, respectively. These were
loweilhan the upper bound ftequencies computed ftom theory (121 Hz for specimen ty?e I, for instance) because the
theory assumed full end fixity, where¿s rhe models had only partial end fixity,

The terminal specimens in the Y-configuration, bolted back o the flange of a T-beam, were banded o ùe steel pæt
serving as the backup. A breakaway pct was added nea¡ the ftont fla¡e of each ærminal of this Y configuration See
Fig. 17. During i.pact which was always somewhat eccentric (the two terminals were never impaaed simulta:reously),
onJy one of the two buckled plastically, the oue that was hit fusr The assembly then rotaæd somewhat around the backup
post, and ùe ærminal fi¡st hit deformed plastically as shown in the bottom photograph of Fig. 17.

The imponant resuls of the dynamic impact experimeuts a¡e summa¡ized in Table 7. Based on the peak measu¡ed
ridedown decelerations of 3.lg alid 2.69 for the respective specimen configruations I and II, and a ca¡ weight of 2450
lb, the corresponding peak failure loads were 7600 lb and 6370 lb. For ty?e II specimens, the average load during impact,
which took about 0.1 seconds, was about 1/6 of ùe peak value, or about 1000 lb, and this agrees with the me¿sured static
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FIGURE 17 Setup for the dynamic experiments showing the test car and the doubte specimen
configuration (top two photographs) and a typical gross plastic failure mode of a type II specimen
(bottom photograph).
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buckling load reported in Table 6. It is noæd tbat ty¡n I specimens are stonger th¡n qçe tr specimens, which would be

expecæd since the cr¡n'ed comrgations of I offe¡ more bending than the flat ones of II.

Mæt imporant a¡e the locations of the faih¡¡e zones for græ plastic failrre, which vary ftom 15 in to 17 in ftom
the fixed end for both specimen t¡'pes. A photograph of a t¡úcal d¡namic failure of a ty¡n tr çecimen is shown in Fig.
17(c). Whereas the satic tess sho\ped plasic faihne rt 40% of the length ftom the fixed end, in ap¡noximaæ agreeneût
with static ú"ory, the dpanic tess showed græs plastic failrre closer to the loaded end, or at about 64% of the specimen

length ftom the fixed end. these e.4eriments demonstraæ tbat a static analysis may be sr¡fñcient fot an impacæd

termiDal, although a d¡'namic theory of græs plastic faih¡e would also be desirable. The important point is tbat plastic
failu¡e occured aloag the flared length in both static and dpamic eqrcriments, and becar¡se of this the buckled terminal
then offered a wide ftonal a¡ea to the impacting car, minimþing the pæsibility of fto'ntal penefrtion of the vehicle.

TABLE 7 Dpamic Cbaracæristics of Þçerimental Models

Tpe I
(rormded+op)

Tne tr
(flat-top)

Me¿sr¡¡ed Peak I¡ad at Failure (b) 7ffi 6370

Measr¡red Location of Græs Buckling
(top; center; botom edges), inches

15.a; 17.3; 15.8 16.0; 175; 15.8

Nat¡¡ral Frequency
(IIz)

Theory (upper bormd)

Eryeriment
tzt
50.0 3t.3

SCALING PARAMETERS: MODEL TO PROTOTYPE

The static test resule for type II specinens may be scaled o the full-scale or prototn)e size provided that the desips
remain geometrically similar, or nearly so. Since the type I specimens buckled premanuely at the roller supports, it is
recommended tbat only qæe n specimens be scaled For scaling prups€s, the dimensionless s)¡stem parameters defined
by equations (16)-(20) should remein invarient, and all of tbese except eqr¡ation (18) are auomatically invarient if
geometric similarity is maintrined. For example, the point or region of græs plastic failure will occu¡ at about 4O7o of
the overall length from the fxed end if geometric similarity is maintained- Equation (18), which defines the
nondimensional græs failure load, mwt also rem¡in invarient, and this equation may be used to compute the græs failu¡e
load for the prototlpe whæe size,thicloress, and yield stre.ss may be different from the model. For example, suppæe the
balf-scale width factor s. (and therefore the overall geometry except thickness t) increases by a factor of two, the thiclness
increases by a factor of 1.5, and the yield snength remains the same ftom the nodel to the prototlAe. Then the græs
failure load would increase to (2X1.5X1000)= 3000 lb for the protot)?e. It is fi¡rther h1çothesized that the peak dynamic
or impact load would also incre¿se by thir same factor of three, from 6370 lb me¿srued for the t1çeII model, to 19,110
lb for the fr¡ll-scale prototnle. This last calculation does need to be varified both by a d)'namic analysis and by dynamic
impact experiments on ñ¡ll-scale designs.
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CONCLU$ONS AND FT]TURE EFFORTS

lte thre¿ main objectives of this first year surdy were achieveú (1) to fømulaæ a general satic faih¡re rheory for a
class of new-concepq flåred and cr¡rved terminals; (2) to use this thecy o design guardrail úermina¡s tbat would not
penetr¿te through vehicles tbat impacæd them; a¡d (3) to test the scale model designs, both satically rmder laboraory
conditions and dpanically with ca¡ i-pact, to show proof of concepc h¡ûne wck wor¡ld involve a general fcmulatim
of a dyramic im[¡act fail¡¡re theory for these ne\p-cøcept terminals. AIso, with the cooperation of the North Ca¡olina a¡d
the U-S. Depa¡ûenE of Transponation, car cmsh tests of fr¡ll-scale temina¡s wirh the Fesent desip characteristics
would be performed. ltrese new terminals would act effrciently when impacted y/ith vehicles of different sizes and
coming ftom both the head-on and the nea¡ head-on directions. When implenented, these i¡novative ærminat strr¡ctues
could reduce the present vehicle occupa¡t faality rate of about 1200 per year attribuæd ûo all types of highway baniers.
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APPENDIX I

11-cæa)Gr(a,)=2Tz-+43sina" (Á'3.1)

(A3.2)
Q@) = | 

(r, - 2 qq) qs * 2 (% - q+) q+l

4

(8tlz*24s*2qo*rts)

sln¿Yf +

Gr(a,)

, ( sinar- ar)
Tz,

A,X
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Gr(a,) =(6tts+6q¿+1.54r+ 48qz) cl@,)*96tÊ 
(sina' a') 

Gr(a*)
.ax

* 
lL2 (q, - nù T+ + 3 Qts - 2 nùT5 ] 

sinc* Gt(o*)

.[r<rl*"li) * 6(qs-q¿)2tt¿+ 1.5 (4s -zrtù'nsfsin2a,

+ 36 nI [a2, 
+ 0.5 a*s¡n(2 ar) - 2 slrrr2 o.r+ 2 (st¡.o'*- a*)21

' rv.l2

*zqlsin2y(x) -z¿ G|@*)

Go(a*)= n, 
(1 - cosa*) (4tl'+ 4 ttt- l)

Q* 4 - slndx

(A3.3)

(l{.3.4)

G, (a *) - [(4 nz + 4tl, - l)2 + 2 (l - 4 qr)2 + (4 q, + ¿ tto - t)z + + Q q o - rù r rlsina,
32

* (Zqz- o.z5 45) Gr(a*) + 0 - a qz- ng- 4¿) Go(a,) * g nî(sina' 
a') (43'5)

q.x
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