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1. Introduction 
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C'Jt.Jardrails are placed adjacent tO highways and roadways to redirect erram 

vehic-les away from roadside hazards. These- hazards may i1lclude light poles, 

abutments. bridge piers. and other obstacfe.s Guardrail designs that have proven very 

effective are being cominuousl)· redesigned tO improve their efficiency. i!nd these 

redesjgned systems mus; then be analyzed in detail and tested. to prove their crash 

wonhiness. Full·scale crash testing Oil such systems provides a valuable tool for 

evaluating their performance. 

The Kansas Depanme!H of Transportation (KDOT) ha:s designed several 

guardrail systems 10 control deflections and safely redirect vehicles from roadside 

obstacles. If an obstacle is dose to the road. a stiffer modified barrier is. needed to 

decrease deflections and rninimize the possibil_ity of snagging or striking the hat<'lrd. 

There arc many different modifications that can be employed to stiffen a guardrail. 

The two mo-difications investigated as pan of this research are nested \V*beams and 

half-p0s1 spacing W*beam nesting increases. the stiffness of the rail by sandwiching 

two W-beams together <1nd moHntir)g the1n at the same pohn on the post 1-Jalf*post 

spacing is reducing the spacing from the standard 6 fi - 3 i11. to 3 ft - 111-. in. One 

a$pect of this research is 10 e.valuate th¢ clfec•s these two S!rengthening techni(Jues 

have on the performance of a guardrail 

In 1993. a serie.s oi fiJI!-scate c;.rash tests{.£§) wert: pcrfOnncd on Kansas\\'. 

Beam (KSWB) guardrails employing the strengthening tech11iques described above. 

The te.sts consisted of single and nes-ted W-bcams wilh full and half* pOSt spaced steel 
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posts, The purpose-of the tests was tO detennirie the eft'ects that nesting 3Jld reduced 

post-spacing have on the dymmlic iateraJ deDecrions of the guardrail. KSWR-1. the 

baseline sysu:m configunuio1l, conSISted of a typical W-beam installation with a single 

rail and full post spacings (6 ft - 3 in.). KSWB-2 wa.s identical tO the first with the 

Orlly modification being nested \V-beams on the inner five of the seven sections. 

KS\VB-3 was also identical to the baseline corl.figurmion except the inner five sections 

had half-post spacings (3 ft - 11
/, in.). KSWB-4. che ftnal cest in the series. employed 

nested W-beams and half-post spacings on the inner five sections. The plan view and 

section detaiJs of the KSWB installations are iB~JSttated in Figure l . 

The interactiOil of a vehicle and a roadside barrier is complex. requiring 

extensive analysis. The in1craction can only be propetly ilild reliably aoai)'Zed through 

full-scaJe testing aJld computer simulations. Full-scale crash tests on guardrail systems 

have proven to be an accurate and reliable means of evaluating the performance of a 

system. but the cost associated with them is high. Because of this fact, futl·scale 

testing is not a cost e(fective way to develop new guardrail systems. Hand 

calculations of dynamic vehicular impacts can be too simplistic and cannot analyze th~ 

process thoroughJy. Computer simulations, however, can provide a reliable and 

relatively inexpensive means of analyzing the impact into a guardrail. Thus they 

have the p01ential 10 !'educe the COSI or even enlarge the extenl o( an existing test 

program. Without substantially increasing the cost For these reasons, 
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computer sirnu1mion programs have become an extremely valuable tool tOr usc in the 

development of guardrail designs. 

One such con-)pute-r program, knowr1 as BARRlER VJ l, was first de-veloped in 

1970 by G.H. Powell <..L1) and has since been used extensively by state agencies to 

simulate full~scale vehicle impacts. The computer program perfomls a tWO· 

dimensional analysis of a vehicle impacting deformable barriers. While more advanced 

computer simulation programs. have evolved since BARRIER Vll. this program 

continues to be widely used due to its proven reliability and fa.niliarity by the roadside 

safety community. 

Over the years since the inception of the program. research has focused on 

validating and refining the parameters input 10 the program In particular, much of this 

research effon has been directed toward developing the post stiffness input parameters 

that describe the behavior of the post for the various post and soil conditions. Post 

lesting in various soil conditions pro\~des for a better understanding of the relationship 

between these conditions and the behavior of the post under dynamic loading. 

Conditions investigated in this research effort include: the posl type. and the soil 

material and moiswrc content. and the embedment depth 

The original proposal for this re.searc.h was to validate a BARRIER VII model 

for steel posts typically t•scd in K-ansas. and 10 determine the defle-ct iOilS of the KSWB 

guardrail systems with timber posts b~· computer simulations The pOStS tO be 

investigated were W6 x 9 sted and 6 x 8 HlCh timber posts_ each 6 ft in length. KDOT 
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and many other high\,•ay agencies arc considering the potential use of one length of 

post for both its W-beam and Thrie beam systems A Thrit-Bcam guardrail system 

requires a 61
/"1. ft post, whereas a W-beam system 'ypicaUy utilizes a 6ft post. ln order 

to reduce post inventories. it \VO\Jld be desirable to use 61
/ 1 ft posts for both gua,·drails. 

The Jonge1· posts must be emb-edded an additional six inche.s for W-beam systems. so 

the testjng matrix was expanded to <:>.:amine the effect this increase in embedment has 

Qr) the pOSL behavior under dynamic impact load. 

The soils used in the srudy include a lean clay and a tine poorly graded sand. 

The clay soil was chosen because the four guardrails wiUch were tested were installed 

in this soil, and the sand was chosen be-cause tt provided ror a well drained soil 

condition. 

Varying the moisture content of [he soil during pos[ te.sts has been given little 

anemion in past research even though the mois-ture content directly aflec.ts the 

compaction of the soil around the post, and hence the lateral resistance of the soiL As 

pan of thjs recSeatch, three different moislvre oontcms were studied - valyin.g from low 

(8%). optimum (17%). to high (28%). 

Twenly-one dynamic tests were conduc~ed on various posts embedded in the 

aforementioned soil conditiollS. The posts were impacted with a bogie - a .ii!eel frarne 

cart designed fOr 1¢:;ting components of roadside safety appurtenances - at 

approximately 20 mph The bogie is vety rigid, therefore mos1 of the impac~ energy is 

absorbed by the soil and post 
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After the bogie poSitesting phase, the resulung foroe and defiec1ion plots were 

used to develop the BARRIER VII post models for each of the various pOSitypes and 

soil conditions Four of lhe models were varKiated by companng the compute. 

simulation results with the full-scale crash""' results (KSWB 1-4) 

AOer validation of the pose model. simulation-s were conducted using the other 

post parMlotcrs in the matrix to predict the dynamic deflections t01 similar guardrail 

$ystems with diffe1·ent post types and soil conditions The various strengthening 

techniques were assessed for each stroctural change b>• comparing the maximum 

dynamic deflections of the suengthe-.ned rajJs with those oft he corresponding standatd 

installation Comparisons \\-ere aJso made between idtntieaJ c:onfigunuions with 

different pos1 and soil conditions to evaluate the effect of each cond11tOl'l on the 

m!.'<imum d)'namie def1ect1ons 
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2. Literature Review 
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1. I Computer aud BARRIER VII Simulatious 

The uueraction of a vehicle ",_th a flocible barrier sysu:m is a panicularl) 

complex process \Vhen analyzing this process. dynamic tffec:ts. extremely large 

displacements, and inelastic beh.a,.~or must all be considered Dynamjc loads used in 

the interaction are not explicill)' specified, but must be determined by satisfYing force 

equilibrium and displacement compatibility equations between che automobile and 

barrier. Computer simulation using the finite elemem method fo, the dynamic 

interaction problem is ideal for swdying this imcraction 

In the late sooies, the High .. -ay Veh•cl• ObJect Simulation \1odel (HVOSM) 

was dtvdoped Q) The computer si.-..lation progrom simulated the three-dimensional 

behavior of a vehick: as 11 interacts wilh roadside objecu Although this program is 

still widel) used by many research ageocJes, usually 111 ! modified fOrm of the original 

ver$ion for specific needs. its succc.:ss on longitudinal barriers is limited 

In 1970, Graham Powell developed two g-uardrail computer simulation 

programs. BARIUER IV and BARIUER V for the Federal Highw•y Administration 

(FHW1\ ) (!) The BARRIER programs simulate IWO·dimcnsional impacts of various 

vehicles with deformable barriers. The two p-rograms \~tre intended to provide 

rnformation at two <tages- m the evaluation of barrier systems (I) a1 the initial d~gn 

stage. the progams ~kf be used to compare design eoneepu a.nd assist in prototype 

design. and (2) at the test&ng stage. if the programs provlded reasonable results for the 

range of parameters considered in the tests, the behavior eould be predicted for other 
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values of the parameters, and the number of tests reduced. In other words, if one set 

of param(:ters could be validated by full-scale test results, then this reliability could be 

projected toward other values of the p~rametcrs. 

If) 1973, l'o\vell published the ne.xt version of the simulation program. 

BARRIER Vll (.f). This upda~e contained the fearure; of both BARRIER IV and 

BARRJER V with additional capebilities. BA.RRIER VII included <in energy balance. 

computation and the ability 10 siml)late barriers \\~th members at different heights 

above the ground, such as rubrails. 

BARRIER VIl idealizes th.e barrier as a strucwral fnunev ... o!'k of arbitrary 

configuration and the atuomobile as a borly surrounded by a cushion of springs in the 

horizon1al plane. Large displacements and inelastic behavior. including hysteresis 

effect on unJoading, are considered in 1he bllt'tier structure As the automobile slides 

along the barrier. the eflects of normal fon::cs. frict ion force.s, and wheel drag forces 

are considered in determining its motion Ill put data to the program consists or 1 he 

conliguration of the bamer, the properties of the barrier members and the automobile, 

and the trajectory of the automobile before impact Out pur data consists of the time 

histories of automobile positions. ve-locitie-s and accelerations. and barrier dcne-ctions 

and member forces. 

The vehicle model used iii BARRJER VII is composed of J. major segments: 

the vehicle as a rigid body, the steering mechanism. and the deformable body. The 

barrier is modeled as a Sttuc.f.ured beam on many flexible st•pports. The ··aiJ. is divided 
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into discrete elements cOJmected to each other at the suppon nodes. 

The reliability of BARRIE R VU has been proven numerous i imcs. and the 

range over which the simulation program can be successftlily used has been 

demonstrated in many validation smdies. Simulations in 1987 by Post (1) proved the 

accuracy of the program whe-n the Sr)ag,ging poterHial of wheel hubs and rims predic-ted 

by BAR.Rf.ER Vll was verified by full-scale crash tesLS. S1lagging of wheels occurs 

when the path of the wheel ovetlaps a pOSt or other pO!cntial snag points and dir<.'<:t 

contact is possible. resulting in cxc.cssive vehicle decelerations and unacceptable 

occupant impact velocities. Wheel contact cannot be simulated, but its occurrence can 

be predicted. The predicted snagging of 'Y/z inches compared wen with 1he Held 

measured value of3 inches. 

Research in L 988 by Bligh. et a:l. (~) verified. \Vith rull-sc:ale vehicle ctash teSlS, 

that BARRtER VIJ eovld be employed tO predict vehicle snaggir1,g for W-bearn 

Lfansitions without a !Ubrail by plotting the path of the undeforme.d wheel hub. These 

findings indicated that the wheel hub and rim were able to slide under the W-bcam 

guardraiJ member easily These results from BARRIER vn demonstrated the be-nefits 

of rubraits in preventiilg snagging problems on guardrail installations. 

Work by Tuan in 1989. er al (.§)on Kansas Guatdtail to Bt1dge-rail TransitiOn 

De-sig1~S proved the nlodel effective at predicting the vehicle exit sp-eed and angle. and 

maximum dynamic dcfl<.'Ctions of transi1ions A methodology wa.'> developed for 

whee.J-snagging prediction and was validated against test data. h was shown that 
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reliable simulation results could be obtained if the input parameters for simulation were 

assessed accurately 

2.2 Previous Po.w Testing Studies 

Post testing catl be accomplished by a number of difl"erem methods. For posts 

loaded statically. a continuously increasing load is applied umil f.'l:ihu·e of the post or 

soil occurs. The basic static test configuration consists of the post, embedded in soiJ 

Or' fl~ed to an immovable block. and a loading mechanism. typically a hydraulic 

cyljnder. As the- load is increased, the-resulting deflections ate tecorded Post model 

constants used as input in simulations are calculated using the force-deflectior) plots 

created frorn the test !'e.:;ul!s. Tht:.se static values. ahhOttg.h easily obtained. do not 

replicate the actual load a post in a guardr<til system is subj<..-ct to during a vehicular 

inlpa.ct because the strain rates are typically much lower. The dynamic respo!lSe of a 

post to an impactlot!d is ve1y complex and much more difticuh lO dctenninc. 

Dynamic impact te..;;ts with moving cans ot pendulums more closel>' replicate 

the actual force transmission to the posts when a gt•ardrail is impacted. thus producing 

more viable results. Typicall>' these te.:;ts are perfonned by impacting a post, embe-dded 

in soil or fixed in a tigid base. by a pendulum or a bogie. Ho\vc:vcr. for dynamic 

testitl£ of posts in soil. adequate i>OSI rotatio•l is needed in otdet to develop a force­

deflection re1ationshjp that accurately models the common behavior of strong posts in 

guardrails If the post is no1 allowed 10 rotate svfTiciently and fracwres or yields soon 

after impact. the force levels will be of shoner duration than what is commonly 
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observed in full·sea1e guardrail impacc tests with strong posts embedd~ in soil. 

Due to che oompltxlly of J>OSI I soil uucraetion. much cffon has been devoted 

to the behavior of posts under lateral load. Many different aspoots of tlle (>OSt and soil 

interaction have bt:e11 s.tudted 111 prror research projeca In 1961. General Motors. (2) 

srudied th~ perfomu.n~t charaeteristtes of vanous ma1enaJs and found char reinforced 

c:onerctc is uodesnaNc ror guardrail posts However. timber and steel posts ·were 

found to be accept:shk :~~· sarong and , .. eak post designs 

In 1967, th< '•" 'ork State Oepanment of Publtc Works~) found that the 

behavior of gu3rdr.. r- ... : .. dtrtCtl) a.tfect.s the performance of guardrails This '"-as 

determined usm~ the 'C""'-~ : .. of dynamic post testing They also found that an 8 by 24 

in steel plate attad'l<".! ;, 111<" roscs was adeclua.tc to replac-e a more expensive concrete 

footing. 

ln 1970, th~· :-..•u:h\\cM Research Institute (2) conducted a swdy of the post­

soil interacuon bch.l\ 1.•· \II ~uardrnil posts A tOtal o r 72 tests wen.: conducted. both 

dynamic and suntc thtrll! t\lo'O types of soils, four ernbedment depths and three 

different posts The~ rOut1d thnt the dyr1nmic l'eSJ)Onse ol' the post and the energy 

absorbed by the soil is directly related to the shear strength of non¥cohesivc soils. 

embedment depth, and I>OSt w1dth Also. the study found that the dynamic response of 

guardrail posts was gre-ater than \Vhat was indicated by static tests. Results also 

showed that the perfonnanec of a tugh\\'ay guardrail system is clearly aO'ected by the 

post/soil characteriStiCS oftht S)·S.ttm 
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Michie et al. QQ) conducted pendulum tests to experimemaUy determine the 

performance propenies of timber posts under impact loads. S1eel pos1s were also 

tested for comparison with the timber posts.. The posts were secured to a rigid fixrure 

to test the post strength and not the more complex posllsoil cof!lJ)Osi te propenies 

The post dynamic peak force, average. force and fi·acture C:11ergy were found tO vary 

directly \vith the moment of inertia. Presented in Table I is a s.umma.ry of the results 

obtained from the study. 

Post ~:f:l rer'i :l l Dirncnsior•s or S •eeific.:Hion.s A\'CHI~e f(l r C(' (k i u ) De:n cction (in.) 
Dou<> as Fir 8xS 9.08 11.7 
Dou<> a..s Fir 6.-. s 6.8 .. 9.$ 
Doualas Fit 4,\ 6 >.00 9.1 
Douf:)as f'iJ 4xl 1.78 S.9 

Steel 6BS3 iA 9.7 
Sled 315,7 l .SS l. 

Table L Michie post test res.uhs 

In 1974, a se.ries of pendulum te.sts was pel'fom)ed by Gatchell (W 10 evaluate 

the dynamic perfonnancc of wooden guai(iraU posts. The major finding was that 

specifications for timbei g~1Mdrail posts based on grodes or str<:ss tatings can be 

eliminated. Wooden.guardrai1·p-ost specifications shotJid be based on the antount of 

knot-associated grain distortion in the middle thjrd of the tension face. Such knot-

associated grain distortion should not e:<ceed one-third the width of the. tension face. 

A series of l 02 pcndt1lum tests on two typical guardrail posts installed in five 

differeot soil types was peffonne,d by Calcote, et aJ. ( 12. 13) of the Southwest 

Research Institute (SwRl) i11 1978 The putpose of the tests was to detetrnine post 

property \•ariations as a functton of soil conditions. 1'1\e. results were then used 3S post 
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input properties m the BARRIER VII computer program to estimate the ultimate 

effect soil conditions have on guardrail performance. It was concluded that guardrail 

failure could be expected for severe impacts on short installations (less than !50 ft) 

with poor soil conditions and that guardrails of this length or shorter should not be 

used unless precautions are taken to ensure the integrity of each post, particularly if 

the available space behind the barrier is limited. lt was felt that embedding the post in 

a concrete footing or lengthening the embedment depth in the soil could provide the 

necessa1y integrity of the posts. Shown in Table 2 are the parameters developed as a 

result of this study. It should be noted the force-deflection curves pro vided showed 

that the forces absorbed by the post returned to zero once the maximum force was 

reached. That is, no sustained force was apparent in the models developed from this 

post testing study. 

Soil and 'Post type 

l.nput Fi;~: e:d Support I Ua.se. Material Sti.ff Clay I Sat Clay ~IJH.l)' Lo:tJn 

Parameter Stet'! Wood I Ste~l Wood Stct'l Wood Stccl Wood Steel Wood 

Stiffne-ss "" 1.02 3.56 I 1.15 1.95 0.61 1.18 0.14 1.40 0.78 1.57 
S::I""*.....U. Jiftn 

Stiffness "• 3.95 4.SS 2.46 1.56 1.16 1.42 1.13 Ll2 1.94 1.28 
W.-l AA!o JifuL 

B3Sc Yitld ~'l fl 353.14 339.87 231.00 17259 125.68 108.86 7 1.69 73.46 138.96 107.09 
Moment k-in. 
s:._., ........ 

Base Yield M.., 107.09 247.82 %.4i 191.95 71.69 102.67 56.64 77.89 73.4{, Jl9.49 
Moment k-in. 
W oo).A>;t. 

Shear FA 5.10 I 1.80 4.61 9. 19 3.39 4.90 2.70 3.71 3.51 5.71 
For<<' kips 

Sb- A.U 

Shear F, 16.79 16.21 10.99 8.21 6.00 5.19 3.39 35 1 6.61 5.10 
force kips 
w~~M<> 

Max. 1), 4.96 ~.31 ).9~ 4,72 ~55 4 17 3.66 2:.64 4,49 ~.62 

DeOeedou in. 
!\:r-A.,;.. 

/\·lax. 1), 4.25 354 4.~9 :i.2S 5.16 3.66 2.99 2.87 3.39 3.98 
DeOection in. 
w.,.~ 

Table 2. Calcote post test results. 
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In 1983, Jeyapalan e1 aJ (H) of rhe Ttxas Transponation 1nsti1Ul< (TTl) 

conducted a study or the post/soil interaction to determine the relationship between 

laterally applied loads nnd the rotational displacements of 6 inch wide guardrail posts 

10 dl)' soiJs. The load·d•splncemem relationship WllS ideahzed ~s elastic~plastic with 

compleae failure occornng at a post deflection of 20 in Series of both Stacie and 

dynamic tests were conducted to verify the periorm3nce capabilities of tU posts. The 

results of the tests mJ1.:;uc thnt the steel guardrail post, embedded withotH a concrete 

footing ,vhich wa:- ,, .. ,uu cd by specificatjons at the time. pel'forms similarly to the 

timber post. The IC'~I: .. \': th( dynanUc tesuns prog.ram are presented in Table 3 

Tw 1'0$1 ""' lm~a ~lui mum force 21 18 in. Tocal 
No. Matcri:~l t Uftdthon.) Vc:locit} Forte )lo,~mcat Enerso 

(frul (k ip$) (ki ><) (ft-klp,) 

C1 ·rim'f>e; 4 ,q,., .. •n1css l6.6 13 .3 . u 
Cl Steel C ••l>niOIIICU l6.1 ll.4 22A l 9 l 
C3 Timber I •·I•C'M\ C' 22.7 16.3 19.2 l? l 
CJ Steel ' ··l<')t\(' l·U 17 1 I? I lY 9 

Table 3 Jeyapelan posrr<:s~ resulrs 

[n 1984. Eg~«> <I al (il) studied the effeets of differenr backfill mattrials and 

concrete foot ings on suardrail posts Static load tes,ts \Vere performed on posts ul 

clay. sand, weathered limestone and concrete They found 1hat posts behaved 

acceptably lO aU conditions. ho"ever. sand or weathered lune,stone was recoml'nended 

as a backfill material due 10 the ease of placans and compaction 

In 1985, Sedev.i (.1§) conducied a series of pendulum tes1s 10 verify a 

sim1>lified elastic·viscopl!lstie Jumped parametet· model for the analysis of guardrail 
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posts in soil stlbjected to three·dimensional applied loads. Results from the post tests 

compared favorably with the re.~o1ts of the compute!' program developed. 

TTl conducted static lo•d post tests (!1) in 1986 to study the cffe<:t of 

embedmem depth, soil propenies., and post type on the load-deformation 

characteristics. of guardrail pos-ts. They found 1ha1 a successfUl guardrail can be 

designed using more posts \vhen full embedment is not possible. Posts \vith only I 8 or 

24 inch embedment could be used at 3 ft . • 1•1.,. in. spacing and still produce the 

reqtJi.rcd strength 

In 1988 Bronstad, et at. (ll) conducted 12 pendulum tests on timber and steel 

posts. tlis linding.s were dift't.rent from the results of previous research conducted by 

Calcote (ll). He concluded that the posts maintained significant reserve strength after 

the ma)dmum load \vas reached when strong posts yield the soil Bronstad used 

BA.RRIER Vll compute!' simulatiOr\S for guidance in se-lecting test conditions for ihc 

\•arious IJ'ansition configurations. for systems using_ larger posts, pendt•lum tests were 

conducted to determine post properties for B.-\RRIER VIJ input Results from testing 

indico:ued that the 18 x 24 inch soil p~ddle used on W6 x I S.S posts apparently has 

liu!e eftect on the siiffncS$ or maximt•m fo•·ce. and a W6 x 15 5 post is onl>1 slightly 

less stiff than a l 0 x I 0 inch wood post but yields at greater maximum force. The 

re-sults of the post 1esiing siUdy are summarized in Table 4 
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Po..<:t Size Axis Maximum ( Dist:ulc.:: Stiffness OiSf:l.ntt Qemarks 
M:utdal force d, d, 

(kios\ (in,) (klin,) (in .) 

Wood 12 X 12 NA 22.3 6.54 3.41 17. J.S I Soil Yteld 
Wood lOs JO NA 16,:1 6 >2 :us iS. l2 I Soil Yield 
Wood SNS NA 12A 7_4.4 1.67 20.07 Soil Yield 
W<XX:I 6 :-.S Weak 9.2 -+.7 i 1.95 NA Pos• 

fracture 
W<><>d 6:.:8 StrOOP, 8.4 5.26 1.56 I 15.47 I Soil Yteid 
Steel W6:d5.5 Strou<>* !9A 8.10 2AO 20.1G Soil Yield 
Steel W6xl55 Stton<> 18.3 8.04 2.28 11.60 Soil Yield 
Steel W6xl5.$ Wc.'\k 10 7 8.22 I 30 2?.82 Post Yield 
Steel W6xS.S Weak • .6 >.~N I 1$ JJ.65 Posl Yield 
Steel W6x8.5 Stson.e I 1.0 HS 2.46 I IJ.21 I So11 Yk-ld . . 

Table 4 Bron.s1ad post test results 

Jn 1988, Ataullah C!2) utilize<! !JA.RRfER VII ror Nebraska Bridge-rail-

Guardrail Transition designs. From the simulations., AtauUah calcLtla£ed the post 

propenies of the tf3t1Sitil)!l and fou1ld that guardrail po$t behavior iii wet soil is r)Ol as 

StiA' as it is in dry soil The rC$pectivc deHectic:ms were fOund tO be considerably higher 

in the wet soil. The. wet and dry soil parameters were calculated by multiplying the 

experimentally collected data by a factor of0.7S and O.SO, respectively. Although the 

parameters were not obtained directly and were altered in order to be use.d in the 

simulation. the effect of moiswrc comem on the performance of a guardrail system 

was evident and (Otmd to be significant h was also found that for smooth redirection 

of vehicle.~ . the illljl<lCI J}Oint needed to be fan her downstream from the traJlSition for 

rhe weaker \Vet soil. 

In 1988. Stout et at (20) conducted static and dynamic post tests. as wen as 

full-scale tests for guardrail de-sigllS near foreslopc-s to detenni,~e the eflects that 
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embedment depth. slope. and dislance to slope have on the guardrail behavior. h was 

found that 7 ft posts could develop full Stter;gth while 6 fi posts pt•shcd a;.vay causing 

the soil to displace withotu the post bending. They concluded that on steeper slopes, 6 

ft posts should be set fan her in from the break point of the slope. 
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3. BARRlER VII 
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3.1 Program Input & Output 

BARRIER VII uses a fonnoucd field input file that contains the simulauon 

models for tho guardrail and automobile. The post model is defined in the bamer 

section of the input file A ponion of this. research is to eteate guardrail post models 

for the various conditions a post may encounter as part of a guardrail .systern 

The nexibility of the simulation is eas-ily seen by the range of ditfereJU inputs 

that ~are available Seven dint-:tent 1ypcs of members can be &pccificd These include: 

beams, cables. columns. springs. friction damping members. viscous damping 

members. and posts Each individual member's stiffness eharacttris.tte5 are asstgned by 

the user ~1ulllple members pro,ide for a variety of strenj~ths and stif!ilcsscs. 

Members that are more cornple.' than the bi!Sic se,.,, can be modeled by placmg two 

or more of the same, or different membet types in parallel It is th1~ flexJbJhty that 

prOVIdes for the large vatlety of guardrail simulations chat can bt performed 

The vehicle is modeled as a rigid frame surrotrnded by a layer or sprirlgs 

These springs are the possible contact poims where the automobile may interact with 

the barrier. The: stifl'nes!: values for the springs are calibrated by simulating aulomobile 

impacts with rigid walls and comparing the predicte.d values \\oith rneasured vehicle 

deformations from InStrumented wall research rc:suhs The automobile: whee1s aJe 

indtvidually specd'"ted by pouu.s so they ~· be ftee to tnterae« \\,th the ba.mer if the 

vehicle body expc:rienc:es large defonnotions The program also allows for the b<akes 

on the automobile wheels to be on or off. and the tna.'<imum whed drag force or 



22 

friction tbree may be explicitly specified for each wheel. The steer angle or tht' wheels 

may also be specified iJl the input data for the \Vheels. Tht: last card in rhc inptlt file 

contains the automobile position and uajectory~ for ' vbich a large varic~y of locations. 

velocities or rotations may be specified 

The program provides three output fi les from the simulation. These ASCU 

tcx1 files provide the simulation results in a tabular form that can be imponed into 

BAR.RIER VII post~processors, spreadsheets. or other programs. 

Deflections of the barrier and the forces irl the men)be!'S at any time Sl¢p in the 

simulation are provided in one of lhe outpt.ll files. This data cao be used to produce 

plots of deflected shapes of the barrier at any time step durirlg the-impaC! event The 

dynamic deflections can be used to determine if the gt•ardrail can adequately control 

deflections. The second output file consists of the vehicle positions, velocities, 

accele-•·ations. points of contact with the hauier. and magnitudes of the normal and 

tangemiaJ interaction forces. Velocities and accele-rations are provided in both the 

lateral and longiwdinal coordinate directions with respec1 to the barrier, and the 

fol"\vard and sideways directions with respect to the vehicle. The velocities and 

accelerations can pro,~de valuable information abo\H occupant risk during an acwal 

crash The ' 'Chicle !>OSition data depicts the ability of the b<•rrier to safely redirect the 

automobile back onto the roadway away from roadside obstacles. Vehicle position 

data. in conjutlctlon with barner defle.ctions effectively predict snagg1ng potemiaJ of 

the vehicle a.nd barrier critical sections. S\.Jth as transitions. The third output file 
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presents the contents of both of the other two as well as an input echo, energy balance., 

and contact information io a fbnnat that is more easily read by the computer operator 

3.2 Post / Soil Jnter11ttion Model 

The posllsoil model for BARRIER VU. as showc\ i11 Figure-2, is sirnilar to the 

model presemed by Bronstad e; al. (_lli) in 1988. This model can be broken into three 

parts. tnjtiaJJy, the force increases li1learly with deflection umil an elastic deflection 

(D1) is reached The force level then remains consta1~1 umil a yield defleaion (0 8) is 

reached. At this specified deflection, the post is considered to have failed and the 

resistance of the pos1 thereafter is taken 10 be :r..ero in ten time steps. 

The stiffness (Ka) is the slope of the force-deflection model Uf) tO the yield 

point. The post is assumed to yield at constant load by forming a plastic hinge at its 

base. The yield momcn~ (MA} at the base of the post. is found by multiplying the 

sustained force leve-l (Pa) by the interaction height of the barrier (H) or as in this 

research,. the mounting height of the rail. The shear force (Fa) is the force ne.ce.ssa1y to 

fail the post in shea!' at the base. To ensure that the yield moment controls the 

behavior of a strong p,ost. the shear force can be considered to be the sustained force 

incrcas(.•\1 by a shear factor. In Figure 2, this shear factor is denoted by C For this 

research C was taken as 1.25. At the maximum deflection (Do) the post is COilsidered 

lO fail and the load it is carryitlg prior to failure is transferred to the barrier in ten equal 

time steps foUowing the initiation of faih1re. The gradual reducrion to zero is 

performed to avoid the m1merica1 instabilities that arise from the application or 
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removal of'shoek load' Even though a fai led post does not contribute stiffness to the 

system. it dot'J hoWe\'« contribute mass to the system (!..l) 

M,~, =H • Pa 

~-'fi•C• i>s 

D, 
Deflection 

TPa-
H 

Figure 2 BARRJ ER V II posL model 
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-+. Study Parameters 
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4.1 Scope 

The original obj eC1ivc of the research was tO detennine che BARRiER VH 

parameters for both timber and steel 6 ft guardrail posts. The simulated steel post 

guardrails were to be compared with the four KSWB fi1ll-scalc crash test results and 

validated. The steel post model. and similar timber post model could then be used in 

s-imulations 10 pl'edict the suengthening effects of nesti1lg and half.post spacing on 

controlling guardn~il dcilcctions under impact. 

Upon review of pre\~ous tests perfom1ed on posts, and studying the results of 

the fuU-scale KS\VB tests. it wa.s r.ccessaty to expand tht: rnatrix T he-origin<'!:! testing 

program was to be p-erformed solely in the clay soil used in the KSWB tests. 

However. Lwo sets of each post type were also Lested in sMd to determine the effect 

the presence of sand had on the performance of a post Moisture content or the d ay 

soil was ir)cluded as a srudy variable for two reasons: (I) the KS\VB full-scale crash 

tests were performed in clay soil v.~th moisture cements 1hat varied from rnediurn to 

hlgh, and (2} the moisture content or the soil is known to affe-ct the pe.rforrnance of 

g1.1ardrail posts based on the conclusions of previous research (ll.l.2). ln addition tO 

the above variables. 61
/ , ft posts were also included in the test mauix because of the 

desire 10 use a singie length post for multiple systems. 



27 

4.1 Variables 

4.2.1 Steel and Ti111ber Posts 

The t)·pe and size of post used in a guardrail syStem has a direct effect on the 

ability of the guardrttil to control deflections and to safely redirect rt vehicle. This rnay 

be attributed to several ,·easorlS. Maillly, a larger area of corn act I hat a post maintains 

\Vith the: soil increases its lateral load capacity ln soil Previous research indicates that 

the embedment depth and \l.~dllt of posts is directly related to the lateral resistance it 

offers (2.1 7.20) Furthem1ore, the cross-sectional shape: and mattrial of th~ post may 

affect tht uansmisston of impact forres to the soil This research investigates how 

these differencu may exlubrt themselves on 1be tv.o panicular post types tneluded m 

this study - a 6 x S inch limber pOst and a W6:<9 Stc.:l pOSt 

The rouS)I sawe<l Southern Yellow Pine 6 x 8 ineh poSI and W6x9 steel post 

are used in this study because they are commonly used by various state agencies. 

including KDOT. ro,· g\lardrail installations. 6oth posts al'e shown and described i1l 

Figures 3 and 4, respectively. The photographs were taken just prior to testing with 

the bogie 111 place to stage the unpac1 event Notice that the stllli1ess of the steel post 

is approxim:uely 476 kip·in2 trus value is almost 1.5 times larger than the stiffness of 

the umber post. ~·htth IS 309 kip-in1 



D llllt ' II \ If II/\ 

Mart·rtul 

DI!IL\Ifl 

Arl'u 

6 by 8 inch (Nominal) 
Treated Southern Yellow Pine, Grade 2 
54 plf 
A= 41.25 in2 

Mom .. m Strong Axis 
of lnatw · Weak Axis 

Modtt!u" r!f £fasticity. 
Sujjiu.:s., Strong Axis 

Weak Axis 

I,. = 193.36 in' 
Is = 103.98 in4 

E = 1600 ksi 
EI = 309.4 kip-in2 

El = I 66.4 kip-in2 

Figure 3. Timber post photograph and description. 
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Secrion: W6x9 
Malena/: 
Dimensions-

Galvanized, A36 Mild Steel 
Flange width: 3.940 in 
Depth: 5.90 in 

Densiry: 
Area: 

9 plf 
A= 2 68 in2 

Momenl Strong Axis 
of Inertia· Weak Axis 

Modulus oj Elasticity: 
Stiffness: Strong Axis 

Weak Axis 

I,..= 16.4 in" 
la = 2 19 in

4 

E = 29,000 ksi 
El = 475.6 kip-in2 

EI = 63.5 kip-irl 

Figure 4. Steel post photograph and description. 
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4.2.2 Clay ~tnd Sand Soils 

T\vo different soils were used for post testing ir) this research. A lean clay soil, 

classified as 3Jl A·J .. (j in the A..t\SHTO system, v.-111 be tJS(.:d tO in order tO re-plicate the 

soil conditions for the KSWB fiJI I-scale. crash test series. Sand was also included in 

the test matrix to provide a measure of how a cohesiorlless soil affected the 

performance of a post under lateral impact load. The sand was a fine poorly graded 

sand. classified as an A-3 under the AASHTO soil classification system. 

4.2.3 Standard and Exte-nded Embedment De1Hh 

Typically 6ft posts are used for W-bca.m applicatiOilS and 61/2 fi posts are used 

in Thrie-beam installations. KDOT \vas interested in investigating tlle use of 61
/ 2 ft 

posts for both applic.uions, by simply embedding the longer post 6 in mo1·e into the 

ground for the W·beam guardrail installation. This changes the embedment depth 

from a standard 44 in. to SO in. Studi¢s indica1e that the embedment depth of a post in 

soil has a dir<."<:t eJlect on its capac.ity to resist latera11oads (9.1 9.2Q) As pan of this 

research. effect of the 6 incb increase in embedment depth for a post in a low moiswre 

content clay will be investigated. 

4.2.4 Soil )roisture Content 

Upon revie\'·ling the results of the KS\VB tes~tng program, moisttJrC contefll 

was considered to be a major factor aftecting the dcOections to addition, previous 

research indicates that solJ propel'tics. such as soi1 moisture content. directly affect the 
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perfonnance of guardrails (9.12.19). For ohis rc~son ohe scope of ohts rtseatch was 

expanded to include the moisture content of the soil as a study paral'1'lCCc:r For the clay 

soil. post~ were tested at three differen' soil moisture contents~ low. optimum. and 

high 

Standard pr<x:tor tests. presemed in Appendix D. indicate an optimum 

moisture content for the clay of J 7% with a maximum dry density or 99 9 Jblfi' 

Unconfined lt$1S. performed ao ohe mreme moisture COnlflliS, )oefded a Young's 

modulus or 3000 psi and shear s1rcngth of 14 9 psi for the low moiS1urc content { 12%) 

clay and a Young·s modulus of500 psi Md shear stte11gth of9.0 psi at a high moisl\Jrc 

coment (25%) The differences in these values suggest the: relative performance of 

posts embedded in these two soils will also be d1fferem 

4.3 Test .lfatrix 

Afier selection of the srudy parametecs was completed. a tCS' matnx was 

constructed. The testing mauix. shown m Table 5. consis1s of l\"-'0 ditlfrent post types 

.. timber and steel, two soils. clay and sand. two post lengths · sumdard 6 fl posts and 

extended 61/2 ft posts: and three mOISture contents · low. optimum and high Each 

matrix classifieatjon consisted of two tests to establish rer...atability. exccp1 ror PT 7 



C.:laJ;~ilic:u ion P<Jst Soil ~luisturt. £ mbed•nCIII Kumbt':l' ~f 
Number- (PT) 1YI>~ Type C QlliCJll Ocplb Tcs1s 

I Timber Ci<w Low Sm""' 2 

2 Timber C!av "' m !i>LI 2 

' ·r; , 1':1•·· 0 l im un SmndMd 2 

4 T inthi.f f: l:w Hioh Sumd~rd ' 
; Timhl-r s , nd I Fn~~lur:ued S"md><d 2 

6 s,~, l'l"v L bw Ss:uul~rd 2 

7 s, .. , l'.l• v I .on EXICUdcd 

* Steel Cl:w Onlimum Sia ' " " " 
7 

9 S1ccl Clav "'"'' ~1:1n l~rd 2 

10 Steel Sat~d Unsatuf;)ted St:tnd:ud I 1 

Table 5. Post tcs;ing maltix 
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5. Post Testing Methodology 
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5. I Test Setup 

The post tests were condue<ed at the Midwest Roadside Safety Facduy"s 

Outdoor te.n site located at the Lincoln Air*PMk ort [he nonhwest side of the Lincoln 

Municipal Airpon approximately 5 1niles northwest of the University of Nebraska • 

Lincoln The testing site is located on the south end of the facility on the 2 ft thick 

concrete u.rmac at Pit =2 A native Nclwaska soil occupies J•it JJ2. which is 

approximatdy 16 ft ";de by 100 ft long 

A plan view of the test setup and post test soil pit is shown 1n F1gure 5 

Placement of the pit allowed for a level acceleration path for the bogie and sufticient 

run·out length and clearance for both the bogie aJld the ww vehicle. The tCSt pit \lias 

located a sufficienl distance from the edge of the concrete apron so as not 10 interfere 

with the soil respOnSe dunns lmpaet 

The post lesting pit shown in Figure 6 is oval in shape and approximately 36 in_ 

wide by 75 in. long. The soil being tcsu::d octt~pied the entire post tesung pu to a 

det>th of approximately 60 in, Moisttlre content samples and sand cone compaction 

tests were conducted at three depths durin~ compaction. The soil was compacted in 6 

to 8 inch lifts. using a pneurnatie tamper Typical CeAAtlf:S acJ\Ieved by the tampet 

were ss•;. of the ma:<imum d:ry densil)' of day soils at 12~o moislure content and 9~~. 

ofmwmum dry density at 25~o mOISture content. 
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TOW VEHICLE 

G 
SOIL PIT 

Figure 5 Plan view of the post testing site. 

Figure 6. Cross-section view of the post testing pit. 
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5. 2 Bogie and Test Setup 

The bogie shown in Figure 7 is a rigid steel frame can that isolates the post and 

soil as the primary means of absorbing the impact energy. The bogie was built 

according to the specifications of the bogie used at the Federal Outdoor Impact 

Laboratory CW. The bogie weight was set at 3060 lbs. Calculations prior to testing 

showed that this weight, in combination with a velocity of approximately 30 filsec (20 

mph), would closely replicate the actual impact conditions that a post as part of a 

guardrail system would be subjected to in a 60 mph, 25 degree impact with a 4500 lb. 

sedan. 

Figure 7 The MwRSF bogie. 
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A new bogie head was designed for 1he post testing program to replicate a 

point load on the post at the mounting height of the guardrail The bogie head 

consis1cd of an S inch concrete filled standard stec1 pip-e mounted 21 in above the 

ground. A 1/!, inch thick ma.1 or belting was attached to the metal head ;o minimize 

local damage to the-post from the impact. As shown in f igure 8. the head extends 

approximately 1 S in. in front of the bogie to allow sufficient rotation of the post 10 

take place before any other pan of the bogie inte-racts with the post. 

a• SiO P tP= 

Figl.lre 8 The post testing. bogie head. 
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A reverse cable tow system was used to propel the test vehicle. The bogie was 

accelerated toward the post along a I 00 ft long tracking system, which consisted of a 

17/s inch aluminum pipe that was anchored 4 in . above the tarmac. The guidance 

system is shown in Figure 9. Rollers attached to the underside of the bogie straddled 

the pipe, ensuring the proper direction and position of the bogie prior to impact. 

Figure 9. The post testing setup and timing strobes. 

Each post test was documented by physical measurements and photographs 

prior to testing . The exact embedment depth. post dimensions, and post integrity (i.e. 

knots) were measured and recorded. The test was also documented by three cameras. 

A 35 mm camera provided still photographs of the site, test procedure, and the post 
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A LoCam high speed camera. \\~th a 12.5 mm - 75 mm zoom lens. recorde.d the 

impact at 250 frames per second. A grid with a I ft square pauern was placed in the 

background to provide refe,·ences for the filrn analysis. A Super VHS Camera was 

also employed to provide footage for documentation and presentation purposes. 

5. 3 Bogie lnstrumeutation 

In order to determine the forces transmitted to the posts during impact, the 

initiaJ ve.locity of the bogie. must be known. The impact speed of the bogie was 

detennined using a series of pressure switches spaced at known distances adjaccm 10 

~he guidance system as shown in figure 9. As the left from tire of the bogie passes 

ovet each SLtlJ), a strobe. was triggered, and an elecuonic timing mark was sent tO a 

data acquisition system located i.n the test van. The signals were recorded for each 

switch on a computer using ,.he Enhanced Graphics Acquisition ar~d A1laiysis sofh.,•are 

package (22). which provides the time intervals between the signals. Using the trigger 

spacings and time intervals bet\veen the sig1lals, the speed of the bogie just prior to 

impact cotlld be determined acct•rately 

A triaxial piezoresistive accelerometer system with a range of ±200 g•s was 

mounted on the frame of the bogie at the cemer of gravity. It measured the 

accelerations in 1hc longitudinal direction at a sample rate of 3200 Hz. The 

accelerometer system known as the Model f:DR-3 developed by Jnstrumemed Sensor 

Technology (1ST) (£) of Okemos. Michigan was configured with 2S6 Kb of RAM 

memory a11d a 1120 Hz filter A laptop oompt11er downloaded the accelerations 
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immediately follo,.ing ,.,h poSt test This is the data from which the forces and 

defteet•ons used tn the analysis are obtained. 
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6. Post Testing Results 
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6.1 Film Aut1/ysis J)ata 

A high speed lo-Cam camera recorded the impact event at approximately 250 

frames per second. Unfonunately, a malftmc,ion in the high speed camera resuiLed io 

overexposed film for m.ullbet of the tests. The usable film was anatyz.ed using a 

VanGuard Film Amdyzer tO cie.termine post deflections and rotation points. and to 

observe the overall behavior of the post such as pull out, fracture, and response of the 

soil on the surface, With the usable film, deflections were estimated using the large.ts 

placed on the side of the post. However. fOr mosl of the tests the targets were 

obscured by airborne soii Therefore, an accurate determination of the posi1ion of the 

pos1 was only attainable for the first 12 10 15 frames This usually proved to be 

adequate in estirnating the defleciions (tnd the I'Otation point with a high level of 

confidcocc. 

The results of this analysis for a 6 ft timber post embedded in a low moiswre 

content clay are shov•m in Figure lO When the ceoterline of the post is drawn for each 

frame. an approximate rotation p-oim can be estimated. shown as 29 in. below the 

surface in Figure I 0. Post tests where usable film was available were analyzed in a 

similar manner 10 dete.nnir\e the point of rotation. The available rotation points and 

the ratios to the overall embedment depth for the post tests are presented in Table 6 

The average poinl of rotation was approximaiely 30 in below the g1·ound line This 

corrcsportds well with the commonly as.stnned v::~lue of66% of the embedment depth 
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Figure 10. PT 1.1 post rotation. 

Post Test Post Point of Post Ratio to the 
(PT) Number Rotation Embedment Embedment DeJJth 
1.1 12 29 44 66% 
1.2 13 3 1 44.25 70% 
5.1 20 30 44 68% 
5.2 21 30 44 68% 
6.2 10 28 44.5 62% 
7.1 11 30 50.5 60% 
10.1 18 27 44.5 61% 
10.2 19 32 44.5 72% 

Table 6. Post rotation points. 
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6.2 Bogie Acceleration Dota 

During the impact event. lhc longitudinal acce)ennion.s were recorded on the 

EDR-3 uni1 a1 3200 samples per second. This informa1ion was downloaded 10 a 

laptop computer and viewed to ensure the results were recorded successfully 

Software knov.'n u Oyna.\1ax (OM-I)@) c«raciS and processes lhc raw dm so i1 

C4\n be viewed and saved as an ASCU file tO be manipulated by the data analysis 

s.of\warc, Outa Analysis and Display (DaDisp) (25). Using Oa.Disp. the ae<::elerometer 

data was fihertd llnd force plots were created through the use of energy equations. Sy 

knowing the final speed of the bog~e before impact and integratulg 1he acceletatlons 

twice. the dt:flectkms of the post could be cak.ulated Thts.t deflectiOns "ere "erified 

by companng I he resull$ " ith those obtained from m011on analysis or the high speed 

film These force and deflection data sets were then assembled 1nto forc.c-dcllcaion 

plou for each pos1 leSI and BARRIER VD post parameters were ob1ained. Proper 

idealization of the force-deflection plots was checked by comparing the energy 

dissipation Of the fo•·ce-deflection plots with th;u of the ideahlC:d llARR IJ;R VII pOSI 

model. 

The data frorn 1e.s1 PT I I is used 10 demonsHatc in detai11hc procedure used 

to obtain 1he BARRIER VII post input parameters. This panicular 1011 was performed 

"ilh l 6ft long_ 6 X 8 inch limber po$1 embedded In a low mOISiure COOI<nl (12 1%) 

da)'. The bogie v.cighl v.-.s 3060 lbs and impact speed \\'115 31 3 fps 

The raw unfilteced data obtained from the EDR-3 umt for test PT I I is shO\\n 
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in Figure 11. The data is shown with the accelerations in G's o n the y-axis and time 

in seconds on the x-axis. 

PT 1.1 EDR Raw Unfiltered Data 
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Figure 11. PT 1.1 raw data plot. 
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The raw data is filtered using a 90 Hz Chebychev Type II low pass filter to 

remove the high frequency noise. Figure 12 presents the data for test PT I . I after 

being passed through the filter. In order to obtain the forces, as shown on they-axis. 

the accelerations are multiplied by the mass of tbe bogie. 

PT 1.1 Force vs. Time 
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Figure I 2. PT I. I filtered force plot. 
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To obtain deflectiOI)S from the accelerometer plots, the <hua is integrated 

twice. A velocity plo1 of the bogie is created by integrating the accelerations and 

adding the final velocity of the bogie befol'e impacL as the-integration constant This 

velocity data. is then integrated once more to determine the deflections_,_ which 

correlated very well \\~th the results obtained from the film analysis. The deflections 

~alculated for test PT 1.1 ate Jll'esemed in Figure 13 

PT 1.1 Deflection vs. Time 
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figure 13. PT 1.1 deflection plot. 
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To obtain the force-deflection plot, they-coordinates from the two previous 

plots are plotted against each other for each time step. Figure 14 presents the 

assembled force-deflection plot for test PT I. I. Notice, the shape of the plot is similar 

to the BARRIER VII model illustrated in Figure I. The force-deflection plot can now 

be used to determine the BARRIER VH post input properties. 

PT 1.1 Force vs. Deflection 
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Figure 14. PT 1.1 force-deflection plot. 
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Using the force-deflection plots, a BARRIER VII post model was developed 

for each post test. The dark line in Figure 15 illustrates the approximation of the 

force-deflection curve for PT 1.1 that is used in the BARRIER VTT post model. 

Similar models of the force-deflection curves for all other post tests can be found in 

Appendix A. 

PT 1.1 Force vs. Deflection 
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Figure 15. PT I. I BARRIER Vll force-deflection analysis. 
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The BARRIER VII model ~<'U developed by matching the impact energy of 

the model '"th that of the force·deOe<tion curve If the areas of both the model and 

the force-deflection curve are similar, the impact energy is maintained Hence. the 

post model shown in Figure 1 S was constructed by ensuring that the area underneath 

the trapezoidaJ model was equivalent to the area llndcrneath 1he actual eur"e 

The vaJues that describe the pOSt model in Figure 1; are listed in Table 7 rhe. 

inilial deRcc:1ion. Dto is the deftection at wtlich point the force fevel is consldered to 

level off ln Figure Is. 0 1 can be estim~ued as 3 in The su.statned force level. Fa. is 

also dctcnnined as approximately II 82 kips F1naUy. a maximum deflccuon must be 

selected for the post model Once the post has rotated a cenain amount. the boll 

becomes detached from the guardrail. and it no longer pro,~dcs resistance to 1he 

impae1ing vehicle At this point, judged 10 correspo11d with a deflection or 20 m. in 

1tus cast, the post is no longer an aettng pan of the sysae:m, so its fOf'u is dropped 10 

zero 

[ l:t.Stic DcfkttiOII A\ I.:I':J"t: Fon.~e .fim•l Dellc..-:tio•• 
(in.) lkoo.s) (in.) 

.3.0 II 81 lll.U 

Table 7. PT I I post111odel analysis results. 

The stiffness parame.ter. Ks.. is 1he slope or the fine up to the ini1ial deflection. 
. 

D, calculated as Fa/ o,. For thos examplo. Ko is 3.94 kip/in ( I I 82 k•p / 3.0 in ) The 

)Ield moment. M .... l$ calculated as the rorcc mul11phed b)' ~ moment arm, whereby the 

moment arm is simply the height above the grade at whjch the rail is connected to the 

post. and in this guardraiL is Ulken to be '21 in. Hence. 1he yield moment is 248.22 k-
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in.(ll 82kopsx21 in ) 

All foree-defleaioo plots were analyzed in a manner Stmilar 10 1bc one 

described abo'•· from which • collection of paramerers was developed. 
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7. Post I Soil Modeling and Validation 
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7.1 Force-deflection Data Analysis 

The parameters obtained from an analysis of the force·deflectio n plots for each 

particular post test are listed in Table 8. The BARRIER VII models from which these 

were obtained are presented in Appendix A. 

Post Test D, n,. Pa Ka MA Fa Da 
(PT) ( ;o.) ( irL) (l;ips) (1;/;n.) (k· in.) (k;J") (in.) 

1.1 3.0 20.0 11.82 3.94 248.22 14.78 20.0 
1.2 3.7 20.0 10.82 2.92 227.22 J3.53 20.0 
2.1 3.7 10.0 10.72 2.90 225.12 13.40 10.0 
2.2 6.4 20.0 13.56 2.12 2$4.76 16.95 20.0 
3.1 4.9 20.0 13.63 2.78 286.23 17.04 20.0 
3.2 3.0 20.0 5.56 1.85 I 16.76 6.95 20.0 
4.1 2.4 20.0 4.77 1.99 100.17 5.96 20.0 
4.2 5.1 15.0 4.84 0.95 101.64 6.05 15.0 
5.1 2.4 20.0 6.44 2.68 135.24 8.05 20.0 
5.2 2.5 20.0 2.49 1.00 52.29 3.11 20.0 
6.1 3.5 20.0 9.85 2.81 206.85 12.3 1 20.0 
6.2 3.3 20.0 8.55 2.59 179.55 10.69 20.0 
7.1 4.1 20.0 10.76 2.62 225.96 13.45 20.0 
8.1 2.2 20.0 11.29 5. 13 237.09 14.11 20.0 

8.2 2.1 20.0 8.31 3.96 174.51 10.39 20.0 
9.1 5.8 20.0 4.44 0.77 93.24 5.55 20.0 
9.2 3.5 20.0 4.88 1.39 102.48 610 20.0 
10.1 2 .4 20.0 5.97 2.49 125.37 7.16 20.0 
10.2 2.2 20.0 4.4~ 2.0 1 93.03 5.54 20.0 

Table 8. Post test analysis results. 

Upon comparison of the post test results, several tests were assumed to be 

outliers and were omitted from the final collection of parameters. The remaining tests 

were synthesized into a table with a sei of constants for each test classification. Table 

9 lists the BARRIER VII post parameters from this synthesis and are the actual values 
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used in the KSWB simulation effons presented in the applied results. The applicable 

Bronstad (~)test resu lts listed in Table 4 compare favorably with those li st here. 

ChlS Post Moisture: Embedment Soil Stiffness Yield M:•xlmum Shear 
s Type Content Type !\:to men[ Denection Force 

(Pl) 
(%) (klin.) (k-in.) (in.) (kips) 

I Timber Lo" SW>dard Clav 3.43 n 1.n 20.00 14. 15 

2 Timber I.O\\ Extended Clav 2.51 >54.9~ 15.00 15. 18 

3 Timber C)flo11rnuu. Standard Clav 2.78 286.23 2000 17.04 

4 Timber I! d . Standard Clov 1.47 100.91 17.50 6.01 

s Timber lJ n.:-..~tur..~tt:J SlllJ><lard Snnd 2.68 135.24 20.00 8.05 

6 Steel I •'•' Standard Clav 2 70 193.20 20.00 11.50 

7 Steel l ·'•' Extended Clnv 2 62 225.96 20.00 13.45 

8 Stc<:l ( •p· '! ~ •.• : · Standard Clav 4 54 205.80 2000 12.25 

9 Steel ! Standard Clav I 08 97.86 2000 5 83 

10 Steel I I ' ' . S1aJ1dard Sand 2 25 109 20 2000 6 50 

1 ~··lc u BARRIER VU post input parameters. 

-.: .\loisture Content Relations/rips 

Plots of tht· r'"t parameters vs. the moisture content of the clay were also 

developed to estabh~h a relationship between the two. For example, in Figure 16, the 

yield moments. 1\1, fCir the steel posts in clay soil were plotted against the 

corresponding moistut ~ contems and a curve was fitted to the data. The shape of the 

curve is similar to that of the proctor curve shown in Appendix D. This suggests a 

direct relationship between the post parameter and the density of the soil. Notice the 

maximum yield moment for the post occurs around 16% moisture content. This 

roughly agrees with a measured optimum moisture content of 17% Also. notice that 

the h.igh moisture content clay yields the lowest MA values. Results were similar for 

the timber post and are presented in Appendix E. 
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Steel Posts 
Yield Moment vs Moisture Content 
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Figure 16 Moisture content relationship vs yield momem (or a s.tecl posL 
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l .J Kansas W-beam (KSIVB) F11ll-scale-T~·ts 

In 1993, Holloway et al (26) eonducled full-scale crash cests 10 evaluace the 

cifec1 of nc:s1ed W -beams and half-Jl0$1 spacing on the p.:rformance of Kan<as \\'­

beam guardrail systems (KSWB). The four test installations that were evaluated 

consisced of: ( I) a single W-bearn with 6 fr - 3 in pos• spaeins, (2) a nested W-beam 

with 6ft· 3 in post spacing~ (3) a single W-beam \\~th 3 ft - 11
/ 2 in post spacing: and 

(4) a nested W-bcam \\~th 3 n- l1/:: in post spacing. The target im1>act conditions for 

all four u~sts consisted oft1sing a 4500 lb sedan impac1ing the gua1draits al60 mph and 

2S degrees All mslallaoons were cons-tructed using 6 ft steel posts in a clay soil 

The KSWB ICSIS were conducted and repOned an accordance with the 

requ.remtniS sp.:eafaed an the R•ccntn~e~l<kd Procedures for th< Saj~t> Perjormam:e 

£\'altlll/1011 of H1glrwtl)' Appunelltllll:tts, Na110tlal Cooperativ·t Highway Research 

Program (NCHRP) Repon No. 230 (lD The safety performance of each guardrail 

S)'Stcm wa.s determined to be accept.abfe 2ccording to the NCHRJ> Report 230 criteria. 

7.3. l F uii .. Scnle C l'ash Te.st Descriptions and ResuiiS 

KSWll- 1 

I<SWB~ I w~s the baseline tor' the four 1ests The ovtrall layout of the system 

mslallahOn IS JhO"Illn Figure 17 The first test \\aS conducted \\.<ilh run pOSl spacings 

(6ft- 3 in) and 175ft (S<:ven- 25ft scccions) ofsmgle 12 gauge W-beam mounted at 

a height of21 an (height to pOst bolt). 
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A total of29 posts were in the guatdrail system. PostS 3 through 27 consisted 

of 6 ft tong W6x9 steel posts with W6x9 steel spacer blocks. \Vhile posts I, 2, 28, 

and 29 w¢re 3ft · 61lz in long, 51
/ 2 x 71

/ 2 inch timber breakaway posts. Tlle W-beam 

guardrail was anchored on both e.nds with a standard breakaway cable terminal (BCT). 

Steel backup plates were placed beiween the guardrail and the posts at all OOJl-Splice 

locations. All p-osts '-Vere installed by auguring holes and backfilling with the native 

cia)• soil 

This test was conducted with (I 4.3991b sedan at an impact speed of 61.9 mph 

and impact angle of 25. 1 degrees. The impact location ,~·as approximately 12 ft 

ups~rcam of post 15. These impact conditions corresp-ond to an impact seve.rity of 

101.4 kip-ft. The film analysis; results for the test iildicated the vehicle had an e.x.il 

speed of 40.1 mph and an exi1 <~.ngle- or 14.5 degrees The maximum dynamic 

defleelions were also estimated from the film analysis and are presented in Figure 18 

with the permallent set def1c:ct ions measured direc1ly in the field The overaiJ 

maximum dynamic post deflection was -estimated to be 28.0 in. at post 15 and the 

maximum pennanent set post dellec1ion was measured as 23.0 in at the same post. 

Posts 15 and 16 were disengaged from the syste.m and post IS was permanemly 

twisted. There was also a smaU !Car in the \V-beam: at post IS. 
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Figure 17. Plan view of KS WB-l guardrail installation. 
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KSW.B-2 

The second test in the series as shown in Figure 19 \vas COJlStructed using the 

nonnaJ 6 ft - 3 in post spacing with nested W-beam, The two end 25 ft sections of 

the installation consisted of a single layer of\V-beam and only the five inner sections 

were nested. Only the inner sections were strengthened because that was the area of 

concern. AJso, the length of modified guardrail met NCHRP 230 speciticatiOr)S (ll) 

for minimum icst lengths. Twenty-nine posts were used in consin•tting this system. 

Post arld rail installatio11 details are the same as previously discussed for KSWB-1 . 

A vcrucle wciglting 4,486 lbs impaoted the system at 60.5 mph and 25.<1 

degrees. approximately 12ft upstream of post i5. The impact severity for this test 

was l 01 .0 kjp-fl The vehicle exited the installatiOJ) \\~th a speed of approximate.ly 

52 6 mph and an (tngle of 12.9 deg!'ees. The maximum dy1lamic. arid permatlel\t set 

deflections are shown in Figure 20. The maximum dynamic deflection was estimated 

to be 35.5 in. between p-osts 14 and 15. The maximum d}'llamic pOSI deOection 

occt•rrcd at post 14 and was 32.5 in, Th~ maximum 1>enn::u1ent set denection of 24.8 

in. occurred at the same post. ~'one of the posts disengaged from the system ahhOtJgh 

post 15 was pe!'manemly lwisted and comained visible markings re.sulting from comatt 

"vith the vehicle. 
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KSWB-3 

The 1hird system in the series as shown in Figure 21 used a single W~beam and 

half-post spacings (3 ft • J1
/2 in.) . :\.s before, only the middle five sections employed 

the strengthening technique of half-post spacings. The total number of posts used in 

the installation was 49. Post 3 through 47 \vere 6 ft tong \V6x9 steel posts with W6x9 

steel spacer blocks. Posts 1. 2, 48. and 49 \Vere 3 ft- 61/.~ in long 51
/ 2 x 7Jf.! inch 

timber breakaway posts. Steel backup plaics were placed between the guardrail and 

the posts at aU non-splice locations. AIJ other pertinent details are the same as 

previously discussed. 

Tesi KSWB~3 was conducted using a 4,486 lb vehicle impacting the guardrail 

at 59.7 mph and at an angle of 24.8 degrees. Impact occurred at a point 

approximately 12 ft up~ueanl of pOSt 25 The impact severity for this test was 94.0 

kip-ft The vehicle exited the guardrail with a speed and angle of 46.1 mph and 9.6 

degrees, re-spectively. The: rna.xirnutn dyr1.afnic and permanent set deflections of the 

posts are illustrated in figure 22. A maximum dynamic post deflection of 23.5 in. 

occurred at post 24. The maxjmum pennanent sc: post deflection of 20.3 in. occtmed 

at the same post. None of rhe posts \vere disengaged from the system although posts 

24 through 26 contained permanent defonnations and marks near the bottom of the 

posts resulting from contact with the vehicle. Guardrail damage consisted of on1y 

mocte.·ate defonnatioll and flattening of the lowet po11ion of the impacted 25 ft W­

beam section. 
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KSWB-4 

The last system in the series as. shown in Figure 2.3, employed both 

strengthening te-chniques - half-post :.pacing and nested W-bea.n. These modifica tions 

\vere also onJy applied 10 the middle S se<:tions Forty-nine posts were also t•scd in 

this installation. The post and rail details are the same as previous!)• discussed in 

KSWB-3. 

Test KSWB-.J tN:-d a 4,501 lb ve-h1cle with an impact spe.ed .and angle of 60 4 

mph and 28.4 degr~.·~.· > fc::.pectlvely. The vehicle impacted the gt•ardrail approximately 

12ft upstre.am or r•·': > The impact severity for this impact wa~ 124.2 kip-fl The 

vehicle left the s ;, ;.tc::t \ .. ~lh a speed of 46.8 mph and an exit angle of 14. 1 degrees. 

The maximum dyn:mu, .wd permaoem set post deflections are presented in f igure 24. 

A ma:.ximu!'n dynanu~ ddecti011 of 19.6 i11. occurred between post Nos. 23 a1ld 24. 

The maximum dynarr.1. ddlc<:liOn for a post \\'aS 17.6 in at post 23 . T he maximum 

permancm set was nt ~·.!,;.Hc.:d as 15 9 ir), at post 24 Post 24 pulled away from the 

guardl'ail, and J)O$t!; : 3 1hcough 25 s.ustai!led permanent deformations and marks near 

the bottom of the posts resulting from COnlaCI wilh 1he vehicle. 
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A summary of the post deflection results for all four K$\VR tests is presented 

in Table 10. tncluded in the table are the impaC-1 severities. which provide a measure 

of the lateral impact energy with wiUch the vehicle strikes rhe guardrail. 

r._., 
101 101 9a 114.0 

~"' 28. ; ; 19 r. 
%1 0.0' 16 . I 1% ·30'/o 

~ 23.0 2 1.3 );.9 

%1 o ''""' KS' 0.0% 7.! v. -1 1.7% 

Table 10. S\munary of KSWB fu ll-scale crash test post deflections 

\Vhcn comparing the maxinwm deflections of the strengthened g.vardrail 

systems 10 the baseline KSWB-1 , it is noticed that K$\:V"B-3 and KSWB-4 provide 

increased resistar)ce tO lateral deflec,ions. and as expected. KSWB·4 provided the 

greatest resistance to lateral deflections. Ho\vever. the nested W-beam guardrail Lest 

KSWB .. z produced maximum dynamjc deflections that were 16% greater. ahhough its 

impact severity \vas nearly the same-as KSWB-1 Despite attempts to control the soil 

conditions. it is believed thi'!t 011 the day K$\VB-2 was tested. the soil moistme content 

was hi,ghcr than that ofKSWB8 J tes\ conditions. This resulted in larger deflections for 

the stift'e,,ed raiL Along with the soil moisture contents. impact se· . .terities for aU four 

tests also varied. ranging from 94.0 kip-ft to 124.2 kip-ft. As a result of these 

differe.nces, the full-scale tes-ts did nm reveal the strengthening effects for each of the 

modifications in an ob\~ous manner. This dramatically shows how dift~rent StiO~nesses 

of the same soil an(! v:uying impac-t sevetities c-an prodt.•ce results that make the 

various guardrail strengthening techniques difficult to assess from full·scale c,·ash 
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testill£, alone Therefore or~y when the soil stiiJncss and impact severity variations are 

eliminated can an objective comparison of the various sueng1hening techniques be 

COJlducted This is most easily and C(:Onomically accomplished by using a properly 

validated computer simulation program. 

7.3.2 Computer V:1lid:u ion Results 

The post p;.u;m1ctc:rs obtained from the steel pOst bogie tests were incorporat<.-d 

into the BA.RRJER \ .II Simulations using the same configurations as the KS\VB tests. 

The deflections oh1.nncd lfom the simuhuions we-re compared with the- 1neasured 

deflections of the fu J; . ..._,~Ic tests to validate the parameters. 

his Jh~ce:.~r·. t~· ' .:thdate the paral't!eteJ'$ from the-post resti1lg program so they 

may be used in <.~lht.·' ~: :-:-~u1auons with confidence Using results from full-scale teSts. 

such as the KSWD >t:nt·:. Simulated deflections from SAR.Rl£R VIJ are compared. lf 

Lhe i>OSt iilput patarnete::- en the siin\J!ations must be adjusted to ptedict the measured 

deflections. then the remaining parameters must be calibrated in the same manne1·. 

Then the calibrated parameters may be used in other simulations. 

During the KSWB full-scale crash tests, it wa~ e.s!imated that the moisture 

content of the soil was higher than the optimum level. Rough estimates of the soiJ 

moiscure contcn1 for these ft1U-scale tests w·ere as high as 27%. According to prior 

research by Ataul.luh ( 19) soil moisture contents as high as this produce a less stif-f 

guardtail system and result in increased deflectiOilS. The1·efore, for the validation of 

the parameters. the sttongest and weakest sets of parameters for a higher moisLure 
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content we1·e used in simulatiorls of the full-scale te.sts tO predict a p-erformance range 

for each con.liguration. The sets are the patameH:rs corresponding \vith steel posts 

embedded Ln clay soil with both optimum and high moisture contents. 

KSWD-l 

Simulations of the KSWB- l full-scale tests were conducted using parameters 

fol' steel posts embe.dded in a clay with a high moisture cement arld an optimum 

moistmc content. The-siu'ml~tion deflection re.suhs were COnl!)ared with the rneaStlr(.'{l 

deflections from the full·scale test. The maxin1um dynamic deflections of the full-scale 

crash test (KSWB-1) and the computer simulations are presemed in f igure 25. The 

pennanent set deflcc1ions arc presented in Figure 26. The simulations were conducted 

using the same impact conditions a.s the full~scale test. Example. BARRIER Vll 

simulation input d<ua files (Or all four KSWB validation simulatiOriS car~ be found in 

Appendix C. 

The shape of the measured deflected !'ail ~vas ctos<:r to the. predic1ed shape of 

the simulated rai1 with an optimum moisture content The largest difference occurs on 

the downstream side of the maximum deOection at post 16. However. che simulated 

de.Oections generally agreed with the measured deOeciions. 
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The maximum permanent set deflections shown in f igure 26 occur at the same 

post for aJJ three shapes. As with the dynamic deflections. the measured deflections 

were approximated more closely by the simulation using parameters for a steel post 

embedded in a clay with an optimtlm moiswre content. The largest dift'erence. once 

again, occurred on the downstream side. Also, the measured deflected shape was 

within the range predicted by ~he simulations. The results of the above validation 

simulations suggest that the moisture C011tent of the soil for which KS\VB-1 was 

tested was around the optimum moisture eom<:nt ( 17%) 

I<SWB·2 

Simulations of the KSWB-2 full-scale tests were also conducted >vith the 

aforementioned parameter sets. A comparison of the maximum dynamic deflections 

and the permanent set deflections from the simulations and the fuJI .. s<:ale crash test ate 

presemed in Figures 27 and 28, respectively. The same fiJil-scale test impac~ 

conditions that were present for the full-scale test were used in Lhe simulations 

The measured maximt.tm dynamic deflected shape for KSVv'B~2, shown 10 

Figure 27. was \\~thin the range predi<:ted b>' the simulations. The me.asured maxim urn 

dynamic. deflection of 32.S in was within the range pr<.·dict<:d by the sim~dations of 2S 

in. to 39 in. 
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The permanent set deflections of KSWB-2 are shown in Figure 28. The 

measured pem1a11e.m se-t deflected shape fell \\oi;hin the range predicted by the 

simulations From ~he validation results presemed, i1 is ditricuh to cslimatc the 

moisture content of the soiJ on the day that KSWB-2 was tested: however, it 1s 

reasonable to conclude that the mois-1ure content was within the range investigated. 

KSWB-3 

The KSV..'B -3 full-scale test 'va..:; also simulated with 1he properties mentioned 

above The maximum dynamic and permanent set deflections obtained from the 

results of the full-scale crash tests (KSWB-3) and the compiJter' simuhnions using tile.: 

same Unpact conditions from the actual full-scale test are prese.oted in FigtJ(es 29 a1'd 

30. respectively 

The measured maxtmum dynamjc deflected shape. fo1· K.S\VB-3 alrnosl fell 

completely within the range predicted by I3AR.RlER V U. Deflections on the upstream 

side ofma.ximum were slightly out of range. HO\Vevcr. once again the maximum value 

was within the range of maximums predicted. 

The maximum permanent se.t deflections from the computer simulations and 

the fuil-scale tesl are pres-cmcd in Figure 30. The deflections from the full-scale tests 

were slightly above- the values predicted by th¢ simulation conducted with high 

moisture content clay parameters These results coupled with the-maximum dynamic 

deflectiOil comparison-S susgest 1hat the KSWB-3 test was tested in a clay with a high 

moisture content. 
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KSWB-4 

The finaJ KS\\"B configuration was also used in ~mutatiOns tO predict a range 

of de!lec1ions for 1he full-scale ,.., The m.,Umum dynamic ddiOCiions and 1he 

pennanent stt defleetkms are presented in Figures 31 and 32. respecuvely The 

computer simulation of the KSWB--4 installatjon used the same impact conditions as 

lhe corresponding fu ll-scale •est. 

Figure 31 presents the maximum dynamic deOecuoM from the compu1er 

simulation and •he full·scale test. The deflected shapes of the simulnt~.:d guardrails 

were more severe than the full-~ale crash test res\lhs. The largest difference occurred 

at the maximum value 

The permanent S<l ddiOCiions fo; KSWB-4 are presen1ed in Figure 32 As 

v.-ith the drnamic deflection comparison. the measured results '"ere lo,~er 1han the 

range predicted h>' BARRl.ER Vll. However. the largest difference bctv.·een the range 

and the actual measured deOection was less than 5 in. From the simulation results, it 

is reao;onable to concludo that du;. moisture content of the soiJ on the day of test 

KSWB-4 was at or ncar optimum. 
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Table II presents a maximum dynamic deflection summary or the BARRIER 

VD simulations and the lUll-scale test rc.\Jhs of the four KSWB installations 

Tf'tl 1'\lusurtd ,\l:uimum Simub.t~d ~lui mum 
Desi~2rion D~nami<: Ddltttion Dyn:amir Drnecdon R:~n~f'C) 

(in) ( in,) 

KSWR·I 23.0 29.1-416 
I<SW0-1 32.5 25.3 - 39.2 
KSWD·J 2'3 5 21 I ·28.1 
KSWH~' 17.6 23,, • Jl.J 

T -•~1 ,• I I BA.R.Rl.ER VU Validaoion Results 

Considenn:; 1hr "'"l'c results of the validation study. the usc of t he BAR.RJER 

VlJ input paramttt':" d·~ .. mcd from the bogie tests were considered acc.cptablc to 

determine the perf\ '~nu-,,C' comparisons of the: guardrail s1rengtt.en•og techniques 

With the kno\\ltd::t :~...,· lht: post testing parameters could satisfactorily replicate 

actual fuU·scalt cr .... h IC",: r~Jts. sunulaoons could then bt conducted usmg the other 

parameters determmC"J tr,•m the bogie post testing phase: to predict the pertbrm.ance of 

the gt1ardrai1system' ''lth d1tlttent post and soil conditions 
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8. Applied Results 
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FoUowing the validation of the post parameters \vith the four KSWB tests, 

computer simulatiOI\S of the g~Jal'dra il c-rash lCSts •vere conducted with the same post 

and soiJ conditions as that med during the bogie post tests. By using identical post 

propenies in all four KS\VB guardrail simulations. soil stiftfless variations were 

eliminated and objective comparisons or the various strengthe-ning techniques were 

condllcted AJso. comparisons between systems using different post and soiJ 

prope-rties were conducted by using identical impact conditions, thus eliminating 1he 

impact condiiion variaiions that accompanied the ftall-scale KSWB crash tests. 

Knowing this, aU of the KSWB simula!iO!lS in this chapte-r were. conducted using the 

intended KSWB target impact conditions, a 4500 lb sedan impacting at 60 mph and 25 

degrees. 

lJsing the: timber post data from the bogie post testing, computer simulations 

were used to predict th.e dynamic response of similar systems with timber post.s. 

thereby avoidir\g the cost of four addilional full-scale crash tests In addit10n ro the 

systems with timber posts embedded to a standard depth in clay, the performance of 

similar systems with IOr\ger posts, differen1 moiShJre conditions. and sandy soil were 

also evaluated using the post parameters developed from the post testing program. 

The max.hnum dynarnic and permanent set deflectioos for the guardrail impact 

simulations usir\g the tesl matrix conditiOI\S found in Table 9 are sununarized in Table 

B-1. 
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8.1 Effects of Nested W-beams and Half-Post Spacings on Guardrail 
Performance 

A comparison of the maximum dynamic deflectio ns of all of the simulations 

perfom1ed in this study is presented in Table 12 . This table is intended to aid in the 

evaluation of the effects of the various guardrai l strengthening techniques. The values 

in parentheses represent the percent decrease in the maximum dynamic deflection for 

each system compared w the standard KSV>'B-1 installation. 

Post 3nd Sotl C of"HJ• t •on~ M:u:imum Dynamjc Deflection (in) 
(% Dcc~::a.scs In «~mp::arlson to cllc Sumdtrd lnst:~ollado•~) 

S<lil Moisture [mtocllmC'Ol Post Standard W .. beam Half-Post Botb Nesting 
T)'Pe Content l...cn:t b Type Installation Nesting Only Spacing Only & Half-Post 

Spacinu 
Low ~ ""c-: .X'\! Steel 26.8 2 5.6 22.2 18.3 

(.:%) ( 17"'/ .. ) (32%) 

Tunb~r 25.8 24.9 20.2 I 17.4 
(~'·> en%) 0~%) 

... ~ .. ~: .; Steel 29.3 26.4 21.9 18.8 
(I ()to) (lS%) (36%) 

Clay Timber 25.4 24.S 19.2 17.6 
{~%) (24%) (;I%} 

Opt:imwn ........ :...tJJ J Steel 26.8 24.7 21.4 18.2 
(S%) (20%) OZ%) 

Timber 24.7 23.6 18.9 16.3 
(~%) (23%) (34%) 

High sw:.'-"'rd Steel 40.3 37.7 28.7 27.4 
(6%) (:!9-h) (l:!%) 

Timb¢r 38.9 36.2 28.9 27.2 
(7%) (U%} (lO%) 

Sand Unsaturated Stond:l!d Steel 37.3 34.9 27.3 25.6 
(6%) (27'%) (31t,.O) 

Timber 35 31.8 25.6 23.6 
(9%) (2i%) (ll%) 

Table 12. KSWB Strengthening techniques comparisons. 

As expected, the guardrail systems with both nesting and half-post spacing 

consistently have the lowest maximum dynamic deflectio ns for all soil and post types, 

reducing the deflections by 30% to 36% compared with the standard installation. The 



79 

system alternative consisting of half-post spacings with a single W-beam decreased the 

deflections of the standard installation by 17% to 29%. The simulations in drier clay 

soils!. indicated thm the efl~ct ofrtested W-Deams was greater for systems with half­

post spacings in comparison to the effect nesting had on systems with regular ft1LI-post 

spacings. The results from the simulation conducted with steel posts embedded to an 

extended depth in a clay soil with a low moisture content illustrate this. The deflection 

of a system employing nested W-Be.ams alone reduced the deflections by 4% 

compared wilh the standard instaJlation, However. the simulation conducted with 

both modifications. half-post spacing and nesied W-Beams. predicted a maximum 

d>•narnic deflection of 18.3 itl. , which was 18% !ov:er than the deflection of 22.2 in. 

obtained wlth hatt:.posi spacings alone. This difference was not as large for 

simulations conducted i.n weaker soils (high moisture content clay and sand}. 

8.2 Effects of PosL Type on Guardrail Performance 

The post type does not greatly affect the deflection characteristics of any of the 

W-beam systems tested. The average difference in maximum dynamic deflection for 

wood and steel post systems tOr all simulattons was only 7% The largest difterence of 

maximum dynamic deflection was. 3.9 in. for the standard installation (l<SWB-1 ) \ISing 

standard le.ngth posts embedded in a low moistut·e come.nt clay lhe maximum 

dynamic deflection of this system \\~th timber posts '"'aS only 13% smalJcr These 

resultS agree with Lhe findings of the TTl SttJdy (W that rnaitllained that steel posts 

behaved simjJarly to timber posts under laterally applied load. 
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8.3 Effects ojMoiswre Content 011 Guardrail Performance 

The BARRIER VII post parameters obtained from Table 9, panicularly the 

yield momems., varied considerably with the moisture content of the clay The 

differences between posts embedded i.n a clay with a low, optimum, and high moisture 

content is illustrated in Table 13 The low moisLure content yield moments \vere only 

6% to l7% lower than the optimum moisture content clay yield moments, whereas {he. 

high moisture coment yield momems. were 52% to 65% lower than optimum. The. 

effect of m01srure content on the pe.rfonnance of a post is considerable. confirming 

what Ata\111\lh ctal suspe-cted in 1988 (I'>). 

Pa<t Tyt>< IC'"Y ; Vic~~, ; % 

Low 237. · 17% 

High ~ .Q5% 

Steel Low 193.20 -6% 

High ~ -52% 

Table 13. Clay rnoisum~ contem and yield morncn1 comparisons fol' standard 
embedmen! depth 

The deflections of the s:,•stems simulated in clay soil \vith high moisture 

contems wete conside-l'ably higher than the deflections fi'OI'tt simulations conducted 

\\~th a drier soil. The predicted deflections from simulations in a clay at a high 

moisture content were on average 45% higher 1han those rtStllting fi'om simvlations 

with a low moisture cement. The largest difference occurred in the simulations for 

timber posts in the standard KSWB-1 configuratio•l \\~th deflections that were 53% 

higher The op1inuun rnoisture- contem simulations produced deflections that were 



81 

only slightl}• lower ihan that of the systems placed in soil \\~Lh a low moisture <:ontent. 

a.:; the deflections decreased by an average of only 4%. These comparisons show that 

guardrails arc particularly vulnerable to weak soil conditions. SlJCh as w he1l the 

moisture content is high. Soils with low w optimum moisture contents arc similar in 

strength and guardrails installed in these soils respond similarly to impacts. Therefore, 

a guardraiJ placed in a soil with a high moisture content may not perform up 10 

expectations because of the IO\\.' resistance the soil provide-s These results 

dramatically ilh1strate ;he effects of the moisture content of the clay on the 

pe.rfomlance of a guardrajJ in corHrolling hue raJ de.flections 

8.4 J:.,}fecrs ofPost. Embedment Deptlt 011 Gtutrdrail Perjorma11te 

A synthesis of Table 9 is presented it~ Table 14 illustrating the difterence 

behv(:en the yield moments of posts embedded to a standard depth and those with an 

extended embedment of 6 in. lhe compa.rison is only performed for a post embedded 

in a low moisture content clay beca\lse there is only test data available tOr 1his 

moisrure comerlt. For both post types. the yield rnoment of Lhe e.xtended post was on 

average ) 2% higher than a post embedded w a standard depth. 

Posr r~· 1>e I twbe(lt'nel)l I Yield Mome-.nr I P iffC:I'(IICe 
Depth (kip·in.) , .. ) 

T imber St.1Ud3rd 231.il 17,22 

Extended 2S4.9.; (1'%} 

St«:J I S~.<mdard I 193.20 I 32.76 

E~acndcd 215,96 (17~~) 

Table 14 Embedment depth and yield moment comparisons 
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By comparing lhc maximum dynamic deflections of the systems listed in Table 

12, no substantial decrease in deflection results frorn embedding the J)OStS an 

additional 6 in, The a'•erage difference of the max.imt•m dynamic detlcctions between 

the two posts was 3%. These resuhs indic-ate that increasing the embedment depth of 

a post by 6 in pro\•ides tittle or oo additional resistance when a standard embedrnenl 

depth of 44 in. is used in low moiswre content clay. 

8.5 Effect~ ojSoil Type 011 Guardrail Performtmee 

T he maxim~•m dynamic deOcctions for posts in sand were consistently higher 

than lhe p-osts in clay except when a high moisture comem \'.:_as present. The 

deflec1ions for sys1ems in clay ;u IO\v and optimum moistute contents were on ave-n~ge 

24% and 28% lower than the deflection$ in sand. respective.Jy. The largest difference 

in dcOec-tion between systems in sand and clay occurred with the standa(d 

configuration (KSWB-1) using steel posts il') an optimum moi:aure com em clay. The 

high moisture comcnt deflections. however. \vcrc c;Qnsistcmly higher than those of tht:: 

sand inst~Uations by an average. of 10%. 
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9. Conclusions and Recommendations 
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9.1 Conclusions 

The objective of this research was to develop a set of post parameters to be 

used in simulations of guardrail installations. The.se simulations \IJOuld be used to 

evaluate the eflCcts of strengl hening techniqtiCS. post type. soil type. embedmen1 

depth~ and soil moisture comem on the performance of guardrails. The objective \Vas 

athicvt d lhrough the use of dynamic post lCS!S and the BARRJER V II simulation 

program. This \vork is also reported in the 1hcsis by Ricnnan (W 

The posa test srudy and analysis of the K$\VB simulations conducted in this 

research lead to several general conch1sions. Timber and steel posts behaved similarly 

in all instaUations and soil conditions The timbei post guardrail~ performed slightly 

better in all conditions The post input parameters in clay illustrate the. drastic ettect 

moisn•re content has on 1he l;~teral impact behavior of a post under dynamic load 

This effect becomes critical when lateral deflections are to be controlled adjacent to 

roadside hazards. The deflections for guardrails placed in clay soils at a high moisture 

content were on average 50% higher than those placed in an optimum moisture. 

comem soil. The effect of post embedment on guardrail performance \vas found 10 be 

minima) for 61
/2 ft posts cmbedd<..-d an additional 6 in. in a low moisture cornem clay 

A guardrail system placed in an unsarurated sand was not as effective at controUing 

deflections as the same system placed in a cJay with a low or optimum moisture 

.;oment 

Usirtg the results of the full-scale crash te.sts and computer simt.Jlations. lhe 
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effect of nesied W-beams ~lone at reducing guardrail deflections was fotmd to be 

marginal and therefore it is not tecommended as an alternative to reduce deflections. 

However, half· post spacing produced a substantial reduction in the maximum 

deflections of the guardrail. The-refore, the strengthening technique of a h.alf-post 

spacing is recommended. Compaction of the soil is of primary importance because 

any benefit derived by either strengthening technique can be reduced or eliminated if 

the soil canm)t p~ovid.e the required resistance to lateraJ load . 

9.2 Recommendations 

Due to the limite.d time and resources available tO the re-searchers, the number 

of tests perfomled on the posts with a wide range of moiswre contents was limited 

Future research should exami1\e this phenome110n in more deiail. and attempt to 

establish a more dependable relatiOtiShip betwe.en the soil moisture content and the 

post~soil strength. A.lso. onJy the strong axes of the posts \verc tested. and fun her 

research should be conducted to verify the weak axis parameters used in the 

simulations for this rc.sc3rc.n. 

Different sizes of posts of the same material were not inth;ded a~ a Study 

parameter in this re.se-ar<:h The ,·esuhs from this research only considere-d the timber 6 

in. x 8 in. and steel \V6x9 posts. A.s a result. the effects of post uMtel'ial, size, and 

shape on the strength of a post coutd no1 be detennined 

1t should be noted that the bogie impact speed and weight were held constal\t 

throughout the testing. program. The bogie speed Md we-ight were chosen to 
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reJ)fOduce the force.~ tmnsmiued to a post when a 4500 lb sedan impacts a guardrail al 

60 mph and 25 degrees. The results obtained in this research were intended to be used 

for guardr(l.il simulations conduc-te<i wilh similar impact conditions. No concJusions 

about the effect of impact severity on the performance of the post can be made using 

the results of this testing program alone, therefore the conclusions of thjs research 

should be used with discretion fo•· instaUations with different impact conditions than 

those ifwestigated he.re. 
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Appendix A: Force-Deflection Results of Bogie Post Tes:Lf 

Tab~ A·l lisl$ ahe classificaaion numbering scheme of abe poSI aesting 

program Refer 10 this table to find the post and soil conditions that were present for 

•~ch ~· of lest daaa 

CI:U$ Pt~st Suil t\loisture Embedment 
(PT) Tyj)C T~'JU! Conttnl Ot1Hh 

l Timber Cll'' I Lo" s. 

' Timhl r rl:w LO\\ • , .... ,.,., C~cv ... . 
J Tim her C'l:w HiP:! I s 
< Timber S:lnd l:n~~II !Tl'I!Cd ,, s <'lv .J.Im. 

' s "'" I. ' 

" s ... n., On!imrun ......... 
• ..... '"'"' Hi h 

10 S!«l 5.3n<l Unsatcnted St.l.Ddlrd 

Table i\.·1 PoSI / soilte&ing classificaaion scheme 

Figures A·l ahrough A·IO present the force-deflection data used in the 

BARRIER VI I post p~1ramctcr analysis The dark line on ..:ach IS the simphfied rorce-

deflection model used by BARRJ ER Vll Annotated on each grnph are the actual 

BAR.RIE.R VI I post parameters extracted from the models th~t were presented in 

Table S A descriJHion of 1he procedure used m dc1ernuntng 1he 1>arameters is 

presenaed in Chopaer 7 
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93 
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PT 3.1 Force vs. Deflection 
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PT 4.1 Force vs. Deflection 
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PT 6.1 Force vs. Deflection I 
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PT 7 1 Force vs. Denection 
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Figure. A-7. PT 7 force-deflection data analysis results. 
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PT 8.1 Force vs. Deflection 
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Figure. A-8. PT 8 force-deflection data analysis results. 
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Figure. A-9. PT 9 force-deflection data analysis results. 
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PT 10.1 Force vs. Deflection 
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Appendix B: Deflected Shapes oftlze Simulated KSWB Systems 

Listed in Table B- I is the maximum dynamic and permanent set deflections o f 

the BARRIER VII simulations conducted in this research. The deflected shapes of the 

simulated KSWB guardrails can be found in Figures B-1 through B- 1 0. Depicted on 

each plot are the maximum dynamic and permanent set deflections resulting from 

BARRIER VII simulations conducted using the appropriate parameters from Table 9 

for each post and soil condition. Refer to Table B- I for a list of the various post and 

soil conditions present for each simulation. 

Post and Soil Conditions ?vtaxirnum Dynamic Deflection 
('Pert:oa.nenr Set Deflection! 

(in.) 

Sou Moistw-e £mbcd.mcnt Post Standard V-~am Nestin H:Uf -Pos! Both l'\es.ting & 
'hoe Content Leneth 1'me ln.stalhltion OnlY ~pacine Onh lblf-Post Spacinf: 

Low Extended Steel 26.8 25.6 22.2 JS.3 
117.01 118.51 114.41 11 3.61 

Timber 2S.8 24.9 20.2 17.4 
116.91 II l. ll 113.01 11 2.01 

StMdard Stcd 29.3 26.4 21.9 18.8 
119.11 119.51 114.01 II l .31 

Clay T1m~f 25.4 24.5 19.2 17.6 
116.81 115.81 fl4.91 113.01 

Optimum Stand.vd Steel 26.8 24 .7 2 1.4 18.2 
117.21 118.01 [13.51 11•.91 

Timb.::r 24.7 23.6 18.9 16.3 
113.91 112.61 113.31 II O.ll 

High Stand.vd Steel 40.3 37.7 28.7 27.4 
( 28.11 ( 28.0) 119.31 118.41 

Timber 38.9 36.2 28.9 27.2 
128.61 r27.4J [19.9) _[18.91 

S.'Uld U~tumted St>n<brd Stet I 37.3 34.9 21.3 25.6 
(25.ll (28.21 (17.91 J1 8.31 

Timber 3l.O 31.8 25.6 23.6 
[23.01 (24.81 [15.91 IIS.ll 

Table. B-1. P redicted deflections ofKSWB configurations with varying conditions 
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Figure. B-1. Predicted KSWB deflections using PT I post parameters. 
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Figure. B-2. Predicted KSWB deflections using PT 2 post parameters. 
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Figure. B-3. Predicted KSWB deflections using PT 3 post parameters. 
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Figure. B-4. Predicted KSWB deflections using PT 4 post parameters. 
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Figure. B-5. Predicted KSWB deflections using PT 5 post parameters. 
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Figure. B-6. Predicted KS\VB deflections using PT 6 post parameters. 
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Figure. B-7. Predicted KSWB deflections using PT 7 post parameters. 
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Figure. B-8. Predicted KSWB deflections using PT 8 post parameters. 
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Figure. B-9. Predicted KSWB deflections using PT 9 post parameters. 
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Figure. B-10. Predicted KSWB deflections usingPT 10 post parameters. 
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Appendix C: Sample BARRIER VII Simulation Input Files 

BARRIER Vl l input fi les used in the validation simulations described m 

Chapter 7 are given in their entirety on the foiJowing pages. 
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L KSWB-1 BARRIER Vll Simulation Input File 
Kansas PO$t: 'I'ti$Cin(J, KSWSl, 4399!/61.9mph/25.1deg/Nod<13 

29 8 7 1 57 4 2 0 
0.001 0 . 001 2 . 000 300 1 . 0 l 

1 10 10 10 10 s 5 
1 0 . 0 0.0 
5 300. o.o 
9 600. o.o 

13 900 . o.o 
l7 1200. 0 o.o 
21 1 500 . 0 0 . 0 
25 1800 . 0 0 . 0 
29 2100 . 0 o.o 

1 5 3 1 
5 9 3 1 
9 13 3 1 

13 11 3 1 
17 21 3 1 
21 25 3 1 
25 29 3 1 

1 29 0 . 35 
29 28 21 26 25 24 23 22 21 20 
19 18 17 16 15 :4 13 12 ll 10 

9 8 ' 6 5 4 3 2 1 
100 1 

1 2 . 30 1. 99 15.0 30000 . 3 . 92 99.5 68.5 0.1 
300 2 

1 21. o. 1. )50 4 . 540 .5~. 101.10 2'05 .80 0.1 
5 . 100 12 . 25 20 . 00 20 . 00 

2 21 . 0 . 102 . 50 1. 5600 0~.50 6)0. 00 : 91. 10 0.: 
35.00 9 . 100 20 . 0 15 . 5 

l 1 2 28 1 101 0 . 0 . 0. 
29 1 30 1 302 0. 0. 0 . 0. o. 
31 3 55 1 301 0 . 0 . 0 . 0. o. 
56 28 57 1 302 0 . 0. 0. 0. o. 

4399. 47000 . 20 1 • 0 1 
1 0 . 040 0.250 1 .50 12. 
I 89 . 35 14 .38 1 12. 1 0 0 0 
2 89 . 35 26 . 38 1 12. 1 0 0 0 
3 89 . 35 38 . 38 1 12 . 1 0 0 0 
4 17 . 35 38.38 1 12 . 1 0 0 0 
5 65 . 35 38. 38 1 12. 1 0 0 0 
6 53 . 35 38 . 38 1 12 . 1 0 0 0 
7 a . 35 38 . 38 1 12 . 0 0 0 
8 29 . 35 38.38 1 12 . 1 0 0 0 
9 _, 2 : 65 38.38 1 12 . 1 0 0 0 

10 - 54 . 65 38 . 38 1 12. 1 0 0 0 
11 - 66 . 65 38.38 1 12. 1 0 0 0 
12 - 78.65 38 . 38 1 12 . l 0 0 0 
13 -90.65 38 . 38 1 12. 1 0 0 0 
14 - 102.65 38.38 l 12. 1 0 0 0 
15 -114. 6~ 38.38 1 12 . l 0 0 0 
16 -126.65 38 . 38 1 12 . 1 0 0 0 
17 - 126.65 - 38.38 1 12 . 0 0 0 0 
18 89 . 35 - 38.38 1 12. 0 0 0 0 
19 48.35 31.0 1 !. I 0 0 0 
20 - 65 . 65 31.0 !. 1 0 0 0 

1 48 . 35 31.0 o. 633. 
2 48 . 35 -31.0 0. 1>33. 
3 - 65 . 65 31.0 o. .; ()'L 

• - 65 . ;)5 - .>1. 0 o. 461 . 
l 0.0 0.0 
3 91 0 . z o. 25 .1 1)1. 9 0.0 0.0 0 .0 
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IT. KSWB-2 BARRIER VIT Simulation Input File 
KbnS~$ Po$t 'I'ost.ing, KSWB2, ~ 4 86!/60 . Smph/Z5.4de9/Nodel3 

Z9 $ 1 1 77 5 z 0 
0 .001 0 . 001 2.000 100 !.0 1 

1 10 10 10 10 5 5 
1 0.0 o.o 
5 300 . o.o 
9 600 . 0 . 0 

13 900 . 0 . 0 
11 1200.0 0 . 0 
21 1500.0 0 . 0 
25 1800.0 0 . 0 
29 2100 .0 0 . 0 

1 ; 3 l 
5 9 3 1 
9 13 3 1 

13 17 3 1 
17 21 3 1 
21 25 3 1 
25 29 3 ! 

1 29 0.35 
Z9 Z8 27 26 2 2< 23 Z2 21 20 
1 9 18 17 16 ! 1 4 13 12 11 10 

9 8 1 6 • 3 2 1 
100 1 

1 2 . 30 1 . 99 1 $.0 30000. 3.92 99.5 68.5 0 . 1 
300 z 

1 21. o. 1.15 ~.5-40 "'· 107 . ! Z05 . 80 0.1 
5 . 10 12. 25 20.0 20.0 

z 21 . o. 102 .so 1.5600 64.50 630 .00 191. 10 0 . 1 
35.00 9 . 100 20 . 0 15 .5 

1 1 2 28 1 101 o. 0. 0 . 
29 5 6 48 1 101 o. o. 0 . 
<9 1 50 1 302 o. o. 0. 0 . 0 . 
51 3 75 1 301 o. o. 0 . 0. 0 . 
76 ze 71 1 302 o. o. o. 0 . 0. 

4486 . 41000 . 20 1 4 0 1 
1 0.0~0 0 . 250 7 so 1 2 . 
1 89.35 1<1 • 38 1 12 . l 0 0 0 
2 89.35 26.38 1 lZ . 1 0 0 0 
3 89.35 38 . 38 1 12 . 1 0 0 0 

' 77.35 38 . 38 1 12 . 1 0 0 0 
5 65.35 38 . 38 1 12 . 1 0 0 0 
6 53.35 38 . 3$ 1 12. 1 0 0 0 
7 <1 . 35 38 . 38 1 12. 1 0 0 0 
s Z9 . 35 38.38 1 12. 1 0 0 0 
9 -< 2 . 65 38 . 38 1 12. 1 0 0 0 

10 - 54 . 65 38.38 1 12. 1 0 0 0 
1l -66 . 65 38 . 38 1 12. 1 0 0 0 
12 - 7$ . 65 38 . 3$ 1 12 . 0 0 () 

13 - 90 . 65 38 . 38 1 12. 1 0 0 0 
l4 - 102.65 38 .3$ 1 12. 1 0 0 0 
15 - 114 . 65 38 .3$ 1 12. 1 0 0 0 
16 - 126. 65 38.3$ 1 12. 1 0 0 0 
11 - 126.65 - 3$.38 1 12. 0 0 0 0 
18 89 .35 - 38.38 1 12. 0 0 0 0 
19 48.35 31. 0 1 1. 1 0 0 0 
20 - 65.65 31.0 1 1. 1 0 0 0 

l 48 . 35 31.0 0. 512. 
2 48.35 - 31.0 o. 57 2. 
3 - 65 . 65 31. 0 o. 496 . 

• -65. 65 - 31.0 o. 496. 
1 o. o o.o 
3 910 . 2 o. 25 .4 60 . 5 0.0 0.0 0.0 
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m. KSWB-3 BARRIER Vll Simulation Input File 
Kansas Post Testing, KSi\."33, ~~86f/S9. 7rph/2<.8deq/~odo22 

<9 8 , l 91 6 2 0 
0.001 0.001 2.000 100 1.0 1 

1 10 10 10 10 5 5 
1 o.o 0.0 
5 300. 0.0 

13 600. 0.0 
21 900. 0.0 
29 1200.0 0.0 
31 1500.0 o.o 
45 1800.0 o.o 
49 2100.0 o.o 

l ~ 3 1 
5 13 ' 1 

13 21 7 l 
21 29 7 1 
29 37 7 I 
37 4~ 7 1 
4~ 49 3 1 

I 49 0.3~ 
<9 48 ., 46 <5 H <3 <2 u 40 
39 38 37 36 35 3< 33 32 31 30 
29 28 27 26 25 2< 23 22 21 20 
19 18 11 16 lS l4 13 12 11 10 

9 8 7 6 5 ' 3 2 1 
100 2 

1 2.30 1.99 75.0 30000. 3.92 99.5 68.5 0 . ! 
2 2.30 1. 99 31 . 5 30000. 3.92 99.5 68.5 o.: 

300 2 
1 21. o. 1.15 'l. 5~0 54. 107.1 205.80 0 . 1 

5. 10 12.25 20.0 20.0 
2 21. o. 102.50 1. 5600 6<.50 630.00 19J.l0 0 . 1 

35.00 9.100 20.0 15.5 
1 1 2 ' 1 101 o . o. o. 
s s 6 " 1 102 o. 0. o. 

<5 45 46 48 1 101 o . 0 . o. 
<9 1 so l 302 o . 0. o. 0. o. 
51 3 95 301 0 . 0. o. 0 . o. 
96 48 " 1 302 0 . 0. o. 0. o. 

44.86. <1000. 20 1 ~ 0 1 
1 0.040 0.250 1.50 12. 
1 89.35 l4 .38 !2. 1 0 0 0 
2 89.3~ 26.38 12 . 1 0 0 0 
3 89.35 38.38 l 12. 0 0 0 

' 17.35 38.38 I 12. 0 0 0 
s 65.35 38.38 i2 . 0 0 0 
6 53.35 38.38 L-Z. 0 0 0 
1 41.35 38.38 t2. ~ 0 u 
8 29.35 38.38 ~2 . u ~ 0 
9 -42.65 38.38 1 12 . 0 0 0 

10 -54.65 38.38 1 12 . 0 0 0 
11 -66.65 38.38 1 12. I 0 0 0 
12 -18.65 38.38 1 12 . I 0 0 0 
13 -90 . 65 38.38 1 12 . 1 0 0 0 
H -102.65 38.38 1 12. 1 0 0 0 
15 -114. 6~ 38.38 1 12. 1 0 0 0 
16 -126. 6~ 38.38 ! 12 . 1 0 0 0 
17 -126.6~ -38.38 1 u . 0 0 0 0 
18 89.35 -38.38 1 12 . 0 0 0 0 
19 48.35 31.0 1 1. 1 0 0 0 
20 -65.65 31.0 1 1 . l 0 0 0 

1 <8.35 31.0 o. 625. 
2 <8.35 -31.0 o. 625. 
3 -65.65 31.0 o. <96. 

' -65.65 -31.0 o. <96. 
1 o.o 0.0 
3 910.2 o. 24.8 59 . 7 o.o 0.0 0 .0 
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IV. KSWB-4 BARRIER VTI Simulation Input File 
Kansas t>os t 'To:;st i r.g, KSW64 , { SOl i/60. 4 rr.ph/ 28. 4deg/Node22 

49 8 7 1 137 7 2 0 
0 . 001 0.001 2 . 000 100 1.0 1 

1 10 10 10 10 s 5 
1 o.o o.o 
s 3 0 0 . o.o 

13 60 0 . o.o 
21 900 . o.o 
29 1200. 0 o.o 
37 1500.0 0.0 
45 1800 . 0 0.0 
49 2100 . 0 c.o 

1 s 3 1 
5 13 7 1 

13 21 7 1 
21 29 7 1 
29 37 7 
37 45 ' 45 4 9 3 

1 49 0.35 
49 48 <7 ,, <3 42 41 40 
39 38 37 )• 

' 33 32 31 30 
2 9 28 27 23 n 21 20 
19 18 17 :, 13 12 ll 10 

9 8 7 t 3 2 1 
100 2 

! 2. 30 l. ~(, 30000. 3 . 92 9 9 . .5 68 . 5 0 . 1 
2 2 . 30 l. ~~ 30000. 3 . 9 2 99. 5 6 8 .5 0.1 

300 2 
1 Zl . c . • . 540 e.c; . 107.1 205 . 80 0 . 1 

5 . 10 !2 25 _, 0 
2 21. 0 . . . ~- 1 . !:>600 6 4 . 50 6 3 0 . 00 ! 91 . !0 0 . 1 

35 . 00 9.100 !~ 5 
1 1 2 ( . 0. 0 . 
5 5 6 " 0 . 0. 0. 

45 45 46 ,, c. 0 . 0 . 
<9 5 6 e~ 0 . 0 . 0 . 
89 1 9( ) : . ~ . 0 . 0 . 0 . 0 . 
91 3 : :,: ) .. c. 0 . 0 . 0 . 0. 

136 48 131 JCI1 c. 0 . 0 . 0 . 0 . 
<501 . 47000 . 4 0 1 

1 0 . 0 40 0 . 250 . . 5~ 12 . 
l 89 . 35 14 . :;e 12 . 1 0 0 0 
2 89 . 35 26 . 3e 12 . 1 0 0 0 
3 89.35 38 . 38 12 . 1 0 0 0 

' 17 . 35 38 . 38 12 . 1 0 c 0 
5 65 . 35 38 . 38 12 . 1 0 0 0 
6 53 . 35 38 . 38 12 . l 0 0 0 
7 41 . 35 38 . 38 12 . 1 0 0 0 
8 29 . 35 38 . 38 12 . l 0 0 0 
9 - 42 . 65 38 . 38 1 12 . l 0 0 0 

1 0 - 54 . 65 38 . 38 1 12. l 0 0 0 
11 - 66 . 65 38.38 1 12 . l 0 0 0 
12 - 7 8 . 65 38.38 l i2 . 1 0 0 0 
13 - 90 . 65 38.38 ! 12 . 1 0 0 0 
1 4 - 10 2 .65 38.38 ! 12 . 1 0 0 0 
15 -11 4.65 3 8 .38 ! 12. 1 0 0 0 
16 - 126.65 38.38 ! 1 2. 1 0 0 0 
17 - 126.65 -38.38 ! 1 2. 0 0 0 0 
18 89 . 35 - 38.38 1 12 . 0 0 0 0 
19 48 . 35 31 . 0 1 - 1 0 0 0 
20 - 65 . 65 31 . 0 1 1 . 1 0 0 0 

1 48.35 31 . 0 o. 630 . 
2 48 . 35 - 31.0 o. 630 . 
3 - 65.65 31.0 o. 496. 
4 - 65 .65 - 31.0 0. .; 91) . 
1 0.0 0 . 0 
3 910. 2 o. 28 .4 60 . ' o.o o.o 0 . 0 
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Appendix D: Optimum Moisture Content Determination 

Prior to post testing, a soil analysis was conducted with the clay soil to 

detennine the optimum moisture content. Tllis is the moisture content at which the 

maximum dry ·density of the soil can be achieved. This was accomplished by 

performing a standard Proctor test. A plot of the Procto r curve obtained from the test 

is illustrated below in Figure D-1. A second order regression curve was fit to the data 

points in order interpolate values between known points. 

Proctor Tests 
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Figure. D-1. Clay soil proctor curve. 

Using the proctor curve, the optimum moisture content was determined by 

interpolating the moisture content at which the curve is maximum and was found to be 

approximately 17%, yield ing a maximum dry density of I 00 pcf 
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Appendix E: Moisture Comeut Relationsltips 

Given in Figures E-1 through .E-6 arc the moisture eon tent relationships for the 

BAR.RIER VIl parameters - the yield mome.nt (M,r\). the stiffness (Ka). and the force 

(Fs) parameters. Plots are included for both steel and timber posts embedded to a 

standard depth. 
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Figure. £.1. Moisture content vs. yield moment for a steel post 
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Figu rt· l . : ~1oisture content vs. stiffness for a steel post. 

Steel Posts 
Shear Force vs Moisture Content 
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Figure. E-3. Moisture content vs. shear force for a steel post. 
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Timber Posts 
Yield Moment vs Moisture Content 
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Figure. E-4. Moisture content vs. yield moment for a timber post. 
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Figure. E-5. Moisture content vs. stiffness for a timber post. 
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Timber Posts 
Shear Force vs Moisture Content 
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Figure. E-6. Moisture content vs. shear force for a timber post. 


