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FOREWORD 

This report was prepared by the Lockheed-California Company, under 

Contract DTFA03-84-C-00004, sponsored by the Federal Aviation Administration 

Technical Center. This report describes the analytical modeling effort 

performed from February 1985 through August 1985. The work was administered 

under the direction of L. Neri and C. Caiafa of the FAA. 

The Lockheed-California Company effort was performed by Gil Wittlin. The 

Lockheed effort was performed within the Flutter and Dynamics Department. 
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EXECUTIVE SUMMARY
 

The analyses results of a transport airplane Controlled Impact Demonstra­

tion (CID) test using program KRASH are presented. The pre-CID analysis 

results t which are reported in FAA technical report DOT/FAA/CT-85/9 t are 

briefly summarized. The actual CID test impact conditions which deviated from 

the planned impact scenario are described. The post-CID analyses are per­

formed for two sequences: a symmetrical impact of the fuselage with the 

ground (after engine-loss at initial air-to-ground impact) and the unsym­

metrical air-to-ground impact including initial engine ground contact and 

subsequent fuselage impact with the ground. The symmetrical analysis is an 

abbreviated analysis which concentrates on floor pulse definitions as a result 

of a direct impact on the fuselage. The latter unsymmetrical analysis con­

siders engine attachment failure, airplane motion and subsequent involvement 

of the fuselage impact sequence. An assessment of the analytical procedures 

and results indicates that: 

•	 The analyses results compare favorably with the test results. 

•	 The KRASH model results show overall agreement with fuselage responses 
including accelerations, underside crush and structural integrity for 
the complete unsymmetrical impact initiated on the No. 1 engine, as 
well as the fuselage-only impact phase. 

•	 The KRASH modeling can accurately depict the sequence of events and 
respective failures for an unsymmetrical impact event. 

•	 Anaytically determined wing and engine responses show agreement with 
test data with regard to spanwise moment distribution and indicate 
that the CID unsymmetrical impact conditions produce wing loads below 
the estimated structural integrity of the wing, which is supported by 
the test data. 

•	 The KRASH models demonstrate the ability to analyze a range of impact 
conditions and thus can be applied in additional parameter studies. 

•	 The results indicate several areas where improved model
 
representations may be beneficial, i.e., wing/engine and
 
engine/fuselage attachment.
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SECTION 1
 

INTRODUCTION
 

On December 1, 1984, the FAA/NASA performed a Controlled Impact 

Demonstration (CID) impact test using a narrow-body transport airplane. This 

test is one milestone in a series of tasks in a joint FAA/NASA/industry 

program (references 1 and 2) to improve methodology for determining the 

dynamic response of transport category aircraft to crash related impacts. The 

purpose of developing improved methodology is to help ensure that a high level 

of occupant safety will be continued in future transport airplanes involved in 

impact survivable accidents. The program is multifaceted. The initial tasks 

to review past accident data and establish candidate survivable crash 

scenarios were completed. The results of these studies, performed by the 

major manufacturers (references 3, 4, and 5) are summari7.ed in reference 6. 

The overall program approach is presented in references 7 and 8. Some of the 

key elements of the on-going joint effort are outlined in figure 1-1. Program 

KRASH, which has recently been updated (reference 9), has been used to analyze 

the anticipated response of the CIn test specimen for tIle planned impact 

condition. The results of the pre-CID analyses including section and airplane 

drop tests comparisons are provided in reference 10. The test data obtained 

from supporting tests has been used in the modeling of the crn impact and will 

also be used in subsequent parameter variation studies. The cra test, 

post-CID KRASH analyses, and application of the analysis methodology are 

described in this study. 

1-1 
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SECTION 2
 

SUMMARY OF PRE-CID ANALYSES
 

2.1 KRASH MODELS 

The CIn pre-test analyses were performed using the following models; a 

stick model consisting of 17 masses and 16 beam elements (figure 2-1), and an 

expanded model consisting of 48 masses and 137 beam elements (figure 2-2). 

The underside crushing load-deflection characteristics as a ftlnction of 

location along the fuselage are shown in figures 2-3 and 2-4. The KRASH model 

fuselage stations (F.S.) and corresponding airplane body station (B.S.) 

locations are shown in figure 2-5. 

The planned impact condition for the CIn test was as follows: 

• Symmetrical (0° yaw, 0° roll) 

• 1° pitch attitude, nose-up 

• 17 ft/sec sink speed 

• l55 knots forward velocity 

The stick and expanded models were run for variations of initial lift 

conditions to represent a range from no lift to an estimated balanced Ig 

aerodynamic loading for the planned attitude and impact velocities. 

2.2 KRASH ANALYSES RESULTS 

For each model the results were presented in reference 10 for the planned 

impact condition, with variations as noted above. The comparison of accelera­

tions for the full range of conditions is shown in figure 2-6. The results 

for the condition that is considered closest to approximating the planned 

impact are presented in figure 2-7. A summary of a comparison for the stick 

and expanded model results for Load Interaction Curve (LIC) ratios, 

accelerations and crush distances are shown in figure 2-8. Figure 2-8 also 

shows the estimated crush distance measured as a result of a narrow-body 

2-1
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airplane drop test conducted at Laurinburg, North Carolina prior to the CIO 

test, which produced a 17 ft/sec sink speed for a full airplane (195,000 lb.) 

at a 1° nose-up pitch attitude and with no forward velocity. 

Pre-CID analyses acceleration peak responses are plotted in figure 2-9, 

along with a constant ~V = 17 ft/sec curve. The data cluster about the 

constant ~v curve. The stick model, due to its level of simplicity, tends to 

provide lower frequency acceleration responses than the expanded model. The 

higher peak accelerations are generally associated with shorter duration 

pulses than the lower peak values. The stick model results tend to be of 

lower amplitude and broade~ in response duration. As the expanded model 

results are filtered to a lower cutoff value, the responses shift to lower 

values and tend toward better agreement with the stick model results. An 

alternative to comparing peak values is to present an equivalent triangular 

pulse amplitude which can be obtained from a plot of impulse (g-sec) data, 

which is the acceleration integrated over time for the duration of interest. 

This provides an average value. The peak associated with a triangular pulse 

is twice the average value. This approach eliminates questions that could 

arise over the print interval or filter characteristics (i.e., cutoff 

frequency, decay rate). The data presented in figures 2-5, 2-6, and 2-7 

represent peaks associated with triangular pulse shapes with a base duration 

(~t) of between 0.10 sec and 0.15 sec. The response can contain higher peak 

but shorter duration pulses. The stick model, while it may provide floor 

pulse definitions, particularly if the aircraft responds in a lower frequency 

mode, does not generally contain sufficient detail to evaluate individual 

structural element behavior. The expanded model contains more detail and 

therefore can provide more element load and deflection data. For example, the 

summary of beam peak deflections obtained from the expanded model are shown in 

table 2-1. The accuracy of the deflection results d~pends on the ability to 

adequately represent complex structural designs with relatively simple 

elements. 

The analysis results are particularly sensitive to the: 

2-10 



32 r--,--..,.,r--,-----,---,--------,-----,------r------,--,----r--~-__,_____-~-___r_---_____r\ 

\ 
____ TRIANGULAR 

PULSE 
\,•

,,~ 
28 t--+---+---+-\-~r__-+_-_+_---+---J.- --~-I--- -­ 6. CID STICK MODEL @ 50 HZ FILTER 

• CID EXPANDED MODEL @ 25 Hz FILTER 
26 r--+----+--___+---\-t__--+---+--__+--l----+---+-­ • CID EXPANDED MODEL @ 50 HZ FILTER 

•24 t--T----+-::~~---+-\-__t--t--+--__+_-_+-__+-___+--l_-+_-_+_-~--_+--
I 

i1 
22 t---t-----t-------'1'-~~~+_-__+_-_t--I___-+_-_+_-~-___J--+_-_+_-~--_____.j 

----+-~ 

+----'-- --~-~ 

I 

I i16 t---+_----+----+------JI-----{.)----+----'~~__1_-__+_-___+--t__-+--_;____-__+--~ ­ ----+---~l• -: 

14 t---+_--+----+------Jf---+----+--......--+----'lro,..-.jl---+----+---+--+--~-+---+-----------... 

12 I---+_--+----+--I---+---+----+--~~~---+---+--~- t J-­
10 r---t----t-----+--t----t-----t----+---t-------'---f----t---=....+-___J--+----+----+-­

8 r---t----+----t--t---+----t----+---t----+----+----+---+--~"""""""-+--_+-___1 

6 r----1----+----t--t----+----t----+--t-----+--­

4 r---t-----t----t--t----+-----t---+--f----+----+----+---+--+----+----+--­

.02 .04 .06 .08 

6. T, SECONDS 

.10 .12 .14 .16 

FIGURE 2-9. CIn PRE-TEST ANALYSIS - VERTICAL 
ACCELERATION PULSE, 17 FT/SEC, 
+1 0 NOSE-UP 

2-11 



DESCRIPTION LOCATION DEFLECTION, i nrhes 

Upper Shell Lateral station 960 
WL 205-271 

1.22 to 4.0 

Upper Shell lateral station 960 
WL 271-290 

0.66 to 1.7 

Transverse Floor station 620 0.61 to 1.27 
Beams- Vertical station 820 0.84 to 1.6 

station 960 1.1 to 3_0 

Upper Cabi n Longeron 
Vertical 

station 460-620 
WL 205·271/WL 271-290 

0.67 to 1.06/034 to 0.69 

stati on 620-820 
Wl 205/271 /Wl 271-290 

0.64 to 2.87/076 to 1.090 

stati on 820-960 
Wl 205-271/WL 271-290 

0.56 to 0.78/0.40 to 1.04 

station 960-1040 
WL 205-271/Wl271-290 

0.26 to 116/0 15 to 0.55 

station 1040-1200 
Wl205-271/WL 271-290 

1.02 to 27/0.36 to 1.69 

Floor Vertical stati on 460-620 1.71 to 2.46 
Inboard stati on 620-820 1.81 to 5.9 

stati on 820·960 0.37 to 0.86 
stati on 960·1040 0.33 to 3.1 
station 1040-1200 17 to 2.1 

Outboard stati on 460-620 0.69 to 1.44 
stati on 620-820 0.50102.18 
stati on 820-960 0.91 to 0.98 
station 960-1040 0.62 to 0.88 

•	 Representation of the hard point load-deflection characteristics.
 
tlottoming out loads could easily result in localized failures and
 
subsequent disruption of structural integrity.
 

•	 Extent to which the structure yields or fails. This is difficult to 
evaluate because a large segment of structure t consisting of several 
frames and stringers t is defined by only a few beam elements. 

TABLE 2-l.	 SUMMARY OF BEAM PEAK DEFLECTION RANGE FROM PRE-GID ANALYSIS 
USING THE CID EXPANDED MODEL 
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SECTION 3
 

POST-CID KRASH ANALYSES
 

3.1 crD TEST RESULTS 

The CID test was performed on December 1, 1984, at the NASA Dryden Dry 

Lake Bed, Edwards Air Force Base, California. The actual impact conditions 

deviated from the planned conditions, as shown in table 3-1. Due to an 

initial roll and yaw, the aircraft impacted first on the left wing outboard 

engine (No.1), rotated onto the No.2 engine, and then subsequentally the 

forward fuselage made ground contact approximately 400 msec. after initial 

engine impact. Floor peak vertical responses were developed within 500 msec. 

after initial fuselage impact. The actual CID impact sequence is shown in 

figure 3-1 and includes wing cutter impact and subsequent initiation of post­

crash fire. The measured response data included fuselage bending responses at 

six fuselage stations (figure 3-2), as well as numerous fuselage frame, floor, 

seat and occupant responses. In all, 352 channels of data were recorded. The 

acceleration response data was reduced for three time periods: 

l. Initial engine and fuselage impacts (t = a to t = 1.0 second) 

2. No.3 engine - cutter impact (t = 1.5 seconds to t = 2.5 seconds) 

3. BS860 crack and slideout (t = 4.0 seconds to t = 5.5 seconds) 

For the purpose of the KRASH correlation the first time period is used 

because it represents the air-to-ground impact for which the KRASH model is to 

be validated. Typical floor normal pulses for this time period are provided 

in figures 3-3 through 3-ll. The plot of peak vertical accelerations versus 

fuselage station, which is shown in figure 3-l2, indicates the scatter in 

response levels that is measured along the fuselage. Additional CID test 

acceleration histories are presented in Appendix A. The relationship between 

airplane body station and KRASH program fuselage station locations is shown in 

figure 2-5. 
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TABLE 3-1. COMPARISON OF CID TEST PLANNED AND ACTUAL IMPACT CONDITIONS
 

. ACTUAL* I 
PLANNED WING (FUSELAGE) 

SINK RATE, FPS 17+3 
-2 17.3 04.0) 

GROSSWEIGHT, LB 175- 195000 192,383 

GLIDE PATH, DEGREES 3.3 TO 4.0 3.5 

ATTITUDE, DEGREES 1 .:!:. 1 (NOSE-UP) 0 (0 TO -2) 

LONGITUDINAL VELOCITY, KNTS 150+5 
·5 151.5 (150) 

ROLL, DEGREES 0,;t,1 13** 

YAW, DEGREES 0!.1 13*** 

*INITIAL IMPACT ON LEFT WING OUTBOARD ENGINE, SUBSEQUENT CONTACT ON FUSELAGE (BS360·460 REGION) 
WAS AS NOTED FOR IMPACT VELOCITIES AND PITCH ATTITUDE. 

**LEFT WING DOWN 

***NOSE LEFT 
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3.2 KRASH CORRELATION 

3.2.1 Symmetrical Impact on Forward Fuselage 

The comparison of analysis with test data was performed in two stages. 

The emphasis on the analysis was to determine floor responses so as to 

ascertain the potential effect on seat dynamic testing requirements. The 

initial impact on the left wing outboard engine (engine No.1) did not produce 

the most significant floor pulses. The impact onto the forward fuselage 

resulted in higher floor responses than the engine impacts. Thus, as a first 

priority the analysis was performed for the initial fuselage impact. For 

simplification, this portion of the impact was considered to be symmetrical. 

The KRASH stick model was used in the initial comparisons. 

The moment response data (figure 3-2) indicates that the airplane upon 

impact on the forward fuselage responds in a fuselage fundamental frequency 

mode of approximately 3 to 3.5 Hz and that structural damping is around seven 

percent of critical. The KRASH stick model frequency and damping character­

istics are approximately 3 Hz and eight percent of critical, respectively. To 

ascertain these values the KRASH model was simulated in "free-fall" (no ground 

contact spring) and subjected to an acceleration pulse triangular in shape at 

FS300 (BS360). The results of the response are depicted in figure 3-13. The 

comparison of frequency and critical damping values indicates that the KRASH 

model contains stiffness mass and damping properties in agreement with the 

test article. 

The fuselage impact was simulated for flat (0 0
) and nose-down attitudes 

(_1 0
, -2 0 ) , based on the findings presented in the post-CID briefing (refer­

ence 11) and the review of motion-picture/video coverage of the event. The 

sink speed is 14 ft/sec for all the fuselage symmetrical impact analyses. The 

affects of initial lift due to prior engine impact is included by applying 

upward external forces acting on the engine masses and allowing KRASH85 to 

balance the vehicle using the NASTRAN IC subroutine. This external load is 
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applied at impact and relieved shortly thereafter. The moment distribution to 

account for the initial engine impact is obtained from the moment response 

data shown in figure 3-2 at the time noted "nose impact." 

Comparisons between the KRASH stick model results for three attitudes 

(0°, -1°, _2°) for moment response, fuselage underside crush and airframe 

acceleration with post-test recorded results, were made. Figures 3-14 through 

3-16 show the moment comparisons. Tables 3-2, 3-3 and 3-4 show comparisons of 

the crush and LIC, and vertical acceleration results, respectively. Figure 

3-17 is a plot of LIC, peak vertical acceleration and crush distances for all 

three attitudes along with an indication of the corresponding estimated 

levels. The CIO acceleration test results are faired to show an approximate 

level. The test data does show scatter as can be observed in figure 3-12. 

The LIC values are shown at FS350, 480, 600, 990, 1090 and lllO, which are 

close to the location of the moment bridges. The nose-down attitudes (_1°, 

_2°) tend to show better overall agreement with the test results. 

Samplings of the time history responses for the stick model symmetrical 

impact onto the forward fuselage are shown in figures 3-18 through 3-23. The 

analytically determined responses at several fuselage stations are compared 

to the test data at corresponding locations. The test envelope was 

approximated for the time of interest as noted in the respective figures. As 

can be observed in the comparisons there is a general agreement in the pulses. 

The correlation of the analysis with test results, as might be expected, 

does not agree with all aspects of the test results. For example, the aftbody 

down bending moments (figures 3-14 through 3-16) are much higher than those 

measured. The crushing from the MLG aft is probably more than experienced at 

impact. The more extensive aft fuselage crush occurs toward the end of the 

ground impact, while the aircraft is settling to a final position and does not 

influence the peak responses. Furthermore, the acceleration response 
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comparisons (figures 3-18 through 3-23) reflect differences with regard to 

phasing and amplitude. These differences, however, are no greater than can be 

noted in the scatter of test measured responses at reasonably close fuselage 

locations (figure 3-12). 

It is of interest to note is that the pretest CID model (mass, stiffness, 

damping, crush characteristics), was not altered. The correlation effort 

concentrated on assessing the affect of varying fuselage initial impact 

attitude within the range associated with the CID test would have on the 

responses. A difficulty in matching all the test results, other than the fact 

that a math model can only approximate complex nonlinear behavior, is that 

there are many variables that are not known. The modeling described is a 

"symmetrical representation" of an unsymmetrical impact. Initial conditions, 

such as rotational velocity, rotational acceleration and time varying external 

loading, along with the sequence and magnitude of the fuselage underside crush 

influence the phasing of the responses. 
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'l'AHLE 3-2. COMPARISON 01" FUSELAGE CRUSH OBTAINED FROM KRASH ANALYSIS 
AND POST-TEST MEASUREMENTS, STICK MODEL 

LOCATION 
MEASUREMENT, 

IN. 
DEFLECTION (IN.) FROM 

KRASH ANALYSIS 
POST -TEST 

BS (FS) MEASUREMENT, IN. 0° PITCH -1° PITCH _2° PITCH 

360 (300) 6.5 5.9 6.3 7.6 

520 (460) 9.1 (1) 3.9 4.2 4.6 

960 (960) 5.6 4.1 ­ 6.7 (2) 2.2 - 4.0 (2) 4.6 - 5.9 (2) 

1120 (1080) 15.0 (l) 3.4 -7.3 (2) 1.0 - 3.5 (2) 5.0 - 8.0 (2) 

1220 (1180) 13.5 (1) - - 2.3 (2) 

(1) APPEARS TOO HIGH FOR INITIAL IMPACT. MOST LIKELY INCREASED 
DEFLECTION OCCURRED AFTER KEEL BEAM SEPARATED DUE TO CUTTER 
IMPACT AND CONTRIBUTION FROM POST -CRASH FIRE. 

(2)	 OCCURRED AFTER INITIAL IMPACT ASAIRCRAFT SETTLES AFT OF C.G. 
DOES NOT INFLUENCE PEAK RESPONSE. 

TABLE 3-3. COMPARISON 01" FUSELAGE LIC RATIOS OBTAINED FROM
 
ANALYSIS AND TEST DATA, STICK MODEL
 

LOCATION 

BS (FS) 

ESTIMATED 
TEST RESU LTS 

L1C RATIO FROM 
KRASH ANALYSIS 

0° PITCH .1° PITCH _2° PITCH 

360 (300) 

510 (450) 

600 (600) 

1030 (990) 

1130 (1090) 

1250 (1210) 

.33 

.40 

.40 

.33 

.33 

.37 

.58 

.57 

.56 

.17 

.78 

.72 

.48 

.38 

.33 

.82 

.83 

.78 

.49 

.50 

.46 

.59 

.63 

.46 
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TAtlL~ 3-4. COMPARISON OF VERTICAL ACCELERATiON RESPONSES FOR FUSELAGE 
IMPACT AT 14 FT/SEC., STICK MODEL 

LOCATION (F.S.l 

ACCELERATION RESPONSE(l) 

ANAL YSES (2) ESTIMATED 
TEST RESU LTS 
(PEAK G AND 

LOCATION)ODEGREE -1 DEGREE ·2DEGREE 

199 13.2(11.2, .120) -13.2 (15.4, .050) 13.0 (16, .05) 14.4 (FS162) 
300 11.1 (10.8, .120) 9.4 (10, .050) 9.2 (12.4, .05) N.A. 
460 10.6 (11.2, .100) 7.3\7.6, .1001 7.317.8, .0541 6-7.2 (FS480) 

16.8, .160\ 16.0, .150\ 
620 11.0 (12, .090) 6.8 (6.6, .160) 5.4 \4.7, .0841 3.5-10 (FS540) 

14.6, .150\ 5-6 (FS700) 
820 11.7 (12, .090) 5.7 (6.1, .160) 5 (4.3, .130) 3.5-5.0 (FS820­

FS860) . 
960 9.9 (11.5, .090 7.5 (6.2, .160) 5.3 (4.6, .120) 3.0-6.0 (FS920­

FS960l 
1000 8.6 (11.2, .090) 8.3 (6.2, .150) 5.5 (6, .100) N.A. 
1200 7.8 (9, .102) 9.3(5.4, .150/ 4.9 (5.6, .150) 4-5.2 (F1280) 

/9.2, .070\ 

1400 5.8 (6.7, .200) 6.7 (6.5, .140) 4.2 (5.6, .14) N.A 

(1) EOUIVALENT TRIANGULAR PULSE BASED ON IMPULSE DATA 

(2) A(B, C); A = PEAK G 50 HZ FILTER 
B = PEAK G TRIANGULAR PULSE BASED ON IMPULSE DATA 
C = BASE DURATION ASSOCIATm WITH TRIANGULAR PULSE, SECONDS 
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SYMMETRICAL, 14 FT/SEC 
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3.2.2 Unsymmetrical Impact on Engine No.1 

SUbsequent to the fuselage symmetrical impact analysis, the KRASH stick 

model was used to simulate the complete unsymmetrical impact sequence from 

initial left outboard engine (No.1) ground contact through fuselage impact. 

The initial condition investigated for this unsymmetrical impact was: 

Sink Speed 17.3 ft/sec 
Forward Velocity 150 knots 
Roll Angle 13 degrees (left wing down) 
Yaw Angle 13 degrees (nose left) 
Pitch Angle +1, 0, -1/2, -1 degrees 

The initial runs, using the pre-CID input data for engine load-deflection 

curves, resulted in engine separation (rupture of engine wing attachment 

beam). This occurred early in the run and, thus, the engine failure was 

associated with little energy being absorbed and, consequently, at initial 

fuselage contact the airplane cg velocity was significantly higher than the 

14 ft/sec (168 in/sec) noted at the FAA/NASA post-CID debriefings. The engine 

load-deflection curve was modified, as noted in figure 3-24, and the failure 

loads were increased to allow the engine to remain attached to the pylon 

longer. The beam attaching the engine to the wing in the KRASH model is not 

allowed to rupture until the engine restiffens. A ruptured beam in KRASH 

provides no load path. In addition, the initial aerodynamic loading was 

treated as acting unsymmetrical (higher lift on the right wing versus the left 

wing). The original analysis considered lift to act symmetrically, which 

results in a more rapid rotation onto the right side and subsequent right side 

outboard engine contact with the ground. Such an event did not occur during 

the CID test. In subsequent analyses the right wing was considered to have 

more initial lift than the left wing and it was maintained longer. With the 

revised model, the unsymmetrical impact condition, noted above, was run for a 

pitch attitude between 1 degree nose-down and 1 degree nose-up. Tables 3-5, 

3-6 and 3-7 show the tabulated results for the unsymmetrical runs. When 

considering engine No.2 contact, location of fuselage impact, fuselage impact 

velocity, and time at which fuselage contact is made, the flatter (0°, -1/2 0 
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FIGURE 3-24. ENGINE CRUSH CHARACTERISTICS PRE- AND POST-CID ANALYSES 

TABLE 3-5.	 COMPARISON OF UNSYMMETRICAL IMPACT SEQUENCE, ANALYSES VERSUS TEST, 
STICK MODEL 

,,, 
--------, 

KRASH ANALYSIS 
PITCH ATTITUDE 

TEST DATA -1-1/2+1 a 

INITIAL FUSELAGE CONTACT
 

MASS NO. (FIGURE 2·1)
 6 (1) 6 (2) 2-327 
TIME (SEC) (3) .404.400 .377 .400 
IVIASS IMPACT VELOCITY, IN.lSEC 

.382 
191 191 147183 

\ 168/ CG VELOCITY, IN.lSEC 158 161158157 I \ 
ENGINE NO.2 CONTACT
 

TIME (SEC) (3)
 .092 .078 .071 .064 .080 

(11 MASS NO.2 HITS 5 MSEC. LATER 

(2) MASS NO.2 HITS 39 MSEC. LATER 

(3) AFTER ENGINE NO.1 INITIAL GROUND CONTACT 
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TAbLE 3-6. COMPARiSON OF ANALYSES VERSUS TEST LIC, CRUSH AND VERTICAL 
ACCELERATION RESULTS FOR THE UNSYMMETRiCAL IMPACT, STICK MODEL 

KRASH ANALYSES
 
PITCH ATTITUDE (DEGREES)
 

ESTIMATED TEST 
LOCATION DATA RANGE+1 0 -1/2 -1 

L1C RATIO 

.27-.33 (3)(4)
 

FS 600-620
 
.15-.59.27-.49 .22-.49FS 350 .13·-.52 
.42-.48.8-.82 .52-.61 .47-.51 .35-.40
 

FS960-990
 .62-.73.73-18.3 .56-.81 .61-.73 .26-.33
 
FS 1210
 .80.75 .60 .68 .3-.37 

ACCELERATION PEAK VERTICAL G TRIANGULAR PULSE(l) 

16.0 (,120) 11.8 (.090)11.6 (.140)199 23.0 (.090) 14.4
 
300
 12.4 (,120) 7.0 (,140) NA (5)
 
460
 

9.6 (,150)14.0 (,120) 
10.0 (,120) 8.2 (,140) 7.5 (,160)7.2 (.170) 6-9.0
 

620
 9.2 (.120) 8.2 (,140) 8.2 (.140)7.0 (,160) 6.5-10.0 
9.2 (.120) 9.6 (,120) 9.8(.120)7.0 (,140)820 3.5-5.5
 

960
 9.2 (.120) 9.4 (.120) 10.0 (.110)8.0 (,140) 3.5-6.5
 
1040
 9.2 (.120) 9.2 (,120) 10.0 (,110) NA (5)
 
1200
 

7.8 (.150) 
9.0 (.130) 8.1 (.130) 7.6 (.120)7.4 (.190) 4-5.5 (FS 1280) 

1400 7.6 (.180) 6.7 (.200) 7.8 (.180)9.6 (.190) 

CRUSH DISTANCE, INCHES 

FS 300 2.2 4.3
 
FS 460
 2.2 3.9
 
FS 620
 3.5 4.6 
FS 820 6.1 6.0
 
FS 960
 9.2 7.4 
FS 1040 10.0 7.1
 
FS 1200
 2.5 -

5.2 
4.6 
5.1 
5.7 
6.2 
5.5 
-

6.3 
5.2 
5.2 
5.1 
5.0 
3.7 
-

6·7 (FS 320) 
6-7 (FS480) 
NA(5) 
NA (5) 

5-7 (FS920) 
11 (FS 1180)(2) 

IMPULSE X 2 
(1) G (At); PEAK G = , (~) = BASE DURATION FOR TRIANGULAR PULSE, SEC. 

At 

(2) INCLUDES POST-FIRE CRUSH AFTER LOSS OF KEEL BEAM 

(3) DATA TRACE LOST 

(4) BASED ON ALLOWABLE MOMENT USED IN KRASH MODEL 

(5) NA- NOT AVAILABLE 
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TABLE 3-7. COMPARISON OF ANALYSIS VERSUS TEST LONGITUDINAL AND LATERAL 
ACCELERATIONS RESULTS FOR THE UNSYMMETRICAL IMPACT, STICK 
MODEL 

ACCELERATION PULSE, TRIANGULAR(1) 

KRASH ANAL YSES PITCH ATTITUDE (DEGREES) (2) 
ESTIMATED 

TEST DATA RANGE 

LONGITUDINAL 

+1 -10 -1/2LOCATION (F.S.) 

3.3 (.140) 3.7 (.140) 3 (.160) 4.9-6.5 (FS 162) 3.6 (.140) 199 
3.7 (.130) 3.1 (.130) 2.5-4.0 (FS 340)3.4 (.150) 3.6 (.130) 300 
3.5 (.130) 3.0-3.2 (FS 480)3.6 (.140) 3.6 (.130) 2.8 (.160) 460 

2.5-3.1 (FS 540-600)3.4 (.130) 3.4 (.130) 2.8 (.160) 3.6 (.140) 620 
3.4 (.130) 2.0-3.5 (FS 702-820)3.4 (.130) 2.9 (.156) 3.6 (.140) 820 
3.4 (.130) 3. (.150) 2.2-4.2 (FS 960)3.4 (.130) 3.6 (.140) 960 
3.4 (.130) 2.9 (.150) 2.0-4.0 (FS 1120) 3.4 (.140) 3.2 (.130) 1200 

1.0-3.5 (FS 1380) 

LATERAL 

3.4 (.130) 4.0 (.100) 2.9 (.140) 4. (.080) 1400 

3. (.090) 2.9 (.100) 4.0-5.0 (FS 162) 2.3 (.160) 4. (.050) 199 
3.0-4.0 (FS 340)2.1 (.100) 2.0 (.100) 1.6 (.150) 2. (.080) 300 

1. (.150) 1. (.100) 1.4 (.100) 2.8 (FS 480)1.4 (.100) 460 
1. (.150) 1.2 (.100) 1. (.100) 1.0 (.100) 4.0-7.0 (FS 540)620 

1. (.100) 1.5 (FS 702-820)1.0 [.100) 1. (100) 1.0 (.100) 820 
1.(.100) 1.0 (.100) 1.0 (FS960) 1. (.100) 1.5 (.100) 960 
1.(.100) 1.5 (FS 1120)1.3 (.100) 1.5 (.120) 1.0 (.100) 1200 
1. (.200) 1.5-2.5 (FS 1380)1.7 (.140) 2.0 (.120) 1.8 (.200) 1400 

IMPULSEX2
(1) G(6t); PEAK G ,(6t) BASE DURATION FOR A TRIANGULAR 'PULSE, SEC" " 6t 

(2) POSITIVE PITCH ATTITUDE IS NOSE-UP 

pitch attitudes tend to be more consistent with the test data. From table 3-6 

a comparison of LIC ratios, acceleration levels and crushing distance seems to 

support the flat to nose-down attitudes. This range is consistent with the 

FAA/NASA post-CID debriefing data and observation of the high-speed film and 

video tapes of the crash sequence. The results for the 0°, -1/2°, _1° cases 

are shown in figure 3-25. Figure 3-25 compares three parameters; the Load 

Interaction Curve (LIC) ratio at several locations, the vertical acceleration 

triangular pulse accelerations, and crush along the fuselage. The equivalent 

vertical acceleration triangular pulse is obtained by taking the plotted mass 

impulse (g-sec), which is the acceleration pulse integrated over time, in the 

region of peak response. This yields an average acceleration. For a 

triangular pulse, the peak value is two times the average. This appears to 
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present a more consistent interpretation of the response. If only the peaks 

are used, then the question of plot interval arises as to whether or not the 

peak value is plotted. The appropriate filter characteristics such as cut-off 

frequency and decay slope also enter into the interpretation of results. The 

acceleration data presented in figure 3-25 represents a triangular pulse with 

a base duration (6t) of 100 to 150 milliseconds. For comparison, estimates of 

the range wherein the test data falls are also shown in figure 3-25. The test 

peak acceleration points, obtained from the tape of the digitized data, indi­

cate Some degree of scatter, either from different measurements at nearby 

locations, or in the interpretation of the representative peak. Thus, a 

faired test result curve is presented along with data points. Generally, the 

analytical data shows higher responses than the corresponding test results. 

The estimate of test LICs is probably low because it is based on measured 

versus allowable moments only. The analysis results are based on combined 

moment-shear and, thus, the allowable may be lower. The crush data are diffi­

cult to compare because the measured crush at the forward fuselage (FS350) and 

aft of the main landing gear bulkhead (FS960), reflects loss of keel beam from 

the wing rupture posts and/or the effects of post-crash fire. The measured 

crush in the wing center section (FS620-820), which was not as severely 

burned, is more realistic and the comparison between it and analysis appears 

reasonable. 

The vertical, lateral and longitudinal acceleration responses, obtained 

from the KRASH unsymmetrical analyses for the 0° to -1° range of pitch atti­

tude are shown in figure 3-26, along with the test data range from the CID 

test. The dashed line in figure 3-26 represents the -1/2° pitch attitude 

analytical condition. As noted earlier the vertical accelerations are at the 

upper bound of the test data range. The lateral acceleration distribution 

trend is in agreement with the test data, however, with a tendency to be lower 

throughout the fuselage. The longitudinal acceleration generated from analy­

sis is between 3.5 and 4.0g throughout the fuselage. The test data indicates 

a maximum of 4 to 6g at the cockpit. Aft of the cockpit the longitudinal 

acceleration is generally in the 2g to 3g range. 
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All of the preceding analysis results for the unsymmetrical impact were 

performed assuming no initial rotational velocities. Subsequent to these 

analyses a KRASH stick model run was als~ performed for the 0° pitch attitude 

condition, but with assumed initial roll and pitch rates equal to 0.04 rad/ 

sec. The wing engine No. 1 vertical impact velocity, which consists of both 

translational and rotational velocity components, was maintained at 17.3 ft/ 

sec. The results from this analysis are shown in tables 3-8 and 3-9 and 

figure 3-27. From the table 3-8 it can be noted that the overall sequence is 

consistent with the observed test results. In some respects it is slightly 

better than the previous results without an initial rotational velocity, 

although fuselage contact is made 32 milliseconds later than the test data 

indicates. The peak triangular pulse acceleration levels and distribution 

appears to be closer to the test data (figure 3-27), although still higher 

than measured from FS600 through to the aft pressure bulkhead. The LIC ratios 

fall within the range of previous analyses results. The crush is more pro­

nounced in the forward fuselage region and is less along the fuselage span. 

Although the crush at FS620 to FS1040 appears low compared to noted FAA/NASA 

post-test measurements, it must be remembered that the latter measurements are 

taken after the keel beam was dislodged when the No.3 engine and subsequent­

ially the fuselage was penetrated by the "Tomahawk." A nose-down attitude 

impact would be expected to have a crush distribution as noted in the latter 

analysis which includes initial rotational velocities. The acceleration data 

from tables 3-9 and 3-10 for the 0 degree pitch condition with the initial 

roll and pitch rotational velocities are plotted in figure 3-28. For com­

parison purposes the test data range is also shown • 

.3.2.3 Comparison of Fuselage versus Engine Impact Results 

In Sections 3.2.1 and 3.2.2 the results from two KRASH model analyses are 

presented for the following conditions. 

1.	 Initial impact on engine No.1 through to impact onto the fuselage­
unsymmetrical attitude, 17.3 ft/sec sink rate, 1/2 degree nose-down, 
13 degree yaw (nose left), 13 degree roll (left Wing down) - complete 

2.	 Initial impact on fuselage-symmetricul attitude, 14 ft/sec, 1 degree 
nose-down abbreviated impact. 
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TABLE 3-8. COMPARISON O~ ANALYSIS VERSUS TEST RESULTS FOR THE UNSYMMETRICAL
 
IMPACT SEQUE~CE - EFFECT OF INITIAL ROTATIONAL VELOCITY,
 
STICK MODEL .
 

KRASH ANALYSIS PITCH ATTITUDE, DEGREES (4) 

TEST DATA 

INITIAL 
ROLL/YAW 

RATES 
NO INITIAL 

ROLL/YAW RATES 
0 0 -1/2 -1 

INITIAL FUSELAGE CONTACT 

MASS NO. (FIGURE 2-1) 2 6(2) 6(1) 2 2-3 
TIME (SEC) (3) .432 .400 .404 .377 .400 
FUSELAGE CONTACT 
VELOCITY IN.lSEC 

ENGINE NO.2 CONTACT 

165 191 191 147 168 

TIME (SEC) (3) .083 .078 .071 .064 .080 

(1) MASS NO.2 HITS 5 MSEC. LATER 
(2) MASS NO.2 HITS 39 MSEC. LATER 
(3) AFTER ENGINE NO.1 INITIAL GROUND CONTACT 
(4) INITIAL ROLL/PITCH RATES =.04 RAD/SEC,INITIAL ENGINE CONTACT VELOCITY =17.3ST/SEC 

The former condition (No.1) was run for 0.750 seconds and includes a 

sequence of impacts including engine No.1, engine No.2, forward fuselage, 

mid-fuselage and aft-fuselage. The latter condition (No.2) starts with an 

initial loading developed from the previous engine impacts, but considers the 

forward fuselage contact at a reduced velocity (14 ft/sec) as the first 

significant impact. The resultant responses, from both models, should be in 

agreement if the reproduction of all force sequencing and phasing can be 

faithfully reproduced. Figure 3-29 compares the results obtained from both 

analyses. The unsymmetrical analysis also considers initial rotational 

velocity. 

A comparison of the resultant LIC ratios indicates reasonably close 

agreement except at the fuselage aft end. A comparison of the acceleration 

distribution indicates that the symmetrical impact tends to provide lower 

acceleration levels than the faired test data curve, but not too much 

different than the lower bound of the test data envelope. The unsymmetrical 

analysis acceleration responses are higher than the test data from the mid 
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TABLE 3-9.	 CUHPAIUSON OF ANALYSIS VERSUS TEST LIC RATIOS t CRUSH DISTANCES 
AND VERTICAL ACCELERATIONS RESULTS t UNSYfillETRICAL IMPACT ­
EFF~CT OF INITIAL ROTATIONAL VELOCITY) STICK MODEL 

KRASH ANAL YSES PITCH ATTITUDE (DEGREES) 

INITIAL NO INITIAL ROLL/YAW RATES
ROLL/YAW RATES 

ESTIMATED TEST------~·---T-- -·---~I-
LOCATION DATA RANGE0 o -1/2 -1 

L1C RATIO 

.27 -.33 (3)(4) 

FS600-620 
FS350 .15-.59J 5-.56 .22-.49 .13-.52 

.47-.51 .42-.48.52-.61 .35-.40
 
FS960-990
 

.43-.55 
.56-.81 .62-.73.61-.73.62-.78 .26-.33
 

FS 1210
 .68 .80 .3-.37.60.75 

ACCELERATION PEAK VERTICAL G. TRIANGULAR PULSE(1) 

199 16.0 (.120) 11.6 (.140)17.0 (,090) l1.B C090) 14.4 
300 NA (5) 
460 

12.4 (,120) 9.6 (.150) 7.0 (.140)10.0 UOO) 
10.0 (.120) 8.2. (.140) 7.5 U60)7.5 U60) 6-9.0 

620 9.2 (.120) 8.2 (.140) B.2 (,(40)8.4(,130) 6.5-10.0 
820 9.2 (.120) 9.6 (.120)8.0(,130) 9.B (.120) 3.5-5.5 
960 9.2 (.120) 9.4 (.120)8.0 (,130) 10.0 (.110) 3.5-6.5 

1040 NA (5)
 
1200
 

9.2 (,(20) 9.2 (.120)8.3 (.120) 10.0 (.110) 
9.0 (.130) 8.1 (,130)6.6 (.130) 7.6 1.120) 4-5.5 (FS 1280) 

1400 7.6 (,lBO) 6.7 (,200)6.4 (,l70) 7.B (.180) 

CRUSH DISTANCE, IN. 

FS 300 7.8 
FS 460 5.5 
FS 620 4.5 
FS B20 3.4 
FS 960 3.0 
FS 1040 2.0 
FS 1200 -

4.3 5.2 6.3 6-7 (FS 320) 
3.9 4.6 5.2 6·7 (FS 480) 
4.6 5.1 5.2 NA (5) 

6.0 5.7 5.1 NA (5) 

7.4 6.2 5.0 5-7 (FS 920) 
7.1 5.5 3.7 11 (FS 1180)(2) 
- - -

IMPULSE X 2(1) 8(6t); PEAK G = (lit) =BASE DURATION FOR TRIANGULAR PULSE,Sec.
lit 

(2) INCLUDES POST·FIRE CRUSH AFTER LOSS OF KEEL BEAM 

(3) DATA TRACE LOST 

(4) BASED ON ALLOWABLE MOMENT USED IN KRASH MODEL 

(5) NA =NOT AVAILABLE 
L--. 
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TABLE 3-10.	 COMPARISON OF ANALYSIS VERSUS TEST LONGITUDINAL AND LATERAL 
ACCELERATION RESULTS FOR THE UNSYMMETRICAL 17.3 FT/SEC IMPACT, 
STICK MODEL 

ACCELERATION PULSE, TRIANGULAR(I) 

KRASH ANALYSES PITCH ATTITUOE (OEGREES) (2) 
INITIAL 

ROLL/YAW 
RATES ESTIMATEO
 

LOCATION (F.S.!
 
NO INITIAL ROLL/YAW RATES 

TEST DATA RANGE -10 ·1/20 

LONGITUDINAL
 

199
 3.3 (40) 3.7 (.140)3.2 (.1!0) 3 (.160) 4.9-6.5 (FS 1621 
300 3.6 (,130) 2.5-4.0 (FS 340) 
460 

3.2 (,11D) 3.7 (.130) 3.1 (.130) 
3.1 (,110) 3.6 (.130) 3.5 (.130) 2.B (.160) 3.0-3.2 (FS 4BO) 

620 2.8 (50) 3.4 (30) 2.5-3.1 (FS 540-600) 
B20 

3.4 (.130) 2.B (.160) 
2.7 (.170) 2.0-3.5 IFS 702-B20) 

960 
3.4 1.130) 3.4 I.130) 2.91.156) 
3.4 (.130) 3.4 (.130) 2.2-4.2 (FS960) 

1200 
2.6 (60) 3. (.150) 

3.2 (.130)2.B (,140) 3.4 (.130) 2.9 (.150) 2.0-4.0 (FS 1120) 
1400 3.4 (.130) 4.0 (.100) 1.0-3.5 (FS 13BO)3.0 (40) 4. (.OBOI 

LATERAL
 

199
 4. (.050) 3. (.090) 4.0-5.0 (FS 162) 
300 

3.1 (50) 2.9 UOO) 
3.0-4.0 (FS 340) 

460 
2.1 (50) 2. LOBO) 2.1 ClOO) 2.0 1.1 DO) 
1.2 (.070) 1.4 UOO) 1. (.100) 1.4 (.100) 2.8 (FS 480) 

{ 1.5-2.5 (FS 540) 
1.0 (.070) 1.2 (.100)620 1. (.100} 1.0 (.100) 

3.0 (FS 600) 
B20 1.0 (.100)1.61.100) 1.0 (,100) 1.5 (FS702-B20) 
960 

1. I.100) 
1.6 (.OBO) 1.5 L100) 1. (.100) 1.0 (.1 00) 1.0 (FS960) 

1200 1.6 (.100) 1.5 (.120) 1.(.100) 1.0 (.100) 1.5(FSl120) 
1400 1.6 (.l 00) 1.7 (.140) 1. (.200) 2.0 (.120) 1.5-2.5 (FS 1380) 

IMPULSE X 2 
(1) G(6t)'; PEAK G	 ,(8.tl '" BASE DURATION FOR A TRIANGULAR PULSE,SEC. '" 6t 

(2) POSITIVE PITCH ATTITUDE IS NOSEUP 

fuselage through to the aft pressure bulkhead; both for the faired curve and 

the enveloped upper bound. The full duration unsymmetrical analysis generally 

shows lower crush except in the forward fuselage region where both analyses 

are in close agreement. The crush in the region from FS820 through to the aft 

fuselage for the symmetrical impact analysis is greater than that for the 

unsymmetrical analysis. 

3.2.4 One-Degree Nose-Up Analyses Results 

The planned impact, as noted previously, was to be symmetric with one­

degree nose-up pitch attitude and a sink ~peed of approximately 17 ft/sec. 

The actual impact occurred with a sink speed ~lose to the desired value, but 
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in an unsymmetrical attitude (yaw = 13°, roll = 13°), and at a flatter atti­

tude (pitch = 0). Analyses were performed using the post-CID stick model 

to compare results between the planned and actual conditions. For this com­

parison presented in table 3-11 and figure 3-30 no initial rotational velocity 

was used. The engines do not crush much in the symmetrical impact as the 

fuselage, around FSI000, makes initial contact with the ground. For the 

unsymmetrical impact, the airplane initially impacts on the No. 1 engine and 

the No. 2 engine makes ground contact approximately 80 milliseconds later. 

The forward fuselage (FS300-460) contacts the ground aproximately 400 milli- . 

seconds after initial impact. The initial aerodynamic loading, as well as the 

location of the engine contact point, relative to the lowest extremity for the 

fuselage used in the model, will influence the contact sequence. The sym­

metrical model generally has higher accelerations from the mid fuselage 

(FS820) and aft, than the unsymmetrical model, since the initial contact is on 

the fuselage. The pulse durations are longer ( 130 - 160 milliseconds) in the 

symmetrical model than the pulse durations ( 120 milliseconds) obtained from 

the unsymmetrical model. Substantially more crushing is generated during the 

symmetrical impact. For'reference, the "Laurinburg" crush range is shown in 

figure 3-30. The LICs for the symmetrical impact are generally lower than the 

corresponding LICs obtained from the unsymmetrical impact. However, the pulses 

for the former are broader in duration (approximately 0.150 seconds versus 

.120 seconds). The unsymmetrical impact appears to be more severe for the 

wing and associated wing related fuel containment concerns. Based on the 

results shown in figure 3-30, a comparison was made between the pre-CID 17 

ft/sec symmetrical analyses with and without the revised (figure 3-24) engine 

crush characteristics. This comparison is also presented in figure 3-30. The 

post-CID acceleration responses are lower, particularly for the forward and 

rear extremes of the fuselage. The post-CID analytically obtained LIC values 

are also substantially lower. The post-CID analytically obtained crushing 

distances have increased when comparing symmetrical impacts. Based on the LIC 

values in table 3-11, the margin associated with the structural integrity of 

the airframe could be about 17 percent to 36 percent, whereas the pre-CID 

analysis indicates 0 to 20 percent margins. The extrapolation to a LIC value 

of 1.0 on a linear basis may be misleading. 
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TABLE 3-11.	 COMPARISON OF 17.3 FT/SEC SINK SPEED SYMMETRICAL AND 
UNSYMMETRICAL IMPACT ANALYSES RESULTS FOR +1 0 PITCH-UP 
ATTITUDE, STICK MODEL 

LOCATION (F.S,) SYMMETRICAL UNSYMMETRICAL 

PEAK VERTICAL ACCELERATION, 
TRIANGULAR PULSE(l) 

(1) 18.7 (16, .130l(1) 199 10.6(16.; .1201 
300 11.5 (12.5, .140) 9.602.4, .120) 
460 9.3 (10, .120) 
620 

11.7 (9.6, .160l 
9.1 (8.0, .150) 9.1 (9.2, .120) 

820 7.2 (8.4, .150) 8.8 (9.2, .120) 
960 6.8 (8.8, .140) 8.7 (9.2, .120) 

1040 6.0 (8.0, .140) 8.0 (9.2, .120) 
1200 7.0 (9.0, .130) 
1400 

7.7 (9.2, .140) 
9.1 (9.0, .170) 5.7 0.6, .180) 

L1C RATIO
 

350
 .27-.40 
600-620 

.52-.69 
.80-.82 

960-990 
.67-.83 

.73-.83 
1210 

.51-.64 
.75
 

1400
 
.59 

.7 

CRUSH DISTANCE, IN. 

300 

.65 

6.5 2.2 
460 6.2 2.2 
620 7.4 3.5 
820 9.6 6.1
 
960
 12.0 9.2
 

1040
 13.4 10.0
 
1200
 7.6 2.5 

(1) A(B C)'A '= 50HZ FILTERED PEAK B '= IMPULSEX2 C'= IMPULSE DURATION SECONm , ,	 'fl. t t , 

For the symmetrical impact crushing of the center section (FS820) and the main 

landing gear bulkhead (FS960) show 9.6 and 12.0 inches, respectively. If 

"bottoming out" occurs in these regions at crush distances reasonably close to 

these values, then there will be less available margin because the shear and 

moment loads could increase assympototically. Once again, a "Laurinburg" type 

test, to ascertain the limits of critical crush zones in both the fuselage 

center section and the engines, would be valuable. The symmetrical impact 

results in more fuselage crush, since tile engines do not crush much, and 

higher peak accelerations (approximately 10-1S percent from FS460 to FS1400). 
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3.2.5 Stick Versus Expanded Model Results 

The expanded model versus stick model results for the 17 ft/sec, 1 degree 

nose-up attitude impact condition are shown in figure 3-31. The expanded 

model generally shows higher LIC ratios than the stick model. The one 

exception is at FS 600 - 620. There are several differences between the stick 

and expanded models which contribute to the discrepancies. Three notable 

differences are; (1) aerodynamic loading representation, (2) contribution of 

beams to LIC ratios, and (3) plasticity. A review of the two models shows an 

inadvertent difference in the time application of the aerodynamic forces. The 

expanded model, as intended, represents a fuselage section with s~veral beams 

as opposed to one beam for the stick model. Thus, the LIC ratio is determined 

from several beam forces at each respectiv~ station. Some of these beams in 

the expanded model may yield. As noted in the pre-GID analyses, the 

representation of nonlinear beams does have an influence on the resultant 

loads and deflections. In the expanded model, the individual peak accelera­

tions vary from 30 to 200 percent higher than the corresponding stick model 

peak levels. However, the higher peaks from the expanded model tend to be 

much shorter in duration. When comparing triangular pulses based on impulse 

data, the differences are not as great as noted in figure 3-31. The engines 

crush more in the expanded model which accounts for the lower fuselage crush 

throughout most of the length of the airplane. The expanded model shows 

yielding of some side fuselage structure and rupture of some longitudinal 

floor beams, as well as the inboard and outboard engine/wing attachment 

members. i Concurrence that these failures will occur in a test is needed, 

perhaps from an additional planned "Laurinburg" type. Of interest, the range 

of crush distribution for the previously performed Laurinburg test is shown in 

figure 3-31. Unfortunately, no acceleration responses were obtained with 

which to compare with KRASH output. It may be that the beam failures are only 

model related since force cut-off levels are selected by the user. 
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3.2.6 Wing and Engine Responses 

Left and right wing and engine accelerations as well as wing bending 

moment responses were obtained from the CID test. The data points and their 

locations on the CID airplane are shown in table 3-12 for the 22 instrumenta­

tion channels. The wing and engine pylon accelerometer data traces are shown 

in figures 3-32 through 3-36. The wing bending moment responses are shown in 

figure 3-37. The airplane impact sequence was described earlier in this 

section. As was previously stated the initial impact was on the left wing 

outboard engine. The left wing accelerometers responses reflect this impact 

in that they exhibit significant high frequency ringing and in some instances 

overload of the accelerometers, which in effect, results in loss of data. The 

left wing tip (outboard of the number 1 engine) fails and the engines also 

during the crash sequence depart the aircraft. The left engine data indicate 

more significant responses at the forward section of the pylon as compared to 

the rear section of the pylon. The engine attachment to the wing at the front 

spar failed in both the 'Laurenburg' drop test and CID test. The right wing 

and engine accelerometers show lower amplitudes and their responses, for the 

most part, reflect the fundamental low frequency wing bending mode. Several 

right wing channels (No. 180, 182, 183) either show loss of data or an inter­

mittent transient peak with no appreciable time duration. The right engine 

rear pylon response (Ch. 342) shows a high peak (28.5g) after fuselage impact. 

However, this data is suspect because the area under the curve integrates to 

an approximate ~V of 58 ft/sec. The results of the KRASH unsYmmetrical 

impact, using a 24-mass, 25-beam KRASH stick model described earlier, are 

summarized in tables 3-13 through 3-16. Included in tables 3-13 and 3-14 are 

estimated wing allowable strengths. The acceleration responses shown in table 

3-15 tend to be relatively low in magnitude, particularly for the left wing 

where initial impact occurred. Table 3-16 shows the engine beam loads that 

are developed in the analytical model. The KRASH model has, for each engine, 

only one engine to wing attachment beam. The crush of the engine is most 

likely relatively soft compared to the 'real world' since with one beam, if 

failure occurs, the beam ruptures and the airplane will not rotate properly. 

A more realistic approach for a wing-engine response study is two attachment 

beams per engine. As noted earlier, the emphasis is on aircraft fuselage 
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TABLE 3-12. WING AND ENGINE RESPONSE MEASUREMENT INSTRUMENTATION 
LOCATIONS 

CHANNEL PARAMETER DIRECTIOI~ 

LOCATION 

BS BL 

172 LEFT WING - TIP NORMAL 1214 -733 

173 LEFT WING - FWD. SPAR INBOARD NORMAL 806 -318 

174 LEFT WING - FWD. SPAR OUTBOARD LONGITUDINAL 1020 -540 

175 LEFT WING - REAR SPAR OUTBOARD NORMAL 1090 -540 

176 RIGHT WING - REAR SPAR INBOARD NORMAL 940 +318 

177 LEFT WING - REAR SPAR INBOARD NORMAL 940 -318 

178 RIGHTWING - REAR SPAR OUTBOARD NORMAL 1090 540 

179 RIGHT WING - TIP NORMAL 1214 733 

180 RIGHT WING - FWD. SPAR INBOARD NORMAL 806 318 

181 RIGHT WING - FWD. SPAR INBOARD LONGITUDINAL 806 318 

182 RIGHT WING - FWD. SPAR OUTBOARD NORMAL 1020 540 

183 RIGHT WING - FWD. SPAR OUTBOARD LONGITUDINAL 1020 540 

184 LEFT WING - FWD. SPAR INBOARD LONGITUDINAL 806 -318 

185 LEFTWING - FWD. SPAR OUTBOARD NORMAL 1020 -540 

332 LEFT ENGINE - FWD. PYLON NORMAL 494 -324 

336 LEFT ENGINE - REAR PYLON NORMAL 569 -333 
339 RIGHT ENGINE - FWD. PYLON NORMAL 494 328 
342 RIGHT ENGINE - REAR PYLON NORMAL 569 319 
343 LEFT WING - BRIDGE,INBOARD LATERAL 700/870 -160/162 
344 LEFT WING - BRIDGE, OUTBOARD LATERAL 830/870 360/384 

345 RIGHT WING - BRIDGE,INBOARD LATERAL 700/870 160/162 

346 RIGHT WING - BRIDGE, OUTBOARD LATERAL 830/960 -360/384 
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TIME. SECDNDS TIME SECONtlS 

FIGURE 3-34.	 LEFT AND RIGHT WING TIP NORMAL ACCELERATIONS (BL~733), 

CID TEST DATA 

impact and floor responses, which is why a modification was not pursued. It 

is, however, suggested for future analytical development. 

The KRASH model for the CIO unsymmetrical impact condition assumes that 

the initial aerodynamic forces acting on the left and right wings differ in 

the following two respects: 

1.	 There is more lift acting on the right wing; 
2.	 The lift acting on the left wing decays to zero at 1 second after 

impact, while the lift on the right wing remains constant. 

The loss of lift on the left wing reflects the fact that the left wing 

pylons/engines impact the ground. The application of unsymmetrical lift 

forces allows the airplane to keep the right wing from impacting the ground 

which reflects the test results. The lift is applied at the four-engine mass 

locations so as to result in bending mGffiPnt distributions which approximate 

the initial loading exhibited in the test da;-~. The analysis results show 
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TABLE 3-13. KRASH WING BENDING MOMENT RESPONSE. STICK MODEL
 

MASS NO. BL (a) 

BENDING MOMENT, IN-LB X 106 

ANALYSIS 
ESTIMATED 
ULTIMATE 

11 

12 

13 

14 

15 

21 

22 

23 

24 

25 

-118 

-271 

430 

-583 

-740 

118 

271 

430 

583 

740 

41.4 

28.2 

19.7 

7.4 

1.0 

39.1 

24.9 

10.2 

4.7 

0.2 

50. 

30. 

15. 

10. 

5. 

50. 

30. 

15. 

10. 

5. 

(a) NEGATIVE DENOTES LEFT WING 

TABLE 3-14. KRASH WING SHEAR RESPONSE. STICK MOOEL
 

MASS· ' I-J 
BL (a) 

SHEAR, LB X 103 

ANALYSIS 
ESTIMATED 
ULTIMATE 

FUSEL. - 11 (b) 0/-118 200. 250 

11 - 12 -118/-271 139. 200 

12 -13 ·2711430 94. 110. 

13 - 14 430/-583 90.3 40. 

14 - 15 -583/-740 44. 10. 

FUSEL. - 21 0/118 195. 250. 

21 - 22 118/271 106. 200 

22 - 23 271/430 84. 110. 

23 - 24 430/583 86. 40. 

24 - 25 583/740 19.5 10. 

(a) NEGATIVE DENOTES LEFT WING 

(b) TWO ATTACHMENT BEAMS 
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TABLE 3-15. KRASH WING AND ENGINE ACCELERATIONS, STICK MODEL
 

MASS NO. BL(a) 

PEAK ACCElERATION, G (50 HZ FILTERED) 

VERTICAL LONGITUDINAL 

11 -118 6.1 1.8 

12 -271 8.0 3.5 

13 -430 9.7 4.5 

14 -583 13.5 5.6 

15 -740 29. 11.2 

16(b) -321 5.6(c) 2.5(c) 

17(b) -551 6.7(c) 3.2(c) 

21 118 9.0 2.3 

22 271 7.1 2.3 

23 430 7.4 2.3 

24 583 5.7 1.5 

25 740 15.9 5.7 

26(b) 321 7.3 4.0 

27(b) 551 6.2 2.1 

(a) NEGATIVE DENOTES LEFTWING 

(b) ENGINE MASS 

(c) ACCElERATION PEAK VALUES EXCEED 50 G VERTICAL AND 25 G LONGITUDINAL AT FAILURE 

TABLE 3-16. KRASH ENGINE BEAM FORCES, STICK MODEL
 

WING 
ENGINE 

LOCATION 

PEAK 
VERTICAL FORCE OCCURRENCE 

PEAK 
LONGITUDINAL FORCE OCCURENCE 

VERTICAL 
FO RCE, LB 

LONGITUDINAL 
FORCE, LB 

-
VERTICAL 
FORCE, LB 

LONGITUDINAL 
FORCE, LB 

LEFT 

LEFT 

RIGHT 

RIGHT 

INBOARD 

OUTBOARD 

INBOARD 

OUTBOARD 

101500 

106700 

59290 

69840 

26500 

18700 

3229 

8118 

44800 

43600 

17790 

30740 

57700 

74000 

20660 

9950 
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predominantly up shear and bending on both wings. The duration of the loading 

is between 0.460 seconds and 0.700 seconds. which appears consistent with the 

wing bending moment responses obtained from the eID test (figure '3-30). 

Comparisons of test and analytically obtained wing response results are 

presented in figures 3-38 and 3-39. Figure 3-38 shows the wing peak bending 

moment distribution. The analysis results are not simultaneous values. In 

general. the analysis and test comparison is in good agreement. The one 

discrepancy is at BL-430 (left side) which is located between the two engines 

which impact the ground. The engine-wing attachment modeling. as noted 

earlier. has to be further evaluated. and may be responsible for the 

difference. However. this one data point not withstanding. the analysis 

indicates bending moments reasonably close to the estimated wing strength • 
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Figure 3-39 shows a comparison of peak vertical accelerations. As stated 

earlier. the left wing measured responses, because of transient ringing 

behavior and overload. are difficult to assess. The right wing. because it 

did not impact the ground, provides responses which can be more directly 

compared to the analysis results. The analysis indicates somewhat higher peak 

values than shown in the test data. 
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Figure 3-40 shows the wing shear distribution. Once again. the trend is 

generally good. The analysis results suggest that failure can he expected 

outboard of the number 1 engine (BL 551). Based on the data in table 3-14. 

the most vulnerable region for failure to occur is at the left wing tip. 

Indeed. the left wing tip did fail during the initial stage of impact. No 

right wing failure occurred during the test and the analysis. in this respect. 

predicts too high a loading. The estimated shear strength could also be lower 

than exists. For example. if the strength curve were modified. as noted in 

figure 3-40. then only the wing failure potential would exist. Once again. 

engine-wing modeling represents an area that could be further explored. 
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The pre-CID symmetrical KRASH stick model analysis wing and engine 

responses for the planned CID impact conditions (17 ft/sec sink speed, 

+1 degree pitch, zero yaw and roll) are shown in figures 3-41 through 3-43. 

Figure 3-41 shows the moment distribution obtained from the model, as well as 

the estimated strength. The analysis shows margins of at least 10 percent. 

The analysis, to determine fuselage responses for the symmetrical impact, is 

presented in table 3-11 and figure 3-30. In the pre-CID analysis the fuselage 

LICs indicated zero margins. The post-CID analysis shows at least 17 percent 

margin for the fuselage. Figure 3-42 shows the shear distribution obtained 

100 
o KRASH MODEL 

SYMMETRICAL IMPACT 
LEFT AND RIGHT WING 

cD .....,. 80 
---ESTIMATEO WING 

~ 
BENDING STRENGTHco 

0 

o DENOTES WING MASS 
~ 60 

"	 • 

LOCAnON - KRASH MODEL z 
LU	 

" 
" 

0 
~ DENOTES ENGINE MASS
 
~
 LOCATION - KRASH MODEL 
~ " z 40	 " Ci	 '" z 
LU '" eo '" 
~	 ....... ,
z	 " 
3:	 .......
20 

0 0 '" ...... '" o .............--0'---­
00 

0 100 200 300 400 500 600 700 800 

WING STATION (BLl, IN. 

FIGURE 3-41.	 KRASH ANALYSIS WING SHEAR DISTRIBUTION FOR SYMMETRICAL 
IMPACT; 17.3 FT/SEC SINK SPEED, +1 DEGREE 
PITCH ATTITUDE, STICK MODEL 

3-59
 



200 

250 I---~-----""lr----,--------r----.------r----r-----' 

C') 

a 150 

':l 
r;:j 

'" '= a: 
~ 
~ 
C/) 100 

50 

] DO 200 300 400 500 

WING STATION (BU, IN. 

o KRASH MODEL
 
SYMMETRICAL IMPACT
 
LEFT AND RIGHT
 
WING
 

- -ESTIMATED WING 
SHEAR STRENGTH 

o DENOTES WING MASS 
LoCATloN- KRASH MODEL 

•	 DENOTES ENGINE MASS 
LDCA nON - KRASH MODEL 

600 700 

FIGURE 3-42. KRASH ANALYS IS WING SHEAR DISTRI BUT ION FOR SYMMETI{ICAL HIPACT; 
17.3 FT/Sr~C SINK SPEED, +1 DEGk.l~r: PITCH ATTITUm:, STICK MODEL 

I I I r 
u 

-IH -

o	 'RASH M[)lJf I 
SYMMllRILAt IMf-'A( 1 
lff T AWJ HI(JHI 

II WIN() 

'::;J	 KAASH MOOEI ENGINE CG 
LEFT ANO AIGHT WING 

a	 OINOTES WING MASS 
I • IOC.lION 'AASH MOOfl 

D~NOHS fNGWE MASS 
(I.' '- LOC.lION 'AASH MOIJH 

11I~ 

I] I] 

-" -	 o 

, -~ 

' ­

I I 

I[)IJ 700 

WING STATIO~~ (BL), IN. 

FIGURE. 3-43.	 KRASH ANALYSIS WING VE.RTICAL ACCELERATIONS IMPACT; FOR SYMMETRI­
CAL 17.3 FT/SEC SINK SPEED, +1 DEGREE PITCH ATTITUDE, 
STICK MODEL 

3-60
 

800 



from the model as well as the estimated strength. Positive margins exist from 

BL 583 inboard. At the outboard tip the margin is negative. Either the 

analysis predicts the loads too high or the wing shear strength is greater 

than shown. Figure 3-43 shows the peak vertical acceleration along the wing 

span. In general, the value is between 8g and 9g except at the tip, where it 

is 18.9g. The peak vertical acceleration, at the two wing attach points, are 

approximately 8.5g and 8.0g, respectively, for the pre-CID analysis. The 

corresponding post-CID analysis values are 9.lg and 7.2g. 

The KRASH stick model for this impact condition has an assumed 

aerodynamic loading distribution which is similar to the pre-cID analyses. 

The lift load is assummed to remain constant throughout the impact. The 

magnitude of the lift forces, the distribution along the airplane and the time 

application of the lift forces differ from the CID correlation model described 

earlier in this section. These differ along with a different impact sequence 

account for the lower wing bending and shear responses experienced in the 17 

ft/sec, +1 degree symmetrical impact versus the CID unsymmetrical impact. 
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SECTION 4
 

SUMMARY OF RESULTS
 

The KRASH stick model (figure 2-1) depicting the fuselage initial impact 

with the ground at 14 ft/sec in a symmetrical attitude shows agreement with 

the CIn test data with regard to peak vertical accelerations and crush dis­

tances. The analysis indicates higher LIC values than are estimated from the 

test bending bridge data. The analytically determined LIC values show that 

airframe strength has not been exceeded. 

The KRASH stick model results depicting the CID unsymmetrical air-to­

ground impact from engine No. 1 contact on and through to fuselage contact 

shows agreement with the sequence and time of occurrence of significant events 

such as engine No.1, engine No.2 and fuselage ground contact. The airplane 

cg velocity is reduced from an initial 17.3 ft/sec to approximately 14 ft/sec 

when the fuselage hits the ground which is consistent with the test data. The 

crush magnitudes and distribution, as well as the LIC values which indicate 

fuselage airframe strength margins which exist at that impact level, are also 

consistent with the test results. However, the fuselage vertical accelera­

tions from the mid-fuselage (FS820) through to the aft-fuselage (FS1400) are 

higher than the levels recorded during the test, which also differs from the 

results obtained from the abbreviated 14 ft/sec fuselage impact analysis 

results. Acceleration response comparisons for the fuselage initial impact 

are described in Section 3.2.1 and are shown in figures 4-1 and 4-2. The 

analyses showed that the responses are somewhat sensitive to the initial 

loading (aerodynamics) conditions and the manne~ in which those loads change. 

The difference in acceleration responses noted may be due to the manner in 

which these external forces are represented in the KRASH model. 

The fuselage vertical acceleration responses obtained from the post-CID 

analyses, both the symmetrical impact on the fuselage at 14 ft/sec, and the 

unsymmetrical impact on the No.1 engine at 17.3 ft/sec are shown in fig­

ure 4-3, along with the measured test data range. The acceleration values 

shown in figure 4-3 represent peak g's for a triangular pulse with a base 

4-1
 



6 

: 

~ 2 
;::: 

~ 4 

~ 6 

10 

12 

14 

INITiAL FUSELAGE 

a) BS229 

.5 

ANALYSIS 8S259 IKRASH fS199, MASS 11 

- _ - - TEST BS229 ICH. 11 

~GROU'O'MPAC' 

ot'--~+--t-+--+--+---:l,e----"\orf--~~-~---+- TIME. SEC 

\ 

\ 

\ 

ANAL YSIS BO 480 IKRASH FS 460, MASS 31 

- - - - - TEST BS 540 ICH 141 

INITIAL 
FUSELAGE GROUND 
IMPAC, 

b) BS540 

•
INITIAL FUSELAGE I, 
GROUND IMPACT I, 

I , 
I 

\ 
\ 
\ , 
\ I 
\ I 

ANAL YSIS BS 620 IKRASH FS 620, MASS 41 

- - - - - TEST BS 600J ICH 2021 

, J,, 
c) BS600J,: t 

~ 

FIGURE 4-1.	 COMPARISON OF KRASH STICK MODEL AND cro ACCELERATION TIME 
HISTORIES: BS229~ 540~ 600J 

4-2 



INITIAL FUSelAGE 
GROUND IMPACT 

~----+----I-~--;~---1~--- ....I;-;;;;;-I--T---t-+-- TIME. SEC 

\ /
\ / 
\ I 
'I 

_____ ANALYSIS BS B20 IKRASH FSB20 MASS 51 

TEST BS 820 ICH 2221 

a) BS820 

z 
Cl;:::..
 
~ 
u..u 

INITIAL FUSElAGE I 
1 ~ GROUND IMPACT I \ 

1 

2 

5 \ 

\ ----"'1' \ 
\ I 
\ I 
,_. I 

\ I 

" - ANALYSIS BS 960 IKRASH FS 960. MASS 61 

- -. TfST BS 960 ICH 84} 

SEC 

I 
I 

I 
I 

I 

ANAL VSIS BS 1440 IKAASH FS 1400. MASS 9\ 

TEST 8S 1380 (CH 1051 
c) BS1380 

FIGURE 4-2. COMPARISON OF KRASH STICK MODEL AND CID ACCELERATION TIME 
HISTORIES: BS820. 960. 1380 

b) BS960 

-c<----,H'-+-l =-+_4~_t---_t---~--T\ME. 
4 

;z 
9 1 
....... 
CI: 

~ 2 
u 
U 
<! 

4-3
 



··IMPACT CONDITION I 

FORWARD VELOCITY - 155 KNT 
INITIAL IMPACT VELOCITY - 17.3 FTlSEC _ 0°PITCH TTTltUOE 
ROll. YAW ATTITUDE - -13° 
ROll. PITCH RATE - -0.04 RADiSEC 

·IMPACT CONDITION~.: 
x,

16 FORWARD VELOCITY -155KNTS 
~ INITIAL IMPACT VELOCITY .. 14 FTfSEC 
z ..J 14 PITCH AlTITiT[fC" - 1° TO 2° (NOSE·DOWN)
Cl _ 0°ROll. YAW ATTITUDESi= 
« 12a:: 
u.l 
-' 
u.l 
u 10 
u 
« 
-,I 
« 8 
u 
i= 
a:: 6 
U-I 
:> 
::..:::' 
« 4 
U-I o~ o 

2 

0 

o
 

() TEST RESULTS 

ZZ ANALYSES· 
SYMMETRICAL IMPACT. 
ON FORWARD FUSELAGE 

x-x ANALYSIS·· 
. UNSYMMETRIC IMPACT 

ON ENGINE NO.1 

300' 600 900 1200 1500 

FUSELAGE STATION. IN. 

FIGURE 4-3.	 COHPARISON OF POST-TEST CIO KRASH STICK ~10DEL ANALYSIS AND TEST 

RESULTS FOR FUSELAGE IMPACT 

duration between O.lUO and 0.150 seconds. The longitudinal pulses are 

approximately 3 to 4 gls along the fuselage. 

The analyses results for both the planned symmetrical (0° roll, yaw) and 

the actual unsymmetrical (-13 roll, yaw) impact conditions with the 
a 

one-degree nose-up and a 17.3 ft/sec sink rate are shown in figure 4.4. The 

fuselage peak triangular vertical responses generally are higher for the 

planned symmetrical impact than for the actual CID unsymmetrical. The LIC 

ratios are higher; however, for the aft fuselage impact for the unsymmetrical 

impact. The LIC ratio for the symmetrical impact reaches a maximum of 0.78 at 

around FS960 (Main Landing Gear Rulkhead). The crush distribution is similar 

to the "Laurinburg" results for the symmetrical impact and lower for the 

unsymmetrical impact. The LIC ratios, crush distances, as well as the 

"Laurinburg" crush range are shown in figure 4-4. It should be noted that 

when the fuselage impacts the ground at 14 ft/sec with the engines having 
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already crushed and failed» the LIC reaches a maximum value of 0.6. By 

linear extrapolation this data suggests that a LIC ratio of 1.0 would be 

reached at a sink speed of 20 ft/sec. 

Comparisons of the stick versus expanded model fuselage results for a 

symmetrical 17 ft/sec impact with a 1 degree nose-up altitude engines-on are 

shown in figure 4-5. As noted earlier a major discrepancy exists for the LIC 

ratios at FS600. Other than that the LIC values range between 0.60 and 0.70» 

the peak vertical accelerations» also shown in figure 4-5, are reasonably 

close through to fuselage station 960. Aft of this station the expanded model 

responses are approximately 2/3 of the stick model values. The crush 

distribution for both stick and expanded models exhibit the same trend. They 

are both within the crush distances observed for the "Laurinburg" test» which 

was performed under the same impact conditions, excluding aerodynamic loading 

and forward velocity. As noted in Section 3.2.5 there are differences in the 

stick and expanded model representations. These differences need to be 

further investigated to ascertain their influence on the respective results. 

The fuselage peak vertical g versus base duration for the triangular 

pulses associated with the analyses and test results are shown in figure 4-6. 

The acceleration responses are shown for the passenger cabin region only 

(FS460-FS1400). As expected there is substantial scatter. For the most part 

the results; test and analyses fall in the shaded area which is between 4g to 

109 peak and O.lOOOto 0.170 second base duration. 

The major discrepancy between analysis and test results for the fuselage 

is the high peak vertical accelerations obtained from the full unsymmetrical 

analysis. Several areas in the model and impact condition representation may 

contribute to this difference. These include: 
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•	 The effect of both the initial and time varying aerodynamic loading ­
For example, the moment response data from figure 3-2 is repeated in 
figure 4-7. The symmetrical model analysis starts at the point 
designated "nose-impact," 'With an aerodynamic loading applied so as to 
develop the moment distribution measured. The unsymmetrical model 
analysis starts at the point noted "initial engine impact." For the 
analyses to be identical the moments would have to be developed from 
"initial engine impact" through "nose-impact" as shown in figure 4-7. 
This does not occur in the model. Model revisions to allow more 
detail in engine/wing attachment and application of aerodynamic 
loading are needed to evaluate this effect. 

•	 Representation of engine/wing/fuselage attachments - For example, the 
unsymmetrical model results indicate that a pitch rotational velocity 
developes at the time the fuselage impacts; it is approximately 0.05 
to 0.10 rad/sec. The actual contact velocity at the fuselage mass at 
time of ground contact in some cases is noted to be higher than the cg 
velocity, resulting in higher peak g values. When initial pitch and 
roll rotational velocity were included such that the resultant 17.3 
ft/sec vertical contact velocity consisted of both translational and 
rotational components, the results were in better agreement with the 
test data (figure 3-28). 

The analytical wing response results are of interest, in light of the 

measured and observed eIn test data. The analytically obtained moment and 

shear distributions, along with estimated strength levels and available test 

data, were shown in figures 3-38 and 3~40, respectively. These data are 

reproduced in figures 4-8 and 4-9, respectively. The curves suggest that for 

the 13 degree roll, 17.3 ft/sec sink speed condition the wing structural 

integrity is at or near its limit. For this impact condition, the left out­

board wing section has the highest potential for failure. Failure initiated 

at	 the left wing tip would progressively work its way inboard. Since there 

was no fuel tank rupture, or significant fuel spill as a result of this fail ­

ure, it is presumed that the wing fuel containment requirements are met for 

this crash scenario. Anaytical studies, described in reference 11, were per­

formed for a gear-up airplane contacting the ground with one-wing low. The 

pitch attitude was level, or slightly nose-up. These conditions are similar 

to	 the eID test. The report goes on to state that crushing and wearing-off 

the tip and outer wing will begin when contact is made with the ground and 

will progress along the wing until a fuel tank is opened, the wing is broken 

off, or the airplane is righted by the loads which are crumbling the outer 

4-9
 



8.5.410 
co 

~ '" <L> 

~ ~
 
~
 =' 
~ 

...: 
or 
i 
c:> z 
:I ~ 
Cl 0
 

~ 0
 

·15 

= 
·20 

0 1'j 50 )'j 10 11'j 

TIME ISEt! 

+:­
I 

JO 
B.S. 1030 

I-' t ~s 
0 ~Z() 

z 
;0: 15 ~ 

4> 0 
~ 0 '!; 
~ 10 

J "s 
-

~ 
~ n f\ 

=' 
~ 

z 

~ 
'" ·5 z '" c 
~ ~ -10
 

1>
 

·10 

-
-1'jt 

- 30 ( ( ( I I 
0 2'j ,0 15 10 1 J, 

liME ISECI 

Figure 4-7. 

T 

" 

z 

g 

2 
;0 
0 
co 

CD NO.1 ENGINE IMPACT 

0) INITIAL fU~~!-AQEJM~U 

20[ ~ 

15 B.S.510 
'" 
~ 

. ,.-.,. ~ 
10 

:~I 1~ 'VI

5 f\r-...... 7 ' 

- 10 I .I V 

.t ~' 

-Ill I t I ! I 
0 2'j 50 1'j 10 1 25 

liME ISEtl 

:l 8.5.1130 

f\ ~ 
15 

~~ 

~.'Ii 

" I I ~ I I \ I I \ II 

t-G) \ I 
v 

;jJ_ ,­
~ 

10
'5 

l~ 

. l\ I ! ! I I 
0 25 ,0 15 \ 0 1 15 

"t V 

IIMf ISW 

eIn Test Results, Moment Responses 

I
30 I 
15 

20 

~I 15 

I 10 

il 
I ·5 

·10 

·15 

, . ~a 

t 
-,5 

·30 
a ,I 

JOr W 
Ht 

fl fa 
g 

I . I 

·10
 

I ·15
 

·10
 

~l 

t ·25 
0 1'j 

B.S.600J
 

10 15 r 0 115 

liME ISEC, 

B.S. 1250 

50 J'j 10 I 15 

TIME ISICI 



wing. The study concluded that for an airplane carrying fuel, the entire span 

of structural box, the fuel can be contained at roll attitude up to 12 de­

grees, independent of descent angle. With no fuel carried outboard of the 

80 percent semi-span location, the fuel can be contained at roll attitudes up 

to 15 or 16 degrees. The CID test, at a roll attitude of 13 degrees and the 

extent of wing damage experienced at impact, appears to confirm these earlier 

findings. 

The analyses results showed that for symmetrical impact at 17.3 ft/sec 

impact and a +1 degree pitch attitude, the moment and shear distribution along 

the wing will be substantially below the estimated strength (figures 4-10 and 

4-11). 

The correlation results, described in this report, suggest several 

concerns that need to be addressed with additional analyses and/o~ test. The 

follOWing is a brief discussion of these items: 

•	 How sensitive are the responses to assumed external loading 
(ae~odynamics) and initial rotational velocities (pitch, ~oll, yaw) 
within the range of survivable impact speeds and attitudes. Analysis, 
as opposed to testing, is a more practical attempt to clarify this 
item. 

•	 What is the trend of the response of the airframe as a function of 
pitch attitude? For example, do the fuselage extremities respond in 
the manner as indicated by the ~esults of the limited range of 
analyses perfo~med during this study and ~eported in Section 3.0? 
Additional analysis supported by limited testing is necessary. 

•	 What is the app~opriate ~epresentation of the engine/wing and 
wing/fuselage attachments to provide better agreement with test data, 
both during initial engine ground contact and subsequent fuselage 
ground contact? While the effort, described in Section 3.0, did not 
dwell on the engine or wing representation the results indicate that 
this is an area that needs further effort. Model improvements in this 
area could be beneficial to wing fuel containment studies. More 
detailed analysis, with some limited testing, appears desireable for 
this issue. 

•	 Formulate a crash dynamics manual which, as a m1n1ffium, describes crash 
scenarios, available test data, modeling approaches, structural 
element representations, and fuselage crush characteristics. 
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SECTION 5
 

CONCLUSIONS
 

5.1 CONCLUSIONS 

Comparison of KRASH modeling results, with CIn test data, has shown the 

capability to depict the significant responses and events. 

•	 The analysis of the symmetrical impact on the fuselage at a 14 ft/sec 
sink speed and with a 1° to 2° nose-down attitude shows good agreement 
with acceleration pulse magnitudes, durations, and distribution, as 
well as fuselage crush. The LIC ratios, while higher for the 
analyses, still indicate that the test impact levels are well within 
airframe structural integrity. 

•	 The analysis of the unsymmetrical impact initiating with engine No. 
contact with the ground at 17.3 ft/sec and subsequent rotation onto 
the No.2 engine and fuselage, indicates agreement with regard to 
airframe structural integrity and fuselage crush. However, the 
fuselage peak vertical accelerations are higher than those measured 
and obtained from the symmetrical fuselage impact analyses from the 
mid-fuselage and aft. 

•	 The stick model is adequate for obtaining basic data such as floor 
pulses, airframe integrity and fuselage crush. 

•	 The expanded model results which were obtained for the 14 ft/sec 
fuselage symmetrical impact show reasonable agreement with the stick 
model results. However, the relatively low level of fuselage impact 
loads do not result in fuselage airframe failures and thus 
substantiation of the adequacy or desirability of the need for 
additional detail modeling is lacking. 

•	 While the analytically obtained wing and engine responses show 
agreement with the test data, they also indicate that 
improved/wing/engine and wing/fuselage interface representations are 
desirable. 
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APPENDIX A
 

CID TEST DATA
 





TABLE A-l elD FUSELAGE FLOOR RESPONSE DATA 

CHANNEl 
NO. DESIGNATION DIRECTION 

LOCATION 
BS Bl Wl 

1*,2,3 PILOT-FLR N,l,T 228 -12 0 
14*,15* SITE3-LFLR N,L 540 -25 4 
29*,30,31 SITH5-LFLR N,l,T 600J -25 4 
45* SITF6-RFLR N 660 25 0 
49*,50 SIT07-LFLR N,l 702 -25 0 
65*,66 SITG9-LFlR N,l 820 -25 4 
80* SITB 11-LFLR N 920 -25 0 
84*,85 SITI12-RFLR N,l 960 25 0 
95,96 SITN 14-RFLR N,l 1220 25 0 
105*,106,107 SITT 15-LFLR N,l,T 1380 -25 0 
118,119 FR#2-FLRLW N,l 540 ·70 4 
120,121 FR#2-FLRRW N,L 540 70 4 
138,139 FR#4·FLRLW N,l 820 -70 6 
140,141 FR#4-FLRRW N,l 820 70 6 
147,148 FR#6·FLRLW N,l 1120 ·70 4 
186",187,188 SITA3·RFlR N,l,T 540 25 4 
198" SITC4·LFLR N 600 -25 0 
202*,203 SITB5·RFLR N,l 600J 25 4 
218" SITI6-LFlR N 660 -25 0 
222 SITC9·RFLR N 820 25 4 
234 SITA1o-LFLR N 860 -25 0 
238" SITH 11·RFLR N 920 25 0 
242*,243 SITF 12·LFLR N,l 960 -25 4 
254* SIT07-RFLR N 696 25 0 
258 SITN 14-LFLR N 1220 -25 4 
271,272 FR#l·FLRLW N,L 400 -70 4 
278,279 FR#l-FLRRW N,l 400 -70 4 
288 FR#3·FLRLW N 600J ·70 4 
290 FR#3-FLRRW N 600J 70 4 
300,301 TAIL N,T 1608 0 52 
316 FR#7·FLRLW N 1220 -70 4 
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	EXECUTIVE SUMMARY. 
	The analyses results of a transport airplane Controlled Impact Demonstra­tion (CID) test using program KRASH are presented. The pre-CID analysis results t which are reported in FAA technical report DOT/FAA/CT-85/9 t are briefly summarized. The actual CID test impact conditions which deviated from the planned impact scenario are described. The post-CID analyses are per­formed for two sequences: a symmetrical impact of the fuselage with the ground (after engine-loss at initial air-to-ground impact) and the un
	•. 
	•. 
	•. 
	The analyses results compare favorably with the test results. 

	•. 
	•. 
	The KRASH model results show overall agreement with fuselage responses including accelerations, underside crush and structural integrity for the complete unsymmetrical impact initiated on the No. 1 engine, as well as the fuselage-only impact phase. 

	•. 
	•. 
	The KRASH modeling can accurately depict the sequence of events and respective failures for an unsymmetrical impact event. 

	•. 
	•. 
	Anaytically determined wing and engine responses show agreement with test data with regard to spanwise moment distribution and indicate that the CID unsymmetrical impact conditions produce wing loads below the estimated structural integrity of the wing, which is supported by the test data. 

	•. 
	•. 
	The KRASH models demonstrate the ability to analyze a range of impact conditions and thus can be applied in additional parameter studies. 

	•. 
	•. 
	The results indicate several areas where improved model. representations may be beneficial, i.e., wing/engine and. engine/fuselage attachment.. 
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	SECTION 1. INTRODUCTION. 
	On December 1, 1984, the FAA/NASA performed a Controlled Impact Demonstration (CID) impact test using a narrow-body transport airplane. This test is one milestone in a series of tasks in a joint FAA/NASA/industry program (references 1 and 2) to improve methodology for determining the dynamic response of transport category aircraft to crash related impacts. The purpose of developing improved methodology is to help ensure that a high level of occupant safety will be continued in future transport airplanes inv
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	2.1 KRASH MODELS 
	The CIn pre-test analyses were performed using the following models; a stick model consisting of 17 masses and 16 beam elements (figure 2-1), and an expanded model consisting of 48 masses and 137 beam elements (figure 2-2). The underside crushing load-deflection characteristics as a ftlnction of location along the fuselage are shown in figures 2-3 and 2-4. The KRASH model fuselage stations (F.S.) and corresponding airplane body station (B.S.) locations are shown in figure 2-5. 
	The planned impact condition for the CIn test was as follows: 
	• 
	• 
	• 
	Symmetrical (0° yaw, 0° roll) 

	• 
	• 
	1° pitch attitude, nose-up 

	• 
	• 
	17 ft/sec sink speed 

	• 
	• 
	l55 knots forward velocity 


	The stick and expanded models were run for variations of initial lift conditions to represent a range from no lift to an estimated balanced Ig aerodynamic loading for the planned attitude and impact velocities. 

	2.2 KRASH ANALYSES RESULTS 
	2.2 KRASH ANALYSES RESULTS 
	For each model the results were presented in reference 10 for the planned impact condition, with variations as noted above. The comparison of accelera­tions for the full range of conditions is shown in figure 2-6. The results for the condition that is considered closest to approximating the planned impact are presented in figure 2-7. A summary of a comparison for the stick and expanded model results for Load Interaction Curve (LIC) ratios, accelerations and crush distances are shown in figure 2-8. Figure 2-
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	airplane drop test conducted at Laurinburg, North Carolina prior to the CIO 
	test, which produced a 17 ft/sec sink speed for a full airplane (195,000 lb.) at a 1° nose-up pitch attitude and with no forward velocity. 
	Pre-CID analyses acceleration peak responses are plotted in figure 2-9, along with a constant ~V = 17 ft/sec curve. The data cluster about the constant ~v curve. The stick model, due to its level of simplicity, tends to provide lower frequency acceleration responses than the expanded model. The higher peak accelerations are generally associated with shorter duration pulses than the lower peak values. The stick model results tend to be of lower amplitude and broade~ in response duration. As the expanded mode
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	DESCRIPTION 
	DESCRIPTION 
	DESCRIPTION 
	LOCATION 
	DEFLECTION, i nrhes 

	Upper Shell Lateral 
	Upper Shell Lateral 
	station 960 WL 205-271 
	1.22 to 4.0 

	Upper Shell lateral 
	Upper Shell lateral 
	station 960 WL 271-290 
	0.66 to 1.7 

	Transverse Floor 
	Transverse Floor 
	station 620 
	0.61 to 1.27 

	Beams-Vertical 
	Beams-Vertical 
	station 820 
	0.84 to 1.6 

	TR
	station 960 
	1.1 to 3_0 

	Upper Cabi n Longeron Vertical 
	Upper Cabi n Longeron Vertical 
	station 460-620 WL 205·271/WL 271-290 
	0.67 to 1.06/034 to 0.69 

	TR
	stati on 620-820 Wl 205/271 /Wl 271-290 
	0.64 to 2.87/076 to 1.090 

	TR
	stati on 820-960 Wl 205-271/WL 271-290 
	0.56 to 0.78/0.40 to 1.04 

	TR
	station 960-1040 WL 205-271/Wl271-290 
	0.26 to 116/0 15 to 0.55 

	TR
	station 1040-1200 Wl205-271/WL 271-290 
	1.02 to 27/0.36 to 1.69 

	Floor Vertical 
	Floor Vertical 
	stati on 460-620 
	1.71 to 2.46 

	Inboard 
	Inboard 
	stati on 620-820 
	1.81 to 5.9 

	TR
	stati on 820·960 
	0.37 to 0.86 

	TR
	stati on 960·1040 
	0.33 to 3.1 

	TR
	station 1040-1200 
	17 to 2.1 

	Outboard 
	Outboard 
	stati on 460-620 
	0.69 to 1.44 

	TR
	stati on 620-820 
	0.50102.18 

	TR
	stati on 820-960 
	0.91 to 0.98 

	TR
	station 960-1040 
	0.62 to 0.88 


	•. 
	•. 
	•. 
	Representation of the hard point load-deflection characteristics.. tlottoming out loads could easily result in localized failures and. subsequent disruption of structural integrity.. 

	•. 
	•. 
	Extent to which the structure yields or fails. This is difficult to evaluate because a large segment of structure t consisting of several frames and stringers is defined by only a few beam elements. 
	t 
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	SECTION 3. POST-CID KRASH ANALYSES. 
	3.1 crD TEST RESULTS 
	3.1 crD TEST RESULTS 
	The CID test was performed on December 1, 1984, at the NASA Dryden Dry Lake Bed, Edwards Air Force Base, California. The actual impact conditions deviated from the planned conditions, as shown in table 3-1. Due to an initial roll and yaw, the aircraft impacted first on the left wing outboard engine (No.1), rotated onto the No.2 engine, and then subsequentally the forward fuselage made ground contact approximately 400 msec. after initial engine impact. Floor peak vertical responses were developed within 500 
	l. Initial engine and fuselage impacts (t = a to t = 1.0 second) 
	2. 
	2. 
	2. 
	No.3 engine -cutter impact (t = 1.5 seconds to t = 2.5 seconds) 

	3. 
	3. 
	BS860 crack and slideout (t = 4.0 seconds to t = 5.5 seconds) 


	For the purpose of the KRASH correlation the first time period is used because it represents the air-to-ground impact for which the KRASH model is to be validated. Typical floor normal pulses for this time period are provided in figures 3-3 through 3-ll. The plot of peak vertical accelerations versus fuselage station, which is shown in figure 3-l2, indicates the scatter in response levels that is measured along the fuselage. Additional CID test acceleration histories are presented in Appendix A. The relatio
	3-l 
	TABLE 3-1. COMPARISON OF CID TEST PLANNED AND ACTUAL IMPACT CONDITIONS. 
	TABLE 3-1. COMPARISON OF CID TEST PLANNED AND ACTUAL IMPACT CONDITIONS. 
	TABLE 3-1. COMPARISON OF CID TEST PLANNED AND ACTUAL IMPACT CONDITIONS. 

	. ACTUAL* 
	. ACTUAL* 
	I 

	PLANNED 
	PLANNED 
	WING 
	(FUSELAGE) 

	SINK RATE, FPS 
	SINK RATE, FPS 
	17+3 -2 
	17.3 
	04.0) 

	GROSSWEIGHT, LB 
	GROSSWEIGHT, LB 
	175-195000 
	192,383 

	GLIDE PATH, DEGREES 
	GLIDE PATH, DEGREES 
	3.3 TO 4.0 
	3.5 

	ATTITUDE, DEGREES 
	ATTITUDE, DEGREES 
	1 .:!:. 1 (NOSE-UP) 
	0 
	(0 TO -2) 

	LONGITUDINAL VELOCITY, KNTS 
	LONGITUDINAL VELOCITY, KNTS 
	150+5 ·5 
	151.5 
	(150) 

	ROLL, DEGREES 
	ROLL, DEGREES 
	0,;t,1 
	13** 

	YAW, DEGREES 
	YAW, DEGREES 
	0!.1 
	13*** 


	*INITIAL IMPACT ON LEFT WING OUTBOARD ENGINE, SUBSEQUENT CONTACT ON FUSELAGE (BS360·460 REGION) WAS AS NOTED FOR IMPACT VELOCITIES AND PITCH ATTITUDE. 
	**LEFT WING DOWN ***NOSE LEFT 
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	Figure
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	3.2 KRASH CORRELATION 
	3.2 KRASH CORRELATION 
	3.2.1 Symmetrical Impact on Forward Fuselage 
	3.2.1 Symmetrical Impact on Forward Fuselage 
	The comparison of analysis with test data was performed in two stages. The emphasis on the analysis was to determine floor responses so as to ascertain the potential effect on seat dynamic testing requirements. The initial impact on the left wing outboard engine (engine No.1) did not produce the most significant floor pulses. The impact onto the forward fuselage resulted in higher floor responses than the engine impacts. Thus, as a first priority the analysis was performed for the initial fuselage impact. F
	The moment response data (figure 3-2) indicates that the airplane upon impact on the forward fuselage responds in a fuselage fundamental frequency mode of approximately 3 to 3.5 Hz and that structural damping is around seven percent of critical. The KRASH stick model frequency and damping character­istics are approximately 3 Hz and eight percent of critical, respectively. To ascertain these values the KRASH model was simulated in "free-fall" (no ground contact spring) and subjected to an acceleration pulse 
	) and nose-down attitudes , -2 ) , based on the findings presented in the post-CID briefing (refer­ence 11) and the review of motion-picture/video coverage of the event. The sink speed is 14 ft/sec for all the fuselage symmetrical impact analyses. The affects of initial lift due to prior engine impact is included by applying upward external forces acting on the engine masses and allowing KRASH85 to balance the vehicle using the NASTRAN IC subroutine. This external load is 
	The fuselage impact was simulated for flat (0 
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	applied at impact and relieved shortly thereafter. The moment distribution to account for the initial engine impact is obtained from the moment response data shown in figure 3-2 at the time noted "nose impact." 
	Comparisons between the KRASH stick model results for three attitudes (0°, -1°, _2°) for moment response, fuselage underside crush and airframe acceleration with post-test recorded results, were made. Figures 3-14 through 3-16 show the moment comparisons. Tables 3-2, 3-3 and 3-4 show comparisons of the crush and LIC, and vertical acceleration results, respectively. Figure 3-17 is a plot of LIC, peak vertical acceleration and crush distances for all three attitudes along with an indication of the correspondi
	Samplings of the time history responses for the stick model symmetrical impact onto the forward fuselage are shown in figures 3-18 through 3-23. The analytically determined responses at several fuselage stations are compared to the test data at corresponding locations. The test envelope was approximated for the time of interest as noted in the respective figures. As can be observed in the comparisons there is a general agreement in the pulses. 
	The correlation of the analysis with test results, as might be expected, does not agree with all aspects of the test results. For example, the aftbody down bending moments (figures 3-14 through 3-16) are much higher than those measured. The crushing from the MLG aft is probably more than experienced at impact. The more extensive aft fuselage crush occurs toward the end of the ground impact, while the aircraft is settling to a final position and does not influence the peak responses. Furthermore, the acceler
	3-16 
	comparisons (figures 3-18 through 3-23) reflect differences with regard to phasing and amplitude. These differences, however, are no greater than can be noted in the scatter of test measured responses at reasonably close fuselage locations (figure 3-12). 
	It is of interest to note is that the pretest CID model (mass, stiffness, damping, crush characteristics), was not altered. The correlation effort concentrated on assessing the affect of varying fuselage initial impact attitude within the range associated with the CID test would have on the responses. A difficulty in matching all the test results, other than the fact that a math model can only approximate complex nonlinear behavior, is that there are many variables that are not known. The modeling described
	3-17. 
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	FIGURE 3-16.. 

	'l'AHLE 3-2. COMPARISON 01" FUSELAGE CRUSH OBTAINED FROM KRASH ANALYSIS AND POST-TEST MEASUREMENTS, STICK MODEL 
	LOCATION 
	LOCATION 
	LOCATION 
	MEASUREMENT, IN. 
	DEFLECTION (IN.) FROM KRASH ANALYSIS 

	TR
	POST -TEST 

	BS (FS) 
	BS (FS) 
	MEASUREMENT, IN. 
	0° PITCH 
	-1° PITCH 
	_2° PITCH 

	360 (300) 
	360 (300) 
	6.5 
	5.9 
	6.3 
	7.6 

	520 (460) 
	520 (460) 
	9.1 (1) 
	3.9 
	4.2 
	4.6 

	960 (960) 
	960 (960) 
	5.6 
	4.1 ­6.7 (2) 
	2.2 -4.0 (2) 
	4.6 -5.9 (2) 

	1120 (1080) 
	1120 (1080) 
	15.0 (l) 
	3.4 -7.3 (2) 
	1.0 -3.5 (2) 
	5.0 -8.0 (2) 

	1220 (1180) 
	1220 (1180) 
	13.5 (1) 
	-
	-
	2.3 (2) 


	(1) 
	APPEARS TOO HIGH FOR INITIAL IMPACT. MOST LIKELY INCREASED DEFLECTION OCCURRED AFTER KEEL BEAM SEPARATED DUE TO CUTTER IMPACT AND CONTRIBUTION FROM POST -CRASH FIRE. 
	(2). OCCURRED AFTERINITIAL IMPACTASAIRCRAFT SETTLESAFTOF C.G. DOES NOT INFLUENCE PEAK RESPONSE. 
	TABLE 3-3. COMPARISON 01" FUSELAGE LIC RATIOS OBTAINED FROM. ANALYSIS AND TEST DATA, STICK MODEL. 
	LOCATION BS (FS) 
	LOCATION BS (FS) 
	LOCATION BS (FS) 
	ESTIMATED TEST RESU LTS 
	L1C RATIO FROM KRASH ANALYSIS 

	0° PITCH 
	0° PITCH 
	.1° PITCH 
	_2° PITCH 

	360 (300) 510 (450) 600 (600) 1030 (990) 1130 (1090) 1250 (1210) 
	360 (300) 510 (450) 600 (600) 1030 (990) 1130 (1090) 1250 (1210) 
	.33 .40 .40 .33 .33 .37 
	.58 .57 .56 .17 .78 .72 
	.48 .38 .33 .82 .83 .78 
	.49 .50 .46 .59 .63 .46 


	3-21. 
	TAtlL~ 3-4. COMPARISON OF VERTICAL ACCELERATiON RESPONSES FOR FUSELAGE IMPACT AT 14 FT/SEC., STICK MODEL 
	TAtlL~ 3-4. COMPARISON OF VERTICAL ACCELERATiON RESPONSES FOR FUSELAGE IMPACT AT 14 FT/SEC., STICK MODEL 
	TAtlL~ 3-4. COMPARISON OF VERTICAL ACCELERATiON RESPONSES FOR FUSELAGE IMPACT AT 14 FT/SEC., STICK MODEL 

	LOCATION (F.S.l 
	LOCATION (F.S.l 
	ACCELERATION RESPONSE(l) 

	ANAL YSES (2) 
	ANAL YSES (2) 
	ESTIMATED TEST RESU LTS (PEAK G AND LOCATION)

	ODEGREE 
	ODEGREE 
	-1 DEGREE 
	·2DEGREE 

	199 
	199 
	13.2(11.2, .120) 
	-13.2 (15.4, .050) 
	13.0 (16, .05) 
	14.4 (FS162) 

	300 
	300 
	11.1 (10.8, .120) 
	9.4 (10, .050) 
	9.2 (12.4, .05) 
	N.A. 

	460 
	460 
	10.6 (11.2, .100) 
	7.3\7.6, .1001 
	7.317.8, .0541 
	6-7.2 (FS480) 

	TR
	16.8, .160\ 
	16.0, .150\ 

	620 
	620 
	11.0 (12, .090) 
	6.8 (6.6, .160) 
	5.4 \4.7, .0841 
	3.5-10 (FS540) 

	TR
	14.6, .150\ 
	5-6 (FS700) 

	820 
	820 
	11.7 (12, .090) 
	5.7 (6.1, .160) 
	5 (4.3, .130) 
	3.5-5.0 (FS820­FS860) . 

	960 
	960 
	9.9 (11.5, .090 
	7.5 (6.2, .160) 
	5.3 (4.6, .120) 
	3.0-6.0 (FS920­FS960l 

	1000 
	1000 
	8.6 (11.2, .090) 
	8.3 (6.2, .150) 
	5.5 (6, .100) 
	N.A. 

	1200 
	1200 
	7.8 (9, .102) 
	9.3(5.4, .150/ 
	4.9 (5.6, .150) 
	4-5.2 (F1280) 

	TR
	/9.2, .070\ 

	1400 
	1400 
	5.8 (6.7, .200) 
	6.7 (6.5, .140) 
	4.2 (5.6, .14) 
	N.A 

	(1) EOUIVALENT TRIANGULAR PULSE BASED ON IMPULSE DATA (2) A(B, C); A = PEAK G 50 HZ FILTER B = PEAK G TRIANGULAR PULSE BASED ON IMPULSE DATA C = BASE DURATION ASSOCIATm WITH TRIANGULAR PULSE, SECONDS 
	(1) EOUIVALENT TRIANGULAR PULSE BASED ON IMPULSE DATA (2) A(B, C); A = PEAK G 50 HZ FILTER B = PEAK G TRIANGULAR PULSE BASED ON IMPULSE DATA C = BASE DURATION ASSOCIATm WITH TRIANGULAR PULSE, SECONDS 


	3-22. 
	IMPACT CONDITION SYMMETRICAL, 14 FT/SEC INITIAL FUSELAGE CONTACT 
	IMPACT CONDITION SYMMETRICAL, 14 FT/SEC INITIAL FUSELAGE CONTACT 
	IMPACT CONDITION SYMMETRICAL, 14 FT/SEC INITIAL FUSELAGE CONTACT 
	SYMBOLS 0° PITCH ATTITUDE, -10 PITCH ATTITUDE, 
	0 0
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	FIGURE 3-17.. KRASH STICK MODEL RESULTS FOR SYMMETRICAL IMPACT ON FUSELAGE AT 14 FT/SEC. 
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	TEST DATA 
	FIGURE 3-18. ACCELERATION RESPONSE, KRASH ANALYSIS VERSUS CIO TEST DATA, B8229, STICK MODEL 
	ANALYSIS 80 480 (KRASH FS 460, MASS 31 ----... TEST 8S 540 !CH 14) ~---+---+=1r--+----1lr-~+\--+-"""-+--\"'..#t'~-+--TIME, SEC INITIAL FUSELAGE GROUND IMPACT \ \...,
	--TIME 
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	IJ~1~h~ 
	IJ~1~h~ 
	4 
	INITIAL FUSELAGE GROUND IMPACT 
	r 
	o.5 1.0 
	TIME SECONDS 
	TEST DATA 
	FIGURE 3-19.. ACCELERATION RESPONSE, KRASH ANALYSIS VERSUS CID TEST DATA, BS540, STICK MODEL 
	3-24 
	ANALYSIS BS 620 IKRASH FS 620, MASS 41 TEST BS 600J (CH 2021 "'"\ \ ,\ ,\ ,INITIAL FUSelAGE GROUND IMPACT I, 1 , 1 
	•.
	1\ 
	,,. 
	\, 
	~ 
	FIGURE 3-20.. ACCELERATION RESPONSE, BS600J, STICK MODEL 
	INITIAL FUSELAGE GROUNO IMPACT \ I 1f----_+-----I~1-~-_+_"~_.;;;;_==_+\_--_H-TIME, SEC 
	\I \I 
	"{ 
	KRASH ANALYSIS. 
	Figure
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	Figure
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	FIGURE 3-21.. ACCELERATION RESPONSE, KRASH ANALYSIS VERSUS CID TEST DATA, BS820, STICK MODEL 
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	TEST DATA
	ANALYSIS BS 960 IKRASH FS 960, MASS 61 
	__ • TEST BS 960 ICH B41 
	FIGURE 3-22.. ACCELERATION RESPONSE, KRASH ANALYSIS BS960, STICK MODEL 
	r-f-JH~+---~+----'h,------+-----+-----,I-+---TIME 
	ANAL YSIS BS 1440 IKRASH FS 1400. MASS 91 TEST BS 13BO ICH 105) 
	ANAL YSIS BS 1440 IKRASH FS 1400. MASS 91 TEST BS 13BO ICH 105) 
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	FIGURE 3-23.. ACCELERATION RESPONSE, KRASH ANALYSIS 8S1380, STICK MODEL 
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	'o\\Mr-~. 
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	a5 TIME SECONDS 
	Figure
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	en 
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	I U 
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	I 
	INI TI AL FUSELAGE GROUND IMPACT 
	'00 0.5 TIME SECONDS 
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	VERSUS eln TEST DATA, 
	3.2.2 Unsymmetrical Impact on Engine No.1 
	3.2.2 Unsymmetrical Impact on Engine No.1 
	SUbsequent to the fuselage symmetrical impact analysis, the KRASH stick model was used to simulate the complete unsymmetrical impact sequence from initial left outboard engine (No.1) ground contact through fuselage impact. The initial condition investigated for this unsymmetrical impact was: 
	Sink Speed 
	Sink Speed 
	Sink Speed 
	17.3 
	ft/sec 

	Forward 
	Forward 
	Velocity 
	150 knots 

	Roll Angle 
	Roll Angle 
	13 
	degrees 
	(left wing down) 

	Yaw Angle 
	Yaw Angle 
	13 
	degrees 
	(nose 
	left) 

	Pitch Angle 
	Pitch Angle 
	+1, 
	0, 
	-1/2, 
	-1 
	degrees 


	The initial runs, using the pre-CID input data for engine load-deflection curves, resulted in engine separation (rupture of engine wing attachment beam). This occurred early in the run and, thus, the engine failure was associated with little energy being absorbed and, consequently, at initial fuselage contact the airplane cg velocity was significantly higher than the 14 ft/sec (168 in/sec) noted at the FAA/NASA post-CID debriefings. The engine load-deflection curve was modified, as noted in figure 3-24, and
	velocity, and time at which fuselage contact is made, the flatter (0°, -1/2 
	0 

	3-27 
	NOTE 
	IN ADDITION TO CHANGES IN LOAD VERSUS DEFLECTION, BEAM FORCE CUTOFF VALUES WERE INCREASED 
	Figure



	PRE.CID~I/. 
	PRE.CID~I/. 
	100 
	r----------, 
	r----------, 
	,

	en 
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	S2 
	BO
	Figure
	ci 
	c:( 
	0. -'. 
	60 
	POST·CID 
	40 
	20 
	0 4 8 12 16 2024 
	CRUSH DISTANCE, IN. 
	FIGURE 3-24. ENGINE CRUSH CHARACTERISTICS PRE-AND POST-CID ANALYSES 
	TABLE 3-5.. COMPARISON OF UNSYMMETRICAL IMPACT SEQUENCE, ANALYSES VERSUS TEST, STICK MODEL 
	,,, --------, 
	KRASH ANALYSIS PITCH ATTITUDE 
	KRASH ANALYSIS PITCH ATTITUDE 
	TEST DATA 

	-1
	-1/2
	+1 
	a 
	INITIAL FUSELAGE CONTACT. MASS NO. (FIGURE 2·1). 
	6 (1) 
	6 (1) 
	6 (2) 

	2-3
	2
	7 
	TIME (SEC) (3) 
	TIME (SEC) (3) 
	TIME (SEC) (3) 
	TIME (SEC) (3) 
	.404

	.400 

	.377 

	.400 IVIASS IMPACT VELOCITY, IN.lSEC 
	.382 
	191 
	191 
	191 
	191 

	147

	183 
	\ 168/ 
	\ 168/ 
	CG VELOCITY, IN.lSEC 

	158 
	161
	158
	157 
	I\ 
	ENGINE NO.2 CONTACT. TIME (SEC) (3). 
	.092 
	.078 
	.071 
	.064 
	.064 
	.080 

	(11 MASS NO.2 HITS 5 MSEC. LATER 
	(2) 
	(2) 
	(2) 
	MASS NO.2 HITS 39 MSEC. LATER 

	(3) 
	(3) 
	AFTER ENGINE NO.1 INITIAL GROUND CONTACT 


	3-28. 
	TAbLE 3-6. COMPARiSON OF ANALYSES VERSUS TEST LIC, CRUSH AND VERTICAL ACCELERATION RESULTS FOR THE UNSYMMETRiCAL IMPACT, STICK MODEL 
	KRASH ANALYSES. PITCH ATTITUDE (DEGREES). 
	ESTIMATED TEST 
	LOCATION 
	LOCATION 
	DATA RANGE

	+1 
	0 
	0 
	-1/2 

	-1 
	L1C RATIO 
	.27-.33 (3)(4). FS 600-620. 
	.15-.59
	.15-.59
	.15-.59
	.15-.59
	.15-.59
	.15-.59
	.15-.59
	.15-.59
	.15-.59
	.27-.49 

	.22-.49

	FS 350 

	.13·-.52 

	.42-.48

	.8-.82 

	.52-.61 

	.47-.51 

	.35-.40. FS960-990. 
	.62-.73
	.62-.73
	.62-.73
	.62-.73
	.73-18.3 

	.56-.81 

	.61-.73 

	.26-.33. FS 1210. 
	.80
	.80
	.80
	.75 

	.60 

	.68 
	.3-.37 
	ACCELERATION PEAK VERTICAL G TRIANGULAR PULSE(l) 
	16.0 (,120) 
	16.0 (,120) 
	16.0 (,120) 
	11.8 (.090)

	11.6 (.140)
	199 
	199 
	23.0 (.090) 

	14.4. 300. 
	12.4 (,120) 
	12.4 (,120) 
	7.0 (,140) 

	NA (5). 460. 
	NA (5). 460. 
	9.6 (,150)
	9.6 (,150)
	9.6 (,150)
	9.6 (,150)
	9.6 (,150)
	9.6 (,150)
	14.0 (,120) 

	10.0 (,120) 

	8.2 (,140) 

	7.5 (,160)

	7.2 (.170) 


	6-9.0. 620. 
	6-9.0. 620. 
	6-9.0. 620. 
	9.2 (.120) 
	8.2 (,140) 
	8.2 (,140) 
	8.2 (,140) 
	8.2 (.140)

	7.0 (,160) 
	7.0 (,160) 
	6.5-10.0 

	9.2 (.120) 
	9.2 (.120) 
	9.6 (,120) 
	9.6 (,120) 
	9.8(.120)

	7.0 (,140)
	7.0 (,140)
	820 

	3.5-5.5. 960. 

	9.2 (.120) 
	9.2 (.120) 
	9.4 (.120) 
	10.0 (.110)
	8.0 (,140) 
	3.5-6.5. 1040. 

	9.2 (.120) 
	9.2 (.120) 
	9.2 (,120) 
	9.2 (,120) 
	10.0 (,110) 

	NA (5). 1200. 
	7.8 (.150) 
	9.0 (.130) 
	8.1 (.130) 
	7.6 (.120)
	7.4 (.190) 
	4-5.5 (FS 1280) 1400 
	7.6 (.180) 
	6.7 (.200) 
	7.8 (.180)
	9.6 (.190) 
	CRUSH DISTANCE, INCHES 
	FS 300 
	FS 300 
	2.2 

	FS 460. 
	FS 460. 
	FS 460. 
	4.3. 

	2.2 

	FS 620. 
	3.9. 


	3.5 
	4.6 
	FS 820 
	6.1 
	6.0. FS 960. 
	9.2 
	7.4 
	FS 1040 
	FS 1040 
	10.0 

	7.1. FS 1200. 
	7.1. FS 1200. 
	2.5 
	-
	5.2 4.6 5.1 5.7 6.2 5.5 -
	5.2 4.6 5.1 5.7 6.2 5.5 -
	5.2 4.6 5.1 5.7 6.2 5.5 -
	6.3 5.2 5.2 5.1 5.0 3.7 -
	6·7 (FS 320) 6-7 (FS480) NA(5) NA (5) 5-7 (FS920) 11 (FS 1180)(2) 


	IMPULSE X 2 
	(1) G (At); PEAK G =, (~) = BASE DURATION FOR TRIANGULAR PULSE, SEC. 
	At 
	(2) 
	(2) 
	(2) 
	INCLUDES POST-FIRE CRUSH AFTER LOSS OF KEEL BEAM 

	(3) 
	(3) 
	DATA TRACE LOST 

	(4) 
	(4) 
	BASED ON ALLOWABLE MOMENT USED IN KRASH MODEL 

	(5) 
	(5) 
	NA-NOT AVAILABLE 


	3-29. 
	TABLE 3-7. COMPARISON OF ANALYSIS VERSUS TEST LONGITUDINAL AND LATERAL 
	ACCELERATIONS RESULTS FOR THE UNSYMMETRICAL IMPACT, STICK 
	MODEL 
	ACCELERATION PULSE, TRIANGULAR(1) KRASH ANAL YSES PITCH ATTITUDE (DEGREES) (2) 
	ESTIMATED 
	TEST DATA RANGE LONGITUDINAL 
	+1 
	-1
	0 
	0 
	0 
	-1/2

	LOCATION (F.S.) 

	3.3 (.140) 
	3.3 (.140) 
	3.7 (.140) 
	3 (.160) 
	4.9-6.5 (FS 162) 
	4.9-6.5 (FS 162) 
	3.6 (.140) 

	199 
	199 
	199 
	3.7 (.130) 



	3.1 (.130) 
	3.1 (.130) 
	3.1 (.130) 
	2.5-4.0 (FS 340)
	2.5-4.0 (FS 340)
	3.4 (.150) 


	3.6 (.130) 
	3.6 (.130) 
	300 
	300 
	3.5 (.130) 

	3.0-3.2 (FS 480)
	3.0-3.2 (FS 480)
	3.0-3.2 (FS 480)
	3.6 (.140) 



	3.6 (.130) 
	3.6 (.130) 
	2.8 (.160) 
	460 
	460 
	460 
	2.5-3.1 (FS 540-600)

	3.4 (.130) 

	3.4 (.130) 
	3.4 (.130) 
	2.8 (.160) 


	3.6 (.140) 
	3.6 (.140) 
	620 
	620 
	3.4 (.130) 

	2.0-3.5 (FS 702-820)
	2.0-3.5 (FS 702-820)
	2.0-3.5 (FS 702-820)
	3.4 (.130) 

	2.9 (.156) 


	3.6 (.140) 
	3.6 (.140) 
	820 
	820 
	3.4 (.130) 

	3. (.150) 
	3. (.150) 
	2.2-4.2 (FS 960)
	2.2-4.2 (FS 960)
	3.4 (.130) 



	3.6 (.140) 
	3.6 (.140) 
	960 
	960 
	3.4 (.130) 

	2.9 (.150) 
	2.0-4.0 (FS 1120) 
	2.0-4.0 (FS 1120) 
	3.4 (.140) 

	3.2 (.130) 
	3.2 (.130) 
	3.2 (.130) 
	1200 
	1.0-3.5 (FS 1380) LATERAL 


	3.4 (.130) 
	3.4 (.130) 
	4.0 (.100) 
	2.9 (.140) 
	4. (.080) 
	1400 
	1400 
	3. (.090) 

	2.9 (.100) 
	4.0-5.0 (FS 162) 
	4.0-5.0 (FS 162) 
	2.3 (.160) 

	4. (.050) 
	199 
	199 
	199 
	3.0-4.0 (FS 340)

	2.1 (.100) 

	2.0 (.100) 
	1.6 (.150) 
	2. (.080) 
	300 
	300 
	1. (.150) 

	1. (.100) 
	1.4 (.100) 
	2.8 (FS 480)
	2.8 (FS 480)
	1.4 (.100) 

	460 
	460 
	1. (.150) 

	1.2 (.100) 
	1. (.100) 
	1.0 (.100) 
	4.0-7.0 (FS 540)
	4.0-7.0 (FS 540)
	4.0-7.0 (FS 540)
	620 

	1. (.100) 

	1.5 (FS 702-820)
	1.5 (FS 702-820)
	1.0 [.100) 

	1. (100) 
	1. (100) 
	1.0 (.100) 

	820 
	820 
	1.(.100) 

	1.0 (.100) 
	1.0 (FS960) 
	1.0 (FS960) 
	1. (.100) 

	1.5 (.100) 
	960 
	960 
	1.(.100) 

	1.5 (FS 1120)
	1.5 (FS 1120)
	1.3 (.100) 

	1.5 (.120) 
	1.0 (.100) 
	1200 
	1200 
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	1.5-2.5 (FS 1380)
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	1.8 (.200) 
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	(1) G(6t); PEAK G ,(6t) BASE DURATION FOR A TRIANGULAR 'PULSE, SEC
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	6t 
	(2) POSITIVE PITCH ATTITUDE IS NOSE-UP 
	pitch attitudes tend to be more consistent with the test data. From table 3-6 a comparison of LIC ratios, acceleration levels and crushing distance seems to support the flat to nose-down attitudes. This range is consistent with the FAA/NASA post-CID debriefing data and observation of the high-speed film and video tapes of the crash sequence. The results for the 0°, -1/2°, _1° cases are shown in figure 3-25. Figure 3-25 compares three parameters; the Load Interaction Curve (LIC) ratio at several locations, t
	3-30. 
	present a more consistent interpretation of the response. If only the peaks are used, then the question of plot interval arises as to whether or not the peak value is plotted. The appropriate filter characteristics such as cut-off frequency and decay slope also enter into the interpretation of results. The acceleration data presented in figure 3-25 represents a triangular pulse with a base duration (6t) of 100 to 150 milliseconds. For comparison, estimates of the range wherein the test data falls are also s
	The vertical, lateral and longitudinal acceleration responses, obtained from the KRASH unsymmetrical analyses for the 0° to -1° range of pitch atti­tude are shown in figure 3-26, along with the test data range from the CID test. The dashed line in figure 3-26 represents the -1/2° pitch attitude analytical condition. As noted earlier the vertical accelerations are at the upper bound of the test data range. The lateral acceleration distribution trend is in agreement with the test data, however, with a tendenc
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	3-25. 
	UNSYMMETRICAL IMPACT CONDITION COMPARISONS, INITIAL CONTACT ON ENGINE NO. 1 


	\ "lAURINBURG" TEST \ '\ CRUSH RESULTS FUSELAGE STATION, IN 
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	UNSYMMETRICAL IMPACT CONDITION FORWARD VELOCITY -155 KNOTS SINK SPEED -17.3 FT/SEC ROLL ATTITUDE -13 DEGREES (LEFT WING DOWN) YAW ANGLE -13 DEGREES (NOSE LEFTl PITCH ANGLE -0 DEGREE 
	UNSYMMETRICAL IMPACT CONDITION FORWARD VELOCITY -155 KNOTS SINK SPEED -17.3 FT/SEC ROLL ATTITUDE -13 DEGREES (LEFT WING DOWN) YAW ANGLE -13 DEGREES (NOSE LEFTl PITCH ANGLE -0 DEGREE 
	UNSYMMETRICAL IMPACT CONDITION FORWARD VELOCITY -155 KNOTS SINK SPEED -17.3 FT/SEC ROLL ATTITUDE -13 DEGREES (LEFT WING DOWN) YAW ANGLE -13 DEGREES (NOSE LEFTl PITCH ANGLE -0 DEGREE 
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	SYMBOLS I TEST OATA RANGE X ANALYSIS DATA 10 to _1 0 PITCH) ___ Yz0 PITCH ATTITUDE 
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	FIGURE 3-26.. COMPARISON OF TEST VERSUS ANALYSIS STICK MODEL RESULTS ­UNSYMMETRICAL IMPACT, STICK MODEL 
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	All of the preceding analysis results for the unsymmetrical impact were performed assuming no initial rotational velocities. Subsequent to these analyses a KRASH stick model run was als~ performed for the 0° pitch attitude condition, but with assumed initial roll and pitch rates equal to 0.04 rad/ sec. The wing engine No. 1 vertical impact velocity, which consists of both translational and rotational velocity components, was maintained at 17.3 ft/ sec. The results from this analysis are shown in tables 3-8 
	.3.2.3 Comparison of Fuselage versus Engine Impact Results In Sections 3.2.1 and 3.2.2 the results from two KRASH model analyses are presented for the following conditions. 
	1.. 
	1.. 
	1.. 
	Initial impact on engine No.1 through to impact onto the fuselage­unsymmetrical attitude, 17.3 ft/sec sink rate, 1/2 degree nose-down, 13 degree yaw (nose left), 13 degree roll (left Wing down) -complete 

	2.. 
	2.. 
	Initial impact on fuselage-symmetricul attitude, 14 ft/sec, 1 degree nose-down abbreviated impact. 
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	TABLE 3-8. COMPARISON O~ ANALYSIS VERSUS TEST RESULTS FOR THE UNSYMMETRICAL. IMPACT SEQUE~CE -EFFECT OF INITIAL ROTATIONAL VELOCITY,. STICK MODEL .. 
	TABLE 3-8. COMPARISON O~ ANALYSIS VERSUS TEST RESULTS FOR THE UNSYMMETRICAL. IMPACT SEQUE~CE -EFFECT OF INITIAL ROTATIONAL VELOCITY,. STICK MODEL .. 
	TABLE 3-8. COMPARISON O~ ANALYSIS VERSUS TEST RESULTS FOR THE UNSYMMETRICAL. IMPACT SEQUE~CE -EFFECT OF INITIAL ROTATIONAL VELOCITY,. STICK MODEL .. 

	TR
	KRASH ANALYSIS PITCH ATTITUDE, DEGREES (4) 
	TEST DATA 

	INITIAL ROLL/YAW RATES 
	INITIAL ROLL/YAW RATES 
	NO INITIAL ROLL/YAW RATES 

	0 
	0 
	0 
	-1/2 
	-1 

	INITIAL FUSELAGE CONTACT 
	INITIAL FUSELAGE CONTACT 

	MASS NO. (FIGURE 2-1) 
	MASS NO. (FIGURE 2-1) 
	2 
	6(2) 
	6(1) 
	2 
	2-3 

	TIME (SEC) (3) 
	TIME (SEC) (3) 
	.432 
	.400 
	.404 
	.377 
	.400 

	FUSELAGE CONTACT VELOCITY IN.lSEC ENGINE NO.2 CONTACT 
	FUSELAGE CONTACT VELOCITY IN.lSEC ENGINE NO.2 CONTACT 
	165 
	191 
	191 
	147 
	168 

	TIME (SEC) (3) 
	TIME (SEC) (3) 
	.083 
	.078 
	.071 
	.064 
	.080 

	(1) MASS NO.2 HITS 5 MSEC. LATER (2) MASS NO.2 HITS 39 MSEC. LATER (3) AFTER ENGINE NO.1 INITIAL GROUND CONTACT (4) INITIAL ROLL/PITCH RATES =.04 RAD/SEC,INITIAL ENGINE CONTACT VELOCITY =17.3ST/SEC 
	(1) MASS NO.2 HITS 5 MSEC. LATER (2) MASS NO.2 HITS 39 MSEC. LATER (3) AFTER ENGINE NO.1 INITIAL GROUND CONTACT (4) INITIAL ROLL/PITCH RATES =.04 RAD/SEC,INITIAL ENGINE CONTACT VELOCITY =17.3ST/SEC 


	The former condition (No.1) was run for 0.750 seconds and includes a sequence of impacts including engine No.1, engine No.2, forward fuselage, mid-fuselage and aft-fuselage. The latter condition (No.2) starts with an initial loading developed from the previous engine impacts, but considers the forward fuselage contact at a reduced velocity (14 ft/sec) as the first significant impact. The resultant responses, from both models, should be in agreement if the reproduction of all force sequencing and phasing can
	A comparison of the resultant LIC ratios indicates reasonably close agreement except at the fuselage aft end. A comparison of the acceleration distribution indicates that the symmetrical impact tends to provide lower acceleration levels than the faired test data curve, but not too much different than the lower bound of the test data envelope. The unsymmetrical analysis acceleration responses are higher than the test data from the mid 
	3-35. 
	t CRUSH DISTANCES t UNSYfillETRICAL IMPACT ­EFF~CT OF INITIAL ROTATIONAL VELOCITY) STICK MODEL 
	TABLE 3-9.. CUHPAIUSON OF ANALYSIS VERSUS TEST LIC RATIOS 
	AND VERTICAL ACCELERATIONS RESULTS 

	KRASH ANAL YSES PITCH ATTITUDE (DEGREES) INITIAL 
	NO INITIAL ROLL/YAW RATES
	NO INITIAL ROLL/YAW RATES
	NO INITIAL ROLL/YAW RATES
	ROLL/YAW RATES 

	ESTIMATED TEST

	------~·---T---·---~I
	-

	LOCATION 
	LOCATION 
	DATA RANGE

	0 
	0 
	-1/2 -1 
	o 


	L1C RATIO 
	.27 -.33 (3)(4) FS600-620 
	FS350 
	FS350 
	.15-.59

	J 5-.56 
	.22-.49 
	.22-.49 
	.13-.52 

	.47-.51 
	.47-.51 
	.47-.51 
	.42-.48

	.52-.61 

	.35-.40. FS960-990. 
	.43-.55 
	.43-.55 
	.43-.55 
	.43-.55 
	.43-.55 
	.56-.81 

	.62-.73

	.61-.73

	.62-.78 

	.26-.33. FS 1210. 
	.68 
	.68 
	.68 
	.68 
	.68 
	.80 

	.3-.37

	.60

	.75 

	ACCELERATION PEAK VERTICAL G. TRIANGULAR PULSE(1) 
	199 
	199 
	16.0 (.120) 

	11.6 (.140)
	11.6 (.140)
	17.0 (,090) 
	17.0 (,090) 
	17.0 (,090) 
	l1.B C090) 

	14.4 

	300 
	NA (5) 460 
	12.4 (,120) 
	12.4 (,120) 
	9.6 (.150) 

	7.0 (.140)
	10.0 UOO) 
	10.0 UOO) 
	10.0 (.120) 

	8.2. (.140) 
	7.5 U60)
	7.5 U60)
	7.5 U60)
	7.5 U60)
	7.5 U60) 

	6-9.0 

	620 
	620 
	9.2 (.120) 

	8.2 (.140) 
	8.2 (.140) 
	B.2 (,(40)
	B.2 (,(40)
	8.4(,130) 

	6.5-10.0 
	820 
	820 
	9.2 (.120) 

	9.6 (.120)
	9.6 (.120)
	8.0(,130) 
	9.B (.120) 
	3.5-5.5 
	960 
	960 
	9.2 (.120) 

	9.4 (.120)
	9.4 (.120)
	8.0 (,130) 
	8.0 (,130) 
	10.0 (.110) 

	3.5-6.5 
	1040 
	NA (5). 1200. 

	9.2 (,(20) 
	9.2 (,(20) 
	9.2 (,(20) 
	9.2 (.120)

	8.3 (.120) 
	10.0 (.110) 
	9.0 (.130) 
	8.1 (,130)
	8.1 (,130)
	6.6 (.130) 

	7.6 1.120) 
	4-5.5 (FS 1280) 
	1400 
	1400 
	1400 
	1400 
	7.6 (,lBO) 

	6.7 (,200)

	6.4 (,l70) 






	7.B (.180) 
	7.B (.180) 
	CRUSH DISTANCE, IN. 
	FS 300 
	FS 300 
	7.8 

	FS 460 
	FS 460 
	5.5 

	FS 620 
	FS 620 
	4.5 

	FS B20 
	3.4 
	FS 960 
	FS 960 
	3.0 

	FS 1040 
	FS 1040 
	2.0 

	FS 1200 
	-
	4.3 
	4.3 
	4.3 
	5.2 
	6.3 
	6-7 (FS 320) 

	3.9 
	3.9 
	4.6 
	5.2 
	6·7 (FS 480) 

	4.6 
	4.6 
	5.1 
	5.2 
	NA (5) 

	6.0 
	6.0 
	5.7 
	5.1 
	NA (5) 

	7.4 
	7.4 
	6.2 
	5.0 
	5-7 (FS 920) 

	7.1 
	7.1 
	5.5 
	3.7 
	11 (FS 1180)(2) 

	-
	-
	-
	-
	TD
	Figure



	IMPULSE X 2
	(1) 8(6t); PEAK G = (lit) =BASE DURATION FOR TRIANGULAR PULSE,Sec.
	lit 
	(2) 
	(2) 
	(2) 
	INCLUDES POST·FIRE CRUSH AFTER LOSS OF KEEL BEAM 

	(3) 
	(3) 
	DATA TRACE LOST 

	(4) 
	(4) 
	BASED ON ALLOWABLE MOMENT USED IN KRASH MODEL 

	(5) 
	(5) 
	NA =NOT AVAILABLE 
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	FIGURE 
	3-27. 
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	IMPACT 
	CONDITION 
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	TR
	ENGINE 
	NO.1, 
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	AND 
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	TR
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	TABLE 3-10.. COMPARISON OF ANALYSIS VERSUS TEST LONGITUDINAL AND LATERAL ACCELERATION RESULTS FOR THE UNSYMMETRICAL 17.3 FT/SEC IMPACT, STICK MODEL 
	ACCELERATION PULSE, TRIANGULAR(I) KRASH ANALYSES PITCH ATTITUOE (OEGREES) (2) INITIAL ROLL/YAW RATES 
	ESTIMATEO. LOCATION (F.S.!. 
	NO INITIAL ROLL/YAW RATES 
	NO INITIAL ROLL/YAW RATES 
	TEST DATA RANGE 

	-1
	0 
	·1/2
	0 
	LONGITUDINAL. 199. 
	3.3 (40) 
	3.3 (40) 
	3.7 (.140)
	3.2 (.1!0) 
	3.2 (.1!0) 
	3 (.160) 
	4.9-6.5 (FS 1621 300 

	3.6 (,130) 
	3.6 (,130) 
	2.5-4.0 (FS340) 460 


	3.2 (,11D) 
	3.2 (,11D) 
	3.7 (.130) 
	3.1 (.130) 
	3.1 (.130) 
	3.1 (,110) 
	3.1 (,110) 
	3.6 (.130) 

	3.5 (.130) 
	3.5 (.130) 
	2.B (.160) 
	3.0-3.2 (FS 4BO) 620 
	2.8 (50) 
	2.8 (50) 
	3.4 (30) 

	2.5-3.1 (FS 540-600) B20 
	2.5-3.1 (FS 540-600) B20 

	3.4 (.130) 
	3.4 (.130) 
	2.B (.160) 
	2.7 (.170) 
	2.0-3.5 IFS 702-B20) 960 

	3.4 1.130) 
	3.4 1.130) 
	3.4 I.130) 
	2.91.156) 

	3.4 (.130) 
	3.4 (.130) 
	3.4 (.130) 
	2.2-4.2 (FS960) 1200 
	2.6 (60) 
	3. (.150) 
	3.2 (.130)
	3.2 (.130)
	2.B (,140) 
	2.B (,140) 
	3.4 (.130) 

	2.9 (.150) 
	2.0-4.0 (FS 1120) 1400 


	3.4 (.130) 
	3.4 (.130) 
	4.0 (.100) 
	1.0-3.5 (FS 13BO)
	3.0 (40) 
	3.0 (40) 
	4. (.OBOI 
	LATERAL. 199. 
	4. (.050) 
	3. (.090) 
	4.0-5.0 (FS 162) 300 
	3.1 (50) 
	2.9 UOO) 
	3.0-4.0 (FS340) 460 
	2.1 (50) 
	2. LOBO) 
	2.1 ClOO) 
	2.0 1.1 DO) 
	1.2 (.070) 
	1.4 UOO) 
	1.4 UOO) 
	1. (.100) 

	1.4 (.100) 
	2.8 (FS 480) { 1.5-2.5 (FS 540) 
	2.8 (FS 480) { 1.5-2.5 (FS 540) 
	1.0 (.070) 

	1.2 (.100)
	620 
	620 
	1. (.100} 

	1.0 (.100) 
	3.0 (FS 600) B20 
	1.0 (.100)
	1.61.100) 
	1.0 (,100) 
	1.5 (FS702-B20) 960 
	1. I.100) 
	1.6 (.OBO) 
	1.5 L100) 
	1.5 L100) 
	1. (.100) 

	1.0 (.1 00) 
	1.0 (FS960) 1200 
	1.6 (.100) 
	1.5 (.120) 
	1.(.100) 
	1.0 (.100) 
	1.5(FSl120) 1400 
	1.6 (.l 00) 
	1.7 (.140) 
	1. (.200) 
	2.0 (.120) 
	2.0 (.120) 
	1.5-2.5 (FS 1380) 
	IMPULSE X 2 
	(1) G(6t)'; PEAK G. ,(8.tl '" BASE DURATION FOR A TRIANGULAR PULSE,SEC. 
	'" 
	6t 
	(2) POSITIVE PITCH ATTITUDE IS NOSEUP 
	fuselage through to the aft pressure bulkhead; both for the faired curve and the enveloped upper bound. The full duration unsymmetrical analysis generally shows lower crush except in the forward fuselage region where both analyses are in close agreement. The crush in the region from FS820 through to the aft 
	fuselage for the symmetrical impact analysis is greater than that for the unsymmetrical analysis. 






	3.2.4 One-Degree Nose-Up Analyses Results 
	3.2.4 One-Degree Nose-Up Analyses Results 
	The planned impact, as noted previously, was to be symmetric with one­degree nose-up pitch attitude and a sink ~peed of approximately 17 ft/sec. The actual impact occurred with a sink speed ~lose to the desired value, but 
	3-38. 
	UNSYMMETRICAL IMPACT CONDITION 
	FORWARD VELOCITY 
	FORWARD VELOCITY 
	FORWARD VELOCITY 
	-155 KNOTS 

	SINK SPEED 
	SINK SPEED 
	-17.3 FT/SEC 

	ROLL ATTITUDE 
	ROLL ATTITUDE 
	.­
	13 DEGR~ES (LEFT WING DOW~), 

	YAW ~NGLE 
	YAW ~NGLE 
	-13 DEGREES (NOSE LEFT) 

	PITCH ANGLE 
	PITCH ANGLE 
	-a DEGREE (NOSE·DOWN) 

	PITCH RATE 
	PITCH RATE 
	-0.04 RAD/SEC (NOSE·DOWN) 

	ROLL RATE 
	ROLL RATE 
	-0.04 RAD/SEC (NOSE lEFT) 
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	AT 17.3 FT/SEC VERSUS AT 14 FT/SEC, STICK MODEL 
	3-40. 
	in an unsymmetrical attitude (yaw = 13°, roll = 13°), and at a flatter atti­tude (pitch = 0). Analyses were performed using the post-CID stick model to compare results between the planned and actual conditions. For this com­parison presented in table 3-11 and figure 3-30 no initial rotational velocity was used. The engines do not crush much in the symmetrical impact as the fuselage, around FSI000, makes initial contact with the ground. For the unsymmetrical impact, the airplane initially impacts on the No. 
	3-41 
	TABLE 3-11.. COMPARISON OF 17.3 FT/SEC SINK SPEED SYMMETRICAL AND 0 PITCH-UP ATTITUDE, STICK MODEL 
	UNSYMMETRICAL IMPACT ANALYSES RESULTS FOR +1

	LOCATION (F.S,) SYMMETRICAL 
	UNSYMMETRICAL PEAK VERTICAL ACCELERATION, TRIANGULAR PULSE(l) 
	(1) 
	(1) 
	18.7 (16, .130l(1) 

	199 
	199 
	10.6(16.; .1201 300 
	11.5 (12.5,.140) 
	11.5 (12.5,.140) 
	9.602.4, .120) 460 
	9.3 (10, .120) 620 
	11.7 (9.6, .160l 
	11.7 (9.6, .160l 
	9.1 (8.0, .150) 
	9.1 
	9.1 
	9.1 
	9.1 
	(9.2, .120) 820 

	7.2 (8.4, .150) 

	8.8 
	8.8 
	(9.2, .120) 960 


	6.8 (8.8, .140) 
	6.8 (8.8, .140) 
	8.7 (9.2, .120) 1040 
	6.0 (8.0, .140) 
	6.0 (8.0, .140) 
	8.0 (9.2, .120) 1200 
	7.0 (9.0, .130) 1400 
	7.7 (9.2,.140) 
	7.7 (9.2,.140) 
	9.1 (9.0, .170) 
	5.7 0.6, .180) 
	5.7 0.6, .180) 
	L1C RATIO. 350. 
	.27-.40 600-620 
	.52-.69 
	.80-.82 960-990 
	.67-.83 
	.73-.83 1210 
	.51-.64 
	.75. 1400. 
	.59 
	.7 CRUSH DISTANCE, IN. 300 
	.65 
	6.5 
	2.2 460 
	6.2 
	2.2 620 
	7.4 
	3.5 820 
	9.6 
	6.1. 960. 
	12.0 
	9.2. 1040. 
	13.4 
	10.0. 1200. 
	7.6 
	2.5 
	(1) A(B C)'A '= 50HZ FILTERED PEAK B '= IMPULSEX2 C'= IMPULSE DURATION SECONm 
	, ,. 'fl.t t , 
	Figure
	For the symmetrical impact crushing of the center section (FS820) and the main landing gear bulkhead (FS960) show 9.6 and 12.0 inches, respectively. If "bottoming out" occurs in these regions at crush distances reasonably close to these values, then there will be less available margin because the shear and moment loads could increase assympototically. Once again, a "Laurinburg" type test, to ascertain the limits of critical crush zones in both the fuselage center section and the engines, would be valuable. 
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	3.2.5 Stick Versus Expanded Model Results 
	The expanded model versus stick model results for the 17 ft/sec, 1 degree nose-up attitude impact condition are shown in figure 3-31. The expanded model generally shows higher LIC ratios than the stick model. The one exception is at FS 600 -620. There are several differences between the stick and expanded models which contribute to the discrepancies. Three notable differences are; (1) aerodynamic loading representation, (2) contribution of beams to LIC ratios, and (3) plasticity. A review of the two models 
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	3.2.6 Wing and Engine Responses 
	3.2.6 Wing and Engine Responses 
	Left and right wing and engine accelerations as well as wing bending moment responses were obtained from the CID test. The data points and their locations on the CID airplane are shown in table 3-12 for the 22 instrumenta­tion channels. The wing and engine pylon accelerometer data traces are shown in figures 3-32 through 3-36. The wing bending moment responses are shown in figure 3-37. The airplane impact sequence was described earlier in this section. As was previously stated the initial impact was on the 
	However, this data is suspect because the area under the curve integrates to an approximate ~V of 58 ft/sec. The results of the KRASH unsYmmetrical impact, using a 24-mass, 25-beam KRASH stick model described earlier, are summarized in tables 3-13 through 3-16. Included in tables 3-13 and 3-14 are estimated wing allowable strengths. The acceleration responses shown in table 3-15 tend to be relatively low in magnitude, particularly for the left wing where initial impact occurred. Table 3-16 shows the engine 
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	TABLE 3-12. WING AND ENGINE RESPONSE MEASUREMENT INSTRUMENTATION LOCATIONS 
	TABLE 3-12. WING AND ENGINE RESPONSE MEASUREMENT INSTRUMENTATION LOCATIONS 
	TABLE 3-12. WING AND ENGINE RESPONSE MEASUREMENT INSTRUMENTATION LOCATIONS 

	CHANNEL 
	CHANNEL 
	PARAMETER 
	DIRECTIOI~ 
	LOCATION 

	BS 
	BS 
	BL 

	172 
	172 
	LEFT WING -TIP 
	NORMAL 
	1214 
	-733 

	173 
	173 
	LEFT WING -FWD. SPAR INBOARD 
	NORMAL 
	806 
	-318 

	174 
	174 
	LEFT WING -FWD. SPAR OUTBOARD 
	LONGITUDINAL 
	1020 
	-540 

	175 
	175 
	LEFT WING -REAR SPAR OUTBOARD 
	NORMAL 
	1090 
	-540 

	176 
	176 
	RIGHT WING -REAR SPAR INBOARD 
	NORMAL 
	940 
	+318 

	177 
	177 
	LEFT WING -REAR SPAR INBOARD 
	NORMAL 
	940 
	-318 

	178 
	178 
	RIGHTWING -REAR SPAR OUTBOARD 
	NORMAL 
	1090 
	540 

	179 
	179 
	RIGHT WING -TIP 
	NORMAL 
	1214 
	733 

	180 
	180 
	RIGHT WING -FWD. SPAR INBOARD 
	NORMAL 
	806 
	318 

	181 
	181 
	RIGHT WING -FWD. SPAR INBOARD 
	LONGITUDINAL 
	806 
	318 

	182 
	182 
	RIGHT WING -FWD. SPAR OUTBOARD 
	NORMAL 
	1020 
	540 

	183 
	183 
	RIGHT WING -FWD. SPAR OUTBOARD 
	LONGITUDINAL 
	1020 
	540 

	184 
	184 
	LEFT WING -FWD. SPAR INBOARD 
	LONGITUDINAL 
	806 
	-318 

	185 
	185 
	LEFTWING -FWD. SPAR OUTBOARD 
	NORMAL 
	1020 
	-540 

	332 
	332 
	LEFT ENGINE -FWD. PYLON 
	NORMAL 
	494 
	-324 

	336 
	336 
	LEFT ENGINE -REAR PYLON 
	NORMAL 
	569 
	-333 

	339 
	339 
	RIGHT ENGINE -FWD. PYLON 
	NORMAL 
	494 
	328 

	342 
	342 
	RIGHT ENGINE -REAR PYLON 
	NORMAL 
	569 
	319 

	343 
	343 
	LEFT WING -BRIDGE,INBOARD 
	LATERAL 
	700/870 
	-160/162 

	344 
	344 
	LEFT WING -BRIDGE, OUTBOARD 
	LATERAL 
	830/870 
	360/384 

	345 
	345 
	RIGHT WING -BRIDGE,INBOARD 
	LATERAL 
	700/870 
	160/162 

	346 
	346 
	RIGHT WING -BRIDGE, OUTBOARD 
	LATERAL 
	830/960 
	-360/384 
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	TIME. SECDNDS 
	TIME. SECDNDS 
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	FIGURE 3-34.. LEFT AND RIGHT WING TIP NORMAL ACCELERATIONS (BL~733), CID TEST DATA 
	FIGURE 3-34.. LEFT AND RIGHT WING TIP NORMAL ACCELERATIONS (BL~733), CID TEST DATA 


	impact and floor responses, which is why a modification was not pursued. It is, however, suggested for future analytical development. 
	The KRASH model for the CIO unsymmetrical impact condition assumes that the initial aerodynamic forces acting on the left and right wings differ in the following two respects: 
	1.. 
	1.. 
	1.. 
	There is more lift acting on the right wing; 

	2.. 
	2.. 
	The lift acting on the left wing decays to zero at 1 second after impact, while the lift on the right wing remains constant. 


	The loss of lift on the left wing reflects the fact that the left wing pylons/engines impact the ground. The application of unsymmetrical lift forces allows the airplane to keep the right wing from impacting the ground which reflects the test results. The lift is applied at the four-engine mass locations so as to result in bending mGffiPnt distributions which approximate the initial loading exhibited in the test da;-~. The analysis results show 
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	TABLE 3-13. KRASH WING BENDING MOMENT RESPONSE. STICK MODEL. 
	TABLE 3-13. KRASH WING BENDING MOMENT RESPONSE. STICK MODEL. 
	TABLE 3-13. KRASH WING BENDING MOMENT RESPONSE. STICK MODEL. 

	MASS NO. 
	MASS NO. 
	BL (a) 
	BENDING MOMENT, IN-LB X 106 

	ANALYSIS 
	ANALYSIS 
	ESTIMATED ULTIMATE 

	11 12 13 14 15 21 22 23 24 25 
	11 12 13 14 15 21 22 23 24 25 
	-118 -271 430 -583 -740 118 271 430 583 740 
	41.4 28.2 19.7 7.4 1.0 39.1 24.9 10.2 4.7 0.2 
	50. 30. 15. 10. 5. 50. 30. 15. 10. 5. 

	(a) NEGATIVE DENOTES LEFT WING 
	(a) NEGATIVE DENOTES LEFT WING 


	TABLE 3-14. KRASH WING SHEAR RESPONSE. STICK MOOEL. 
	MASS· ' I-J 
	MASS· ' I-J 
	MASS· ' I-J 
	BL (a) 
	SHEAR, LB X 103 

	ANALYSIS 
	ANALYSIS 
	ESTIMATED ULTIMATE 

	FUSEL. -11 (b) 
	FUSEL. -11 (b) 
	0/-118 
	200. 
	250 

	11 -12 
	11 -12 
	-118/-271 
	139. 
	200 

	12 -13 
	12 -13 
	·2711430 
	94. 
	110. 

	13 -14 
	13 -14 
	430/-583 
	90.3 
	40. 

	14 -15 
	14 -15 
	-583/-740 
	44. 
	10. 

	FUSEL. -21 
	FUSEL. -21 
	0/118 
	195. 
	250. 

	21 -22 
	21 -22 
	118/271 
	106. 
	200 

	22 -23 
	22 -23 
	271/430 
	84. 
	110. 

	23 -24 
	23 -24 
	430/583 
	86. 
	40. 

	24 -25 
	24 -25 
	583/740 
	19.5 
	10. 

	(a) NEGATIVE DENOTES LEFT WING (b) TWO ATTACHMENT BEAMS 
	(a) NEGATIVE DENOTES LEFT WING (b) TWO ATTACHMENT BEAMS 
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	TABLE 3-15. KRASH WING AND ENGINE ACCELERATIONS, STICK MODEL. 
	TABLE 3-15. KRASH WING AND ENGINE ACCELERATIONS, STICK MODEL. 
	TABLE 3-15. KRASH WING AND ENGINE ACCELERATIONS, STICK MODEL. 

	MASS NO. 
	MASS NO. 
	BL(a) 
	PEAK ACCElERATION, G (50 HZ FILTERED) 

	VERTICAL 
	VERTICAL 
	LONGITUDINAL 

	11 
	11 
	-118 
	6.1 
	1.8 

	12 
	12 
	-271 
	8.0 
	3.5 

	13 
	13 
	-430 
	9.7 
	4.5 

	14 
	14 
	-583 
	13.5 
	5.6 

	15 
	15 
	-740 
	29. 
	11.2 

	16(b) 
	16(b) 
	-321 
	5.6(c) 
	2.5(c) 

	17(b) 
	17(b) 
	-551 
	6.7(c) 
	3.2(c) 

	21 
	21 
	118 
	9.0 
	2.3 

	22 
	22 
	271 
	7.1 
	2.3 

	23 
	23 
	430 
	7.4 
	2.3 

	24 
	24 
	583 
	5.7 
	1.5 

	25 
	25 
	740 
	15.9 
	5.7 

	26(b) 
	26(b) 
	321 
	7.3 
	4.0 

	27(b) 
	27(b) 
	551 
	6.2 
	2.1 

	(a) NEGATIVE DENOTES LEFTWING (b) ENGINE MASS (c) ACCElERATION PEAK VALUES EXCEED 50 G VERTICAL AND 25 G LONGITUDINAL AT FAILURE 
	(a) NEGATIVE DENOTES LEFTWING (b) ENGINE MASS (c) ACCElERATION PEAK VALUES EXCEED 50 G VERTICAL AND 25 G LONGITUDINAL AT FAILURE 


	TABLE 3-16. KRASH ENGINE BEAM FORCES, STICK MODEL. 
	WING 
	WING 
	WING 
	ENGINE LOCATION 
	PEAK VERTICAL FORCE OCCURRENCE 
	PEAK LONGITUDINAL FORCE OCCURENCE 

	VERTICAL FO RCE, LB 
	VERTICAL FO RCE, LB 
	LONGITUDINAL FORCE, LB 
	-VERTICAL FORCE, LB 
	LONGITUDINAL FORCE, LB 

	LEFT LEFT RIGHT RIGHT 
	LEFT LEFT RIGHT RIGHT 
	INBOARD OUTBOARD INBOARD OUTBOARD 
	101500 106700 59290 69840 
	26500 18700 3229 8118 
	44800 43600 17790 30740 
	57700 74000 20660 9950 
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	predominantly up shear and bending on both wings. The duration of the loading is between 0.460 seconds and 0.700 seconds. which appears consistent with the wing bending moment responses obtained from the eID test (figure '3-30). 
	Comparisons of test and analytically obtained wing response results are presented in figures 3-38 and 3-39. Figure 3-38 shows the wing peak bending moment distribution. The analysis results are not simultaneous values. In general. the analysis and test comparison is in good agreement. The one discrepancy is at BL-430 (left side) which is located between the two engines which impact the ground. The engine-wing attachment modeling. as noted earlier. has to be further evaluated. and may be responsible for the 
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	FIGURE 3-39.. COMPARISON OF KRASH ANALYSIS AND CIO AIRPLANE TEST RIGHT WING VERTICAL ACCELERATIONS, STICK MOOEL 
	Figure 3-39 shows a comparison of peak vertical accelerations. As stated earlier. the left wing measured responses, because of transient ringing behavior and overload. are difficult to assess. The right wing. because it did not impact the ground, provides responses which can be more directly compared to the analysis results. The analysis indicates somewhat higher peak values than shown in the test data. 
	3-57 
	Figure 3-40 shows the wing shear distribution. Once again. the trend is generally good. The analysis results suggest that failure can he expected outboard of the number 1 engine (BL 551). Based on the data in table 3-14. the most vulnerable region for failure to occur is at the left wing tip. Indeed. the left wing tip did fail during the initial stage of impact. No right wing failure occurred during the test and the analysis. in this respect. predicts too high a loading. The estimated shear strength could a
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	FIGURE 3-40. KRASH ANALYSIS WING SHEAR DISTRIBUTION FOR eIn TEST CONDITION. STICK MODEL 
	3-58. 
	The pre-CID symmetrical KRASH stick model analysis wing and engine responses for the planned CID impact conditions (17 ft/sec sink speed, +1 degree pitch, zero yaw and roll) are shown in figures 3-41 through 3-43. Figure 3-41 shows the moment distribution obtained from the model, as well as the estimated strength. The analysis shows margins of at least 10 percent. The analysis, to determine fuselage responses for the symmetrical impact, is presented in table 3-11 and figure 3-30. In the pre-CID analysis the
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	3-60. 
	from the model as well as the estimated strength. Positive margins exist from BL 583 inboard. At the outboard tip the margin is negative. Either the analysis predicts the loads too high or the wing shear strength is greater than shown. Figure 3-43 shows the peak vertical acceleration along the wing span. In general, the value is between 8g and 9g except at the tip, where it 
	is 18.9g. 
	is 18.9g. 
	is 18.9g. 
	The 
	peak vertical acceleration, 
	at 
	the 
	two 
	wing attach 
	points, 
	are 

	approximately 8.5g and 8.0g, respectively, 
	approximately 8.5g and 8.0g, respectively, 
	for 
	the 
	pre-CID analysis. 
	The 

	corresponding post-CID analysis values 
	corresponding post-CID analysis values 
	are 
	9.lg and 7.2g. 


	The KRASH stick model for this impact condition has an assumed aerodynamic loading distribution which is similar to the pre-cID analyses. The lift load is assummed to remain constant throughout the impact. The magnitude of the lift forces, the distribution along the airplane and the time application of the lift forces differ from the CID correlation model described earlier in this section. These differ along with a different impact sequence account for the lower wing bending and shear responses experienced 
	3-61. 
	Figure
	SECTION 4. SUMMARY OF RESULTS. 
	The KRASH stick model (figure 2-1) depicting the fuselage initial impact with the ground at 14 ft/sec in a symmetrical attitude shows agreement with the CIn test data with regard to peak vertical accelerations and crush dis­tances. The analysis indicates higher LIC values than are estimated from the test bending bridge data. The analytically determined LIC values show that airframe strength has not been exceeded. 
	The KRASH stick model results depicting the CID unsymmetrical air-to­ground impact from engine No. 1 contact on and through to fuselage contact shows agreement with the sequence and time of occurrence of significant events such as engine No.1, engine No.2 and fuselage ground contact. The airplane cg velocity is reduced from an initial 17.3 ft/sec to approximately 14 ft/sec when the fuselage hits the ground which is consistent with the test data. The crush magnitudes and distribution, as well as the LIC valu
	The fuselage vertical acceleration responses obtained from the post-CID analyses, both the symmetrical impact on the fuselage at 14 ft/sec, and the unsymmetrical impact on the No.1 engine at 17.3 ft/sec are shown in fig­ure 4-3, along with the measured test data range. The acceleration values shown in figure 4-3 represent peak g's for a triangular pulse with a base 
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	duration between O.lUO and 0.150 seconds. The longitudinal pulses are approximately 3 to 4 gls along the fuselage. 
	The analyses results for both the planned symmetrical (0° roll, yaw) and the actual unsymmetrical (-13 roll, yaw) impact conditions with the 
	a one-degree nose-up and a 17.3 ft/sec sink rate are shown in figure 4.4. The fuselage peak triangular vertical responses generally are higher for the planned symmetrical impact than for the actual CID unsymmetrical. The LIC ratios are higher; however, for the aft fuselage impact for the unsymmetrical impact. The LIC ratio for the symmetrical impact reaches a maximum of 0.78 at around FS960 (Main Landing Gear Rulkhead). The crush distribution is similar to the "Laurinburg" results for the symmetrical impact
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	already crushed and failed» the LIC reaches a maximum value of 0.6. By linear extrapolation this data suggests that a LIC ratio of 1.0 would be reached at a sink speed of 20 ft/sec. 
	Comparisons of the stick versus expanded model fuselage results for a symmetrical 17 ft/sec impact with a 1 degree nose-up altitude engines-on are shown in figure 4-5. As noted earlier a major discrepancy exists for the LIC ratios at FS600. Other than that the LIC values range between 0.60 and 0.70» the peak vertical accelerations» also shown in figure 4-5, are reasonably close through to fuselage station 960. Aft of this station the expanded model responses are approximately 2/3 of the stick model values. 
	The fuselage peak vertical g versus base duration for the triangular pulses associated with the analyses and test results are shown in figure 4-6. The acceleration responses are shown for the passenger cabin region only (FS460-FS1400). As expected there is substantial scatter. For the most part the results; test and analyses fall in the shaded area which is between 4g to 109 peak and O.lOOOto 0.170 second base duration. 
	The major discrepancy between analysis and test results for the fuselage is the high peak vertical accelerations obtained from the full unsymmetrical analysis. Several areas in the model and impact condition representation may contribute to this difference. These include: 
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	•. 
	•. 
	•. 
	The effect of both the initial and time varying aerodynamic loading ­For example, the moment response data from figure 3-2 is repeated in figure 4-7. The symmetrical model analysis starts at the point designated "nose-impact," 'With an aerodynamic loading applied so as to develop the moment distribution measured. The unsymmetrical model analysis starts at the point noted "initial engine impact." For the analyses to be identical the moments would have to be developed from "initial engine impact" through "nos

	•. 
	•. 
	Representation of engine/wing/fuselage attachments -For example, the unsymmetrical model results indicate that a pitch rotational velocity developes at the time the fuselage impacts; it is approximately 0.05 to 0.10 rad/sec. The actual contact velocity at the fuselage mass at time of ground contact in some cases is noted to be higher than the cg velocity, resulting in higher peak g values. When initial pitch and roll rotational velocity were included such that the resultant 17.3 ft/sec vertical contact velo


	The analytical wing response results are of interest, in light of the 
	measured and observed eIn test data. The analytically obtained moment and 
	shear distributions, along with estimated strength levels and available test 
	data, were shown in figures 3-38 and 3~40, respectively. These data are 
	reproduced in figures 4-8 and 4-9, respectively. The curves suggest that for 
	the 13 degree roll, 17.3 ft/sec sink speed condition the wing structural 
	integrity is at or near its limit. For this impact condition, the left out­
	board wing section has the highest potential for failure. Failure initiated 
	at. the left wing tip would progressively work its way inboard. Since there 
	was no fuel tank rupture, or significant fuel spill as a result of this fail­
	ure, it is presumed that the wing fuel containment requirements are met for 
	this crash scenario. Anaytical studies, described in reference 11, were per­
	formed for a gear-up airplane contacting the ground with one-wing low. The 
	pitch attitude was level, or slightly nose-up. These conditions are similar 
	to. the eID test. The report goes on to state that crushing and wearing-off 
	the tip and outer wing will begin when contact is made with the ground and 
	will progress along the wing until a fuel tank is opened, the wing is broken 
	off, or the airplane is righted by the loads which are crumbling the outer 
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	wing. The study concluded that for an airplane carrying fuel, the entire span of structural box, the fuel can be contained at roll attitude up to 12 de­
	grees, independent of descent angle. With no fuel carried outboard of the 80 percent semi-span location, the fuel can be contained at roll attitudes up to 15 or 16 degrees. The CID test, at a roll attitude of 13 degrees and the extent of wing damage experienced at impact, appears to confirm these earlier 
	findings. 
	The analyses results showed that for symmetrical impact at 17.3 ft/sec 
	impact and a +1 degree pitch attitude, the moment and shear distribution along 
	the wing will be substantially below the estimated strength (figures 4-10 and 4-11). 
	The correlation results, described in this report, suggest several concerns that need to be addressed with additional analyses and/o~ test. The follOWing is a brief discussion of these items: 
	•. How sensitive are the responses to assumed external loading (ae~odynamics) and initial rotational velocities (pitch, ~oll, yaw) within the range of survivable impact speeds and attitudes. Analysis, as opposed to testing, is a more practical attempt to clarify this item. 
	•. What is the trend of the response of the airframe as a function of pitch attitude? For example, do the fuselage extremities respond in the manner as indicated by the ~esults of the limited range of analyses perfo~med during this study and ~eported in Section 3.0? Additional analysis supported by limited testing is necessary. 
	•. What is the app~opriate ~epresentation of the engine/wing and wing/fuselage attachments to provide better agreement with test data, both during initial engine ground contact and subsequent fuselage ground contact? While the effort, described in Section 3.0, did not dwell on the engine or wing representation the results indicate that this is an area that needs further effort. Model improvements in this area could be beneficial to wing fuel containment studies. More detailed analysis, with some limited tes
	•. Formulate a crash dynamics manual which, as a m1n1ffium, describes crash scenarios, available test data, modeling approaches, structural element representations, and fuselage crush characteristics. 
	4-11 
	:xj 100. 
	~ 
	<0 
	o 
	l< 
	80 ~ ..... 
	z 

	:E 
	o 
	:E ~ 60 Ci 
	z 
	..... 
	a> 
	t=l 
	Z 
	§: 40 
	20 
	o 
	FIGURE 4-8. 
	250 
	200 
	..., 
	~ 150 
	"l. ci. 
	3 
	cc 
	c<
	100 
	*

	50 ­
	o 
	o 
	o 

	IIIII I 
	I 0 KRASH MODEL 
	I­
	~ 
	CIO TEST DATA
	CIO TEST DATA
	CIO TEST DATA
	UNSYMMETRICAL IMPACT 

	RIGHT WING

	•
	LEFT WING 
	--ESTIMATED WING
	--ESTIMATED WING
	--ESTIMATED WING
	•. 

	KRASH MODEL 

	BENDING STRENGTH 

	I­
	-
	UNSYMMETRICAL IMPACT RIGHT WING 
	0. DENOTES WING MASS LOCATION -KRASH MODEL
	0. em TEST DATA 
	'--, 1­
	LEFT WING 
	LEFT WING 
	DENOTES ENGINE MASS 

	<, •0 LOCATION -KRASH MODEL-, 
	• 
	­

	<, 
	~ 
	~~, 
	<, 
	~, 
	~ 
	~ 
	0. 
	­

	-­
	--
	• 
	--

	tI I II.. ~-\1iI 
	tI I II.. ~-\1iI 
	'-'. '-' 
	-
	o 100 200 300 400 500 600 Joe 800 
	WING STATION (BU, IN. 
	COMPARISON OF KRASH ANALYSIS AND CIO AIRPLANE TEST WING BENDING» STICK MOOEL 
	-,
	KR~SH MOOEL 
	\. 

	lINSYMMETRICA[IMPACT 
	\. 

	ur r WING 
	0 
	KR~SII MOOEL UNSYMMETRICAL IMPACT RIGIIT WING 
	• 

	~
	'\, 
	L~ 

	ESTIMAHO WING SIIE~R STRFNGIII
	'\>, 
	-. 

	DENOTES WING MASS LOCATION -KRASII MOOEL 
	0
	""" 
	<, ',\
	,

	OENOTfS ENGINE MASS , '~" LOCATION -KRASH MODEL 
	• 


	~ ,,', 
	~ ,,', 
	MOOIFIEO WING 
	1­
	.... ~"""" 
	SIifAR STnENGTIl 
	~]-~,
	----

	-Il--/ 
	L-D--L__--<O_L_. 
	100 200 300 
	WING STATION (BU, IN. 
	n.I_O l • O}--OI _ 400 500 600 
	FIGURE 4-9. KRASH ANALYSIS WING SHEAR DISTRIBUTION FOR CIO TEST CONDITION, STICK MODEL 
	4-12. 
	Figure
	100 
	aj 
	-:' 
	~ 
	to 80 
	0 
	<, 
	<, 
	Figure
	"
	"
	"
	"
	"

	...... 
	" 

	"­<, 
	....... 20. 
	......
	'" .... 
	o 
	o 
	"'-

	o KRASH MODEL. SYMMETRICAL IMPACT. LEFT AND RIGHT. WING. 
	---ESTIMATED WING BENDING STRENGTH 
	DENOTES WING MASS LOCATION -KRASH MODEL 
	a 

	•. DENOTES ENGINE MASS LOCATION -KRASH MODEL 
	o -­
	o -­
	o ----.... ­
	o 
	100 200 300 400 500 600 700 800 
	WING STATION (BU, IN. 
	FIGURE 4-10. KRASH ANALYSIS WING BENDING DISTRIBUTION FOR SYMMETRICAL 
	IMPACT; 17.3 FT/SEC SINK SPEED, +1 DEGR~~ PITCH ~rTITUDE, 
	STICK MODEL 
	250 
	,---"'"'---r----.----,..----r----...----or---­
	KRASH MODEL SYMME IRICAl IMPACT lEfT AND RIGHT WING
	o. 

	200 
	--ESTIMA TED WING SIIEAR STRENG TH 
	DENOTES WING MASS LDCA liON -KRASH MODEL 
	o 

	150 
	0. 

	•. DENOTES ENGINE MASS LOCATION -KRASH MODEl 
	~ 
	., 
	co

	co 
	« 
	'" 
	I 
	.­
	V>. 100 
	50 
	lOll 
	lOll 
	lOll 
	401) 
	500 
	600 
	700 
	800 

	TR
	WING STATION (BU, IN. 

	FIGURE 
	FIGURE 
	4-11. 
	KRASH 
	ANALYSIS 
	WING 
	SHEAR 
	DISTRIBUTION 
	FOR 
	SYMMETRICAL 

	TR
	IMPACT; 
	17.3 FT/SEC SINK 
	SPEED, 
	+1 DEGREE 
	PITCH 

	TR
	ATTITUDE, 
	STICK 
	MODEL 

	TR
	4-13 


	Figure
	SECTION 5. CONCLUSIONS. 
	5.1 CONCLUSIONS 
	5.1 CONCLUSIONS 
	Comparison of KRASH modeling results, with CIn test data, has shown the 
	capability to depict the significant responses and events. 
	•. 
	•. 
	•. 
	The analysis of the symmetrical impact on the fuselage at a 14 ft/sec sink speed and with a 1° to 2° nose-down attitude shows good agreement with acceleration pulse magnitudes, durations, and distribution, as well as fuselage crush. The LIC ratios, while higher for the analyses, still indicate that the test impact levels are well within airframe structural integrity. 

	•. 
	•. 
	The analysis of the unsymmetrical impact initiating with engine No. contact with the ground at 17.3 ft/sec and subsequent rotation onto the No.2 engine and fuselage, indicates agreement with regard to airframe structural integrity and fuselage crush. However, the fuselage peak vertical accelerations are higher than those measured and obtained from the symmetrical fuselage impact analyses from the mid-fuselage and aft. 

	•. 
	•. 
	The stick model is adequate for obtaining basic data such as floor pulses, airframe integrity and fuselage crush. 

	•. 
	•. 
	The expanded model results which were obtained for the 14 ft/sec fuselage symmetrical impact show reasonable agreement with the stick model results. However, the relatively low level of fuselage impact loads do not result in fuselage airframe failures and thus substantiation of the adequacy or desirability of the need for additional detail modeling is lacking. 

	•. 
	•. 
	While the analytically obtained wing and engine responses show agreement with the test data, they also indicate that improved/wing/engine and wing/fuselage interface representations are desirable. 
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