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Objectives 

The primary purpose of a guardrail system is to redirect an errant 

vehicle away from a roadside hazard and thus prevent a more serious 

collis:or.. :his is accomplished by transforming a portion of the kinetic 

energy of the impact~ng vehicle into barrier deformations. One of the 

!mportant energy absorption components of such a system is the soil :n 

which the system is anchored. 

~CHRP Report 230( 1) specifies ctat the soil used to anchor 

appurtenance test articles conform to the gradation curve of figure 1 ar.d 

that it be corrpacted to at least 95 percent of its standard proctor 

density. These standards were chosen because most tests performed at 

Southwest Research Institute before Report 230 conformed to these condi­

tions. It was not known how sens:tive barrier performance was to the 

particular type of soil and the degree of compaction. The objective of 

this the research was to determine a rational:y based specification for 

the soil conditions during a full-scale crash test and, more generally, to 

determine how sensitive barrier per~ormance is to changes in soil 

strength. 

There are two distinct types of guardra!l behavior typically observed 

during dynarn!c impacts. When the soil strength is greater ttan the 

flexural capacity of the post, the guardrail system will behave like a 

cantilever beam with nearly rigid support. In this situation, the post 

i✓ ill fail before the soil. F'or example, "weak post" systems have been 

designed to increase the bearing surface on the soil by using reaction 

plates ar.d larger e□bedment lengths to develop the full flexure strength 

of the post in even the poorest of soils. Energy is aosorbed oy flex~ral 

deformation of the post rather than rigid-body displacement :f the post in 

the soil. The complement of this situation is one in which ~he soil is 

weak with respect to post strengt~. During impact the post ~~il benave as 

a nearly rigid body and :he soil shear strength w~ll be exceeded before 

tha: of the post. 
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Characterizing -the Force-Deflection Properties of Posts in Soil 

Many parameters affect soil strength. Density, moisture content, 

angle of internal friction, cohesion, and grain size distribution are some· 

of the important factors that affect the dyr.amic behavior of soils. The 

analysis of the cor.tribution of all of these factors was clearly beyond 

the scope and resources of this research. Soil density, therefore, was 

chosen as che sole var!able for study for the following reasor.s: 

~ensity is perhaps the single most important parameter. Soil 
resistance is primarily a function of the lateral earth 
pressQre, which is itself linearly dependent on density. 

Density is both easy to vary and easy to measure in the field. 

A series of pendulum tests were performed where the soil density was 

varied and the post resistance was calculated from pendulum-mass 

accelerations. Table 1 is a sum~ary of these tests and appendix A of this 

volume contains detailed infor~ation about each individual test. 

The dynamic behavior of the laterally loaded post can be divided into 

two distinct phases; an elastic and a p:astic phase. These phases are 

shown in figures 2 and 3. During the eiastic phase the force-def:ection 

curve is linear. Once the ultimate load is reached, the soil continues to 

deform plastically. In figure 3, the load decreases from the ultimate 

value because the post is pulled radially out of the soil at the same time 

it is being rotated. 

Table 1 shows that the pos:/soil stiffness, amount of energy 

absorbed, and the ultimate load a:l increase with increasi:.g soil 

densities. Figure 4 shows the variation of the ultimate post/soil 

strength with soil dens!ty. 

Figure 4 also demonstrates another interesting phenomena. Ultimate 

post/soil strength is a ~unction of the gross !n-situ density and not the 

3 



Table 1. Pendulum test summary. 

Enei:-gy 
Pei:-cent Absorbed Zei:-o 

Dry Water Pi:-octoi:- hy the Ultimate Load 
Test Density Content Density Soil Load Stiffness Deflection 

Number (pcf) (%) (%) (in-kips) (kips) (kpi) (in). 

SD6* 100.4 3.5 77 Post Broke 

SD7 111.3 3.5 86 181. 8 8.4 3.8 34.6 

SD8 118.8 3.5 92 250.8 13.7 8.6 25.S 

SD9 12).9 3.5 96 260.0 20.6 12.1 18.B 

SUlO - Incorrect Soll Placement - 11.6 4.6 35.0 

SDll 115. 7 6,q 89 212.5 8.3 3.5 )2.8 

SD12 125.5 8.1 97 102.4 - Pendulum Ramped -

* All remaining tests used a 6 x 8 steel box beam post 
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dry density. T"he three ::ioints .:.y~ng on the dashed Lne a2.l represent 

tests with moistu~e contents of 3.5 percent. The two points lying off the 

:ine represent tests at other moisture center.ts. :he sol~d line in figure 

4 shows that when gross in-situ density, the density .:.ncluding the density 

of water, is used as the independent variable, the five data po in ts w il 1 

lie along the same line. :his trend persists ur.til soil saturation 

occurs. At sat~ration the effective density becomes tne buoyant der.sity 

ar.d the soil quickly weakens. For example, if a soil having a gross 

density of 140 pcf (2243 kgtm3 ) were saturated with water, the density 

effective in resistir.g post deflection is the gross density minus the 

density of water, 62.4 pcf ( 1000 kg/m3); therefore, a saturated soil wi:h 

a density of 140 pcf (2243 ~g:m3 ) ~sonly as strong as a dry soil weighir.g 

77.6 pcf (1243 kg/m3). 

Effect of Soil Strength on Barrier Performance 

Computer Simulations. 

Know~ng the behavior of the post-soii subsysten, :he effect of soil 

strength on the guardrail system as a whole was investigated Jsing the 

BARRIE~ VII(Z) computer simulation progra~. 

BARR:ES VII is a general purpose computer program for analyzing the 

interaction between vehicles and highway safety appurtenances. Appurte­

nances are modeled as a series of si~ple structural members such as 

springs, elasto-plastic posts, beans, links and hinges. Using these 

different elemer.ts many typical barriers can be accurately modeled. 

A G4(1S) guardrail sys:e~ was chosen as a test system for several 

reasons: 

The G4( 1S) is one ::if :he most popular stror.g post systems. 

The G4( 1S) ar.d the G~(2W) are genera.:.ly thought to exhibit 
similar behavior. 

8 



A strong post system ~s capable of deve:opir.g nuch more flexural 
capacity; thus it is more difficult co provide a r~gid support 
for the.strong post than for the weak. 

The G4(1S) has been in service for many years and its 
performance is well unders:ood. 

A G4(1S) guardrail system was there:ore chosen as a represen:ative system 

which stil: posed a worst-case situation. Table 2 shows the post 

properties used for the BARR:ER VII siTulations. Once :he ultimate ~oment 

is reached the post will fai: because of high soil-shear or excessive 

deflection. A very large ult~mate shear was specified so the post would 

deform plastically. The failure distance, t;.F' was calcula:ed to corre­

spond to the energy dissipated in the actual pendulum tests shown in table 

1. The energy is given by the area under :he force deflection curve. 

Therefore. referring to :igure 3, 

l PU 
) p u E = PUllF - 2 ( K ( 1 ) 

E PU 
t;.F = PU 

+ 
2K 

where 

(2) 

Pu = u.:.:imate load 

t;.F = equivalent :ailure deflection 

K = loading stiffness 

E = energy dissipated 

Table 2. BARR:E~ VII pose properties. 

Ultimate Ultimate Deflectior. 
St~ffness Mor.enc Shear a':- r"aili.:re 

(~<Di) (in-k) (kips) (in) 

Weak axis 0.9 k ) . 9( 21 Pu) ·oo 0.9 t;.F 
Strong axis ~ 21 :" 100 l;._ 

Values of k, Pu and t;.F are tne val~es idealized from the pendul~m test 

data. 
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The values taken from the pendulum test were all strong axis values. 
Calcote( 3 ) shows data which suggest that the weak axis deve:ops about 90 

percent of the strong axis strer.gth for 6x8-inch (15.2x20.3-cm) steel 

posts. All the weak axis parameters were simply scaled-down to 90 percent 

of the strong axis value. Of course, the weak axis is r.ot critical in a 

stror.g-post barrier like the G4( 1S) therefore, this empirical approx~ma­

tion was deemed sufficient for the purpose of this simulation. 

Using the above rationale and the pendulum data, eight simulations 

were performed; figure 5 shows a plot of the results. The dashed line 

represents the hypothetical case where the post is perfectly r:gid. T~e 

post, however, is not rigid; it has some ultimate flexural capacity. The 

solid line represents this mere rea:istic case. Wher. the S1 soil is 

compacted to a density greater tr.an 115 pcf (1842 kg/m3), the soil 

provides rigid support and the post will fail in flexure. Below 115 pcf 

(1842 kg/m3 ) the post will behave as a rigid body and the soil will fail. 

One primary reason for providing a test specification is to allow 

comparisons of test data between testing agencies. As figure 5 shows, the 

barrier is very sensitive to small changes in soil density until 115 pcf 

(1842 kg/m3), nearly 90 percent of the standard proctor density, is 

achieved. After this point :he barrier perfor~ance is identical regard­

less of whether the compaction is 90 or 120 percent of the standard 

proctor density. 

rull-Scale Crash Tests. 

:n order to validate the findings shown in figure 5, three ful:-scale 

crash tests were performed. The tests are sumrr.arized in table 3 and the 

full test reports appear in appendix 8. 

Dynamic barrier deflection is generally tr.e most repeatable char­

acteristic of a longitudinal barrier collision. A barrier impact is a 

co~bination of nany smaller impact events and many of the measurable 

variables are not repeatable. An analogous situation is the measurement 

10 
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Table 3. Comparison of soil-post interaction crash tests. 

Test 
SPI-1 SPI-2 SPI-3 ---Soil Conditions 

Natural Soil Density (?cf) 148 108 121 

Standard Proctor Compaction (%) llO 80 90 

Moisture Content ( /,) 3.7 3.7 3.5 

Dynamic Deflections 

Simulated (in.) 30 44 30 

Actual (in.) 35.6 45.1 29.6 

Evaluation Criteria (film data) 

Lateral Occupant Risk (fps) 14.6 16.0 15.9 

Lateral Ridedown Accel (g's) 5.2 5.5 6.4 

Lateral 50 msec Accel (g's) 5.2 5.5 6.4 

Barrier Damage 

'.\unber of Deflected Posts 6 9 8 

Number of Deformed Beams 2 2 2 

Number of Beam/Post Separations 0 1 1 
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of vehicle accelerat!ons. ~ach local structural event makes its mar~ on 

:r.e !nstantaneous acceleration so that any two traces differ a: any 

par:icular instan:; the area enclosed by the accelerition-displacement 

curve, the change in velocity, however, is repeatable. The change in 

velocity is a measure of the total transfer of energy whereas the 

instantaneous acceleration only represents the collision interaction at 

that instant. All the forces applied to the barrier will result in bar­

rier displacements; the dynamic deflection was t~erefore used to assess 

the total performance of the guardrail system. 

The soil compaction in tests SP!-1 and SPI-3 was 110 and 90 percent 

standard proctor compaction, respectively. In terms of figure 5, ~oth 

tests lie along the flat portion of the solid line; they were expected to 

yield identical results. As table 3 shows, the dynamic barr~er deflec­

tions were quite similar. The BARRIER V~I simulation was only 1/2 inch 

(1.3 cm) different fro~ test S?I-3 and 5.6 inches (14.2 cm) r.ore than 

expected in test SPI-1. 

In bo:h test SPI-1 and SPI-3. the post failec! in flexure as ::::0w11 in 

figure 6. The soil remained undeformed, providing a rigic support whic:1 

allowed the post to develop its ultimate strength. 

In contrast, :he posts in test SPI-2 remained undeformed anc! the soil 

failed as shown in figure 7. In this case the soil was not capable of 

providing a rigid support and before the steel post could develop its 

ultimate moment, the soil failed. Because the post never reached its 

ultimate moment, it experienced only elastic deflections and not the 

permanent plastic deformations experienced in tests SPI-1 and S?I-3. 

13 



Figure 6. Post failure, SPI-1. 

--~--:...-- -- -_ ·, 

Figure 7. Soil failure, SPI-2. 
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Conclusions and Reconnnendations 

Conclusions. 

The full-sc-ale crash tests indicate that the behavior of a strong 

post guardrail system is similar to that predicted by the curves in 

figure 5. The most important single conclusion of :his work is that soil 

must be placed such that the ultimate strength of the posts is achieved. 

Soil compaction is only one of the many parameters which effect the 

streng:h of soils. Other research is now in progress which will try to 

quantify further the effects of ~any different soil properties on guard­

rail post strength. What this present research demonstrates is that the 

soil must develop the full strength of the post to ensure that some 

standard barrier performance is achieved. 

Although this research was directed at assessing the Report 230 

specification the results are also applicable to field installations. It 

is as important to place the soil in the field as it is in research and 

testing applications. The barrier will not perform as desired if, for 

example, the soil is not sufficiently compacted to develop full post 

strength. 

Reconmendations. 

In general, the present soil specification is very good. A 

specification should be specific enough to provide unifor~ity yet simple 

enough to implement. ;herefore, the following specific observations are 

enumerated below. 

Soil Type. Although only the S1 soil specified in Report 230 was 

used and no work was done with other soils, it may help simplify proce­

dures if a less specific soil was designated. Report 230 specifies that 

"the embedment soil should be a low-cohesion, well-graded crushed stone or 

broken gravel with particie size distribution given in [Report 230] Table 

1 ... ( 1) It is probably not necessary to specify the particle size 
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distribu:ion as long as the soil is well graded, low-cohesion and a 

crushed stone. 

Moisture Content. Report 230 makes no mention of soil moisture other 

than that a test should not be performed in frozen or saturated soil. As 

mentioned previously, soil moisture increases strength when the moisture 

content is less than saturated. Therefore the specification is probably 

adequate as written since any additional soil moisture will improve 

performance. 

Compaction. Currently a density of 95 percent standard proctor 

density is specified in Report 230. As was shown in figure 5, the point 

where a rigid foundation is provided seems to occur near 90 percent. To 

provide some factor of safety in the specification, 95 percent standard 

proctor should be retained as the minimum soil compaction specified. 
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(1) Michie, J.D., "Recommended Procedures for the Safety Performance 
Evaluation of Highway Appurtenances," NCHRP Report 230 Transportation 
Research Board, Washington, DC, March 1981. 

(2) Powell, G.H., "Computer Evaluations of Automobile Barrier Systems," 
rHWA-RD-73-73, federal Highway Adm., Washington, DC, August 1970. 
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Appendix A. Pendulum Tests 

Test Procedures--

In order to determine what the properties of dynamically loaded soil 

were, a number of pendulum tests were performed and are swrmarized in 

table 4. An NCHRP Report 230 S-1 soil was placed in a 5-ft (1.5-m) wide 

by 5-ft ( 1 .5-m) deep and 12-ft (3.7-m) lcng soil pit and compacted in 

lifts by a hand-held pneumatic tamper until the desired level of consoli­

dation had been acnievec. Soil density was varied between tests by 

altering the lift heights; smaller lifts resultir.g in soils with greater 

compaction. The final density of the placed material was determined from 

the weight of material placed divided by the volurr.e of the test pit. 

The moisture content of the delivered material varied from 2.3 

percent to 8. 1 percent. For tests at other moisture contents, the 

delivered material was placed as before and a measured amount of water was 

added to each lift of soil. 

The test post was a 6x8-inch ( 15.2x20.3-cm) steel box beam 72 inches 

(182.9 cm) in ler.gth. Embedment depth was 40 inches (101.6 cm) with the 

6-inch (15.2-cm) beam width reacting against the soil. In tests SD-1 

through SD-6 a 6 x 8-inch wooden post was used. At high levels of 

compaction the soil strength exceeded the post strength thus fracturing 

the wooden post. A steel box beam was therefore used in the remaining 

tests due to its increased bending strength. 

A 6x8-inch (15.2x20.3-cm) honeycomb pyramid-shaped element was 

attached to the post in the con:act area. The purpose of the crushable 

nose was to attenuate the otherwise too rapid buildup of force in the post 

and to more closely simulate the force-time history of a guardrail post. 

The data system included accelerometers on the post, a uniaxial 

accelerometer on :he pendulum mass, and high speed photography. The 

biaxial accelerometer device was mounted 24 inches above the ground on the 
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Table 4. Soil condition summary. 

In-Situ Moisture Dry 
Density

3 
Content Density

3 
Compaction 

Test (lbs/ft) (%) (lbs/ft ) (%) Comments 

SD6 103.9 3.5 100.4 77.5 Wooden Post - Broke 

SD7 115.2 J.5 111.3 85.S Steel Post 

SD8 123.0 J.5 118.8 91.6 Steel Post 

SD9 128.2 3.5 123.9 95.5 Steel Post 

SDlO INCORRECT SOIL PLACEMENT 

sou 123.7 6.9 115.7 89.2 Steel Post 
I-' 
a, 

SD12 135. 7 8.1 125.5 96.8 Steel Post - Pendu]um Ramped 

SDlJ 129.5 6.7 121. 4 93.6 Steel Post 



post opposite the point of impact as shown in figure 8. The initial 

orientation of the accelerometers was vertical and horizontal. To record 

the angular displacement off the post the displacements at each time stop 

of two reference points attached to the post were acquired from high speed 

(500 frames/sec) film analysis. The single accelerometer nounted 

horizontally on the 4000-lb (1814-kg) pendulum mass measured the amount of 

force delivered to the post-soil system. 

The electronic data were recorded on magnetic tape for subsequent 

processing. The high speed film was processed and then analyzed to 

determine the post rotation-time plot. With the rotation-time data, the 

biaxial post accelerometer data were resolved into horizontal and vertical 

components and then integrated for velocity and displacement. 

After the post had been installed in the test pit, the pendulum mass 

was raised to a height of 13.4 ft (4. 1 m) and released. The drop height 

produces an impact velocity of 20 mph or 29.33 fps (8.9 m/s) when 

impacting the guardrail post. 

Test Data 

Tables 5 through 12 contain the accelerometer data for tests SD-6 

through SD-13 and the force deflection plots appear in figures 9 through 

16. 
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Table 5. Accelerometer data, test SD-6. 

TEST IC" ----- 5 □ -c-~ 
TEST CATE --- C8-2'i-e't 

PENCULI,; P ~HElICS Sll'"H'I' 
NOTE: HLLES HIE IhSHIIEGlJS Al T 1/IE 

c------l'A55·-------ll·-•-------------------POST---------------------J 
TIIH: A ~ F A). Al YlC H HGLE ux DY 
CSEC J CG'SJ ( F P 5 J ILeSI I ( Is I CG 1 SJ IF PS I IFPSJ IDHJ 11 /11 l l lh J 

,.coo • 1 ,r;.3 ·'l'lll • 2.5 -.5 c.o C ,C c.c c.c o.c 
,005 -,5 29.3 Hcl, 'tlo3 e. 2 3.1 • 5 . " • l .c 
.010 -,8 • r;. 2 ;;19, t 7. r; r; ... lZ,6 l.c 1.8 .5 • l 
,015 - • 'i •,; • C ; i1B, ~9.7 e. C <3,6 2,9 3 ... l • b .2 
.o 20 -,5 «8 .9 ; lC 7. 10 • 1 'I • b 29,2 'I • 1 5,2 3.2 • 'I 
.C25 -,3 2 E, 'i lC tb • -'1,'I •.t: .:8,9 ". e 7. '- ~.o • 7 
.C30 -.3 2E,8 1121:. -2.8 1.7 2 8, <t :.3 9 ,J t. 7 l,O 
.c 35 -.3 n.a l 22't. -5.9 l • t: 27,8 ,.e 11 ... C • 'I 1,3 
• 0 'I 0 -.3 , 8, 1 l 2 3 t! • -1.0 'i .o t.7 • l 6,5 13,t lC ,0 1.1 
.o '15 -.3 , e • 1 1182. -3.2 c.5 2t.5 7,2 15.7 11 • 7 2, 1 
.csc -.'I 2 e. t I ~ l 7, - 3, o -.l 2b,3 a.1 17,S Ll, 2 2,6 
,C55 -·" 2 e • t: I ~H. . " e.1 2t,l B,8 Vi .s l't,8 3.1 
,CbO -. " ze.s 1•35. - 3, 8 8, l 2 5, If q. t 21 • 'i lt,3 3,t 
.Ct5 -. " ,: E • 'I l~~l. - 5 • 'i l • ij 2 't, 7 l C • 'I 23.e l 7, 'i " • 2 
,C7C -. " ; E • 'I le l 3, • 't • l 3.t 23,9 11,0 2 !I. e l'i,3 ".9 
,C75 -.5 • E , 3 .i l 7 <11, 3,8 l, t ,3,9 11.0 2 7 • Cl zc.1 5.5 
, 0 t C -.3 H,2 l 3 3 7, -2.9 t • " ,3.3 ll,5 29, 5 22,2 0,2 
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Table 6. Accelerometer data, test SD-7. 

-TE ST JO ----- !C-7-~ 
TEST 0 .. 1E --- C8-jC•U 

PENCUllH HHlICS SLnARY 
NCTE: HLLES HIE IPo!HNECI.S AT TI/IE 

(-------~•ss--------11----------------------PCST--------------------1 
TIME A y F .. T, H y )( YY .ar.GLE OX OY 
,sec 1 CG I S I IF PS I IL 8 SI CG ':i I I GI s I CF PS I IFPSI ICEC I llNJ I l fl J 

c.oco • 1 , S , 3 - • c b • ob -.c o.o c.o c.c c.o o.c 
.CC5 -... '~. 3 14~2. 20 • 5 '• l 1,5 .z ,J .o .o 
.c 10 -.e 'c;. 2 ;;39, 26.l 2,5 5,3 • 6 .c .z .o 
• C 15 -1 .z ,c;.1 4«;7,1. • ,3.5 -.1 9,5 1.0 1.c .7 • 1 .c20 - I• 3 :a .e ~ l3'l, 3.2 - 5 • ti 12,2 • 8 1,8 1.3 • l 
.025 - I• 0 a.1 4 C 1!2, -lb.C - 3 • q lC,3 -.] 2,7 ,! .o .1 
,CJO -2.9 H,4 llt':ilb, lCZ.<; c;. 7 H. l • 3 .. • C '-. 7 .1 
.c 35 -1.5 27,<; t 1 t d • - 41!. 3 •• J "6. <; 1.0 5.5 'I • l .2 
,C'IO -2.5 ~ 1. t: lCC7C, 2 1. 2 -<;. 2 " ... " ,9 7, l ,.o .2 
,C45 -2.1 , 7, 2 e~u. .1 3." 23 .s • 7 d • <; 7,0 .] 
.o~o • l • 1 ;: t. <; nu. • b • 7 ,.c 23.6 ,9 l C • ti ii, 5 .] 
• C 55 -2.1 ,t.5 c 3H • -"I .o ,9 23,1 l • Z 1,,7 <; • ., ... 
,060 -2.0 ,t.2 1'i2'i. -,5 3,0 22.7 l • 5 l"l,t 11.z .5 
,Ct5 -1,9 '!. c; i~'i7. -5." ,,5 Z2,3 2.0 H:,'t I<• b .t 
,070 -1. e '~. t iCio, l,t e.1 2 l, 'i 3,0 1e.2 13.'i • 1 
,075 • l • t . . ~ ' ... - t4C2, .6 le• 2 21,7 .. 06 ,c.c 15.2 1.c 
.csc - l • ~ 2 ~, I !f97, -3 .I: 7. " 21, <; II, l 21 ob lt.5 1,3 
,C85 

- 1 ·" '4. <; ~i7l, '< • l c; • ::! .ii l, 7 1,6 23,3 17. ti 1.1 
.090 - l ,3 • ~ • t ~ l C <, • -1." r; • a 21,4 q • l 2 't, c 19, 1 2.2 
, C 'l 5 -1.2 ' ..... 4 t 15 • •l,5 ~. <, Z l, ,/. 1c.~ 2t, 4 ''"." 2.e 
,lCO - l .C ( ~.; 4 l•t3, -J.7 1c.1 2 1. 0 11.a 2 7 • 'i 21.1 3.5 
,lC5 - 1 .o ; .1 ;<;t:b, -5.7 l •" 20.3 12,7 Z9,'i 22 • 9 ... 2 
• 110 -.<; ' ,C :: ~20. -" . ., e.s l9ob 13.5 :: 1. (j 2"' • 1 5,C 
oll5 - • e ' • e :: 109, ·3,l ,.5 19,3 l '1 • 3 ;2.~ ,5.3 5,8 
.120 -,7 2 ,7 ,tt:5. • 'I• l i." 1e.a 1, • l ; " . ., 2 t. 'I b • 1 
.1,5 -.7 ' d: ;; t 'I 7. 'I • l I• J 1 B • It 15,<; 3 5 ,1 .:7.5 7 • fl 
• UC -.~ ' • I 153, - 1, 7 j:. <; 1a.1 lb.a 3tol (I:. t 8,6 . -
.135 - ... 2 . " I• 5 1, -J.2 5." 17, 7 11.1 ~ t. ~ 2S,7 9.f 
• l '1 C -.3 ' . ~ J;,:t ... l, 5 ~.~ 11 • 3 l8 • C :l t, 1 ::C • c lll,7 
,145 -.3 ' • 3 IC3 5 • • t: .... " 1 7 •" l 'i ,l ~". ~ :l l , 8 ll,8 
.1sc -.2 ; 7 . - j£2, -3,l ~.3 1 7 • 2 l 'i • e 3 I • :: ;.: • 8 12.11 
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Table 7. Accelerometer data, test SD-8. 

TE ST 10 ----- so-1:1-~ 
TEST DA TE --- CS-U· t't 

PENDULU" l'J,-El!CS SL nuiy 
NCTE: YHlES HE ll•S JAp,EOUS Al TI~E 

1-------~•~s--------11----------------------Posr---------------------1 
THI!: A \ r- A JI A\' y; ~y Oc.LE LX DY 
tSECl I G'S l <ff~ I IL ti S l IG'SJ lG'Sl IFPSJ IFPSI I CEC J llNJ I 111 J 

c.cco -.5 2'i.3 ; Cl 3. .c. 3 3.7 a.a c.o c.c C .o o.o 
.O C 5 - l. 0 ;,; .. "~" ". l c; • It 2.9 Jal .3 .z • l ., 
•Cl 0 -1.4 ; ,; • C !tf3. 13.3 -5." e:.z • l • 5 . " .c 
.o 15 -1 , t .e.1: t,H. -2.1 -,.1 7.3 -.4 1.0 .8 .c 
.c;o -2.c if .5 f l 't 'I. • 3. <; t , 3 f:." -.1 1.1 1.2 -.c 
, C; 5 - ". 'l ; i • 'l 1;e,;s. llv .3 17. <; 21.8 l • l ". 7 ,.o -.c 
.C30 -3.t '7." l•:'43a l 7 .o e • 1 19.9 .6 3 • 'j J.J .1 
.035 -3.~ ,t.e l'l'i'to -e.e l; • 4 zc.J • 1 ~.3 ". 1:1 .1 
• C 't 0 -J.e ,t.z l!C't'to -1.1 1 3 , 1: zc.1 .5 t:.f 5.8 .1 
• C 4 5 -3.i ' ! • t: 1 4 ttd. -.1 7 , 7 l'l ■ 't • <; e.5 c •,; .z 
• 0 ~, -3.7 ,~.c l'iCo, .3.3 -1,1 1@. 8 1.3 10,3 ti• l .2 
.055 -] . " i" • ~ l:~'tC, -"." J • J ia. z 1. 7 12.1 9 .2 .J 
.coo -3." • j. c; l:c't!l. -2.1 i.9 11.1 2,4 l't.C 10. J ... 
.at 5 -3 • 3 .: j." l:l~'t. -2. 'l ~ • 1 li.3 3,3 B.t 11.J .6 
.C70 - 3. 2 '' • q 

l,ti7. -2." 3 • 7 u,.e .... ] 17.t 12 • 't .e 
.C75 - 3. C <(." liC33. ,b t , l 1 t, 't ~. 3 19.3 

lJ ·" 
1.1 

• C 80 -J • C ; l • c; 1JE57. -1.3 e. 3 16.l t.'t 21 • C H.3 1.5 
.c l:S5 -z.e • l • 4 11(33. -1.c ~ • a l5ob i,5 2,,t 15.3 l • c; 
.csc -2.6 , l , 0 1C''43. -1.2 t • 1 15.0 e. J • 't • z lt:. z 2.'I 
.cc;s -2.• , C. t ,; t e 3. -~.~ 3.0 l 'I• 2 <;. 2 25.1 17.1 ,.c; 
.1cc -2.1 ;c. 2 E~'il. -e.a 5 , 5 13. J 1c.c ~7.2 17.9 3.5 
.1c~ - l • q l ,; • c; it 56 • -5.7 7.3 12 • It 11.l ;;: e • c H.7 ... 1 
• 1 lC -1, t l ~ • t t 'c; ". -~.t Sob J. 1 • 5 12 , l 3C.C 1 '1 • " "• e 
• 11 ~ -1." ic;." ~~ea. -b.7 5 • 't lC,6 13.1 31.4 2c.1 j.tl 
.120 -1.1 l'i.2 ••C1t. - (:. 3 t • 2 S.b 1 ~. l 32.i: c!0.7 0." 
.1,5 - • c; ic;.c :~l!l. - ". 7 t , 1 e.t l::. 0 ;It ,l ,: l .z 7.2 
• 1:: 0 -.E It, b :: C ,o. -lb,~ L,; • i. .. • 5 l t, • <; i ~. 't .21.e dol 
.1:5 - • 5 H, 7 21 H. - 11, 7 l • C a.d L ~ , e 3 t, 7 .:Z.J ., • G 
• 1 't C -.7 H.t , ilO. •15ob - L: • 5 e • a lc.C ~e.c 2-'..d 10.c 
,1'15 - • b 1 e • s ,n1. - <;. 2 -7.L e •,. lt.5 :: 'j. 2 C: 3. 't 11.c 
• 15 C -.4 Jc." J ;c;c. -5.t : . " 7.8 11. l ~ (j." 23.S 12.0 
• .15 5 -·" ie.: H2 7. -s.o i. • c 7 ... 17.5 "1 ... .: ". j lJoC 
.ltO -. " H.3 I• C 1. - e. '! l 1 • 0 c.5 1e.0 ".:." ,,.., l 't • 1 
.lt5 -.J lf • .2 l;; 5 9 • -.2 2,2 o.c l 'l , 3 "::.J 25,l 15.2 
• uc - • 1 a.z 3 5 't • -11.:: 11 • ~ ". 7 20.3 

"" • C 2 ~." 11:1." 
.175 • 1 le. 2 - :: !!2. -11.1 .c.o 2.1 22.l ~". 1 .c: ~ .c l. 7 • 7 
.lcC .2 lE •• -t'iJ. -5.'l •.! • !j lJ.t '4 ~. 3 25.7 19 • 1 
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Table 8. Accelerometer data, test SD-9. 

1E ST 10 sc-c;-~ 
TEST CA-TE --- C<;-JJ-c'I 

PENCI.JL\.P ~ !~El JCS SlHA~Y 
"C TE: ~HlE~ HE lh~UHCUS Al TI~E 

1-------~A~S--------11----------------------POST·--------------------I 
Tl" E A ., F A) AY Yll yY OCiLE C )( o, 
l SEC l (G'S I ( FF~ l IL8S1 I G ' S l (G'S l IF PS I IFPSJ <CEO (INJ I 1" l 

c.oco • l ~ S • 3 -!(3. l • 2. .2 c.c c.c c.c c.o c.o 
.CC5 -.c 'c; • .: '; 'I 5. ,C.3 l • 'I Z,Z .3 • 1 .1 .o 
.CIC - I. l < c; • .i: ' ~ 2 S. c.3 -.1 ". 5 • 5 5 .3 .c .. 
.Cl~ - l • o 'c • c; t :: 'j. 3 • l < 5.b • 5 1.1 .b • l .. 
.c,c -1 • c da i t:'15. -1,.3 .c 5.c . " l •,; . ,; .1 
.c; 5 -1.E i e • .; 1!,€'1, lC II•~ <;. 0 8.,. 1.0 3.C 1.~ • 1 
• C ;0 - 3 .1 " 1. ~ l•i(;J. -t'. ,i: . ' 2 C • 't 2.6 It. z ,.z • 2. 
.o 35 -5,5 ,t.7 dc'IC • -E.~ - t. t 1c.1 l. a 5.c .3. J ·" ,0'10 -5.1 2 ~ • e ,;t::o. - ". 5 1 , 1 l 7 • l 2.0 7. ,Z lt.3 5 .. 
• Cit 5 -5.t: " •• c; <t('I:;, • 'I• l i • 5 lc.3 2,3 e.e ~.3 .t 
, C ~O -~.4 2'1.C 21~2(;, - 'I. t '. 1 l 5. 7 z.9 10,5 c.J ,8 
.C55 -5.) i ~ • l ,113'1. -:.2 5. 3 15.0 3 • ':l l~.; 1 • 2. 1.c 
• Cc!: -5,l ~' . ~ 2CU5, - 3. 5 i • ~ l'I.J 'I • <; lit .1 l:j. 1 1.2 
.Cc5 _,.. e .£ l • : IG.'.:~:5 • -;.t ~ • 7 13.t 5, 7 l~.e 8.9 1.t 
.c1c - ". t £ C • ' lUce. - 5 • 1 ' • 1 1,.,; e.5 l7.~ 'i. 7 1.9 
.c1~ - ". 3 ,C.C lilC.,, - 'I. 5 41. ~ 12,3 1, It l'l,.2 lC.5 2,3 
• Ce C - :l. 'i l 'i • • l ~: 7" • .. ( ... t,3 11 • e e • 2 .:1; ,t 11.z Z,8 
• 0 € 5 -3.~ le.€ !::'it;, - ". 'I 5 • l l l • l e. 'i '2." 11.9 J.3 
• C<;C -~-1 H •' l,:id. -1.5 ,, • 1 lC,5 <;. 1 '3. 'i l.2. 5 .l. r; 
• C <; 5 -2.1 lLc l(i].J. -J.e ' . ~ <;. 9 l C. ~ ,5 ,3 l 3. 1 ". 5 
• l CC -2.? l i • 't ~,tc. -].t ~ • 1 c;.3 ll .5 ,t.1 B. l 5,1 
, l C ~ - l • 'i li.C i uo. -3.1 t,C d.9 12 • .r, 2e.1 l'I d ':i • i; 
• 11 C - l, t l t , t t ~'tC. - ". 1 ~.o e.3 13 , 3 ;: 9."' l 't , IS bot 
• l J ':i - 1 , 3 It • ~ ~::eo, - ". c; ~. f 1,7 l 'o, 2 3C.t 1~.3 1.~ 
.12c - I , l It • .:: •.:: 8 8 • •It. 1 :; • <; t • ,; 1:.c :: l • e l~.7 8.3 
.125 -.<; lt • .: :~co. -3.7 ~ • 't t • 3 l: • 'i 3 3 • C lt,1 Y,3 
ol ::c -.t It, C i ~ ct 2 • -t,7 ~. 't ~ • 6t lc.d 3'1 ol J t • "' 1c.z 
, 13 5 -. " l : • ,; I~ el. - j". 2 lC .C t.4 le, 5 ::5.2 lt, 8 ll.Z 
, 1 'i G -,t l ~ , t ( ~'ta• -t:,l I •, 5 • ~ 11.2 '.: c, 2 U ,2 12.3 
• l .r, '> -,t l ~ , i ~ ~.: e • - l • t - • 7 ~." l 7 , o .:: 7, 1 11.5 13.3 
, l: C -. : l: , t d: 7, 1.c ~ • 7 5 , l le. l 3 7 • 'i 11.8 l '1 • 'I 

l"..: . . . - • 5 l ~ I !: le: 5, -,.,. ,, • <, ~.8 l ~. 5 3 ll • 7 11:!.l 1 j. ~ 
, l t 0 -., l ~ • ~ It 'I 'I, - l • 7 ... "• e 19,C 39 • J lo.4 10.c 
.l t5 -.~ I: •" 11:t:2, .3 . . .. \. " • 2 ie. 'i :: ,; • c lt.7 17,7 
• l 7 C - • 3 l ~ • ~ l '.:JG• - 3 • " -.c 3 ... l "i , 0 'tC • i l C • 'i l 11. ',j 
, l 7: -. "' l ~ • ~ l: U. - ~. t: .c j. t l 'l. 3 '-t:.:: l., • l lC.C 
• 1 e 1i -.2 J ~ • ' f ~' • - 3 • ~ • • J • l 1,; • d 'IC. c H.J ll,Z ... 
• l t, 5 .c l ~ • ~ • I , d, -1c.1 t .. , l •,; zc.: 'i l • l l <, • 5 ,l • 'I 
.1sc • 1 J~.~ • : l .l • - 'i. 3 ' • <; ,3 "l , t It l • t l '7 .c ~J.7 
, l 'i 5 ,2 l ~ .,, - f ~ ~ • -5.l " • 1 - • '1 Z2,c ""." l'io5 , 5. C 
,lCO • l l ~ • .:: -::<;,. - 1. I: 1 • " - 1." '::. 1 •J.e 1s.5 2 t. 'I 
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Table 9. Accelerometer data, test SD-10. 

TEST IC SC-10•5 
TEST OH --- C 'i·d,· e<i 

PE~Cl,;LIH nHllO HnA~Y 
NGTE: VHLES HE lh~lAhECUS AT lll'c 

1-•·••--l'A~S-····••·ll•···••--···•·--·-•····POST····-·•·••·•·-••••·-·l 
TI I' E A ' f, AX AY vx yy AHLE ex ll'r 
IS EC J I G'S l I F P ~ l 1 l t: SI 'G I s) CG Is I IFPS I IFPS> u; EG I I l r, I 1111 J 

c.oco • 1 • c; • :: • ! 7 C • ob .2 c.o c.o c.c c.c o.o 
,OC5 •,'\ 'c; • :: lt'18, ''e. 2 ,i::." 2.c • 3 • I: .o .c 
• C 10 - I, C ,,,2 • 13 :.l. i. 1. [.J 1. " 1>,b .e. 1 • C .J .c 
.015 - 1. ~ ,,.c = u e. 19.t -~.<; 10 • 2 .6 l • 5 .e .1 
.c,o • 1 • 7 C E • I ft'12. 1.1 -. ..; 1 2 • t • z ~-~ 1.5 • l 
.C25 - l. 5 l C • ~ t 111 • • l • • 'I .t 1; .1 . " :: • 1 ,.3 .1 
, C :?O -3.z < c, 2 1 . .7.: l • 77.7 l • t H,<; .a " . " 3.0 .2 
.o::5 - 3 • 2 ' 1. 5' li:i3C. - 1. <; • 2 2 c • 't 1." 5.5 ". J 

., 
,C'\O -3 • 3 , 7 • l 1::::10. 13.1 -.. ~ ,5.9 1 • 6 t. <; ~.9 .J 
.o "~ -3.1 't. t 1,~10. -z.1 I • ~ 25,l l. 2 8.5 i. 5 ... 
• C50 -~.2 , t • 1 l,t~o. -:.q -1 • 3 2 't • d 1 • " 1c., c;.o • ·-.c55 ·3,C '~ • e: ;. If 17, -,.a - ' ' .. .... 5 2 • 1 11 .<; 1 C • 5 ,6 
.eta -3.C ( ~ • 1 llt7Z. ·3,C ... t • ". 2 ~. ~ 13.8 lJ. 9 .1 
.oe:~ -z.,; < ~ • I: 11•n. - 2 ... :; • l 2:?. 6 '+ • b 15 .!1 13.J 1.0 
.010 -2.e ' ~ • 2 ll.:'19. -. " 5 • 1 2:: • 2 : • 1 1 i • ~ l 't • 1 1.3 
.c1~ -2.1 ( ~ I i icc3J. ·3,d c;.1 ,2.s ~ • 1 l <; • ~ le. 1 lo6 
.cec -z.1 ( :: . ; l(iel. . ; lC. 3 2 < • 2 E:. 6 'l • .Z 17.5 l.9 
.cas -.:.t '' • <; 

l( ,7l. - ... t 7 • 7 Z l • e 7.b ('. <; 11!.S 2." • v; u ·l,5 ~' • It lC I~~• • l •.: <; • 5 2 1 • 5 e.a ; ,, • t .:C • l l.9 
.cc;~ -z.~ ,~.c ~ttb, -1.c <; ·, .. 2 1 • 3 1 C • ~ ,t., ~l.~ 3." 
• 1 co - ,1. 2 d • 7 Ee lo. -".1 <; • C .c. 7 11 .8 ',. e ,,,b ~ • l 
.1C5 -2.c ' 1 • ; ; q 1. .. t:.' 1 , 7 l 9. c 12. c; ,<; ol ~3.S '+ • 'i 
.11c • l, e < I • C 1 UJ. -7.3 t. ; le• 7 l 't • C :: Ii ... 2,.c 5.1 
• 115 -1,t • C , e t; t 8 • -e.:i :: . ~ 17.6 t:.o 31.:i 2t.1 b.5 
• 1.: C -1 ... "., ~. 'g. .,.1 . --. ( It:• 8 15 • 7 :: i.; 27.1 1., 
• 12 5 -2,t: 'C • ~ lC:C7. •c.C -2c.c 17 .l lt,2 3 3.:: 21:.1 8 • ~ 
• l ::o • l, l ". 1 

• ,, <; 0. c • C l C • t l t • 5 l ~ • Ai :: ~ • l ,~.1 9.4 
• l ; 5 - • <; Vi. C, '.:HS. ·H ,2 • l •, It. 2 1e.1 :: ... 6 3C.l 10-2 
• 1 ~ C -,7 l ~ • ~ ' e: c;. -17 .1 • l C. ~ 1s.e 17. l :5,7 ::1.c ll,3 
• l 't 5 -.e I S • i ' • <;..:. -e.c ·3,C l " • c; 11.c ::e.<; 3i.C IZ.4 
.1~0 -.5 I<; • t I c;a, . l • 't ~ • e I 't • I: 1 e." ; e. ~ :: '• b 13.4 
• l ~ S -.] l,. 5 J )'; 8. ; • 5 l C • it l" • 3 le .c; 'IC• Cj 2:,. 7 1~.11 
.lcC -.] l <; • : I J t 7. 2. l::: 7 • C lit• Z l <;. 7 ,, ... t 3.,. ti l; • 7 
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Table 10. Accelerometer data, test SD-11. 

TEST IC------ sc-11-~ 
TEST CA lE --- cs-ze- t1 

PENCULUP ~IIIEllCS Sll'l'AIIY 
IIOTE: HLLES HE I~!lHECUS Al TIIH 

l------l'A!S-----•--l(•----------•----------POST---------------------1 
Tll'I: A ~ F AX n ~x WY A~GLE c:x OY 
(SEC I IC' S I (fFS l Cl Cs I t C 'S I t G 'S l IFPSI I FPS l ICE( I t I II I t n J 

,.,cc .2 ~~-3 - t 5 't • l.t .o c.o c.o c.c c.c o.o 
.cc, -.5 ~ c; • ~ ;;c,; 1. 'f." 3.2 2.3 .] • l .o .o 
.c1c - l • C .~.z 4 13 o. 25.7 2." 7.3 • 7 .c .l .c 
.Cl5 - l • e: .~., t'.:C9. :: C. 7 c:o3 1 1 • 7 1.c 1.1 .c; • l .czc - l .e ,E.i 7 c 2 3. l-; •: -.d l ~ • 7 1 • l 2. 1 1.7 ., 
.C25 - l • 7 2€.'t t St 2. 2.t ". 5 11.0 1.0 3.1 2.1 .2 
• C :0 - l • 1 c E • 2 t Et b • -.e • l 16.7 1.z 5.1 l.7 .J 
.035 -3.C ,,.e lcC,d. c 2 • t ::.5 21.1 1.7 t.e "• e . " 
• C 10 -1.c; ,i.J i~tz. -21.1 s • .- 2 ll. 2 z.o 806 t." .5 
.C'l5 -2.,. 2i.C ~t7c. b.5 -~ ,6.6 2.3 10.s 6.0 .6 
.c~o - '. 1 ct • t E 't c; 7. -3.3 t.e ,c.J 2.6 12 • 't <; • b .a 
.0~5 -2.1 ( t • 3 E5Cl. - J. 0 ~. 1 le.! 3.Z l .\ •" 11.2 • c; 
.ccc -2.1 "~ • c; f:: 'I 9 • -. " ~-~ ,5.6 3.8 H • 1 1,.7 1 • 1 
• Ct 5 -2 .-o ,~.t iE 11. -1.E <;.7 '5 ... 't • b 16 • .3 141 • 3 1.4 
.c;o -1.c; -. , 

l .., • - i 't 2 l • -1.~ e • 1 25.1 o.l .tO. 2 15.8 1.1 
.c i 5 - 1 • 7 2 5. C t f1b • - i! • " 1 .... 'Ii• d 1.a 2,.1 17.3 2.1 
.c~c -1.6 '1 • i t :Sb. -1 .... 'i. 4: 

"". 5 
1 • c; 23 • 'i 1 c • 7 z.~ 

.ce5 -1.s 2 't • 5 ! E ~ <; • -2.e t." '4 .... e.1 4: ~. t .i:C .z 3.0 
• C 'iO -1.l 

'". 3 
~ tCd. -:.2 c.5 z3.e q.1 27,J 21.7 J.t 

.c,;,; -1 ~ 2 ; • • l • t '1 l. -1,t i.1 ,3.5 1c.e "<; • e ~3 .1 't,2 

.ice - l • C ;J.S :,30. -3.5 e • " '". 8 
12. l ::c. t i't. ~ " • c; 

.HS -,E C ~ • E .: <18. -3.b 7.7 
''. 5 

1:.3 - - l 
.: ". - z~.e 5.7 

.110 -.1 "; • t ;He. -z.3 7. 1 " • 0 l"' • "I ::1 .c 21 .l o,5 

.115 -.~ - - . "~ . -- I Ci S 3. - .3.,; i.~ ; l • 5 1 ~ • t ~ ~ • 1 d.; 7.,, 

.izc -.3 2 '.: • 5 I .:ti!. -5.t e. 1 ,c,e H.c; ::1.s iS.1 ~." 
• l i ~ -.2 C ! • 't HZ. -c.2 e.t j<j • 'i le. 3 .: <; • ' l I• 0 ', . " 
.1::c -.I "::. " ,lJ. -1.~ e.e Id .9 l <; • 7 'iloC !~.1 10,b 
• l3 5 .c <:? • 4 ·I~ 0 • -3.5 l ' • ~ 11. ~ n.2 'i2 ,b 3 :J • 2 u.e 
• lit v -.• l ,; • 't I• e J. J L •' - 3 i • 1 lt,7 u .J " .... I. H.J 13.1 
• l 'i ~ . " (] • 4 -Ji:;!i. - ! 3." -t.l lt,l .::3.C .. ~. 3 ; !:: • .3 l 't • • 
.l:C .c "3. " -23. "• C -13.2 i ~ • 5- 23.c •t.c ::c.2 15.e 
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Table 11. Accelerometer data, test SD-12. 

rEsr 10 --- SO-ll-5 
TEST DUE -- ll-l<t-!l'I 

PENOULUP'I KINE.TICS SU~PIAR't' 
NOTE: VALUES ARE INSTANEOUS AT T l:'IE 

(----~•ss--------)1---------------------POST-------------------1 
T ll~E A 'I F AX A'( 'I)( VY ANC.Lc uX JY 
(~EC I IG 1 SI IF PS I IL c!S I I GI SI I G'S I IFPSJ IFPSI IOEGI I l ~ I (IN I 

0.000 .1 29.3 -210. ... .o o.o o.o o.o a.a o.a 
.005 -.b 29,J 22'+ 1. 22,8 3. ti 2,0 • 3 -.1 .a .u 
.o 10 -1, 2 29.2 't7ll. l l • 2 -1. 7 5,1 ,b -.o .3 .a 
.o 15 -1.5 28.9 ba9.i. 't. 9 -.7 b.O . " .5 .o • l 
.,JZO -1 • 8 28.7 7(.59. -9.0 1.8 5, ti • 3 1., 1.0 • l 
.025 -2,8 2 8," 11129. 32,0 20,b 0,J 1.0 2. 'i 1,3 .1 
,030 -9,2 2 7," 3bb21l, l.l.9 -1'1,7 13.2 2, 7 ". 1 1,9 ,3 
,035 -5.7 2b,b ,2707. 9. 't -17, 0 11. 3 2,Z 0.8 2,b ... 
• U 't0 -5,3 25,8 21011, -1,5 -1,9 lJ,Z 2,0 8. 'i 3,Z ,5 
,O't5 -5,Z Z 't • 9 20775. -8.3 1.0 9,2 2.1 11.0 3.o .6 
.o;o -5.5 2't,O 219<t5, -<t,O ... ,. 8,3 2,6 13.0 ... 3 • 8 
,055 -5.0 23,l 20088, -<t • l ... z 7.5 J,8 l't,d ... 6 L. 0 
,ObO -<t.9 22,3 l 953 o. -1,b b.5 7. J 5,5 10,5 5,2 L,l 
,Ob5 -'t.7 21. 6 18918, -o,5 ,; • d o,O o.5 18,l ~.b L,b 
,070 -'t,b 20.8 18'tl5, -'t ... 2.1 5 ... 7,3 19., 0.0 '-. u 
,075 -'+,'t 20.1 L753 ... -5,5 't. ~ 't. 5 ,.1 20,8 0,3 l, 5 
.ocio -'t,Z 19. 't lb97d, -'t,b ;,o J,d 9,1 22.1 0 • 5 J,O 
,085 -3,8 18,7 15J<tl, -0, 2 7.3 2,9 10,2 23,'t 0, 7 J,0 
.090 -3,b 18.1 1'135'1, - 7. 't bo 't l. 9 ll. 3 2't. 7 0,9 ... 2 
,095 -3.3 17,0 13097 • -7,3 't. 9 ,7 i 2 • 2 le• l 7,u ... '1 
.100 -3.0 17,l 118'10, -7.2 5,1 -.3 13,l 27,'t 1.0 , • 7 
.105 -1.. 7 10.c 10902. -'t.0 

"· 0 
-1.0 13,7 28,o C • '1 0,5 

, 110 -2,3 10,2 93112, -b,l 7.3 -;_. J 1 't • 5 29,d 0,d 7 ... 
• 115 -,.3 15,9 909'1, 't • l -.J -2,J 15,2 30,d 0, 7 ~. 3 
.120 -1,9 15.5 7790. lob • j -3,0 15,b 31, 0 b • 5 9,2 
, 12 5 -1,7 15.2 0913, -3,7 -,d -J,5 10, 0 32,3 o.J Lu, l 
, .I. 30 -1,5 15,0 0030, _,.. 2 

- l •" -'t.2 10.0 32,9 o,l llol 
,135 -1.2 l't,8 '199!1, -i,, l ,2 _,. . " l 7, l 33,9 5.d 12,l 
, l 't 0 -1.1 l 't • i, '1330. -<t.o 2." -:>.'t 17,5 35,5 5., .1. 3. 2 
• l't 5 -.9 l 't • <t 3510, -l,1 't • l -j.d l d, ,) 3 ti• 7 ),2 l '1, 2 
,150 -. !5 l 't, 3 318 l, -,8 't.) -0.3 U,5 .. ,. • 0 't • d 15,3 
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Table 12. Accelerometer data, test SD-13. 

TEST IO ----- SD-13 
TEST OAJE --- 01-Jo-1:1, 

PESDULUI' KI/o,ETICS :iLl'll'AkY 
'IDTE: VALIJcS ARE L~S TAl'oEOUS AT TI :1E 

<------~ASS--------l<----------------------POST--------------------1 
TINE A y F AX AY ¥ )( Y'f AhGL I: CA UT 
ISECJ (G'S I I FPS I (LtlSI ( G' S I I G' SJ (FPSI I FPSI IDHI ILi< I 11 NI 

0.000 -.a ''i. 3 lod. 11.1 2.J u.o o.o o.v o.o o.o 
• 005 - l. 0 ''; .z 't 100 • 29.0 2.2 3. j . " -.o .1 .o 
.010 -1. 7 2 ... 0 t nu. 8. 2 -3,7 o • d . " .1 • '+ .o 
.015 -2.0 ,e.7 7a8 3. -j.0 -3.b 7.,. .L • 7 • 'J .1 
.o;:o -l .o 2 d , 'I f~bOe -28.b -.; '+. 5 -.1 lob 1,2 • l 
• Ol. 5 -5." 2 d, C 21~37. 77.0 19.l ',. 5 l,5 2,9 1.5 • l 
.030 -3." i. 7 • 2 l:: 't 70 • -b'+ ■ 3 -.o 8,1 2,5 '+ • 't 2.2 .2 
• 0 35 -5,2 2t.3 ,c<;<i9. -.::1.'I -2,0 d.5 2." o.l t.. 7 . " 
• 0'10 -5.7 2 5, 'I 227:J'i. -o.7 2,0 7.b 2.0 7,d J ■ l • 5 
• 0 '15 -5,8 2't,5 232'tl ■ -b • J " . \) bob J.O 9ob 3,t, .1 
.050 -5.9 23,5 23 N,. -2.3 bob o.o ". 0 l l • 't j. 9 • 'I 
• 055 -5.8 ,i,o 2.l~7J • -'t.b b.7 5.3 5.0 13,l 

"· j 
1.2 

.uoo -5.8 21.7 ,::Jou. -3.1 1.a ". 7 b.l l 't • 8 "• b l. 5 

.Ot,5 -5.o 20.1 .:..:Sou. -'t .o 5,o ". 0 7.1 lb• It '+ • d 1.9 
• 010 -5.5 lS. 8 21<;1, • -o.u 't • l 3.2 7.9 17.9 ,.1 ' • 'I .o 75 -5.2 1'1,L l.C'1ll, -J.'I 5. 2 2.5 a.1> 19 • '+ , . .:: .:: • 'J 
.080 -5.0 I ci. l l <; 'lO 7 • -'t • l 4 • 0 l • d 9." .:O.d ~. 't J • 'I 
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Appendix B. Soil-Post Interaction Crash Tests 

Introduction 

The purpose of this test series was to determine the importance of 

various soil paraneters on the behavior of guardrail systems. 

Pendulum tests discussed in appendix A indicated that post deflec­

tions did decrease w:th increasing soil strength. Computer simulations of 

a typical guardrail system, the G4(1S), were made using the pendulum data 

to assess the barrier's sensitivity to various soil strengths. Figure 17 

is the result of those si~u~ations. There are two limiting conditions 

shown in figure 17; (1) post strength limit and (2) soil strength li~it. 

Test SPI-1, at 110 percent standard proctor compaction, was well into 

the post strength limit region. In this region the soil provides a 

perfectly rigid base; the post-soil system is limited by the flexural 

strength of the guardrail post. 

Test SPI-2, at 80 percent standard proctor compaction, was in the 

soil strength limited region. In this region the soil is not strong 

enough to provide a fixed support; therefore, the soil experiences a shear 

failure and the post rotates without being deformed. 

Test SPI-3, at 90 percent standard proctor compaction, was at the 

boundary between these reactions. The transition between these regions 

appears to be very crisp with the post developing its ultimate strength as 

soon as the density is greater than 120 pcf (1922 kg/m3). 

Table 13 compares the perforrr.ance of these three tests and the three 

soil conditions represented. The simulated performance corresponds quite 

well to the observed performance. This indicates that figure 17 appears 

to be valid at least between ·oo pcf ( 1602 kgtm3 ) and 150 pcf (2403 

Kg/m3). Vehic~e and barrier damage was nearly identical for all three 

tests although in :es: SPI-2 the vehicle vaulted over the barrier. 
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Vaulting occurred because the excessive rotations of the post forrr.ed as a 

ramp that the vehicle could easily climb. 

Conclusion 

Test SPI-2 demonstrates the importance of achieving at least the 

minimum required compaction. Excessive barrier deflections can cause the 

vehicle to ramp and possibly roll over. 

The method for modeling guardrail posts using computer simulations 

developed earlier appears to be a good predictor of barrier deflections as 

shown in table 13. In addition the effect of soil compaction of the 

performance of a G4(1S) appears to resemble figure 17. 

Once the ~inimum compaction is reached barrier performance remains 

the same regardless of the degree of compaction. In such cases the post 

strength is the limiting factor as long as the soil provides enough 

strength to develop the ultimate post strength. A comparison of the 

deflections in tests SPI-1 and SPI-3 show that performance was nearly 

identical although test SPI-1 was more heavily compacted. 
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Table 13. Comparison of soil-post interaction crash tests. 

Test 
SPI-1 SPI-2 S?I-3 

Soil Conditions 

Natural Soil Density (pcf) 148 108 121 

Standard Proctor Compaction (%) 110 80 90 

Moisture Content (%) 3.7 3.7 3.5 

Dvnamic Deflections 

Simulated (in.) 30 44 30 

Actual (in.) 35.6 45.1 29.6 

Evaluation Criteria (film data) 

Lateral Occupant Risk (fps) 14.6 16.0 15.9 

Lateral Ridedown Accel (g's) 5.2 5.5 6.4 

Lateral 50 msec Accel (g's) 5.2 5.5 6.4 

Barrier Damage 

Number of Deflected Posts 6 9 8 

Number of Deformed Beams 2 2 2 

Number of Beam/Post Separations 0 1 1 
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Test SPI-1 

Purpose 

The objective of test SPI-1 was to serve as a baseline test for both 

the replacement of the 4500-lb (2043-kg) car crash tests and the soil-post 

interaction tests. 

Barrier Installation 

The barrier for this test was a standard G4(1S) system as depicted in 

figure 18. ;he height to the top of the W-beam was 27 inches as shown. 

This barrier system was used because of its popularity in the field and 

the long history of experience with this system. 

NCHRP Report 230 specifies that the soil must be compacted to 95 

percent standard proctor compaction or greater. The soil was found to be 

110 percent of the standard proctor density with a moisture content of 3.7 

percent. 

Impact Conditions 

This test was intended to be a standard strength test; hence, the 

desired impact conditions were 60 mph (96.5 kph) and 25 degrees. 

Test Vehicle 

The :est vehicle was a 1978 Plymouth Fury ballasted with steel plates 

to 4490 lbs (2039 kg). The ballast was added to the front floor pans at 

about the height of the vertical e.g. Anthropometric dummies were not 

used in this test. The bumper height was found to be 21.5 inches (53.5 

cm) and the yaw moment of inertia was 37,370 in-lb-sec2 (4218 kg-m2 ). The 

vehicle is shown in figure 19. 

Performance 

Figure 20 shows sequential photographs of the collision event. 

Actual impact conditions were 59.6 mph (95.9 kph) and 25.3 degrees. _ ;he 

point of impact was at post nu~ber 5. The vehicle was smoothly redirected 

with no rolling or wheel involvement coming to rest 155 ft (47.24 m) 

41 



downstream of impact and 12 ft (3.66 m) into the traveled way. The time 

and length of barrier contact were 620 msec and 24.33 ft (7.42 m). 

Maximum 50 msec average accelerations measured by film analysis were 

2.9 g (longitudinal) and 5.2 g (lateral). Figure 21 presents a summary of 

test results. Table 14 contains per~anent rai~ deflections. Table 15 

contains vehicle kinetic data as well as occLlpant r:sk data from film 

analysis. Analog to digital conversion from on-board transducers is 

tabulated in table 16. Figure 22 contains photographs of barrier and 

vehicle damage. Plots of transducer data are presented in figure 23. 

Barrier Damage 

Two sections of W-beam were deformed and posts 4 through 9 were 

deflected laterally as shown in table 14. All beams and posts remained 

attached. 

Figure 22 shows the mechanism of post failure. Because the soil 

provided a fixed support, the post web crippled indicating a flexure 

failure. The posts developed their full strength and the soil remained 

undeformed. 

Vehicle Damage 

The vehicle damage consisted of sheet metal deformation of the left 

front fender, left side and grill. The left front and rear tires were 

blown out from underriding the beam. The front bumper was damaged but it 

remained connected to the frame horn. 

42 



C 
2" 

10" 
DESIGN G4S 

2" 
811m: 12gL W 

27" 

l 
Blackout: we x as 

8'0" Post: W6 X 8.5 

Post Spacin1,1: 6f1·3in. 

Bolts: 5/8-in. dia 

Figure 18. Barrier system for tests SPI-1, SPI-2, SPI-3. 

43 



~-"'f"·-

;;.;i~ ~ . 
. 

. 
~ .... 

Figure 19. 

~-
~ 
;. ; ~:"" 
:!:- . ~ -. 

Barrier and vehicle pretest details, test SPI-1. 

44 



.20 sec 
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Table 14. Permanent barrier deflections, tes~ SPI-1. 

Post ',umber Deflection (inches) 

3 0 

4 1.5 

5 8.0 

6 21. 3 

7 27.3 

8 24.5 

9 8.0 

10 0.75 

11 0 
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Table 15. Film analysis data, test SPI-1. 
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Table 15. Film analysis data, tesc SPI-1 (continued). 
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, I l u - • l 4 .... ~..:. - 2 0, 't C 'j t • 1 ! - • ~ £ <, • l. C -c.;~ 
, I, u -.,c l • ..:! -, -"u. 7 ':: o l • ..; L l ~ • Jt < c, 7 l - t • :: t 
• I; tJ - • _; C: 1 • J. j -ll,vt t l • :;i = L L , '- l <.,. j 2 -t.~l 

~ ,Gr-.::;iT ~ J - , .. ::: .J 'f y •Al.'-;: L.. • 

Tl~ c I S ~ i.; I 
G Is ST"~ T C,",.,J 

-- -- -- -- ---- ------
~J '~. - ~.-; 't • 1. j ')U • A. ,j; ,J 
L l T , - 5, lo • "'- :;c .. d5C 
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Table 15. Film analysis data, test SPI-1 (continued). 

s..;lL PCS T I~ Tc s.i-: T lC-. St' .-l 7-J- ~, 
CCCUP~~r q!SK ~~~-t~r -- f~~~ F!L~ a~ALTSIS 
~i.T:: ~VG, aCCEL, ~C~ ~<I~~ ~.ClC S~C, ClLC~L•lcJ 
F~c~ v~~ICL~ VEL~ClTY L~A~G~ 
~tLATJv~ VlLl~!-l~C.;LPl~I •• ~.T. VE~l~LEI 

(------- YE~ILLC --------)(------------ CCCi.PA~T ------------) 

0, U')O 

,uhl 
• J 2 () 
,CJ'J 
• C ➔ () 

.o;u 
, 00 () 

• 010 
,OdO 
• J '-10 
,lOu 
, 11 U 
, l l J 
,130 
, l ~u 
, 1, u 
, l':10 

• ll•J 
, l d,; 
• l <; J 
.~co 
•" l u .,.u 
• C. j 0 
• l '+•J 
• <'.; J 

.c:~J 
,dJ 
• ,:'. j J 
• L.., ,j 

.JCJ 
, J l u 
,J~O 
• j JG 
• J .. J 
• ) , i.,; 

• 3 0 ·J 

aCC:L, CC'51 A~C. ~tL VcL, (Ft'j) ul~F. IF) 
LCN(, LA[, IMA~/SI LC~G. LlT, LC~G. L~T, 

- l • i <'. -1. t:, i. 
-l,4C - I , 7 ~ 
- l •:: l: - I. o 7 
- 1 • i ~ - ' • 0 J 
-1. ~ l - ' •• J 
-2,Co - ,:, • '- 7 
- 2.; I - '2. "~ 
-2 • ..! :, -2.,~ 
-2.~1 - i. • ':J'i 

- 2. :: <; - .:::: • ,J ..l 

- 2, C <; -j IV(. 

- ~, Id - 3 , ~ C 
-2,ct - .,; • J J 

-2.~, - j • , / 

- 2. '70 - , , Io 
- 2, "Id - .3 • '1 C: 

-2.s, - ~ • .i.) 

- ' • ~ 1 - ... J"' 
- 2. C;" - ,.,. ' , .L 

- <. t <; 
- 2 • C.; 

- i. is 
- 2. t ~ - :;: • u :i 
- , • : 5 - ' • "'3 
- l • ~ J - ,; • '- d 
- 2.; J. -,.1, 
- l. I<; - ':l ... j 

- l. i,, C - 5 , l a 
- l • ., ~ - ~ • J :> 
-l. El -" . .., " 
- l • C.,, - ., • 7.., 
- l , : 1 - ""I. 0 J. 
- l • ": - " • ., t 
-1 • .: ~ - 't • L ..J 
- 1. ( ... - ~ . ~., 
- I , l • - .: • a :i 

- !. C: - 3. J , 

• 4 .. ..... ... ~ ..... 
,-=t.J 

• " j ... ' 
•., l 
•• I,) 

• J 'I 
• J 7 
.J6 
• j '+ 
.J.: 
.Ju 
• 2 !, 
• io . ' .. 
• <'.,: 
,19 
• I. I 
. l 5 
, l 3 
• ll 
,1.,'r 

. u' . (,, 

, C 3 
• L l 

- • ',,,. 1 
- • L,.::: 
- • ,J "t 
-.u, 
- • I., 7 
- • u:, 

- • C <, 
-,lu 
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r.;. J'.) 

• ,:, -I 
• ;J ,: 

, I l 
:. ,j/ 
l • / ➔ 

'-~ j 
,:, • 1 .. 
.: • "j 

J • l -1 
'1. ) j 

... <; 3 
~. ) (! 

t, l l 
0. 7 OJ 

7 .. i, j 

' • 0.) 

0 • 3 j 

:i •.., l 
'1. ""\) 

., . .:::- ') 

l...: • ':, 
l G • "J.:. 
1.: • ..; 3 
ll.O 
l l, • J 
i l • Cl 
ll,/;, 
11.~~ 
l l, d 
• l • , / 
l l,,,, J 

4 1 • ..; 1 
11 , ,. J 

I l, j l 
J. l, 7-. 
l .a. • J -> 

"". jQ 
• ., l 
• 0" 

l • ,: 9 
l, 7 ~ 

'• J l 
i,8d 
J • , l 
... 1·~ 
... <, 5 
5,79 
0. 7 l 
l, 1 3 
d,o; 

4 ,J. J j 
1 ~ • "'fl] 
J. i • .: .. 
• ; , 3 7 
l ~ •..: l 
l 7, 7 '< 
.. -I • :, 5 

' L • ~ J 
'- :. • 1 7 ,,.3o 
o. 3 a 
(. ' • "t l. 
J .l .... .., 

.:,J,4 ➔ 

J;,:,O 
..l / • '-1 C 

j..,. j .:I 

➔ l • c. () 
't". ~ 0 

.,. .... :: j 

.. o. t. C 

., I,:, l 
•,., L 2 

,.cc 
.cc 
• I., 1 
• J l 
• C 1 
,C4 
,Ct 
• ;; 8 

• l • . 1' 
, 1 d 
• ,: J 

·" • 3' 
• ~ d 
• 4 .J 
• 4 ~ . ) :: 
• t' 
• C ~ . ', 
• : l 
• ,: 1 
• 'J 

l , C...; 
1 • ..; 5 
I • • 1 
l, ;./ 

l • i c::. 

I , l I 

l • Jo 

l • ~ l 
l • " S 
1 • ' "1 

I • J " 

i. • : 1 

u.uc 
,JO 
• J 1 
,C2 
, C 3 
.~5 
• .,;d 
, 11 
• l; .,c 
• ,: t 
• j 2 
•; C 
• ft ... 

• 5 .. 
• 7 C 
• ,j J 
• '1 0 

i.. l 5 
I.. j] 

L • , ,3 

l , 7, 
' • .,) 0 ,.,o 
". , " 
'- • d:::, 
J, I 7 
3, 5 2 
3. ",,, 
... Z 7 
... C: C, 

: • I 0 
; • 'J" 



Table 15. Film analysis data, test SPI-1 (continued). 

,3 70 - • ~ C, - .l. u t -,ll 11 , 5 ~ : "". ~ t: 1 • e: .L I , -, l 
• Jj <J - • t j - "' . '' - • l" l l , <t l ~ j.. j fj 1 , CJ :I .... "' 

•JGC ~" -. '- - .::: • 't 't -,lJ 11 , '- • , .:: • J d l •..; ~ i. CJ 
• 't'J u -. u - '. ii -,l<t l l, J • ,J,£') : • 7l ., • ·;? 

• "l J - • C:: - l • .j J. - • l ~ l L , ~ l , "t. ~ 2 l , l j l J, U 
• 'ii~ -.~7 - l , , l - • l c, l U, j:, J.,, o l t • I , J. S.:. o d 
• '+JJ -.~c - I , , l - •lb I I., • 'C , :>. ,: ~ i.7c 

.. J.. '" 
• -t 4 IJ - • 'I:: - . ., ~ - .1 7 5 • ; .l :i,. 0; l, 77 11,81 

• "' 0 - , 3 7 -,cl -,ld ., . ) , ,:,.·~<.; l • i o u ,J<; 
, "toU - • 1 C -... ' - , 19 'i • l ·; J~,.i::.s l , 7 5 :.,.'ic 
... /0 -. '3 - • Zu -. ~(; ~, I 7 '" ... , l • 7, l .l, 5 't 
.... 0 J - • ! C • V ,J - • ".L d • J 4 ):,.~2 1 , C ~ • 't, l 2 
... ,; J - • C ._, • l:.; -,2.1 "( • :I "t ;c,. 5!> I , t ~ .... 70 
• ,1.,J - • ~ .2 • j-> -,i, 7. j 'I+ ,o.55 l,~9+ j,:,. C: ~ 

ci.;cuP. ~ I Si< f~C.TC:K$ Tl,. E V~l.OC I TY 
t 5 l (F~SJ 

------- ---------L J ,G, Vcl, HI~• ' • I, ~ T • C 1 SP , .,co 7. J" 
LlT, VCL, t.F 1 =~ 1. I) F T, c; ISP • .l7L l 't , :> t 

J .. .l i. .1<.::E L, ArTf:1< CC1..t.:~~~T {.~PACT f!.~c:ISl .. cc.1:•s1 ------- ---------
LlT, .:.CCEL~d TIC'< .2,0 - ) • J.., 
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Table 16. Transducer data, test SPI-1. 

ri:n 10 ------- ~~ l- l 
Tc:S T J ITC ---- - ul-l.J-~~ 
,::r1!CL~ CL;.~.:, - ~r.r.~~~t: 
! "I' JCT ~ p E::.."' ,j t. ~ ~ F~S 

V~-11Ci..~ ~11',;:TIC;, .:.u•~~~T 
'<Ll TE : V ~I.I.:.;, t -~ C: I :, ;, f ~ "' T ~ ~ E L u 5 ~T Ti~~ 

Tl ME .!.CCCL. l '- ' ;, I ,..,i:..iLJ.A,-...G • •::LJCI TYIFi'S 1, UViP.IFI 
s. LG,, C, I. AT. ~EG I.. u ",j"'. L ~ T, J y 

------- ------- ------ ------- ------- ------- -------
C. 0 ·JU • I:. 7 • ~ c ,,.,; ot:, l ➔ -,c7 -U. 75 -~. ~ .. 

• C lu ~ • C I - ,; •.JC L, • \) 't j,. ',J -l,2l -lt,"17 - ~ • l C .uc - l •., ~ - .J.. • '1 :i .C::. '-' • Ci;, :J,. ;a -1,5'1 - l cold - 4t. t:; 
• C JO 7.d - •. ~ 'i 'tt. j,:: ,.) :, • 4t,, -2. 10 -l~,.l'I - ... ~ (., 

• C 't ~ - t , ', c 0 • .,J::: ,.,, /lj 0 •• 1 .. -2,:: C -l~,tv - 't • l 7 
• G ;a 5 , l i - .l.. • ·1, -'J,<..., j 't. j ~ -l,to -1::,ol -3.c5 
, G o'l -~. ~..; - Ir,, • ., : ,,,JJ ~ 3 •-. 3 -2.0, -l.l,1..'t - .3. t ~ 
• G 70 -z..:' - ., I u C 2l •, l :12. ; 3 -2,,; l -1~.,o -3, .i: 0 
•~CJ - '• l :: - .,. •.JC ~ :,_,.::;; Q ~ l, o 2 -2.~t, -11 ..... -2 • .,., 
• \) ~-J - J • t L -~. '~ l '1 • ., ' ~0 ... ➔ - ~ • ~ l -lC,il -, • 7:: 
, l '-J -.::: • .; t • J ~ .;. j • ] l 7 ', , 't 3 - ~ . ..," -',. ',,, -2.~c 
,llv - L • 1 t - ., • ,L, ~ ~ I• C ; 11,, ;d -1.11.1 -S,1'1 -2., I 
• .L lu - i • , ; - ";. j ( l,, ~ 5 Id, Jc: - • d 'I - t. ~ .. -2,(t, 
• l Ju • 17 - 0 • J 7 l.,. C <t 17, ,o - • 2. i. - 7 • b 'I - l, ~ 7 
• l,. J - ~ . :, ; :> • .L ~ I.~.~ 1 7 ~. 7 J t .,; '1 -t • .., .. -1.es 
• l, J - l • ': .: - ,.J. ~ r., i ·J. i" I:: , 7 0 

' I 'J -c.LJ - l • ~ i: 
• l 01) l • ~ t - j. ", C • <;) 7 : , <'. 0 2, i.,; l -: • -.o -1,it, 
• 1 lv - 7 • .., ( - ".J. J 1 7,Co 7., , ~ 7 4 • C." - 4, I l - l •.:::: 
• l J J - ".". "4 ; : • i.:. i :) • C..., 7 l , ':J 2 "• ., l _,, .o.) - I .l l 
• .i. '-1 C - • ! J - .L J.. ,I,~ J, l c ll, 71 t • ·~ j -j • .:: 0 -1.cc 
• L ._;•J .,c ., • ., l. l. i J 7r.:. ./, ': • .., 5 - (.., 1 -.Sl 
• l l:.., -2 • .., ', - ~ • I 't - • l t IC,r.;.O 7. "' - l • C / - • t ._ 
.,:l) - • I., t - ,.; • I 'j - " , 1 l sJ ~ , U l 1 • 7 '> - J.. i. 7 - • 7 t: 
• (. j•~ - .... '<, - .J • .Ji; -t.t, CU O C, JU ~ • L. .., 

- ·"" 0 - I '~ 

• 2 .. J -1,,li - • J (: - i::. 't; ~7,lJ "1 • "I '1 .~IJ - • I 2 
• i., ~ - • J. 1 -11. •4 -t. ~ l ':, C • 'J 7 J. G • ._ L • 0 0 - , i l 
I,(. 0 ,_j - .., • ., i - ' • 1 '; - ',. ; 7 :1 e , j L 1 • ..; .::. l • ~ b - , 7 I 
• L I J - l. t t - ~. J e -lu,t•..,. :l :, • :l ·J l:: , ; 7 ' . "' - • '::! 
• i.: •i J - l •: ~ -::: . ) ; -11.~1 u". C £ .L:: • J. J ' • C j -. '-; . ,( ., ._,; - l • C i .... : -;_,,/d o"', j V l IJ • ( -, ,! I~ 'f - • I<, 
• .: I..., J - • 1 i - 't • "'., - i j. i ;! ,:, ., , l 3 i.; • ., l ~ • 1 '1 - . t" 
• ; l i} - j. t < - J.) z - i"'f I' 'f bJ,J.l '1 • : ' "'• C _j - • <: l 
• ,; l j - 7 , l i - l • ) ., -1,.,~ o3.l:l ':I I '°1 ~ • 'iO -,":c 
• J j,J - Z , / C • ' l -lo,c~ :J .l • ; ; ·; • !~ '1 e. U.., - l, <. 7 
• J "'J - 't • C" - .: ..... ,,, -17.53 C (.. • ! 2 7. ,,, 0 C • IV -1 .l 1 
• .: 'J ,J - l • ~' - ~ •::. C - l. !, • j ~ ., u. ".., 7 • I :l 7 • £ '1 - l , t. e 
• .; 0 '] - l .l i - '.) • J '1 - l ',. i 0 :J 12 • J 0 7. 7, 1 • "'I - I • • <. 
• .l 7 , -.~G - • '"t - "I..• l:, ~ <;. j ~ 7 , ~ l C • "'O - l • ~ ~ 

ss 



• J 'j ) 

• j 1 ~ 

• 'tu u 
• 't l 0 
• 't ,:/) 

• '+ JJ 
... '+ ,') ... ,.,; 
,.,'toJ 
, 't 70 
• 't /jJ 

• 't ➔ •J 

• J UlJ 

.,1c 
• , ,:J 
• , J •J 
• :., '+0 . , ~.; 
• 5 oJ 
• ~ 7J 

Table 16. Transducer data, test SPI-1 (cor:tinued). 

- o.l e 
J , l c 
" . :: ~ 

- l • ':: ~ 
.. - • I ,; 

- l , < l 
2 • : ~ 

- 't. 1 ~ 
• L 5 
• ~ I: 

L • :; 1 
l • '12 

- L •," 

C • .: I 
-.~7 

• ~ t 
• .L :: 

• .: t 
-1 • 't' 

- , l i 

- o. l t -d, Cl ,~.03 7 • ) G 

- j • _, C -~~.c,; ) 0 • ., .l je\..t 

c.. • ' e -L,.t.,. J ,j • ...,, ,. ~ • ~ l 

• ' I -cl,/0 ) C,. 0 '1 1 • (' 
- • c::"' -,'t,t<'. JC• / i!. l C. C ~ . ~; -t.:::,. jo j d • J,i!. 11 , t l 

- l, c C -,e,U. ,7,cl l L. Cb 
- i • .:::.: -.:: 0. C: 0 Jbe'-1~ 12 • 1,, 
-~-~t -.::/.~l ,t,dl l l , c e 
- l • I'; -,o,ll ,o,30 13,Ct 
- ... ~ c; -2~.e ➔ j e • = j sJ,_;e 
- '•.,) C -l~.~l ,e.,J lJ.io 

, ·1 l - Ju. "'.) ,c,J5 1q.30 

- • ? 2 - ~(.. ',(J 'J,, 7 C l; , l .! 
,➔ O -~,A,.';7 J: , 7 0 1;.1, 

- .... , -J<'.,.:d ) , • 0 1 l c • .i; 
- • J J. -J.:,,1 , , • ; 't lb, 7, 
- • c:!"" - J ~. :; ", , , • l:, l 7 , 't 7 

- J.' ~ - :: 't. '., , , , C 7 L7. 7,; 
-.J, -~~.sz , "' I '; 9 l 7, ~ l 

Tc,T lu ------- Srl-l 
r~sr JATa ----- J7-c3-ij, 
t=rllCLc Cl•SS - ~T~~L)~W 
11p;cr sr:c~ -- =t,,~ fP~ 

~. ~. ~CCi:L, 
TI,. t ( S =CI 

~r~~r Cr, U 

------ ------
• l. :: ., . ii 't 
,Uc • t ~.) 
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., • ~0 

'1 • C j 

l ~,, l 
l L , / ._, 

I l • ; / 
~ .i, I '1 'j 

l ~ • : ' 
l;,~'1 
l ; • c, 
.L".' J. 
l 't, 77 
l:; • .l.) 

lj.CO 

I c • '< '< 
11.00 
u.,; 
lc,ll 
11:, C 7 1c;.,, 
l ~, 7 o 

- I , t i 
- l. fl 
-J..~t 

- i, IC 
-.:'..' ~ 
- '• °" L -, . ~ ~ 
-.c::: • C '-, 

-£ • t" 
-i. <,c; 
- ~ .l 't 
- ~. ::t 
- 3. "t 

-],tl 
-3, 77 
- ~. '= 3 
_.,, CG 

-".': 
- '+. 't J. 

- ... = 7 



Table 16. Transducer data, test SPI-1 (continued). 

T:~f IC·•··-·- SPl•l 
T~ST (JT~ ····- ~1-(J-•5 
,~~rcL5 ~l-)~ • ~r~~LJ~C 
J•,>~1.I )P!:l., uc.1<; fi'S 

~LL~~j~J ~IS~ !L~•t•r 
" CT" : [ ,, 3 r J :-. T.H, i: Cl,) • u - . , ~ J , f K ,H, E t LC.:'-=" A r I J 10 

(··-···· Hr- lCLa 
ACt:cL• (\,;'.)I 

··------1 I·-··-·-·--·- .. CCL?j~J ··•-···-·---I 

(.; • ...,JJ 
• J. J 
,JU 
• 1) ., ,J 

,J'tJ 
.J,u 
.u~0 
• ',j l,) 

.J~O 
, J 10 
• l ) cl 
,llu 
• l ~ J 
• l j ,j 

• l. 't ) 

• l :i J 
• J. 0 ) 

• l I "" 
• l J .J 
• ... l j 

• c::: ,:: ..,/ 

• .! i 1 
• ~ (. J 
• ~ J j 
• ..! 't ) 

• .! 5 

• L , ~ 

,JJJ 

I J l } 
• 3 l J 
• j j '.) 

... c,1.., c.JT, 

• e ' 

- 1.. ~t,; 

- L •....,.; 
- ) • t C. 

- • ', i 
-(._. 7 C: 

- 3 • C j - : . ("' 

- ~ •.: C 

- 3. S l 
- 2. • : I 
-. ',::;; 
- • 'ii 

- j • i e 
- '. t t 

- • I " 

-; •,; l 
- • r C 

- 2 • l t; 

- ; . "' 
I -; \,. 

- I , ~ 7 
- 2. 1, 

- • i4; t -,.,t 
- L • ~ I 

• l l 
- l • : 41 

- • .: 1 
-t.~, 
- : • i 1 

- . ~ ', 
- I C' 

- : •, C 
- .: • t:>.:i 

• l C 
•j. 77 

- .... " "' 
- ';. t,'1 

- ., . .;. .::;. 

- :; , 10 

- 't. ""'1 

- .l I ., i 

- .J • I'-
- : • II 

- ~. J) 

- '. I..., 0 

- , • I,,)', 

- "'t 1 0 '1 

- .... I., l. 
- "'I. j' 

- ". 0~ 

- 4 • 't Q 

- ". j C. 

- "• :i C 

l~G. ~~L •:L, (F~Sl CISF, IFI 
l•lC/S) LC~;. L~T. ~L~Y• L4T, 

- • 73 -.,o 
- , 7 3 
·, 7 l 

- l. u, 
· l , l i 
-L ~J 
• l, cl 
· l , o l 
- l, 7., 
- L • ... , 

- '. "7 
• L • t" 
-,.ct 
-,.1 .. 
- 3, lo 
-.3.l7 
• ! • Io 
- .: • 3 't 
• ! , 2 l 
- J. t t.., 

-J. a 
- : • j j 

-J.~o 
-J ,u 7 
- '. u J -, . ) , 
-,.~() 
- l. C ~ 
- l, c J 

• L • '1 ~ 
- 1. :;i ~ 

·l,oJ 
- l •: :i 
-1.,1 
- l. :,o 

- J..,"' 
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• .; -J 

.l • •j I.J 

l , L > 
l, 11 
'.ju 
C:: • ·j L 
.: • 1 7 
.... j C. 

". u. 
't. &. 0 

" • :,J ... t, 
" • t: cl 
"'- I j } 

j • IL 
., • .., t 

"• l.., 
't I J, 
~ I J.., 
..: • ,J J 

i. • ~ j t.., 1 
.: , 11 

< • < < 
t:,. • ; l 
.... = j 

• '1 i.. 
L • J J 

• J l 
L .~..., 

J,.. -t-; 

• I:, 

J,uJ 
~.-) ':, 

L, 7 ~ 
.) • 't0 
J, t 3 
J.d; 
" . ..,] 
0 • .:<t 
7 • c; ~ 'I.' 1 

L J • ,; .! 
lJ. 7'1 
12 , :, ~ 
.'f .IJ'i 
i. :i. j .J 

i:,. ~ l 
j_ 7. 7J 
4. j. 7.., 
c.: i. • l 1 
-: .) • u 't 

'-., • .JJ 
, 7, t. 0 
~ ·1 • l J 
~ l, 2 C 

~ , • j 2 
.JO. lj, 

J ,J • i" 
"t\J1':'-. 

... ,. • I ':J 

"'"" • : d .. .., . ) ' 
"''l •Cd 
~ (. J J 

"'1 • ., 2 
:;,.1 • ,. ; 

C.. ~Q 

• C IJ 
• U l 
• J 1 
.~l 
.JJ . ~" 
• C.: C 
• i; d 
, 1 L 
• I ~ 
• I~ 

• ' L .,J 
• i.. :) 

• t. l . ' , . ' ( 
• ,'. C 

• c'. .. 

• < I 
• .i. j 

• I J 
• ~ f: 

-,Cl 
- • J ., 
- • .i,., 

- •..: C 

- • I J 
-.cJ 

, u L 
• (J z 
• C, 
• •J 8 
, l l 
• Lt 
• i. l 
,t.9 
• J e 
• ., e . , ., 
• 7 l 
• j " 

l • 0;; 
•, lo 
L • J" 
L • '; 
l, I 4 

L, 1 I 
L,d 
"- • 't d 
.:: • 77 
J • .; 7 
J. J..; 
.:>. I 3 
"t • ..; 9 
"t. 't Q 

~ • d 4 
:, • l 5 
:, • t 7 
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Table 16. Transducer data, test SPI-1 (continued). 
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Test SPI-2 

Purpose 

Test SPI-2 was a test of the Gij(lS) barrier with substandard 80-

~ercer.t soil compaction. The inoortance of meeting the NCHRP Report 230 

guideline for soil compaction was made manifest in :his test. 

Barrier Installation 

The same G4( 1S) barrier systen was used in this tes: as was used for 

test SPI-1: the barrier schematic is sr.own in figure ·8 and pretest 

photographs appear in figure 24. ~he oarrier was 50 :t longer to er.sure 

proper anchorage with the larger expected deflections. 

The soil was placed at 80 percent proctor density and 3.7 percent 

moisture content. 

Target Impact Conditions 

The strength test conditions of 60 mph (96.5 kpr.) and 25 degrees were 

:he target impact conditions. 

Test Vehicle 

A 1978 Plymouth Fury ballasted to 4490 lb was the test vehicle. This 

vehicle was identical to the test vehicle used in SPI-1. No 

anthropometric dwrmies were used. 

Performance 

Actual impact conditions were 60.0 mph (96.5 kph) at 25.5 degrees. 

The point of impact was 16 inches downstream of post 7. Sequential 

photographs of the test appear in figure 25. 

The vehicle began to redirect smoothly but because of excessive post 

rotations the vehicle pocketed and then ramped on post 10. 7he vehicle 

was launched and very nearly rolled over attaining a maxi~um roll angle of 

49.5 degrees before coming to rest 195 ft (59.4 m) downstream of impact 

and 12 ft (3.7 m) into the :raveled way. 
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Maximum 50 msec average accelerat~ons ~easured by film analysis were 

3.6 g (longi:udinal) and 5.5 g (lateral). Transducer data indicated 50 

msec averages of 2.5 g (longitudinal) and -6.0 g (latera~). Figure 2k 

presents a summary of test results. Table 17 contains permanent rail 

deflections. Table 18 contains vehicle ki:.etic data as well as occupant 

risk data from film analysis. Analog to digital conversion from on-board 

transducers is tabulated in table 19. ~igure 27 conta:ns photographs of 

barrier and vehicle damage. Plots of transducer data are presented in 

figure 28. 

Barrier Damage 

Two sections of W-beam were deformed and posts 5 through 13 were 

deflected laterally as showr. in table 19. The bea~ was detached from the 

post at post 18. The post, though rota:ed in the soil, remained 

undeformed as figure 27 shows. With such poorly compacted soil the soil 

failed before the posts reached :heir ultimate strength. 

Vehicle Damage 

The vehicle damage consisted of sheet metal deformation of the left 

front fender, left side, and grill. The left front and rear tires were 

blown out from underriding the beam. The front bumper was damaged but it 

remained connected to the frame horn. 
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Figure 24. Pre-impact vehicle anc barrier details, test SPI-2. 
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-------1 ~f j"------i .. ~1 

-

Te>t No ....•...•..............................................•....... SPl-2 

Date ................................................................ 1112185 

lnstallatln Length - rt (m) ..............••..•..•.............. 131.5 (111.9) 

Beam 
Hembcr ... _ ............. , ........................................... . W-be.lll 
Length - ft (ml. •.........•........•.............................. 12 (3.7) 

Maximum o~rlt=ctlon.::1 - In. (cm) 
Dynamic .................................•..................... 115.1 ( I lll.6) 
Permanent ........•.•........................................... 27.] (69.1) 

t'o.::1t 

Haler lal ............................................................. :11te;..:l 
De:scrlpLlon . .. , , .......................•....................... , •.. ,W6i:6.5 
Embedment -ft (m) ................................................ J.7 (I.I) 
Spacing -ft (m) .•.........................................•...... 6.3 (I.~) 

Soll 
Soll Type .................................•.•..........•................ SI 
Hol>ture Content (J) ....................•........•.........•.•••....... 3.7 
St.t.nd.ard Proctor Compact lon ( j,) ............. .....•................•.... _ 80 

Vehicle ...........•...................................... 1978 Plymouth Fury 

Ha .. - lb (kg) ................................................. . 111190 (20]'1) 

BUllljler Height - In. (cm) ...........•............................ 21.5 (511.b) 

Speed - mph (kph) 
lmpacL ......................................................... 58.6 (911.]) 
E11t ..........•...........•.................................... lll. 3 176. ll 

Anyle - de1 
Impact............................................. . .............. 2].6 
Ealt ..•.•..••.•..•..................................................... I. I 

Occupant Impact Velocity - fp• (mis) 
Forward ( fllm/accel). .....•.......................... I].]/ 10. 2 (II. O~/]. 11) 
Lateral (fll■/aocoll. .........•...........•.••....... 16.0/lll.2 (ll.B8/lj.]]) 

Occupant Aldedown Acceleratlon3 -g•~ 
Forward (acc~l) .................................................... I.J/0.b 
Lateral (accel) ....•.•••••••.•.................................... 5.S/10.2 

H.azlmum 50 Dl!luc Ava AccQloratton3 - g 1 3 
Longitudinal (fll ■/aacel) ••........................................ J.b/2.5 
Lateral (fllm/accell. .............................................. ~.5/~.o 

lJamage 
VOi ....................•..•..•..................................... I IFL[Nj 

Figure 26. Summary of results, test SPT-2. 
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Table 17. Permanent barrier deflections, test SPI-2. 

i?ost :-lumber Jeflection (inches) 

4 0 

5 2.1 

6 8.0 

"T 16.5 I 

8 27.3 

9 33.0 

10 26.0 

11 14.3 

12 6.3 

13 1.0 

14 0 
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Table 18. Film analysis data, test SPI-2. 
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Table 18 . Fil□ analysis data, test SPI-2 (continued). 
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Table 18. Fil::i analysis data, test SPI-2 (continued). 
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Table 18. Filn analysis data, test SPI-2 (continued). 
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Table 19. Transducer data, test SPI-2. 
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• 0 5 ,) ' l '-i -.... ,,_. 

" j. ) -', j.,. • VO -2 ... ;1 -1'1,.:l -~.50 
• 1) 'J ,) . ·)., :.: • I.., .:. .J. ''-J jJ,J9 -l, '+ '+ -13 ... 3 -~.19 
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':'able 19. Transducer data, test SPI-2 (continued). 
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Table 19. Transducer data, test SPI-2 (continued). 
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Table 19. Transducer data, test SPI-2 (continued) . 
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Test SPI-3 

?urpose 

Tes: SPI-3-was designed so that the soil strength wou:d be just 

barely adequate to develop the full post stre1gth. This represents :he 

point where the two curves digress in figure 17. 

Barrier Installation 

The barrier was a i37.5-ft (41.9 m) long G4(1S) as shown in figure 

18. Soil compaction was 90 percent standard proctor density. 

Impact Conditions 

Target impact conditions were 60 mph (96.5 kph) and 25 degrees as in 

tests SPI-1 and SPI-2 . 

. Test Vehicle 

A 1978 Dodge was ballasted to 4490 lb (2039 kg) and used as the test 

vehicle. No anthropometric dummies were used. The test vehicle and 

barrier installation are shown in figure 29. 

Performance 

Actual impact cond~:iors were 59.6 mph (95.9 Kph) at 23. 1 degrees. 

The point of impact was at post 7. As shown in the sequential photographs 

of figure 30, the vehicle was redirected much like test SPI-1 except the 

vehicle rolled 32 degrees. Barrier performance was very similar to test 

SPI-1. 

Maximum 50 msec average accelerations measured by fL.m analysis were 

4.3 g (longitudinal) and 6.4 g (lateral). Transducer data indicated 50 

msec averages of 4.8 g (longitudinal) and 6.6 g (lateral). Figure 31 

presents a summary of test results. Table 20 contains per'.!:anent :'aL 

deflections. Table 21 contains vehicle kinetic data as well as occupa1t 

risk data from fil~ analysis. Analog to digital conversion fro~ on-board 

cransducers is tabulated in table 22. Figure 32 contains photographs of 
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bar:-ier and •1ehicle damage. ?:.ots o: tn.nsdLcer da'ca are prese:1ted ~:1 

:igure 33. 

Barr~e:- Damage 

Two sectior.s of \·/-:earn ·.-1ere deforr:1ed an:: oosts 5 :hrcugh 12 ·.-1ere 

deflected laterally as shown in table 20. The beam was detac:-:ed fro:n :r.e 

;:iost at: post 9. 

As shown in :igure 33, the posts failed in flexu:-e as they did in 

test SPI-1. No soil heaving was evider.t. The posts, because of the 

grea:er soil strength, deve:oped their ultimate strength. 

Vehicle Damage 

The vehicle dar:iage consisi:ed of sr.eet metal deformatior. of the le:t 

~ron: fender, left side, and grill. The left front and rear tires ~ere 
i 

blown ou: from underridir.g the beam. The front bumpe:-- was damaged but 1t 

remained connected to the frame horn. 

77 



--.... 
w.:~t~::,' 
:"I' 

*:;-: 

Figure 29. Pre-impact barrier and vehicle detai's .._ , test SPI-3. 
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Figure 30. Sequential photographs, test SPI-3. 
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00 
0 

Te•t No •••••••••..•.••••••.•....•..•..........••••.••.•..•••••..•..... Sl'l-3 

D•te ...........•.....•.............................................. 7 /24/tl5 

lnatallatln Lensth - ft (m) .................................... 137.5 (41.") 

Beam 
Member ••. ........••..•.••.....•...•.....••• , .•..•................... W-Lt:am 
Lensth - ft (ml. ................................................ .. 12 (3. 7) 

K.s•lmLJ.111 Jeflectlons - in. (cm) 
Dynamic ..................•....•..•.....................•....... 29.6 (7,.2) 
Permanent ..........•...................................•....... 24.5 (62.2) 

Post. 

Haterlal .......................................................... ,, .steel 
Oe,crlptlon ............................................... , .... _ ... ·"6•8.5 
Etllbe<lmont -rt (m) ................................................ 3.7 (1.1) 
Spaclns -ft (m) .................................................. 6.3 (1.9) 

Soll 
Soll Type ............................................................... S1 
Hol:1ture Cont~nt (S, ................................................... J.5 
Stanaard Proctor Compaction (J,) ..................•...................... 90 

Vehicle .......................................................... 19'/8 D.,,Jge 

I 

20 

j_ 

Ha33 - lb (ks) .................................... .............. 4490 (20J71 

Speed• mph (kph) 

Impact ........................................................ . '>9.6 (95.91 
hit ...................................................... .... •13.0 (69.2) 

Ane;le - deg 
Impact ................................... ·.· .......................... . 23. 1 
Ealt ................................................................. . 10.2 

Occupant Impact Velocity - fp3 (m/s) 
Forward (film/accel). ................................. 12.l/O.J (J.81/0.091 
Lateral (rll ■/accel) ........... ...................... 15.9/18.] (~.6S/5.58) 

Occupant Rldedown Acceleratlona -g'3 
forward C accu l) . ........................... __ . _ .......... _ ........... o. I/ -
Lateral (accel) .................................................... 6.418.6 

Ha.111111.111 50 mJ1ec Av1 &cceleratlon.s - g'::1 
Longitudinal (fll■/accel) •....••.•................................. ~.3/4.ij 
Lateral (fllm/accel) ............................................... 6.416.6 

D;t.mil&II 
VDI .•...............•••.••.•....................................... I lfl[59 

Figure 31. S111111nary of re,;ults, test SPI-]. 



co 
I-' 

Impact 

Figure 31. 

, 10 S(!C 

, 50 Sf!C .60 sec 

Summary 0£ results, teGL SPI-3 (continued). 



~.;tfP:c;·~~~:-~~:, c_:;~~~?:·~~~~~-~;j - ..... . . .. . -
:?,-J 

Figure 32. Barrier and vehicle damage, test SPI-3. 
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SPI-3 
g YEH ICLE RCCELERAT IONS 
~ -,--------,,------,---..c...--

8 ~~~----+----~-------, 

z 
a ,_ ., 
I-~ a:., 
a::: w 
~ w 
u 
U8 
a: ,,; I------+-----+-----~ a::: ' 

8 ~--------------~ c. aa 211. oa 4lL oa 611. oa 

8 
T [ME (MS) ;)I lell 

,ii-,------.-----,------, 

8 ~~--------------~ 

g 

!ii----------1-----; ' c.aa 2a.oa Ga.oa 
TIME (MS) 

Figure 33. Vehicle accelerations, test SPI-3. 
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Table 20. Permanent barrier deflections, test SPI-3. 

Post Number Deflection (inches) 

4 0 

5 0.4 

6 l.j 

7 5.3 

8 19.0 

9 24. 5 · 

10 17.j 

11 s.a 

12 1.5 

lJ 0 
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Table 21. Film analysis data, test S?I-3. 

SJIL ~est H,Tl:ii"T li.;" lc.Sl SPI-3 7-.:'l-o~ 

HHICL: KHEl!CS .)l/'l'A.Y--Fi<CI' FI l I' .IIIHYSIS 

Tl~E ~~H. HCEL,1(; 1 .)1 l"!Ei\i.lHG VE H • Vt;1..(H~l VEr. DISP.<Fl 
(SI LO '<G, L.:.T. .l~ulE: 11.t: (I l i;:-,c; • L J T • )( • ------ ------ ----------- ------ ------ ------ ------o. cuu - I • C ~ - l.. ~" d .1 i do.ii 1.<;1: -11.Jc -5. 7"1 

• i; 11) -1.i~ -1.cc .:.J.11<; d 5 • '10 l •: (i -u,.;1 -5.~! 
.c20 - 1 • ~ C • l • t t 2 3. v:; 85. <to 1.01: -15,79 -s.c~ 
.CJO -1. 7e - l • l' '-'- .-; ... a;.-n .a!:: •15.0l -~.t<; 
• C '10 - 2. Cc; - l. t; i. L • d C d 'I• JC .,UI •l'l,23 _,..:; t 
.C50 - 2. ~ l -.c..cv ,t..eu 63.58 -.05 -13. '11!1 -'1,C'I 
.coo -2.;~ - .:: • l , ,L. 3 ~ 62.75 -.J .. -1t..09 -3.i2 
• C 70 - 3. Ct: - L • 't,: .:1.',<; d 1 • d,; -.59 • H.93 - ? • • 1 
.080 - : • ; 1 - , • e :1 .::1. 51 e o. 7 a -.dl -11.1 7 -3.1, 
.c~o - 3 •CI; 

J •• 
- - • l.., .. .2J. ,u t 79.oc -1.cc -10.'12 -2. e"' 

.100 - 3. SC - :: • ~ I: LO. 't 5 7 8 • It~ -1,1<; -9. 1!17 -2.!7 

.l 10 - ~. 1.,; - .:: • ' 't l'l.75 17.;. d -1. 38 -d,<;'I -2.21 
• 1.:0 -'t.,5 -~.l't lo• '-I: 75.d5 -1 ,5':l -d •,: l -,.,1 
.130 -q. 2" - 't., '1 i.e .110 7'1.)0 -1.111 -7. "19 -1.es 
• l '10 - ".; 7 .... ~,, l 7 • '- e 73. 12 -2.oe -o. 78 -l • t "I 
• I 5 0 -'i. 3 ~ - ~ . ..; ~ 16.0.! 7 1 • 7 I: -2. Je -b. OS -1.~t 
• l bO -"'. ~; - :, •CC l'to<l7 7 0, ~ 3 - 2 • 1 3 -5. 3q -1.,<; 
• 171J - "t • .: t -:.Sc lJ.ot b-,, lo - j. 13 - ... 71 -1.15 
• ldO - J. ~ • - 0. c:: I,,,, 1, .j', t7 ,<.Jc -J.~7 -.tt. u l - 1, CJ 
• I 'i 0 - .: • ~ 7 -c • .! 0 11 •.,; d oc.o5 - 4 • ._;: -J. Jl!I -.s~ 
.200 - 1. ':; - i:. 4 .. 'l • I• o, • de - ". ; 0 -2.10 - • I: 5 
,dO - ~. S l - C •"-' o.~d e" • -.1:1 -;,u'i -2.0 5 - • i 'i 
• < l'J - 2,: C - ~ • .J '1 I. u :; t". 22 - 5 • C" -1.'IC -. 't 
• 2 jiJ - 2,, C - ~ • l '> , • o e I: 3. oO -,,.1,: -.lb - • i ?= 
• (. .. C, - I • :: ~ -;,;] ... J 1 t:J.u9 -i,.el -.11 - • it .,~0 - I • :; l - ; •; l 3. il c; o,, lC -l.0~ • 5 1 -.78 
• ,00 - 1 I,:'. I., - , • C .:S 1 , o 7 C 2 • It 2 -7.~~ l, 13 -.t~ 
• '7 ,) - • ..; 2 - ... ; ,it • 7' C' • '- 't -7. I:. l, 7 t -.€<; 
,4::dV - • t = - ~. J, - • j:: o 2, l J - l • ~ ':. .:..Je -.<;7 . ''i ·) -.~e - ,? • 't d -1.J? a2,ul! -~-~<; 3,UC - l, Ce 
• JC 0 - . ~.::: -, . .;\,,) -~·'"'' c2 nJl:I - cl • l ~ .),02 -1. H 
• :: 1 ,) -• 'C -,.JJ. -.J • LI t 0 2. 1.1 - ~ • • I "· 2"1 -l • .i:7 
• j t.·J - • 11 - • • I~ • .,. 11 "~ • J. e - I.<, c 'led5 - 1. 2 'i 
• ~ 3 .J - . ~:: - .l •' l -'t,3~ t 2.,: 2 -7.l'i 5. 't 7 - l • ~ l 
• J., ,) - •-: L - • 7; -". ; ' t 2,, <; -1.,, 0 • 1J ci - l • t It 
.)50 , C L -. ; ·~ - ., • .) 7 t 2 • J 'I - 7. '\, 0,09 -1.7e 
.3b0 , C I • C :J - :, • 7 ~ e' •., i; -.i, • d ! l, -l l -1.€9 
• J7 J • ( l • ; J -o,u5 "2. "'3 - ':. "t.: 7,9Z -, .c 3 
• ~1,1J • : 1 . -- ·t: •., C ot.,17 - '.) • I,; 1 0 • ::5 41 -,.J~ 
• 3"10 , C 1 •a~ -o. ~ (. C 2 • 'I 'i - :i. 'c; '1 • 15 -c.,e 
... co • CC • C I -o.7C Ci:,:,l -5.la ... 17 -i • ~ 1 
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Table 21. Film analysis data, test SPI-3 (continued). 

, 4 lO , C I • Cl -o.oc I: 2. J' - '+. 1 c; 10.Jd -,.~3 
• ., 2 a , l l • '1 '1 -,.v, el,, 4 -4. '+" ll, C 0 - , , t 5 
• 'I ~o . (:" . ~ . - 7, l ~ 02,,0 - '+. 1.: LI.• I: 1 -ii. 11 

. ""a • C ~ • ;:, 1.; -7 .J 7 ol,58 -1.dt 1.c .,d - < • c <; 
o't:iO • ~ '1 - • l :i -,.,~ tl,oC -J,c't ll.d't -::.c1 
o'+tO • t.: t - •" l - 7, o l ol,oJ - 3. '+ e 13 •., I:: - 3 • l 3 
0470 , Ct .... 0 ~ -o.v7 U. • o 7 - j • .l C, l. ... J 7 -3 .d 
• '+8J • C-; - •cl - 0 •-' t o 2 • 7 '- - J ·" ~ l'< ,o 9 -3 •: 7 
,'+'10 , l I -. ., " -d,o7 o l • 71 -J,.22 15.JO -3.~C 
.~I)() • l ~ -.-;2 -d •'I<; e2.oil - j. 11:: l !> • 92 -3.tii 
,;lJ • l '+ ... • d J. -'-1 • .J~ t l, d I: - J. cc; lb.S't -3.1~ 
• :i.21.J • I ~ - •:, C - .., • 0.; I: 2. ~ :i -2.<,1 11 •• ; -J.tr; 
.5JO , t I - • l J -'1. 7( o3,J2 -2.ltl 11.17 -'t •Ci. 
• 5 '+0 . '', .J; - .,u, l t: c J • l l -z ,'18 18.38 -'t. j I: 

t-11.iri:ST 50-.'1 S tv(,ACCc::., 
T!l"E: I S~Cl 

G • j ST Al( T t:r.u 
------ ------ ------

LJ~G. - 'f • .2.::, ,ll~J • 1 es.; 
L !. T • - t. 't '-,'. • l C: l, .23;0 
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Table 21. ·Film analysis data, test SPI-3 (continued). 

SJ 1 ... PCS I It-Tc,~<.r;_~ T:: 5 T SP 1- 3 7-2~-,5 
LCCUPUT '- I S ~ ~ L f' f" .! ~ ·t t- < L ~ F lL f J~.:.1.tSIS 
Mi TE: IVG, iLlt1., ,. - ~ ? < IC" l • l. l G ~ E ~ • CAL(u1..i.ltC 
,-,(1.;/'I J=HJCt.~ ~i'LCCITt <,n A ~I., c 

•~L.ITI~i: tnLE5-llLCLP>1'T • • I" • T • tcnl(.~::l 

(------- ~ =1" ICLc ·-------11------------ CCCU?A1,T ------------) 
T J 1'lc .\ ·: ( c L , I l I ~ l 41~ (j. VtL 't: L • IF i> .S l L.lSf, (fl 

I S l Lie~<., I." 1. ,~~o,s1 L:..: i~G • '-"' r. LCt.G, I.AT. ------ ------- ------- ------ ------- ------- ------- ------
C ,OC.J - l • ( : - ~ • ::, "f ... u c.co O,uO a.co o.oo 

, 0 l J - 1. (:: - 1. (,J~ ... 0 . >' .~b .cc .oc 
• :) 2 ') - J. • : L - .L, Cc • ~u • C -I ,91 .o 1 ,0 l 
, 0 30 - I. i ~ - l • I~ ... u 1 , l <! ~.J7 .cz .vz 
• 0 q) - 2 • C., - ..I. • ;:i, • 'i V l , C j l.. j ~ ,OJ • C ~ 
.u50 - ~ • ', 1 - ". · ... 0 • J '1 C:. ~ J. 0::. J 3 ,C5 ,Ob 
,Jc,) - .::: . '', • t_ I .J. 1 • J t; < • J 7 0::, d 7 ,1.1 .ca 
, "7 0 - 1 • Ct: - .:: • 't' • 3 b .: • ~ l. j. '10 • 1 C • l 2 
,J:J - :. . .:. ' - ti • :::: ., • .J ,3 't • .:. ~ ~ • l 3 .1~ ,15 
• 0~ 1; - .: . : ~ - .: .... .L • j , ~. hi .... .,o • 1 o; ,2C 
,lOJ - : . ., '- - .:. • j t • ., C, t • "i .1 • oO ,25 ,2b 
• l l 1 -·. le -~.7't • J .. I• l 3 o,dJ • ~ l • 3 Z 
• l 2 J - 4 • ': - '- .... '1 • j J d • ''1 o, U 2 -~~ • 'tO 
• 1 3..., - ~. : "1 - I.. • ) '1 • .l .. ., . '0 J. 3 ,; .~o • , C 
• I. 't C - " • .:: i - ., . ,, .. • .JV l '- • 2 o l l.l, ', , . ~, • o l 
• l 5 l -" . .:.: - : . ., ..: •id l i. • '.: ... ~.I:., • t j ,73 
• L ~ i - '" . ' .: - :: • j t .,o I' • I.,: t"" • 5 it • I :i .cc 
, l 7 J - ... ..; t - '; I...,: . ' " l.:::: • .; ._. I..:,. 0 J . ~; l,~t 
• .i. j J - 1. 0 "t • C • "- ( ·"" 1 j •CJ I. C • C 1 • '> C 1,,5 
• l I 'J - !. •-; I - -:: • .J:: ,l'; 1 't. ~ '1 ~ l. • .L J l • C 7 l. q 8 
• " •) .j - ~ . ~: • C • "'"'t • i. 7 l't,/J " j. :, ., l, U 1,73 
, L l ~ -z I:, .l - t ... a • i ~ l '.:l , 1 '- ... 0. J j l • , ti '• l.i C 
• ' 2 tJ - ~ • : t - C • j 'f . 1., 1 : • '- .,J c:::,). , j l,Jj "• J l 
• '.l 0 -2,(C - e, l j • l J l, •.: 't .JI.• L' 1 • ~ 7 .: • 0"' 
• i !t ,J - I. C: 4 - ~ • d 1 .ua l "J •: "'.l .., J. 't 5 1.~c 3,1.JC 
• L,;,: - L • : l - : • -: .l . I,, l "'t • , ,--, j:., • 7 ~ I.. t" 3.Je 
• '<O ) - 1. < ( - '.: 1 Vt . \, ., l ~ • 1 I .: .:: •JC l • 71 J. 7d 
• (. 1 ~ - • <; ' ,. " I~', • u l l " • .J I ., '..I. C. 5 I • 7 ~ 't • <! l 
• ""e .J . -- - ~ .... ) - • V l l J, d 'I ,. • ➔ j I , o 't ... C, 5 
• .! <; ,J - , 4 C - ; .... :l -.u, l ..! • ; ,:, ., .) • o l l • C ', , , 11 
• .J ·) J - . ,; ' - ' . ' : - • ,J '+ l ~ , l -, " , • i.; ~ l •<;It , • ~ 'l 
, J l ': - • "t..:: -- ' • ., 1 - ..... 5 l'. C...: 'to• .J; I • ~ ~ o,C7 
, J 2 0 - • l ! - I , I; - • ""7 Io::, 'Io ' (. JC, " • ~ 't o,, c 
,j~IJ - I l, - ! • '- 6 - • !... .j l,, L, .. u, 1 ~ '• C '-i l,Ob 
• j" J - , LL - • I~ - I I,,. '1 l "' • J 1 '1 l • 0 \J i:. , 1 -1 7, 'i 1 . , , ·) • ~ l - • J \,, - • I.~ l ! , c l 't , • ''1 '. 1 ~ d • 0 8 
,.J :·J • ~ 1 I ._, .:: - • .I. .... 1 l • ~ -1 "1 ., • ~ 1 '-. ,o s.s~ 
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Table 21. Film analysis data, test SPI-3 (continued). 

.3 7 0 • C l I j j - • J. l l L • J ' '1 j • 0 'I t • ~ L -; • J s 
,3e? • C I • J; - , l l l l. d t.t 1 • co (:. j -~ 9,oO 
• 3 -1C • C l • C, ., - • l l l 1 • i 2 ".,. :: "1 '. ~ 1 •.;, L 1 
• tt ~ G . (..., , C 7 - • j,.' 11.,1 ; ., • ._ a ~ . : : 10 • ti J 
, 'I l 0 • ..,; ! • 0 J. -.1, l L: • j:., ""• Jl , • e 3 ll, L 1 
... 2 ') • ~ .L ... , - • ! ' l<.i.,., 't ,I, L 5 ,.,o 1 ... 0 1 
... J·J • C' • .> l - • l ~ I\.. ~ I .., '1. u J , , i 7 1.:, 11 
• '+ 41) . ( ; • •.J ' - • l J l .., , Jo '1,: • .; t .i:: • 0 't l.:,ol 
... 5 ) - ~ .. -.1=. - • l 3 """ 11 ➔ .J. 'f 5 <!. s a I J, 11 
• lot 6 1 ) • i,,. C - • .. l • • 1 4 ~,dJ "1 1 • V ~ ,. • ., 'I 1.l,ol 
,HO I' .. (: - • 0,; - • ~ '1 ., • ; c::. ,-;.1~ 2 • <; 1 1 't. l1 
• "e o • C '> - I :::, .. - • .i ~ ., • i. ' '+-; • "l ~.<JC l<t,tZ 
• '+9 0 , I I - • ·:., l. - •• 5 d • J::, '+ , • / 'J 3, C l 1,. 13 
• ,co • l 2 • - • 1c. - , 40 :.,1 , 0 • .J ~ ~ , Cl 15,o5 

CCC u P. ~ L Si< d(.TC~S ril"c Vi:LGC!TY 
IS l IF PS I ------- ---------< Lu ~G, y :L • HT c~ ' . -.,; ; r. " LS P , • ; l' l l • 7 i. 

< L ii T, .. : L. • H 1i: • l • '-- fi, ClSr', 1 "C 1 15,'ii. 

t' AX, ACCEL, H·Tff< CL1.l..r~H l~I-ALl r1,,cl)I "lC,<~'SI ------- ---------
<.L.C'ojG, ~cc :1.~ ,-A 1 IL.'t . ,ua • J. i 
< L. AT. ~~C::Li:~~ T ,U, 'r , . '" .. "' - ~ • ~ 't 
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Table 22. Transducer data, test SPI-3. 

TEST ID ------ SPl-3 
TEST DATE ---- u7-H-85 
VErUCLE CLASS - :i TANOAllO 
[ l'IP ACT Sl'EEO - 13boZ7 FPS 

'tE~lCLE K lNETICS SUI\IIAi<Y 
NOTEt VALUES AltE INSTANTANEOUS AT TIIIE 

TIIIE ACCEL. lG' S) HEAD.ANG. VELOClTYtFPS), OISP.IF) 
s. LONG. LA f • DEG LONG. LAT. )( y 

------ ---- ---- ---- ---- ----- ----
0.000 .oo -. ,5 i:l. ll Hi.27 l.9b -17.Jb -5.7'1 

.010 -10.oz j. , ... 23.18 85.29 l • 8'1 -lb.:,tl -5.38 

.ozo •"-1 1:i.a9 ll.30 115.29 • b5 -15.80 -S.Ol 

.010 -.99 -9.Tb .: 3. 33 8'1.91 -.♦ l -1s.oz -♦ .70 

.O ♦ O -Z.80 -J.29 2 3. 3 7 d ♦• '\8 -2 • b5 -1•.z3 - '\ • 38 

.050 -b.71 ♦ • 31 Z 3. 13 d3. 9Z -z.99 -13 ...... -'1.07 

.otio 1 • Z 7 • :i 1 zz.93 112.17 -2.9tl -1Z.b1 -3. 17 

.010 -5.1 ♦ -'l.'\3 2Ze6.Z d2. lO -3.7b -11.90 -3."18 

.080 - ♦ .18 -,.z 0 Z z. Z!I 19.b ♦ -s.1s -11.13 -3.,11 

.090 -.111 -l .9 l z1.a2 79. 71 -ti.J ♦ -10.37 -Z.97 

.LOO -8.03 -9. 5 7 Zl.19 77.85 -7. ♦ 3 -9.ol -Z.7♦ 

.110 -1.35 -1u.JJ Z0.53 1b. 8 ♦ -7. H -a.a, -z.53 

.120 -4.24 -10.1 ♦ l9.80 7 ♦• l:IZ -9.ZO -e.1z -z.JS 

.130 -o1i.2 .. -b • l ':i 18 • ti 5 7 ♦• 2" -lO.b3 -7.39 -z.19 

.l ♦ O -.z1 -,.11 l7.8Z 73.b ♦ -10.aa -b.b5 -z.01 

.150 -Z.26 -3.10 lb. 71 73. ♦ 8 -11.12 -5.'IZ -1.ys 

.100 -o.os -I• LO 15. 3Z 7 z. 19 -1 o. 39 -S.19 -L.85 

.110 -Z.08 -5.ZO 13. 91 71 • '\8 -10,59 -♦-♦ 7 -1.78 

.1110 ."15 -♦-♦ 3 12.sz 71.09 -10.'\0 -3 • 75 -1.11 

.190 -2.98 -5.00 11.11 70.9b -10.09 -3.03 -L.67 

.zoo Z.b3 -♦ .b2 9.55 70. ♦ 5 -10. ♦ 3 -2.32 -1.6'1 

.HO l. 72 5. '15 8.06 10.~'\ -10.03 -1.01 -l.6't 

.220 -5.50 -9.19 bob8 09.97 -10.'\J -.89 -1 • 05 
• .no -o.os -6.91 5.32 e.9.bO -10.•H, -. 19 -L.c,11 
.2 ♦ 0 -1.11 -5.39 'toOO 08.82 -11, ♦ 3 •:, l -l,7'1 
.250 .21 -5,Yo 2.19 011.10 -u.a 1.zo -1.81 
.260 ol 1 -o.l'I 1.08 b8odb -11, b't 1.11'1 -1.90 
.270 -.81 L • 'to • 7 ♦ b9,l8 -11. 't8 l,:i9 -z.oo 
.c!80 -. Z 7 -7.Jd -.01 c, d • ltO -!1,8♦ 3,Z1 -2.1.z 
,c!YO -.81 -;.,,; -.9 .. o7.d9 -12. !If 3.-lo -2. Z"I 
.JJO 2 • c, 3 , 5 l -1.11 07.93 -11, '\II .. ,63 -z.Je 
.JLO -.09 -,.oo -z. 56 t,d.05 -11.50 5,ll -2.52 
.3c!I) -3.lb o.59 -3.29 b1009 -ll.07 5e9d -Z.ci6 
.3 30 5.3 .. -.Ob -3.91 bb.95 -LO.Ob 6, b '\ -Z.81 
.3 .. 0 -2,'t'\ o.59 -'1.53 e.7.75 -'I. '15 7.31 -2.90 
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Table 22. Transducer data, test SPI-3 (continued). 

.350 Z.b3 -3 • b 1 -'t.97 b 7. bO -8.5b 7.97 -J. 11 

.3b0 Z • 't5 -l. J9 -5.33 b1.90 -8.81 l:J • b't -3.25 

.37J -z ... 4 l • "tb -5.118 b 1 o 71 -,. 30 9.Ju -3.41 

.3d0 3.17 • J l. -bob7 b7o llO -7.oO 9.9 7 -3. 5b 

.390 1.u - • 't4 -7.05 b7.;0 - 7. lb 10ob3 -3. 71 
• 401) loJb • 3 Z -7.31 07.48 -,. oz 11 • .:, -3. 117 
• 't 10 1.1z l, '+ b -1. 5Z o 7 • b1 -7. ll 11.9, -4.03 
• 't Z 0 • "t5 1. Z 1 -1.b7 b 1. 85 -1.2.z lZ.oZ -4. 19 
... 30 lo89 j. , .. -7.89 bdolb -7 • i 0 13.2.8 -.it.35 
• 't40 obl -3.1:16 -8.Ll 08.71 -0.12 13.95 -'t.52 
• 't50 .az 2.98 -1:1.30 b8o8Z -b.8l laltob2 -'t.68 
• "toO -.09 -.Ob -8 • 5 't b8o8l -b.5b 15.,Z',l -"t. 85 
• alt 70 -.09 -l.. 12 -8. , .. 01:1. 80 -b. 5"t 15.9b -5.02 
.,eo .0'i -.25 -8.8b bd.87 -b.b3 16.bl -S.19 
,"t90 .az -,bl -9.03 bll.01 -b.55 17,30 -S.lb 
• 500 • -.s j.. I. 1 -9,25 b9. 14 -6.JS 17.98 -'i.53 
.51J 1.00 • 70 -9,.itJ b9,Z9 -6.ll ldob5 -5.71 
• 5 lO -.21 -1.9b -9.59 b9.S7 -5.89 19.32 -5.81 
.5 30 • "t5 -.ol -9.75 b9.bl -5. 80 20.00 -b.0b 
• 5"tJ -1.11 -.1:1z -9.9"t b9.52 -S.83 20.08 -b.23 
.550 l • 5°' .,1 -10.oa b9,S"t -b.0b 21.35 -6.41 
.soo • 5"t -.1:1z -10.20 b9.55 -5.9D zz.oz -b.59 

HI1.HE ST 50.U-l!S 4WG. ACCEL. 
T111I:. , sec, 

c;•s START El'lll ------ --- -----
L.O~Ci. -"t.79 .Obd • 11t, 
L,IT. -o.59 • 0',13 • l"tl 
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Table 22. 

TEST IO ---­
TEST DUE ---­
VEHICLE CLASS -
I~PACT SPEED --

OCCUPANT ~ISK SUM~ARY 

Transducer data, test SPI-3 (continued). 

Sl'l-3 
07-2 <\-d5 
S UNO.AKO 

db,l.7 FPS 

N0TEI INSTANTANEOUS 10-,.S A'f!:1UGE ACCELERAflllNS 

(------- VEHICLE ------11--------- OCCUPANT ----------1 
TI,.E ACCcL. (G 1 SI ANG. VEL VEL. (FPSI DISP, IFI 

ISi LONG. LAfo (RAD/SI LONG. ~AT. LONG. LAf, 

0,000 
• 010 
,0 Zll 
• 030 
,O'tO 
,050 
,ObO 
,u7o 
.080 
,090 
,100 
• l 10 
,lZO 
.uo 
, L '10 
.150 
,lbO 
,170 
,ldO 
, l-:10 
,lOO 
, Z lO 
,220 
,230 
,HO 
, Z 51) 
,lbO 
,270 
,ZdO 
, Z 90 
,JOO 
,JL0 
.JlJ 
,HJ 
• J 'tO 
,350 
.JbO 

.uo -.,.o 
-2. ,. .. 

- • 7 'I 
-1. 51 
_,., 2 5 

-.5b 
-5.a9 
-<t. 5't 
-,'H 

-7. d2 
-3.20 
-5.19 
-3. 37 
-1.0" 
-Z,19 
-5,10 
-1. 50 
-Z,5" 
-,al 

-z • 78 
- • .37 

-3. 37 
-2.od 
-l.88 
-.19 

,06 
-1.2" 
-l,73 

-2. ""' ,23 
-2,<\5 
-1,'tl 

l,05 
-.so 
-.oo 

,23 

-., :, 
-.3 .. 

-5,; 7 
-'t,'lj 

-'t,19 
-.ao 

-2,73 
-'t,2'1 
-1,ll 
-'t,5'1 
-5.'lb 
-5,lj 
-d.:iJ 
- 7, ,o 
-2,·H 
-t>,:il 
-3.50 
-b,ll 
-3.'t'i 
-b,<tb 
-7,jt, 

-2,5" 
-8.l't 
-7.2 l 
-3.5b 
-5.0'I 
-J.7'1 
-3,9; 
_,._ 02 
-'t,'tl 
-1.J 3 

,57 
-2,75 

1.00 
-l, 2'1 
-,Z't 

-1.12 

, LI.I 
• ,l, 7 

-. 25 
, 3b 

-. 28 
,09 -.,.o 

-,bl 
-,bl 
-.112 

-1, l" 
-l,33 
-l,b0 
-1,cl" 
- l, t>2 
-2 .2 3 
-2."7 
-2 .31 
-2-"3 
-Z.5" 
-3,09 
-l.,'12 
-Z.bZ 
-2.0 .. 
-2.20 
-l,9b 
-1,73 
-1.25 
-1.Jl 
-l • 7d 
-l, 29 
-1,59 
-1, b0 
-. 5 l 

-l,2b 
-,55 
-,ell 
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o.oo 
l ,20 
,5; 

l,o'I 
l,33 
2,J" 
J." 7 
.3, l.5 
5,b d 
5 ,l't 
b,1; 
1, 't 7 
9,iH 

"• l J 
9,95 
9, l l 
9,83 

l0..3d 
10 ,2 l 

9,75 
9,00 
II, 7 ', 
8,db 
9 ,31 
9 ,ll 
.. ,I) 0 
d • 't'i 
d,1.!L 

8. "j 
7,dO 
7, 83 
b,80 
7,25 
ti, l 9 
b, l 't 

b,8" 
5d3 

0,00 

• c. l 
l,38 
l,77 
't, 93 
't,bl 
:, , 5 7 
I, 'tb 
'l,10 

.1.0 o 1b 
ll,'t2 
l",03 
l.b, bO 
ld,bb 
19,79 
.zo. 8't 
B.32 
25.05 
lo,b1 
, d, bO 
Jl,ld 
JJ,33 
3 b, 52 
H,b5 
't\),'tj 
't2,b9 
't't • 'tl 
.,; , 7 2 
'to,73 
't7, tH 
'tdo50 
't'l,O't 
jQ, 19 
.. .., • 50 
:i 0, Ob 
',J. 't5 

o.oo 
• 00 
.01 
,02 
• 0" 
,05 
.os 
.11 
, 15 
.20 
.25 
• 32 
• 'tO 
• "a 
.so 
• b .3 
,b9 
,1b 
od 1 
• cl b 
, d9 
,92 
• 'i 3 . -~" 
• 9, 
.95 
.95 
• 9-\ 
,95 
• 9" 
,92 
.90 
,8d 
.d7 
• d5 
,85 
,85 

o .a o 
-.oo 

.oo 
,02 
,05 
, 09 

• l 't 
.19 
,Z5 
• l 3 
• "3 
,55 
ab8 
• 84' 

1,03 
1. 2 3 
l, 't5 
l.b9 
l, ~5 
l,23 
l,53 
2,db 
j, 20 
3,57 
3,97 

"· 39 
"· 82 
':,, l 1 
,.73 
t>,l.l 
Cl• 7 0 
7,19 
7,70 
8,20 
!I, 71 
9,22 
9.72 



Table 22. Transducer data, test SPI-3 (continued). 

.370 • 419 .o; -l.,9 5.1); 50.20 .79 1v. Z't 

.JeO -1.1, -1.,1 - • \t l ... 'I, :i0,8b , 7 Z 10. 75 

.390 -.75 -.u, -. 5b 5d5 51.55 ,b9 u.21 
,'tOO • 13 -1.o-i -.3q 5.Jtl 51,75 ,70 ll, 79 
.HO .;o • l 0 - • "2 ,. • '#9 ,,.oe • 70 ll,H 
• It 20 . "" -1.uo -,17 5.00 H,b8 • 7 z. • , • ti .. 
• 430 L • 7-1 1.z.9 ,08 't ,o't ,J. Z 5 • 72 lJ,3b 
• 't'tO . "" -1.01 -,09 J, 39 52,db .10 l.Jod9 
• 't 50 .37 -,J7 -.37 3 ., !I ,,. 8't • 0" l't,<tl 
• 'tbO -• 'Id -,'t5 -,'lb Z,"lb :i.2 • 78 ,bo l<t,95 
• 'I 10 -,03 -1.1.z -.Jo '. "; :>3,lJ ,bl 15,418 
• 't dO . .... - ... , -.JO l o:15 53 ..... ,bl lb,Ol 
, 't 90 • 39 - • Jo\ -. 31 ,.;o )J.57 .bl lb,5b 
,500 ,09 -l,'10 -.~u l • l. J ,J.53 ,57 17, J9 
,510 • 8 7 l,11 -.311 l .do 53,5-\ ,53 17, o3 
.,.zo , Zb -.J7 -,'tl 1.39 :,J.'tb , 50 .LIi, J. 7 
, 5 30 • 'tO - • .: J - • 't z 1.15 :,J,5~ ,'t7 lo,71 
, 5 .. o -1.09 -l, lb -.21 l • 'i2 H,09 ... z. 19,,5 
.,so • 5b -.1' -,15 l.J't ::i ... 5 8 ,38 l '1, 79 
.:ib,l • J; - • l.,. -,37 • ~ l. 5 'I, 'tl ,JJ 20. J'I 

OCCUP. ~ J s I( FACTORS TI l'!E VELOC l TY 
I SI IFPS) ------- -----

>L.uNG, VEL, AFTElt ,,v FT, OlSP, ,::i70 ., a 
>L.4r, 'IEL, AFTER 1.0 FT• OlSP. .139 18.30 

IIAX, ACCEL, .AFTH OCCUPANT Il'IP.AC T T111E(SI ACC,CGSI ------ ---------
> L.A r, ACCELEIU TJON , l 28 -8.57 
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FEDERALLY COORDINATED PROGRAM OF HIGHWAY 
RESEARCH AND DEVELOPMENT (FCP) 

The Orf1:es of Research and Development 
of rhe Federal Highway Administration are 
respon,,-lle for a broad program of research 
wnh resources including its own staff, 
conrrad programs, and a Federal-Aid 
program which 1s conducted by ur through 
the Stare highway departments and whi.:h also 
finan.:es the Narional Cooperative Highway 
Research Program managed by the 
Transportation Research Board. The 
Federally Coordinated Program of Highway 
Research and Development (FCP) is a care­
fully selected group of projects aimed at 
urgent. national problems, which concen­
rrates these resources on these problems to 
obtain timely solutions. Virtually all of the 
available funds and staff resources are a part 
of the FCP, together with as much of the 
Federal-aid research funds of the States and 
the NCHRP resources as the States agree to 
devote these projects.• 

FCP Category Descriptions 
I. Improved Highway Design and Operation 

for Safety 

Safety R&D addresses problems connected 
with the responsibilities of the Federal 
Highway Administration under the High­
way Safety Act and includes investigation 
of appropriate design standards, roadside 
hardware, signing, and physical and scien­
tific data for the formulation of improved 
safety regulations. 

2. Reduction of Traffic Congestion and Im­
proved Operational Efficiency 
Traffic R&D is concerned with increasing 
the operational efficiency of existing high­
ways by advancing technology, by improv­
ing designs for existing as well as new 
facilities, and by keeping the demand-ca­
pacity relationship in better balance 
through traffic management techniques 
such as bus and carpool preferential treat­
ment, motorist information, and rerouting 
of traffic. 

•The comp6etc 7-volume offK:ill stllment of tllie FCP IS •vailable frmn the 

Nauoaal iechn.lCl.l lnfonnaoon Scn,1ee {NTIS), Spri.qhdd., Virpa.il 22101 
(Order No. PB 242:(Wr. prM;e S•U postpa.id). SiO.&,le eopie, ot the introdw:tory 
~olume I.IC obll.m&blc without charp from Protram An&tyaq, (HRD-2), 
Orri.;n or Rc:,,carch and Develo9mm1, Fcdera.l Hiahway Admia.iltr1UOD, 

Vri'u.hllllton, O.C. 2:0,90 

3. Environmental Considerations in Highway 
Design, Location, Construction and 
Operation 
Environmental R&D is directed toward 
identifying and evaluating Highway 
elements which affect the quality of the 
human environment. The ultimate goals 
are reduction of adverse highway and traf­
fic impacts, and protection and enhance­
ment of the environment. 

4. Improved Materials Utilization and 
Durability 
Materials R&D is concerned with expand­
ing the knowledge of materials properties 
and technology to fully utilize available 
naturally occurring materials, to develop 
extender or substitute materials for materi­
als in short supply, and to devise proce­
dures for converting industrial and other 
wastes into useful highway products. These 
activities are all directed toward the com­
mon goals of lowering the cost of highway 
construction and extending the period of 
maintenance-free operation. 

5. Improved Design to Reduce Costs, Extend 
Life Expectancy, and Insure Structural 
Safety 
Structural R&D is concerned with further­
ing the latest technological advances in 
structural designs, fabrication processes, 
and construction techniques, to provide 
safe, efficient highways at reasonable cost. 

6. Prototype Development and Implementa­
tion of Research 
This category is concerned with developing 
and transferring research and technology 
into practice, or, as it has been commonly 
identified, "technology transfer." 

7. Improved Technology for Highway Main­
tenance 
Maintenance R&D objectives include the 
development and application of new tech­
nology to improve management, to aug­
ment the utilization of resources, and to 
increase operational efficiency and safety 
in the maintenance of highway facilities. 






