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I I TRODUCTION 

1.1 Problem St:ltcment 

Guardra ils are often placed over box cldvcrts to protect motori sts fro l11 the hazard presented 

by cross-drainage cul verts installed under highways. Unfortunate ly, the performance of these 

guardra ils is serious ly diminished when the box culvert is installed with less than 1.0 16 111111 of fill 

materi al. [n a si tuation where the guardra il ex tends across a culvert , it is usually necessary to attach 

the guardrail posts to the culvert surface. When the guardrai l is impacted. these posts are severely 

deformed and often pul led loose. thereby causing significant damage to the culvert. The damage and 

expensive repair costs could be avoided i f an unsupported guardrail segment could span across the 

cul vert . 

The Ohio DeparlJnen t of Transportati on 's (OhDOT's) Office ofStruclural Engineeri ng issued 

a special plan sheet which prov ided detail s on several options for spanning cul verts in low-fill 

situations which would not require attaching the guardrai l posts to the culvert. However. these 

options for spanning cul verts pennined the use of span lengths much longer than those successfully 

crash tested in prcvious research studies . It is noted that crash tests, based on passenge r cars, have 

been performed sllccessfully on span lengths 01"3,8 \ 0 111m and 5,71 5 mill accordi ng to the eva luation 

criteria provided by the National Cooperative Highway Research Program (NCI-rn..P) Report No. 230, 

Re£:ommended Procedures for fhe Safety Pel:/ormance Evaluation of Highway Appurtenances (1). 

Since span lengths in excess of 5.7 \ 5 I1Ull have not been subjected to full-scale crash testing. these 

designs can no longer be used on Federal -aid highways unless shown to meet impact safety 

standards. Therefore, ifOhDOT wishes to use longer unsupported span lengths (i.e., 7.62 to 9.14 



111) to extend over low-fill culvert install ations, then a need exists to develop and crash test a new 

guardrail systcm acco rding to current safety guideli nes. 

1.2 Objective 

The objective of the research project was to develop a new guardrail system for box culverts 

capable of unsupported spans on the order of 7.62 111 . The new guardrail system was designed to 

mcet the Test Lcvel 3 (TL-3) safety performance criteria set forth in the NCHRP Report No. 350, 

Recommended Procedures/or Ihe Safety PCI:{tJI'I1UII1Ce Eva/uation of Highway Featllres (2.) . 

1.3 Scope 

The research objective was to be achieved by performing severa l tasks. First, a literature 

review was performed on exist ing long-span guardrail systems as we ll as guardrai l systems attached 

to culverts. Sccond, a concept development phase was performed to iden ti fy several prototype 

configurations to be further analyzed and eva luated. Third. computer simulation modeling was 

conducted to aid in the analysis, design, and evaluation of several long-span guardrail configurations. 

Fourth, fu ll -sca le vehicle crash tests were perfonned using l;"-tOI1 pickup trucks, we ighing 

approx imately 2.000 kg, with target impact speeds and angles of 1 00.0 km/hr and 25 degrees, 

respectively. Final ly. the test results were ana lyzcd, eva luated, and documen ted. Conclusions and 

recommendat ions were then made that pertain to the safety performance of the new long-span 

guardrail system. 
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2 LITERATURE REVIEW 

When culverts span more than 6. 1 111, the American Association of State Highway 

Transportation Officials (AASHTO) defines them as bridge lengths and thus, normally require the 

lise of a full-strength, ri gid bridge rail Q.). However, the usc of a rigid bridge rail can potentially 

create a transit ion problem between the rigid bridge rail and the flexible roadside guardrail 

commonly used upstream of the bridge rail . Therefore, roadside guardrails arc often continued over 

low-fi ll culverts to reduce construction costs. 

Problems arise when the guardrai ls must conti nue across the culverts because of the 

shallowness of the so il fill. In such cases, fu ll embedment of the guard rai l posts is not possible. 

Crash testing has previously demonstrated that posts with sha llow embedment depths can eas ily be 

pulled out of the ground, thus resu lting in vehicle snagging or vaulting and causing poten tiall y 

disastrous resu lt s (~. Therefore. the guardra il posts need sufficient embedment to: ( I) develop the 

necessary friction to prevent the posts from pull ing out of the ground; (2) develop sufficient lateral 

soi l forces to develop the bending strength of the posts; and (3) provide energy di ssipation through 

post rotation in soil. 

A des ign that allev iates the diminished perfo rmance orthe guardrail with shallow embedded 

posts has been successfull y developed and successfully crash tested. This design involved welding 

base plates to the short stee l posts and bolting them to the top surface of the concrete culvert (4). 

However, thi s design required that the front face of the \V-beam be placed 914 mm from the head 

wall of the culvert to provide space for the guardrail and posts to deflect during impact. In some 

instances, thi s design required that the culvert be extended outward away from the roadway. 
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However, this ahernati ve increases the cost of the structure, especially in rehabilitation projects 

where no other culvert work is needed (.1). 

In 1992. an alternati ve design was deve loped for the Kansas Department of Transportation 

(KsDOT) that provided a stiffer barricr and reduced the amount of de fl ection over the cul vert (~). 

The successfu lly crash tested design consisted ofa nested W-beam with half-post spacing. The steel 

posts were bol ted to the top of the concrete culvert and instal led adjacent to the concrete cul vert head 

wall. For wood-post guardrail systems, stce l posts must be used instead of wood ones fo r the 

segment over the low-fill cul vert. 

Previous designs fo r wood-post guardrai l systems that eliminate the use of the see l posts in 

the segment ovcr the culvert include unsupported guard rail segments which span across the cu lverts. 

Unsupported spans of 3.8 1 111 and 5.72 111 have been successfu lly crash tested acco rd ing to the 

NCHRP Report No. 230 criteria using "passenger-s ize" sedans (6-7). These successful designs 

consisted of nested W-beam guardrail, which has twice the tensile capacity of a single rail. These 

designs are simpler and less expensive alternatives to the designs which require attachment of the 

base of the posts 10 the lOp of the culvert. These designs have been recommended for use with both 

wood-post and steel-post guardrail systems due to the compatible strengths of wood and stee l posts 
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3 TEST REQ UIREMENTS AND EVALUATION C RITERIA 

3. 1 Test Requirements 

Longitud inal barri ers, such as long-span guardrail systems traversing culverts, must satisfy 

the requirements provided in NCHRP Report No. 350 to be accepted for lISC on new construction 

projects or as a replacement fo r existing transition designs not meet ing current safety standards. 

Accord ing to Test Level 3 (TL-J) ofNCI-IRP Report No. 350, long-span guardrai l systems must be 

subjected La two fu ll-scale vehicle crash tests: ( 1) a 2,OOO-kg pickup truck impact ing at a speed of 

100.0 km/ hr and al an angle of25 degrees; and (2) an 820-kg small car impacting at a speed of 100.0 

kmlhr and at an angle 0[20 degrees. However, W-beam barriers struck by small cars have been 

shown to meet safety performance standards and to be essentially rigid (8-10), with no signi ficant 

potenti al for occupant risk problems arising from vehicle pocketing or severe wheel snagging on the 

post at the downstream end of the long-span. Therefore. the 820-kg small car crash test was deemed 

unnecessary for this project. 

3.2 Evaluation C riteria 

Eva luation criteria for fu ll-scale vehicle crash testing are based on three appraisal areas: ( I) 

structural adequacy; (2) occupant risk; and (3) vehicle trajectory afler co ll isioll . Criteria for structura l 

adequacy arc inte nded to evaluate the ability of the barrier to contain, redirect, or a llow contro lled 

veh icle penetration in a predictable manner. Occupant risk eval uates the degree of hazard to 

occupants in the impacting vehicle. Vehicle trajectory afler collision is a measure oftlIe potent ial fo r 

the post-impact trajectory of the vehicle to cause subsequent multi-vehicle accidents. It is also an 

indicator for the potential safety hazard for the occupants of the other vchicles or the occupants of 

the impact ing vehicle when subjected to secondary co lli sions with other fixed objects. These three 
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evaluation criteria are defined in Table I. The full-scale veh.icle crash tests were conducted and 

reported in accordance with the procedures provided in NCHRP Report No. 350. 

Table I. NCHRP Report 350 Evaluation Criteria for 2000P Pickup Truck Crash Test (]) 

Structural 
A. Test arti cle should contain and redi rect the veh icle; the vehicle shou ld not 

Adequacy 
penetrate. underride. or override the install ation allhough controlled 
latera l deflection of the test article is acceptab le. 

D. Detached elements. fragme nts or other debris from the test article 
should not penetrate or show potential for penetrating the occupant 
compartment, or present an undue hazard to other traffic, pedestrians. 

Occupant or personnel in a work zone. Deformations of, or intrusions into, the 

Risk occupant compartment that could cause serious injuries should not be 
permi tted. 

F. The vehicle should remain upright during and after collision although 
moderate roll, pitching. and yawing are acceptable. 

K. After collision it is preferable that the vehicle's trajectory no t intrude into 
adjacen t traffic lanes. 

L. The occupant impact velocity in the longitudinal direction should not 
Vehicle exceed 12 Ill/sec and the occupant ridedown acceleration in the 

Trajectory longitudinal direction should not exceed 20 G's. 

M. The exit angle from the test article preferably should be less than 60 
percent of test impact ang le, measured at time of vehicle loss of contac t 
with lest devise. 
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4 LONG·SPAN GUARDRAIL DESIG N (DESIGN NO. I ) 

4.1 Design Considerations 

The development of the long-span W-beam guardrail system required the consideration of 

three key factors : vehicle capture; rail tensile capacity; and the potential for pocketing and \Vheel 

snagging. For a long, unsupported length of guardrail extending across a culvert, vehicle capture 

becomes a signi ficant considerat ion. Under the guidel ines of NCHRP No. 230, previous crash 

testing of W-bca rn guardrail s demonstrated that unsupported lengths lip to 5.72 m were possible. 

However, the problem of vehicle capture is intensified under the NCHRP No. 350 guidel ines due 

to the increased height of the center of mass fo r :X·ton pickup trucks. According to the requirements 

of NCHRP No. 350, it is unl ike ly that a single W-beam rai l, used in conjunction wi th a long 

unsupported length, will be capable of capturing a pickup truck. However, it may be possible to 

safely contain and redi rect a pickup truck with the use ofnesled W-beam guardrail. 

For a long-span guardrail system, the rail tensile capacity also becomes a key consideration 

in the design. Higher tensi le loads and longitudinal strain in the rai l would occur since dy namic 

lateral rail deOect ions would likcly be larger than those observed during an impact into a guardra il 

system wilh a standard post spacing. Nested W-beam or single thrie beam, in combination with 

increased th ickness, could be used to provide increased tcnsile capacity over the single l2-gauge W­

beam rail. The fi na l design consideration is the potential for vehicle pocketing and wheel snagging 

on the posts located on the downstream side of the unsupported length of guardrail. Therefore, the 

post type , embedment depth, and spacing were se lected 10 minimize vehicle pocketi ng and wheel 

snagging. Finally. computer simulation mode li ng was used to investigate these design 
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considerations to insure that tbe most cost-effective guardrail system was implemented. The results 

of the computer analysis are provided in Section 6. 

4.2 Long-Span Guardrail Design DChlils 

The total length of the test installation was 48.63-m long, as shown in Figure I. Photographs 

of the test installation are shown in Figure 2. The test installation consisted of30.48 m of nested 12-

gauge W-beam rail supported by both CRT and steel posts, standard 12-gauge W-beam guardrail 

supported by steel posts, a simulated anchorage device on the downstream end , and an anchorage 

system repl ica ting a Breakaway Cable Terminal (SCT) on the upstream end but instal led tangent to 

the guardrail system and without the buffer head. The computer simulation modeling of the long­

span design as well as the selection of the length are described in detai l in Section 6. 

The entire system was constructed with twen ty-four guardrail posts. Post nos. 9A th rough 

4A were part oran ex isting approach guardrail transi tion and used to anchor the downstream end. 

Post nos. 9A and 8A were galvanized, ASTM A36 steel W150x37 sections measuring 2,591-mm 

long. Post nos. 7 A through 4A were galvanized, ASTM A36 steel W 150x22 sections measuring 

2, 134-nml long. Post nos. 3A through I and 8 through 13 cons isted of galvan ized, ASTM A36 steel 

W 150x 13.5 sect ions measuring 1,830-l11m long. Post nos. 2 through 7 were CRT timber posts 

measuring 150-l11m wide x 200-l11m deep x I ,830-l11m long. Post nos. 14 and 15 were timber posts 

measuring 140-mlll wide x 190-1U1ll deep x I,080-mm long and were placed in steel fou ndation 

tubes. The timber posts and foundation tubes were part of an anchor system, similar to a BCT but 

installed tangent to the system. used to develop the required tensile capacity oflhe guardrai l. Lap­

splice conneclions between the rail sect ions were configured to reduce vehicle snagging a1 the sp li ce 

during the crash tests. 
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The spac ing from the concrete end of the downstream anchor system to post no. 9A was 

I ,90S-mm while the spacing between post nos. 9A through SA was 9S2-lllm as shown, in Figure I. 

Post nos. SA th rough 4 and 5 through 15 were spaced on I ,905-mm centers. The unsupported span 

between post nos. 4 and S was 7.62-m long. 

The soil embedment lengths for post nos. 9A th rough 8A, 7 A, 6A. and SA through 4A were 

I ,838-mm deep. I ,38 1-mm deep. I ,355-mm deep, and I ,406-mm deep, respectively. For post nos. 

3A th rough 13. the soi l embedment depth was 1,102 mm. The posts were placed in a compacted 

coarse, crushed limestone material that met Grading B of AAS I-I TO M 147-65 (1990) as fo und in 

NCHRP Report No. 350. 

For post nos. 9A through 6A. 150-111111 wide x 200-mm deep x 4S7- l11m long wood spacer 

blocks were used. while ISO-mm wide x 200-mm deep x 356-mm long wood spacer blackouts were 

used at post nos. SA and 4A. For post nos. 3A through 13, ISO-mm wide x 200-111111 deep x 360-111111 

long wood spacer blackouts were used to block the rai l away fTom the posts. 

The anchoring system at the downstream end of the barrier system consisted of a concrete 

buttress and a thrie beam approach guardra il transition system which existed from a previous 

research study. as shown in Figure I. A sta ndard 2.66-mm (l2-gauge) W-beam ra il , measuring 

3,S IO-mm long. was placed between post nos. SA and 3A, as shown in Figure l. Subsequently, 

nested W-beam guardrail , measuring 2.66-111111 thick and 31.48-m long, was used to span between 

post nos. 3A and 11. A standard 2.66-mm thick W-beam rail, measuring 7.620-m lTI long, was placed 

between pas! nos. 11 through 15. The lap mounting height of the W-beam rail was 706 111m. 
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Figure 2. Long-Span Guardrail Element, Design No. I 



5 TEST CONDITIONS 

5. 1 Test Facili ty 

The testing facility is located at the Li ncoln Air-Park on the NW end of the Lincoln 

Municipa l Airport and is approximately 8.0 km NW of the University of Nebraska-Lincoln. The site 

is protected by a 2.44-m high chain-link securi ty fence. 

5.2 Vehicle Tow and Guidance System 

A re verse cable lOw system with a 1:2 mechanica l advantage was used to propel the test 

vehicles . The distance trave led and the speed ohhe tow vehicle were one-half that ofthe test vehicle. 

The test vehicle was released from the low cable before impact with the bridge rai l. A digital 

speedometer in the tow veh icle was utilized to increase the accuracy of the test vehicle impact speed. 

A vehicle guidance system developed by Hinch W) was used to steer the test veh icle. A 

guide-flag, auachcd to the front-left wheel and the guide cable, was sheared ofT before impact. The 

9.S-mm diameter guide cable was tens ioned to approximately 13.3 kN, and supported laterally and 

vert icall y every 30.48 m by hinged stanchions. The hinged stanchions stood upright while hold ing 

up the guide cable, but as the ve hicle was towed down the line, the guide-flag struck and knocked 

each stanchion to the ground. The vehicle guidance system was approximately 457.2-m long. 

5.3 Test Vehicles 

For test OLS- l . a 1991 Chevrolet C-2500 '%-ton pickup truck was used as the test vehicle. 

The test inert ial and gross stat ic weights were 1,999 kg. The test vehicle is shown in Figure 3, and 

vehicle dimensions arc shown in Figure 4. 
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Figure 3. Test Vehicle, Test OLS·! 
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Figure 4. Vehicle Dimensions, Test OLS-J 
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For test OLS-2, a 1991 Chevrolet 2500 lh-Ion pickup truck was used as the test vehicle. The 

test inertial and gross static weights were 1.997 kg. The test vehicle is shown in Figure 5, and vehicle 

dimensions are shown in Figure 6. 

The Suspension Method (11) was used to determine the vertical component of the center of 

gravity for the test vehicles. This method is based on the principle that the center of gravity o f any 

freely suspended body is in the vertical plane through the point of suspension. The vehide was 

sllspended success ively in three positions, and the respecti ve planes containing the center of gravity 

were estab li shed. The intersection of these planes pinpointed the locat ion of the cente r o r gravity. 

The longitudinal component of the center o f gravity was determined lIsing the measured axle 

weights. The location of the final centers or gravity are shown in Figures 7 and 8. 

Square, black and whi te-checkered targets were placed on the vehicle to aid in the ana lysis 

of the high-speed film, as shown in Figures 7 and 8. One target was placed on the center of gravity 

on the driver's side door, the passenger's side doo r. and on the roof of the vehicle. The remaining 

targets were located for reference so that they could be viewed fro l11 the high-speed cameras for film 

analysis. 

The frollt wheels orllle test vehicle were aligned for camber, caster, and toe-in values o f zero 

so that the vehicle would track properly along the guide cable. Two 58 flash bulbs were mounted 

on both the hood and roof ofthe vehicle to pinpoint the time of impact wi th the bridge railing on the 

high-speed film . The flash bulbs were fi red by a pressure tape switch mounted on the front face of 

the bumper. A remote cont ro lled brake system was insta ll ed in the test vehicle so the vehicle could 

be brought satd y to a stop after the test. 
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Figure 5. Test Vehicle, Test OLS-2 
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TEST 1*: DLS-l 

TARGET GEOMETRY (CM) 

0. 101.6 b 63.5 C 266.7 d 175.9 

e 175.3 f 175.3 9 73.7 h 147.3 

187.3 J 96.5 k 73.7 104.1 

Figure 7. Vehicle Target Locations, Test OLS·] 
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TEST II : DLS-2 

TARGET GEO METRY (CM) 

0. 130.2 b 68.6 

e 215.3 

184.2 

f 215.3 

J 92.7 

C 275.0 cI 154.9 

9 101.6 h 149.9 

k 74.9 l 101.6 

Figure 8. Vehicle Target Locat ions, Test OLS-2 
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5.4 D~lt:l Acquisition Systems 

5.4.1 Accelerometers 

One triax ial piezoresisti ve accelerometer systcm with a range of ±200 G's was used to 

measure the acceleration in the longitudinal. lateral. and vcrtical directions at a sample rate of I 0.000 

Hz. The environmental shock and vibrat ion sensor/recorder system. Model EDR-4M6. was 

developed by Instrumented Sensor Technology (1ST) of Okemos. Michigan and includes three 

di fferential channels as we ll as th ree single-ended channe ls. The EDR-4 was configured with 6 Mb 

of RAM memory and a 1,500 Hz lowpass filler. Computer software, "OynaMax I (OM-I)" and 

"DA DiSP" were used to digiti ze. anaJyze, and plot the accelerometer data. 

A backup triaxial piezoresistive acce lerometer system with a range o f ±200 G's was also used 

to measure the acce leration in the longi tudinal. lateral , and vertical directions at a sample rate of 

3,200 Hz. The envi ronmental shock and vibratio n sensor/recorder system. Model EDR-3. was 

developed by Instrumented Sensor Technology (1ST) of Okemos, Michigan. The EDR-3 was 

configured with 256 Kb of RAM memory and a 1,120 Hz lowpass filter. Computer software, 

"DynaMax I (OM- I)" and "DAOiSP" were used to digi tize, analyze, and plot the acce lerometer data. 

5.4.2 R:ttc T rllnsduccl' 

A Humphrey 3-axis rate transducer with a range of250 deglsec in each of the three dircctions 

(pitch, roll . and yaw) was used to measure the rates of motion of the test vehicle. The rate transducer 

was rigidly attached to the vehicle ncar the center of gravity of the test vehicle. Rate transduce r 

signals, excited by a 28 volt DC power source. were received through the three single-ended 

channels located externally on the EDR-4M6 and stored in the internal memory. The raw data 
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measurements were then downloaded for analysis and ploned. Computer software, "DynaMax I 

(DM-I)" and "DADiSP" were used to digitize, analyze, and plot the rate transducer data. 

5.4.3 High-Speed Photography 

ror test OLS-J, six high-speed J6-mm Red Lake Locam cameras, with operating speeds of 

approx imatcJy 500 frames/sec, were used to film the crash test. A Locam, with a wide-angle 

12.S-mm lens, was placed above the test installation to provide a field of view perpendicular to the 

ground. A Locam with a 76 mOl lens, a SYHS video camera, and a 35-mm sti ll camera were placed 

downstream from the impact point and had a field of view parallel to the barrier. A Locam, with a 

16 to 64-mm zoom lens, and a SVHS video camera were placed on the traffic side of the barrier and 

had a field o f view perpendicular to the barrier. A Locam and a SVHS video camera were placed 

upstream and behind the barrier. Another Locam was placed two-thi rds closer upstream and behind 

the barrier. A Locam was placed on the back side o f the barrier and had a lield of view 

perpendicular to the barrier. A schematic of aJllell camera locations for test OLS-I is shown in 

Figure 9. 

For test OLS-2, fi ve high-speed \6-11l111 Red Lake Locam cameras, with operating speeds of 

approx imately 500 frames/sec. were used to fi lm the crash test. A Locam, with a wide-angle 

12.S-mm lens, was placed above the test installation to provide a fie ld of view perpendicular to the 

ground. A Locum wi th a 76 mmlens, a SV I-IS video camera, and a 3S-ml11 still camera were placed 

downstream from the impact point and had a field of view parall el to the barrier. A Locam, with a 

16 to 64-111111 zoom lens, and a SVHS video camera were placed on the traffic side of the barrier and 

had a field of view perpendicular to the barrier. A Locam and a SYHS video camera were placed 

downstream and behind the barrier. Another Locam was placed two-thi rds closer downstream and 

21 



behind the barrier. A schemat ic of all ten camera locations for test OLS-2 is shown in Figure 10. 

The film was analyzed using the Vanguard Motion Analyzer. Actua l camera speed and camera 

divergence factors were considered in the analysis of the high-speed film. 

5.4.4 Pressure Tape Switches 

For tests OLS-I and OLS-2, five pressure-activated tape switches, spaced at 2-m intervals, 

were used to determine the speed of the vehicle before impact. Each tape switch fi red a strobe light 

which sent an electronic timing signal to the data acquisition system as the left-front tire of the test 

vehicle passed over it. Test vehicle speed was determined from electronic timing mark data recorded 

on "EGAA" software. Strobe lights and high-speed fi lm analysis are used only as a backup in the 

event that vehicle speed cannot be determined from the electronic data. 

5.4.5 Long-Span Guardrail Instrumentation 

For test OLS-2, electronic sensors were placed on se lected regions and components of the 

long-span guardrail system. Two lypes of sensors, strain gauges and string potentiometers, were 

Llsed fo r the crash test and are described below. 

5.4.5.1 Strain Gauges 

For test OLS-2, ten strain gauges were installed on the W-beam guardrail. consisting of six 

gauges located on the back side of the W-beam guardrail and four gauges located 0 11 the front side 

of the W-beam guardrail. The strain gauge positions are shown in Figure 11. 

For the test, weldable strain gauges, lype LWK-06-W250B-350, were used. The nominal 

resistance of the gauges was 350.0 ± 1.4 ohms with a gauge factor equal to 2.02. The operating 

temperature limits of the gauges was -195 to +260 degrees Celsius. The strain limits of the gauges 

were 0. 5% (5000JJ.€) in tension or compression. The strain gauges were manufactured by Micro-
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Measurements Di vision of Measurements Group, Inc. of Raleigh. North Carolina. The insta llation 

procedure requi red that the meta l surface be clean and free from debris and oxidation. Once the 

surface had been prepared, the gauges were spot welded to the test surface . 

A Measurements Group Vishay Model 23 10 signal conditioning ampl ifier was used to 

condition and ampl ify the low-leve l signals to high-level outpu ts for multichannel , simultaneous 

dy namic recording on "Test Point" so ftwarc. Aftcr each signal was amplified, it was sen t to a 

Keithly Metrabyte DAS-1802 HC data acqu isition board, and then stored permanently on the portable 

computer. The sample rate for all gauges was 10,000 samples per second (10,000 Hz), and the 

duration of sampling was 6 seconds. 

5.4.5.2 String Potentiometers 

For lest OLS-2, three string potentiometers (linear pos ition transducers) were installed on the 

top of tile W-bea lll surroundi ng the splice at post no. 22 and on the upper and lower bolts of post no. 

26. The string potentiometer positions are shown in Figure 12. A schematic of the guard rail system 

and new post num bering for test OLS-2 is provided in Section 8. 

Three UniMeasure PA-20 string potent iometers were used, each hav ing a range o r 20 in. 

During the test. the output voltage signals !I'om the string potentiometers were sent to a Keithly 

Metrabyte DAS-1 802HC data acquisitio n board , acquired by the "Test Point" software, and then 

stored permanently on the portable computer. The sample rate for the string potentiometers was 

10,000 samples per second (10,000 Hz), and the duration of sampling was 6 seconds. 
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Figure I 1. Strain Gauge Locations, Test OLS-2 





6 COMPUTER SIMULATION (DESIGN NO. I) 

Computer simulation modeling with BARRI ER VII (.11) was performed to ana lyze and 

predict the dy namic performance of various long-span guardra il alternatives prior to fulJ-scaJe 

vehicle crash testi ng. The simulations were conducted modeling a 2,04 1-kg sedan and an 1,996-kg 

pickup truck impacting at a speed of96.6 km/hr and at an angle of25 degrees. The BA RRI ER VII 

finite element models of the long-span guardrail systems and the idealized fi nite element, 2-

dimensional vehicle models for both the 2,04 I-kg sedan and the I ,996-kg pickup truck are shown 

in Appendix B. A typical computer simulation input data fil e is shown in Appendix C. 

Computer simulat ion was also used to determine the critical impact point (eIP) for the long­

span guardra il system. The CIP was based upon the impact condition which produced the greatest 

potential for whee l-assembly snagging or veh icle pocket ing on the fi rst post at the downstream end 

of the long-span section (i.e .. post no. 4 of Figure I) or the greatest potential of rail rupture. Rupture 

or the W-beam rai l was predicted by evaluating the maximum strain in the rai l and comparing the 

value to the raled ductility. 

Computer simulations were conducted on four long-span W-beam guardra il alternat ives: ( I) 

a 19.05-m nested section; (2) a 22.86-m nested sect ion; (3) a 26.67-111 nested section; and (4) a 

30.48-m nested sect ion. The fin ite element mode ls for these design options are provided in 

Appendix B. A total of eight simulation runs were performed on the four alternat ives using both the 

sedan and pickup truck models. The resu lts of the computer simulations are shown in Table 2. The 

long-span guardrail alternative that produced the best resu lts incorporated a 30.48-111 long nested 

section of guardrail, as shown in Table 2. For the 30.48-m nested W-beam alternative, the results 

of the computer simulations indicated that the greatest potentia l for wheel snagging on CRT post no. 
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4 would occur wi th an impact between post nos. 4 and 5. The critical impact points were 2,134 mm 

and 2,438 mill downstream from post no. 5 for the sedan and the truck, respectively. Additionally, 

the predicted maximum lateral dy namic ra il deflections for the sedan and the pickup tfuck were 908 

mm and 839 mm, respectively, as measured \0 the center height of the rail. 
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Table 2. Barrier VII Computer Simulation Results 

19.05-m 22.86-m 26.67-m 
NESTED NESTED NESTED 

SEDAN 1 TRUCK' SEDAN 1 TRUCK' SEDAN I TRUCK! 

Impact Point (mm) 2133.6 2438.4 2133.6 2438.4 2133.6 2438 .4 

Max . Dynamic Rail De flection (mm) 942.09 861.31 932.69 855.98 925.07 837.69 

Time of Contact (sec) 0,4302 0.3902 0.4302 0.3852 0.4277 0.3902 

Length orConiact (rn) 6.83 6. 12 6.83 6.04 6.79 6.13 

Speed @ Parallel (km/hr) 64.34 66.69 64.47 66.77 64.58 67.08 

Time @ Parallel (sec) 0.2777 0.2572 0.2767 0.2562 0.2752 0.2550 

Exit Speed (kmlhr) 62. 10 63.34 62 .35 63.49 62.51 63.60 

Exit Angle (degrees) 11.6 6.2 11.5 6,3 11.5 5.8 

Velocity Change (kmlhr) -34.46 -33.22 -34 .21 -32.9 1 -34.05 -32.96 

Post Damage (fa ilure at poSt II) 5 5 5 5 5 5 

Max. Strain (splice) 0.000 195 0.004088 0.002217 0.00 1631 0.002826 0.001545 

Max. Stmin (non-splicc) 0.021383 0.005450 0.028377 0.00 1777 0.013439 0.00 1547 

Max . Force (splice) (kN) 5 19. 15 504.65 536.4 1 5 12.03 553.80 518.48 

Max. Force (non-splice) (kN) 42 1.02 421.1 1 420.80 420.94 420.58 408.21 

I The sedan weighed 2,04 I-kg and impacted the barrier at a speed of 96.56 km/hr and at an angle or25.0 degrees. 
~ The pickup truck weighed 1,996-kg and impacted the barrier at a speed or96.56 krnlhr and at an angle of25.0 degrees. 

30.48-111 
NESTED 

SEDAN' TRUCK! 

2 [33.6 2-138.4 

907.54 839.47 

0.4250 0.3902 

6.79 6.13 

65.37 67.17 

0. 2720 0.2540 

63.60 63.75 

I 1.9 5.7 

-32.96 -32.81 

5 5 

0.001360 0.001192 

0.00 1527 0.001440 

576.7 1 534.0 1 

4 19.60 395.40 



7 CRASH TEST NO.1 (DESIGN NO.1 ) 

7. 1 Test OLS-l 

The 1 ,999-kg pickup truck impacted the long-span guardrail system (Des ign No. I) at a speed 

of 101.3 kmlhr and an angle of 25.4 degrees. A summary of the test results and the sequential 

photographs are shown in Figure 13. Additional sequential photographs are shown in Figure 14. 

Documentary photographs of the crash test are shown in Figure 15. 

7.2 Test Description 

Initial impact occurred between paSIIlOS. 4 and 5 or 2.44-m downstream from the center of 

post no. 5, as shown in Figure 16. At 0.062 sec after impact, the right-front com er of the vehicle was 

at the middle splice between post nos. 4 and 5. At 0.150 sec, the guardrail crushed the right-front 

side of the vehicle. whil e the ri gh t-front tire was defonned and protruded under the guard rail at 0.159 

sec. The upst'ream portion of the guardrail began to move longitudinru ly at 0. 164 sec after impact. 

At 0. 170 sec, the BeT cable anchor fai led. Subsequently, post nos. 4 through 6 fractured or split at 

0. 172 sec. At 0.197 sec after impact, the front end of the vehicle was at post no. 3. The vehicle 

impacted post no. 3 at 0.235 sec, resulting in post fracture. At 0.285 sec, the front end of the vehicle 

was at post no. 2, and the guardrail was posit ioned under the front of the vehicle. The vehicle 

became para llel to the guardrail at 0.316 sec after impact with a velocity of 57.5 km/hr. At 0.334 

sec, the vehicle continued to be redirected when it yawed counter·clockwise (CCW) with the back 

corner of the vehicle contacting the guardrail. At 0.396 sec afler impac t, the vehicle's forward 

motion ceased, but the vehicle con tinued to rotate in a CCW motion. At 0.458 sec after impact, the 

rear end of the vc hicle reached its maximum position above the ground. At 0.495 sec, the guardrail 

wrapped around the righHear tire and moved lip into the wheel well. At 0.878 sec, the vehicle was 
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back on the ground and positioned approximately perpendicular to the system. The vehicle' s post­

impact trajectory is shown in Figure 13. The vehicle came to rest behind post nos. I and 2, 

approximately 6.55-m downstream from impact and 1.27-111 laterally behind a line projected parallel 

to the traffic-side face of the rail , as shown in Figure 13. 

7.3 Barrier D:lmage 

Damage to the barrier was extensive, as shown in Figures 17 through 19. Barrier damage 

consisted mostly of deformed W-beam, contact marks on a guardrail section , deformed and fractured 

guardrail posts, and rupture of the cable anchor system on the upstream end. The BeT's cable 

anchor system fa iled during the test due to structural inadequacies in manufacturing of the swaged 

litting, as shown in Figure 19. The lower bolt that anchors the cable between the two BeT posts of 

the cable anchor pulled out of the swaged fitti ng. The inside fitting threads became smooth as the 

bolt was pulled out. The end of the bolt was bent and the bolt threads were deformed, as shown in 

Figure 19. As shown in Figures 17 through 18, the failure of the BeT cable anchor system caused 

signi licant damage to the posts and guardrail. 

Four stee l posts, post nos. 8 through 11. were twisted and deformed. Both BeT posts were 

damaged with complete fracture of post no. 14 and part ial splitti ng of post no. 15. Four CRT posts, 

nos. 3 through 5 were completely fractured, while post nos. 6 and 7 were partially split and remained 

standing. No significan t post or guardrail damage occurred downstream of post no. 2. 

The \V-beam pulled ofT of post nos. 5 through IS. Contact marks were found on the 

guardrai l between post nos. 3 and 4. Major guardrail buckling occurred upstream of post no. 2 and 

at post no. 3. wi th the buck li ng point at 3,81 O-mm downstream from post no. 5, as shown in Figure 

18. 
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7.4 Vehicle Damage 

Exterior vehicle damage was moderate, as shown in Figure 20. Occupant compartment 

damage was negligible. The vehicle experienced extensive frontal crush, as shown in Figure 20. 

The rad iator was crushed inward toward the engine, and the engine was displaced into the firewall . 

Deformation occurred to both the left~front and right~front quarter panels. Damage to the lcfi.~side 

door occurred on the lower-rear corner. The front bumper was ripped otT of the bumper mounts, 

flattened , and pushed inward toward the engine companment. Frame damage was ev ident by the 

closing oftbe gap between the vehicle box and cab as well as the damage to the undercarriage, as 

shown in Figure 20. 

7.5 Occupant Risk Values 

The normal ized longitudinal and lateral occupant impact ve locities were not determ ined due 

to the failure of the barrier system as the vehicle penetrated through the system. The max imum 

0.OI0~sec average occupant ridedown decelerations in the longitudinal and lateral directions also 

were not calculated due to the failure of the system. However, these resuhs are shown graphically 

in Appendix D for use in Further analysis and system redesign. 

7.6 Discussion 

The analysis of the test results for test OLS-l showed that the lo ng~ span guardrail did not 

contain nor redirect the vehicle with controlled lateral displacements of the guardrail. Detached 

elements and debris from the test article did not penetrate or show potential for penetrati ng the 

occupant compartment. Deformations of, or intrus ion into, the occupant compartment that could 

have caused serious injury did not occur. The veh icle remained upright during and after collision. 

The vehicle 's twjectory did not intrude into adjacent traffic lanes, but the penetration of the vehicle 
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through the system was unacceptable. Therefore, test OLS-l conducted on Design No. I was 

cJetennined to be unacceptable according to the NCI-IRP Report No. 350 criteria. 
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• Test Number 
• Date ...... . 
• Appunenance ... . ..... . 

• Total Length . 
• Steel \V-Beam (Nested) 

Thickness .............. . 
Top Mounting Height 

• Steel Posts 
Post Nos. 9A • SA ........ . 
Post Nos. 7A - 4A ...... . 
Post Nos. 3A - I. 8 - 13 .... . 

• Wood Posts 
Post Nos. 2 • 7 (CRT) ..... . 
Post Nos. 14 - 15 (BCT) ... . 

• Wood Spacer Blocks 
Post Nos. 9A • 6A . . ...... . 
Post Nos. 5A - 4A 
Post Nos. 3A - 13 ........ . 

• So il Type ..... . 
• Vehicle Model .... . .. . 

Curb ...... , ..... , ... . 
Test lnen ial .... . . . 
Gross Stat ic 

OlS· 1 
10/ 15197 
Nested \V-beam long-span 
guardrail system 
48.63 III 

2.66mm 
706 mill 

W ISOx3 7 by 2,591 -mm long 
W 150x22 by 2. 134-mm long 
W150x 13.5 by 1,830-mm long 

150 mm x 200 mm by 1,830-mm long 
140 mm x 190mm by 1,080-mm long 

150 mm x 200 mm by 457-mm long 
150 mm x 200 mm by 356-mm long 
150 mm x 200 mm by 360-mm long 
Grading B- AAS HTO M 147-65 ( 1990) 
199 1 Chevrolet 2500 2WD 
1,952kg 
1.999 kg 
1.999 kg 

• Vehicle Speed 
Impact 
Ex it 

• Vehicle Angle 

.. 10LJ km/hr 
. NA 

Impact . ... . . . . . . . . ... . 25.4 dcg 
Exit ... _ •.• . .. . • • . ..... NA 

• Vehicle Snagging . . NA 
• Vehicle Pocketing . . . . . . . . . . . . . .... NA 
• Vehicle Stability .. . . . . . . .. . Satisfactory 
• Occupant Ridedown Deceleration (10 msec avg.) 

Longitudinal . . . . .. ....... NA 
Lateral (not required) ........... NA 

• Occupant Impact Velocity (Nonnalized) 
Longitudinal .................. NA 
Lateral (not required) ........... NA 

• Vehicle Damage . .. ..... . . . Moderate 
TAD'~.. I·RFQ-4fl ·FR-4 
SAE1S 

• • • • • . . . •. • . • .•.•. • I-RFEE3 
• Vehicle Stopping Distance . ..... Behi nd post nos. I and 2 

Right Front Tire. . . . . . . • . . . . 6.55 m downstream 

• Barrier Damage .... ... . 
• Max imum Deflections 

Perman ent Set 
Dynamic .. . 

1.27 m behind 
BCT cable anchorsyslcm failure 

... NA 
...... NA 

Figure 13. Summary of Test Results and Sequential Photographs, Test OLS-! (Design No. I) 
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Figure 14. Additional Sequential Photographs, Test OLS-I (Design No. J) 
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Figure 15. Documentary Photographs, Test OLS-1 (Design No. 1) 
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Figure 16. Lmpact Location, Test OLS-1 (Design No.1) 



Figure 17. Long-Span Guardrail System Damage. Test OLS-1 (Design No. 1) 



Figure 18. Long- pan Guardrail System Damage. Test OLS-1 (Design No. I) 



Figure 19. BCT Cable Anchor Damage. Test OLS-I (Design No. I) 
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Figure 20. Vehicle Damage, Test OLS-1 (Design No. l ) 



8 DISCUSSIO N AND MO DI FICATIONS (DESI GN NO.2) 

Following test OLS- l, a safety performance evaluation was conducted, and Design No. I was 

determined to be unacceptable according to the NC I-I RP Report No. 350 criteria . Due 10 the 

unsuccessful crash test of Des ign No. 1, it was necessary to determine the cause orthe poor barrier 

perfo rmance so that design modifications could be made to the barrier system in order to improve 

its overall sa fety perfonnance. 

An analysis of the test results revealed that the veh icle did not override the long-span 

guardrai l during the impact prior to the cable anchor fai lure. The lower cable anchor stud pul led out 

orthe swaged litt ing due to structura l inadequacies in man ufactu ri ng. The re lease or the swaged 

fi lling caused the guardrail to loose its tensile capacity. [n addition, the loss of tensile capaci ty led 

to signi ficant vehicle penetrat ion into the guardrail system. 

Following thi s invest igation, MwRSF researchers determined that the safety performance of 

the long-span guardrai l system (Design 10. \) could be significantly improved if the cable anchor 

system remains intact and develops the guardrai l' s tensile capacity. In order to overcome the loss 

of guardrailtensi Ie capacity duri ng test OLS-l , severa l modifica ti ons were made to the long-span 

guardra il system. The cable in the simulated BeT cable anchor system was re placed with a new 

cable that was more consistent with the req ui red specifications. In addition, three other 

modifications we re made to the guardrail system configuration prior to the retest. First, the 

downstream simulated anchorage device was replaced with an anchorage system more closely 

resembling a BeT but installed tangen t to the guardrail system. Secondly, the total length of the test 

installation was increased to 53.34 m, whi le the final modification was to incorporate additional 
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posts into the system. These modi fications. included in Design No.2, are shown in Figures 21 

through 23. 

The total length of the test install at ion was increased to 53.34-m long, as shown in Figure 

2 1. The test installation consisted of 30.48 [~l of nested 12-gauge W-beam rail supported by both 

CRT and steel posts, standard 12-gauge W-beam guardrai l supported by steel posts. and an 

anchorage system replicating a BCT on both the upstream and downstream ends but installed tangent 

to the guardrail system. 

The ent ire system was constructed with twenty-s ix guardrail posts. Post nos. 3 th rough 8 and 

15 through 24 were galvanized ASTM A36 steel W 150x 13.5 sections measuring 1,830-mm long. 

Post nos. 9 through 14 were CRT ti mber posts measuri ng 150-mm wide x 200-mm deep x 1,830-mm 

long. Post no. 1 through 2 and 25 through 26 were timber posts measuring 140-mm wide x 190-mm 

deep x 1 ,080-m m long and were placed in steel foundat ion tubes. The timber posts and foundation 

tubes were part of an anchor system, simi lar to a BCT but installed tangent to the system. used to 

develop the requ ired tensi le capaci ty of the guardrai l. 

Post nos. I through 11 and 12 through 26 were spaced 1 ,90S-mm on center. The unsupported 

span between post nos. 11 and 12 was 7.62-m long, as shown in Figure 21. For post nos. 3 through 

24, the so il embedment depth was 1,102 mm. In addition, 150-mm wide x 200-mm deep x 360-ll1m 

long wood spacer blackouts were used to block the rail away from post no. 3 tlU'ough 24 .. 

A standard 2.66-mm thick W- beam rail. measuring 7,620-mm long, was placed between post 

nos. I and 5. Subsequently, nested W-beam guardrail , measuring 2.66-mm th ick and 30.48-111 long, 

was used to span between post nos. 5 and 18. A standard 2.66-mm thick W-beam rail , measuring 
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7,620~mm long. was placed between post nos. 18 through 22 and another between post nos. 22 and 

26, as shown in Figure 2 1. The la p mounting height of the W~beam rail was 706 mill. 
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Figure 2 1. Modified Long-Span Guardrail System, Design No. 2 



Figure 22. Long-Span Guardrai l System. Design No.2 
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Figure 23. Long-Span Guardrail System. Design No.2 



9 CRASH TEST NO.2 (DESIGN NO.2) 

9.1 Test OLS·2 

The 1 ,997-kg pickup truck impacted the modified long-span guardrail system (Design No. 

2) at a speed of 102.7 km/hr and an angle of 24.5 degrees. A summary of the test results and the 

sequential photographs are shown in Figure 24. Additional sequential photographs are shown in 

Figures 25 and 26. Documentary photographs of the crash test are shown in Figures 27 through 29. 

9.2 Test Description 

Initial impact occurred between post nos. 11 and 12 or 2.44-m downstream from the center 

a rpast no. 12, as shown in Figure 30. At 0.024 sec after impact, the right-front comer of the bumper 

deformed. At 0.043 sec, the right-front corner of the vehicle was at the midpoint between post nos. 

11 and 12. At 0.111 sec, the right- front corner of the vehicle crushed inward whi le post no. I I 

fractured. At 0.126 sec after impact, the right-front tire protruded under the guardrai l. At 0.182 sec, 

post nos. 10, 12, and 13 deOected, while the right- front corner of the vehicle was at the initial 

position of post no. II. At 0.255 sec after impact, the right-front corner of the vehicle was at post 

no. 10 as the right-rear corner of the bumper contacted the guardrail. The vehicle became parallel 

to the guardrail at 0.263 sec after impact with a velocity of 73.2 kmlhr. At 0.292 sec. the vehicle 

rolled counter-clockwise (CCW), allowing the left-front and left- rear tires to become airborne and 

the rear bumper to mount the top of the rail. At 0. 302 sec, post no. 10 fractured. At 0.340 sec after 

impact, the right-front corner of the vehicle was at post no. 9, while the guardrail was posi tioned 

under the right-rear corner of the vehicle. At this time, the vehicle exited the guardrail at an angle 

of 16.7 degrees and a speed of 66.2 km/hr. At 0.428 sec, only the right-front corner of the vehicle 

was contacting the ground. At 0.450 sec, the right-front corner of the vehicle was at post no. 8, while 
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the rear end of the vehicle yawed CCW into the guardrail. At 0.570 sec. the rear end of the vehicle 

yawed clockwise (CW) away from the guardrai l. At 0.946 sec, the vehicle pitched and rolled across 

the front end and the right-front corner was airborne. The left-front corner o f the veh icle was on the 

ground and the rear end rotated CW at 1.116 sec. At 1.260 sec, the entire vehicle ro lled CW while 

airborne. At 1.444 sec after impact, the rear end of the vehicle contacted the ground on the left side 

as the vehicle continued its CW rotation. The vehicle's post-impact trajectory is shown in Figure 

24. The vehicle came to rest 34.90 m downstream from impact and 10.73 111 away from the traffic­

side face of the rail, as shown in Figure 24. 

9.3 Barrier Damage 

Damage to the barrier was moderate. as shown in Figures 31 through 34. Figures 35 and 36 

show the damage to the entire length of the CRT posts, nos. 9 through 14. Barrier damage consisted 

mostl y of deformed W-bealll , contact marks on a guardrail section, and deformed and fractured 

guardrail posts. The W-beam damage consisted of moderate defonnation and flanening of the lower 

portion of the impacted section bet\veen post nos. 9 and 12. The W-beam was released from post 

nos. 2 and 25. Contact marks were found on the guardrail between post nos. 9 and 12. 

Two CRT posts, post nos. 10 and II completely fractured while CRT post nos. 12 through 

14 split longitudinally and remained standing. as shown in Figures 32, 33, 35, and 36. CRT post no. 

9 fractured between the breakaway holes but remained upright, as shown in Figure 32. Steel post 

no. 8 slightly twisted as shown in Figure 34. No signi ficant post or guardrail damage occurred 

upstream of post no. 15 nor downstream of post no. 7. 

The permanent set of the guardrail and posts is shown in Figures 31 through 34. The cable 

anchor ends encountered slight pennanent deformation, as shown in Figure 34. The maxim um 
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lateral permanent set rai l and post deflections were approx imately 956 mm at 5,715 mm downstream 

from the centerline of post no. 12 and 286 111m at post no. 12, respecti vely, as measured in the fi eld. 

The maximum latera l dy namic rail and post defect ions were 1,342 mm at 6,668 mm downs l"ream 

from the centerline of post 11 0. 12 and 802 111m at post no. 10, respect ively, as determined fro m the 

high-speed fi lm analysis. 

9.4 Vehicle Dam~' ge 

Exterior vehicle damage was extensive, as shown in Figure 37. Minimal occupant 

compartment deformations occurred with only slight deformation of the firewall . The right-front 

quarter panel was crushed inward, and the right side of the front bumper was also bent back toward 

the engine compartment. The right-front wheel assembly was deformed slightly. The right- front and 

right-rear wheels sustained tire holes and rim damage. Longitud inal deformations, due to vehicle-rail 

interlock, were observed along the entire right side of the vehicle. The front, rear, and left-s ide 

window glass as we ll as the roof's sheet meta l were severely crushed during vehicle rollover. The 

right-side window glass remained undamaged. The engine hood popped open after vehicle ro llover. 

9.5 Occupant Risk Values 

The normalized longitudinal and latera l occupant impact velocities were determined to be 

6.74 m/sec and 4.96 mlsec, respectively. The maximum O.O IO-sec average occupant ridedown 

decelerations in the longitudinal and lateral directions were 6.35 g's and 8.27 g's, respectively. It 

is noted that the occupant impact ve loc ities (01 V) and occupant ridedown dece lerations (ORD) were 

within the suggested limits provided in NC I-I RP Report No. 350. The resu lts of the occupant risk, 

determined from the accelerometer data, are summarized in Figure 24. Resu lts are shown 
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graphically in Appendix E. The results from the rate transducer are shown graphically in Appendix 

F. 

9.6 Discussion 

The analysis of the test results for test OLS-2 showed that the long-span guardrail 

satisfactorily contained the vehicle but inadequately redirected the vehicle since the vehicle did not 

remain upright after collision with the long-span guardrail. Detached elements and debris from the 

test article did not penetrate or show potentia l for penetrating the occupant compartmcnt. 

Deformations of. or intrusion into, thc occupant compartment that could have caused scrious injury 

did not occur. A ftc rcolli sion, the vehicle' s trajectory intruded into adjacent tra ffi c lanes. Therefore. 

test OLS-2 conducted on Design No.2 was determined to be unacceptable according to the NCHRP 

Report No. 350 cri teria. 

9.7 Barrier InstrumentMion Ilcsults 

For test OLS-2, strain gauges were located on the front side and back side of the \V-beam 

guardrail. The results of the strain gauge analysis are provided in Table 3. Results are shown 

graphically in Appendix G. For test OLS-2. string potcntiometers were located on the top of thc 

W-beam splice at post no. 22 and on the bol ts of post no. 26. The results of the string potent iometer 

analysis are provided in Table 4. Results are shown graphicalJy in Appendix H. 
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~ e, 

0.000 see 11 sec 

J~~~ 
, 

...... .......... " " !! ~: .~ 

• Test Number 
• Date 
• Appunenance . 

• Total Length ..... . 
• Stee l W-Beam (Nested) 

Thickness .............. . 
Top Mounting Height ..... . 

• Steel Posts 
Post Nos. 3 - 8, 15 -24 

• Wood Posts 
Post Nos. 9 - 14 (C RT) 
P OSI Nos. 1 - 2. 25 - 26 (BCn 

• Wood Spacer Blocks 
Post Nos. 3 - 24 .......... . 

• Soi l Type .. . .. .... . 
• Vehicle Model . . . . .. ... . .. . . . 

Curb . . . . . ..... . . . . . 
Test Inert ial 
Gross Static 

• Vehicle Speed 
Impact 
Exit . ..... . .... . 

OLS-2 
4/2 1/98 
Nested W-beam long-span 
guardrail system 
53.34 m 

2.66mm 
706mm 

W 150x 13.5 by 1,830-mm long 

150 mm x 200 mm by 1,830-mm long 
140 mm x 190 mm by 1,080-mm long 

150 mm x 200 mm by 360-mm long 
Grad ing B-AAS HTOM 147-65 ( 1990) 
1991 Chevrolel 2500 2WD 
1,73 1 kg 
1,997 kg 
1,997 kg 

102.7 km/hr 
66.2 kmnu 

0.255 sec 

~ 

• Vehic le Angle 
Impact 
Exit 

24.5 degrees 
16. 7 de~rees 

• Vehicle Snagging . . ... . • . . . . .. . . Minor contact on spacer blocks 
Snagging on post no. 11 

• Vehicle Pocketing........ .. .... ... Minor 
• Vehicle Stability. . . . . . . . . . . Vehicle rollover 
• Occupant Ridedown Deceleration ( 10 msec avg.) 

Longitudinal ........... . . . 6.35 < 20 G' s 
Lateral (not required) .......... . 8.27 

• Occupant Impact Velocity (Nonnalized) 
Longitudinal ... . ... .. . . 6.74 < 12 mls 
Lateral (not required) . . .... . . 4.96 

• Vehicle Damage . .. . ... . ..... . . ...... Extensive 
TAD 1 • • • ••••••••••••• • ••• • • • NA 
SAE IJ 

• .• . • . •.•.•.• . • . •.• .•.. NA 
• Vehicle Stopping Distance 

• Barrier Damage ... 
• Maximum Denections 

Pennanent Set 
Dynamic. 

34.90 m downstream 
10.73 III traffic-side face 
Moderate 

956 mm 
1.342 I11Ill 

Figure 24. Summary ofTest Results and Sequential Photographs, Test OLS-2 (Design No.2) 
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0.000 sec 0.428 sec 

0.760 sec 

0.126 sec 0.946 scc 

0.206 sec 1.11 6sec 

0.254 sec 1.444 sec 

Figure 25. Addi tional Sequential Photographs, Test OLS·2 (Design No.2) 
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0.000 see 0.000 see 

0. 124 sec 0.024 sec 

0.275 see 0. 132 sec 

0.202 see 

0.242 see 

Figure 26. Additional Sequential Photographs. Test OLS-2 (Design No.2) 
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Figure 27. Documentary Photographs, Test OLS-2 (Design No.2) 
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Figure 28. Documentary Photographs. Test OLS-2 (Design No.2) 
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Figure 29. Documentary Photographs, Test OLS-2 (Design No.2) 
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Figure 30. Impact Localion, Te:S1 OLS ~2 (Design No.2) 
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Figure 31. Long-Span Guardrail System Damage, Test OLS-2 (Design No. 2) 



Figure 32. Final CRT Post Positions, Test OLS-2 (Design No. 2) 
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Figure 33. Final CRT Post Positions. Test OLS-2 (Design No.2) 
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Figure 34. Permanent Set Denections. Test OLS-2 (Design No.2) 
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Post No.9 Post No. 10 Post No. II 

Figure 35. CRT Post Damage. Test OLS-2 (Design No. 2) 
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I . 
Post No. 12 PostNo. 13 Post No. 14 

Figure 36. CRT Post Damage, Test OLS-2 (Design No. 2) 



~~~------------.. 
Figure 37. Vehicle Damage, Test OLS-2 (Design No.2) 



Table 3. Strain Gauge Resul ts, Test OLS-2 (Design No.2) 

, 

Hardware 
Strain Strain Maxim um MaximlJ1l1 
Gauge Gauge 1.1. ~trainl Stress' COlllll1ents 

Type 
No. Locat ion (mm/mm) (MPa) 

1 NoteJ 393 SI.3 Top peak on fron t of rail 

2 NoteJ 228 47.3 Bottom peak on front of rail 

3 NoteJ 541 112.0 Neutral axis upper middle region o n back of rai1 4 

4 NoteJ 870 180.0 Flat region on back of rail 

5 NoteJ 656 135.7 Neutral axis lower midd le region on back ofrai l4 
W-Beam 

6 NoteS 558 115.4 Top peak on front of rail 

7 NoteS 520 107.6 Bouom peak on frOnl of rail 

8 Note" 623 128.9 Neutral axis upper middle region o n back of rai1 4 

9 Note.l 638 131.9 Flat region on back of rail 

10 NoteS 620 128.2 Neutra l axis lower midd le region on back of rail4 

All strain va lues are shown as the absolute v<llue only. 
All elastic stress values <Ire shown as the absolute val ue only and calculated by multiplying the strai n by the 
modulus elasticity equal to 207,000 Mila. Minim um y ield stress for the W-be<llll is 345 MPa. 
Strai n gauge location is 229 111111 downstream from the center of post 110. 25. 
Neutral axis location is 43111111 frOIl1 the n<ll surface on the back of the rail. 
Strain gauge location is 229 111m downstream from the center of pas I no. 22. 

NA - Not available. 

Table 4. String Potentiometer Results, Test OLS-2 (Design No.2) 

Hardware 
String String 

Displacem ent 
Pot. POI. Comments 

Type 
No. Location 

(Ill Ill) 

W-Beam 1 Note l 5.3 Top of rail surrounding the splice at posl no. 22 

2 Post 26 34.8 Lower bolt at post no. 26 
Bolt 

3 Post 26 70.3 Upper bolt at POSI no. 26 

String potentiometer location is the splice at post no. 22. 
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10 SUMMARY AND CONCLUSIONS 

A long-span guardrail design fo r usc over low-fill culverts was developed and fu ll -scale 

vehicle crash tested. The long-span guardrail system was confi gured with a nested W-beam rai l and 

incorporated an unsupported length of guardrai l equal to 7.62 m. Two full-scale vehicle crash tests 

were performed according to the TL-3 criteria found in NCHRP Report No. 350. The fi rst crash test, 

OLS- \ (Design No.1), failed due to severe vehicle penetration into the guardrail system. This 

veh icle penetration occurred as a result ofa [ass of rail tensile capacity during vehicle redi rection. 

The loss of rail capacity was determined to have occurred when the cable released from the swaged 

fitti ng in the BCT cable anchor assembly. 

Based on knowledge gained from test OLS- l , the long-span guardrail system was redes igned. 

The primary changes included: replacing the downstream concrete anchor with a simulated BCT 

anchorage system, increasing the total system length, and adding extra guardrail posts . A second 

test, test OLS-2 (Design No.2) was performed on the modified long-span guardrail system. During 

vehicle redirection, the picku p truck rolled over, and the test was determined to be unacceptable 

according to the safety performance criteria presented in NCHRP Report No. 350. The veh icle's 

instabi lity was attributed to the interaction of the vehicle's front tire and suspension with the 

CRT posts immediately beyond the long-span section. A summary of the safety performance 

evaluat ion is provided in Table 5. 
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Table 5. Summary of Safety Performance Evaluation Results - Long-Span Guardrail System 

Evaluation 
Factors 

Structura l 
Adequacy 

Occupant 
Risk 

Vehiele 
Traj ectory 

S - (S atisfactory) 
M - (Marg ina l) 

A. 

D. 

F. 

K. 

L. 

M. 

U - (Unsatisfactory) 
NA - Not Available 

Eval uation Criteria 

Test article shou ld contai n and redirect the vehicle; the vehi c le should not 
penetrate, underride, or override the instal lation although contro lled lateral 
deflect ion ofthe test article is acceprable. 

Detached elements, fragmen ts o r other debris from the test article shou ld not 
penetrate or show potential for penetTating the occupant compartment. or 
prese nt an undue hazard to other traffic, pedestrians, o r personnel in a work 
zone . Deformations of, or intrusions into. the occupant compartment that 
could cau se serious inj uries should not be perm itted. 

The vehicle shou ld remain upri ght during and after co llis ion alth ough moderate 
ro ll. pitching and yawi ng are acceptable. 

Aftercollis ion it is preferable that the vehicle's traj ectory not intrude into adjacent 
tTaffic lanes. 

The occupant impact velocity in the longitudina l direct ion should not exceed 12 
mlsec and the occu pant ridedown accelerat ion in the longitudinal direction shou ld 
not exceed 20 G's. 

The ex it angle from the test art icle preferably shou ld be less than 60 percen t o f 
test impact angle, measured at time of vehicle loss of contact with test dev ise. 

Test OLS-I Test OLS-2 
(Design (Design 
No. 1) No.2) 

U U 

S S 

S U 

S U 

NA S 

NA U 



II RECOMMENDATIONS 

A long-span guardrail system designed for use over low-fill culverts, as descri bed in this 

report, was not successfully crash tested according to the criteria found in NCI-IRP Report No. 350. 

Due to the fai lure of the end anchor assembly in Design No. I, the results of this lest indicate that 

thi s design was not a sui table design for use on Federal-aid highways. The results of the second test 

ind icate that Design No.2 was not a suitable design since the vehicle experienced rollover. 

Analysis of test OLS-2 indicates that interaction of the impacting vehicle ' s front tire and 

suspension with the CRT posts immediately beyond the long-span section was a sign ificant 

contributor to the vehicle 's instabili ty. Redesign efforts will include a lternatives such as double 

block outs adjacent to the free span to reduce this tire· post interaction. Wi th appropri ate 

modi fication. it is suggested that the long·span design described herein be retested. 

It is al so suggested that the research desc ribed herein could be further deve loped using the 

data collected from testing to modify fu ture designs of d ifferen t lengths. However, any design 

modifications made to the long-span guardra il system may require veri fi cation through the use of 

full -scale veh icle crash testing . 
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u.s. [)epa Ii ,lei If 
cI'I'tnportolb I 

-HIghway 
-'drnll ... ,. allan 

Memorandum 

.' .' 
S",,~,t \I-Beam Guardrlil over Low-Fill 

Culverts 
0"., ' SEP 9 1991 

From: Chief, Federal-Aid and Design Division 
Reply 10 
AUn. ol: HNG~ 14 

To, Regional Federll Highway Admlnlstrltors 
Federll Llnds HlghwlY Progr .. Admlnlstrltor 

Continuing I roadside gUlrdrall across a low-fill culvert Is a common 
situation on .any highways throughout the country. In such Clses, full 
embedment of the guardrlll posts Is not possible . S ... deSigns specify 
shortened wood posts set In concrete; others use steel posts bolted to the 
culvert heldwall. Both of these treat .. nts Increlse Installation costs Ind 
can be expensive to repair when hit . Several States construct a concrete 
safety shape Icross the culvert and attach the approach guardrail with an 
approved transition design, again significantly IncreaSing project costs. 

To reduce Installation and repair costs, an alternlte design was developed and 
tested . This design eliMinated all posts over the culvert and reduced 
deflection by using nested w-beam throughout the clelr span. The clear span 
length first tested was l.B meters (12.5-feet) long , using a 7.62 meter 
(25-foot) section of nested w-beam centered on the clear span. A second test 
demonstrated that a 5.72 .. ter (IB-foot 9-lnch) spin, with the nested w-beam 
11.4 meters (l7-feet, 6 Inches) long and centered on the clear span, also 

' performed well . Summlry sheets of these two designs Ind tests are attached 
for your review Ind tranSMittal to Federal HlghwlY Administration Division 
Offices and appropriate State highway agencies. Either design .ay be used on 
Federal-aid projects If proposed by a State. 

The full research report will be distributed nOrMllly when It Is printed. 

L. A. Stlron 

5 Attachments 
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00 Test No •••••• ••• 7147-2 

Data • • • • • • • . • • 09/25/90 
Test Inst~llation • ••• W~shington Nested 

W-boa. with wood posts 
InstillAtion Length •• • 150 ft (46 _) 
Max. Dyna.lc Deflection. 3.1 ft (0.9 _) 
Max . Pe~. Defo~tion • 2.4 ft (0.7 _) 
Vehicle ••. • •••• 1981'Cadlllac 
Vehicle Weight Fleetwood 

Test Inertia ••••• 4,500 lb (2,043 kg) 
Gross StAtic .• •• • 4,669 lb (2,120 kg) 

Vehicle D~ge Classification 
TAD • • • • • • . • 01FR5' 01RD4 
CDC • • . . . • . . 0IFREK2' 0lRDEW3 

Maxi ... Vehicle Crush 13 .0 in (33.0 em) 

IlIIIact Speed ••• 62.7 _l/h (100.9 QIh) 
Illpact Angle • • 24.5 degrees 
Speed at Parallel 49 .4 _l/h (79.5 klVh) 
Exit Speed ••• 42.2 _l/h (67 .9 klVh) 
Exit Trajectory.. 1.1.0 degrees 
Vehicle Accelerations 

(Max . 0.050-sec A.g) 
Longitudinal •. -4 .5 9 
Lateral. • • •• 7.1 9 

Occupant l'"Pact Velocity 
Longitudinal •• 17 .8 ft/' (5.4 -Vs) 
Lateral • • . .. 15 .9 ftls (4 .8 oVs) 

Occupant Rldedown Accelerations 
Longitudinal .• -6.5 g 
Lateral • . • .• 12 .9 g 

Figure 13. Swnoary of results for test 7147-2. 
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Figure 1. Details of Washingtan nested W-beam wood post guardrail 
with two pasts aver culvert for test 7147-5. 
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Test No • • ••• • 
Date . . • • . 
Test [nstallaticn. 

• •• 7147-5 
_ •• 05/30/91 
• • • Washington Nested 
W-be .. with wood posts 

Inshlhtion Length . • • 150 ft (46 _) 
MiX . Oyn .. ic Deflection. 3. 2 ft (1.0 _) 
MiX. Pe"". O.fo .... tion . 2.5 ft (0.8 _) 
Vehicle • • • • • • • 1982 Oldsmobile 
Vehicle Weight Regency 98 

Test [nerth • •• • , 4,500 lb (2,043 kg) 
Grass Shtic •• • • • 4,670 lb (2,120 kg) 

Vehicle O ... ge Classification 
T.u • •• • •••• • OlFR4 • 0lR03 
CDC • •••• •••• OIFREK2 , OIROEV2 

llul_ ' ... leI. Cnosh . • . 0 In (20 .3 CII) 

Impact Speed •• 60 .9 _l/h (98.0 kmlh) 
Impact Angle •. 25.1 degrees 
Speed at Parallel 48.6 .i/h (78.2 km/h) 
Exit Speed • • • 44 . 2 _Vh (71.1 kmlh) 
Exit Trajectory.. 10.4 degrees 
Vehicle Accelerations 

(MiX. 0.050-sec Avg) 
longitudinal •• -2.7 g 
Lateral • • • •• 6.8 9 

Occupant Impact Velocity 
Longitudinal • • 14. 7 ft/s (4 . 5 II/s) 
Lateral • • • •• 14.2 ft/s (4.3 II/s) 

Occupant Rldedown Accelerations 
Longitudinal • • -3 . 5 9 
Lateral . • . •. 9.7 9 

FIgure IC. S .... ry of results for test 7147-5. 

-.. - ~ , . . . , 
-
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AllPENDIXB 

BARRIER VII Computer Models 

Figure 8-1. Model of the Long-Span Guardrail System, 19.05-m Nested Section 

Figure B-2. Model of the Long-Span Guardrail System, 22.86-111 Nested Section 

Figure 8-3. Model of the Long-Span Guardrail System, 26.67-111 Nested Sec tion 

Figure 8-4. Model of the Long-Span Guardrail System. 30.48-111 Nested Section 

Figure 8-5. Model of the Long-Span Guardrai l System, 30.48-111 Nested Section (Design No. I) 

Figure 8-6. Idea li zed Finite Element, 2 Dimensional Vehicle Model for the 2,041-kg Sedan 

Figure 8-7. Idealized Finite Element, 2 Dimensional Vehicle Model for the I ,996-kg Pickup Truck 
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(P - Extra post that was used in Barrier VII COMputer SiMI.do.t ion Modeling but "o.t incluDed in Qctual h'sted insto,Uotion. 

Figure 8-1. Model of the Long-Span Guardrai l System, 19.05-m Nested Section 
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Figure 8 -2. Model of the Long-Span Guardrail System, 22.86-m Nested Section 
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Figure 8 -3, Model of the Long-Span Guardrail System. 26,67-m Nested Section 
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Figure B-4. Model of the Long-Span Guardrail System. 30.48-m Nested Section 
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Figure B-5. Model of the Long-Span Guardrail System, 30.48-m Nested Section (Design No. I) 
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Figure 8-6. Idealized Finite Element, 2 Dimensional Vehicle Model for the 2,D4 1-kg Sedan 

"-+ 



~ 
'D 

+5 

_ 7012-""84-1.3.25- 16.75

1 

I" 

1 

5 4 .3 12 
· ------~O··,OO" '" • • " ' , .. , , J. 1 

12 11 -1 14 13 1 

------i-------~ 65

L
1
5" 39.875" 

I • I 2.'!l 
1 

I ; I I I 31.5"-17 I 5" 

----1----69.2 

62 .75- ______________ _ 

L --50.5" 

1-------- ------ 214" 

Figure 8 -7. Idealized Finite Element, 2 Dimensional Vehicle Model for the 1,996-kg Pickup Truck 

5--+ ( 



AJ'PENDlX C 

Typical BARRJ ER VIJ Jnput F ile 

Note that the example BARRIER VTT input data fi le included in Appendix C corresponds with the 
critical impact poi nt for lest OLS-I. 
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OHIO LONG SPAN RAIL OVER BOX CULVERT TRUCK100/W-BEAM (NESTED W-BEAM WITH 25 ' -0 " LONG 
SPAN) 

119 30 13 1 148 15 2 0 
0.00025 0.00025 0 . 10 300 0 1.0 1 

1 10 10 10 10 
1 0.0 0 . 0 
2 15.00 0 . 0 
3 150.00 0.0 

• 22S.00 0.0 
5 300.00 0.0 
6 31S.00 0 . 0 
7 4S0 . 00 0 . 0 , S2S . 00 0 . 0 
9 600.00 0 . 0 

15 61S . 00 0 . 0 
21 1S0.00 0 . 0 
27 82S.00 0 . 0 
33 900 . 00 0 . 0 
39 915 . 00 0 . 0 
45 1050.00 0 . 0 
75 1350.00 0 . 0 
81 1425. 00 0.0 
87 1500. 00 0.0 
93 1515 . 00 0 . 0 
99 1650 . 00 0 . 0 

lOS 1725 . 00 0.0 
III 1800 . 00 0 . 0 
112 1815. 00 0.0 
113 1950.00 0.0 
114 2025.00 0 . 0 
115 2100 . 00 0 . 0 
116 2115.00 0 . 0 
117 2250 . 00 0.0 
118 2325.00 0.0 
119 2400.00 0.0 

9 15 5 1 0 .0 
15 21 5 1 0 . 0 
21 27 5 1 0 . 0 
27 33 5 1 0.0 
33 39 5 1 0 .0 
39 45 5 1 0 .0 
45 75 29 1 0 .0 
75 81 5 1 0 .0 
81 " 5 1 0 .0 
87 93 5 1 0 . 0 
93 99 5 1 0 .0 
99 105 5 1 0 . 0 

105 III 5 1 0 . 0 
1 100 0.35 

112 III 110 109 108 107 lOG 105 10. 103 
102 101 100 99 " " 96 95 94 93 

92 91 90 89 88 " 86 85 8 ' 83 
82 81 80 " " " " 75 " 73 
72 71 70 69 68 " 66 65 " 63 
G2 61 GO 59 58 57 56 55 " 53 
52 51 50 49 48 " " 45 " 43 
.2 41 ' 0 39 38 37 36 35 34 33 
32 31 30 29 28 27 26 25 24 23 
22 21 20 19 18 17 16 15 14 13 

100 • 
1 2 . 29 1. 99 15 . 00 30000 _ 0 6 . 92 99 . 5 68 . 5 0 . 05 
2 4.58 3.98 15 . 00 30000 . 0 13.84 199.0 131.0 0 . 05 
3 4 . 58 3 . 98 12 . 50 30000 . 0 13 . 84 199 . 0 131 . 0 0 . 05 

• 4.58 3 . 99 10 . 00 30000 . 0 13 . 94 199 . 0 131 . 0 0 . 05 
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300 • 1 21. 0 0 . 0 30 . 0 15 . 64. 50 10000.0 191. 1 0.05 
10000 . 0 , . 1 20.0 15. 5 

2 21. 0 0 . 0 1. 95 2 . 0 64. . 50 2 14. 2 231. 0 0 . 05 
10 . 2 15 . 0 

• . 7 
15 . 5 

3 21. 0 0.0 1. 95 2 . 0 64.50 214 . 2 231 . 0 0 . 05 
10 . 2 15 . 0 

• . 7 
IS . 5 

4 21.0 0 . 0 1. 95 2 . 0 64. 50 214 . 2 231. 0 0.05 
10 . 2 15.0 

• . 7 
15.5 

1 1 2 6 1 101 0.0 0 . 0 0.0 
7 7 8 , 1 102 0 . 0 0 .0 0 . 0 , , 10 44 1 103 0 . 0 0 . 0 0 . 0 

45 45 46 74 1 10. 0 . 0 0 . 0 0 . 0 
75 75 76 110 1 103 0 . 0 0 . 0 0 . 0 

III 11 1 112 112 1 102 0 . 0 0 . 0 0 . 0 
113 113 11' 118 1 101 0 . 0 0 . 0 0 . 0 

11' 1 120 1 301 0 . 0 0 . 0 0 . 0 0 . 0 0.0 
121 3 127 1 302 0 . 0 0.0 0 . 0 0 . 0 0 . 0 
128 15 132 6 302 0 . 0 0 . 0 0 . 0 0 . 0 0.0 
133 45 303 0.0 0 . 0 0 . 0 0 . 0 0.0 
134 75 3D' 0.0 0.0 0.0 0 . 0 0.0 
135 Bl 140 6 302 0.0 0.0 0 . 0 0 . 0 0.0 
141 ll2 146 1 302 0 . 0 0.0 0 . 0 0 . 0 0 . 0 
147 118 148 1 301 0.0 0.0 0 . 0 0 . 0 0.0 

44 00 . 0 40000 . 0 20 6 • 0 1 
1 0 . 055 0 .12 6 . 00 17.0 
2 0 . 057 0 . 15 1 . 00 18.0 
3 0 . 062 0.18 10 . 00 12.0 
4 0.110 0.35 12 . 00 6 .0 
5 0 . 35 0 .4. 5 6 . 00 5 .0 
6 1. 45 1. 50 15 . 00 1.0 
1 100.75 15.875 1 12.0 1 0 0 0 
2 100 . 75 27 . 815 1 12.0 1 0 0 0 
3 100 . 75 39 . 875 2 12 . 0 1 0 0 0 

• 88.75 39 . 875 2 12.0 1 0 0 0 
5 76 . 75 39 . 815 2 12.0 1 0 0 0 
6 64 . 75 39 . 875 2 12 . 0 1 0 0 0 
7 52 . 75 39 . 875 2 12 . 0 1 0 0 0 
8 40 . 75 39.815 2 12.0 1 0 0 0 , 28 . 75 39 . 875 2 12 . 0 1 0 0 0 

10 16 . 75 39 . 815 2 12 . 0 1 0 0 0 
11 -13 . 25 39 . 815 3 12.0 1 0 0 0 
12 -33.2 5 39 . 875 3 12 . 0 1 0 0 0 
13 -53.2 5 39.875 3 12 . 0 1 0 0 0 
14 -73 . 25 39 . 875 3 12 . 0 1 0 0 0 
15 -93.25 39 . 875 3 12 . 0 1 0 0 0 
16 -113.2 5 39 . 875 • 12 . 0 1 0 0 0 
17 -113 . 25 -3 9 . 875 • 12 . 0 0 0 0 0 
18 100 . 75 - 39 . 875 1 12 . 0 0 0 0 0 
19 69.25 37 . 75 5 1.0 1 0 0 0 
20 -62 . 7S 37 . 75 6 1.0 1 0 0 0 

1 69 . 25 32 . 75 0 . 0 60B . 
2 69 . 25 -32.75 0 . 0 606 . 
3 -62 . 75 32 . 75 0.0 492 . 
4 -62 . 75 -32.75 0 . 0 492 . 
1 0 . 0 0 . 0 
3 1146.0 0 . 0 25.0 60 .00 0 . 0 0 . 0 1.0 
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APPENDIX 0 

Accelerometer Dat:'1 Analysis, Test OLS-l 

Figure 0-1 . Graph of Longitudinal Deceleralion, Test OLS-l 

Figure 0 -2. Graph of Longitudinal Occupant Impact Veloci ty , Test OLS- I 

Figure 0-3. Graph of Longitud inal Occupant Displacement, Test OLS- I 

Figure 0-4. Graph of Latera l Deceleration, Test OLS-I 

Figure 0-5 . Graph of Latera l Occupant Impact Velocity, Test OLS- I 

Figure 0 -6. Graph of Latera l Occupant Displacement. Test OLS-J 
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W6: Longitudinal Deceleration -Test OLS-1 (EDR-4) 
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Figure 0 -1. Graph ofLongitudinaJ Deceleration. Test OLS-1 
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W6: Longitudinal Occupant Impact Velocity • Test OLS-1 (EDR-4) 
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Figure 0-2. Graph of Longitudinal Occupant Impact Velocity. Test OLS-1 
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W14: Longitudinal Occupant Displacement- Test OLS-1 (EOR-4) 
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Acceleromeler l>:tll' Analysis, Tes t OLS-2 
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Rate Transducer Data Analys is, Test OLS-2 

Figure F-I . Graph of Roll , PilCh. and Yaw Angular Displacements, Test OLS-2 
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Figure G·18. Graph of Back·Side (near post no. 22) Flat Region Stress, Test OLS·2 
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Figure G- JO. Graph of Back-Side (near post no. 25) Neutral Axis Lower Middle Region Stress, Test OLS-2 
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