
Crumple: An Empirical Crush and Force Envelope for the Modern Australian 
Vehicle Fleet 

Daniel Vaughan (ORCID: 0009-0000-4783-0763) 

 

Abstract 

Designers of vehicle barriers face a gap between two regimes. At the low end, AS/NZS 

1170.1 prescribes fixed car-park barrier forces whose assumed crumple zones (0.10–

0.15 m) have no stated empirical derivation and do not scale with vehicle mass or 

speed. At the high end, hostile-vehicle-mitigation standards certify specific barrier 

products at 48–80 km/h but publish no calculation method. In between, for impacts at 

30–60 km/h or by vehicles heavier than a passenger car, the designer has no 

empirically grounded estimate of vehicle crush or average impact force. 

This paper offers that basis: an empirical research envelope. From 10,876 crash-test 

records of the United States National Highway Traffic Safety Administration 

(NHTSA), a documented quality-control chain yields a modern cohort, model year 

2004 on, age-matched to the Australian passenger fleet. The 594 tests with directly 

derived dynamic crush supply the primary fit, a non-crossing quantile envelope in 

speed and mass, with average force following from the energy identity F_avg = 

mv²/(2d), checked independently against barrier load cells. The result is a rigid-barrier 

crush and force envelope supported over 1,007–3,448 kg and 33–57 km/h, read in both 

directions: the stiff-vehicle 5th percentile bounds force demand, the soft-vehicle 95th 

percentile bounds crush. The load cells locate the height at which the force acts. 

Beyond the tested speeds, external evidence bounds a crush ceiling the data alone 

cannot locate, keeping the high-speed force treatment conservative. It is offered as a 

candidate basis for future calibration, not as characteristic design actions. 

 

Corrigendum: Version 3 

If you are holding Version 1 or Version 2 of this paper, its crush and 

force numbers are superseded. Do not carry them into a calculation. This 

version corrects a data-acquisition defect that contaminated the primary fit. 

The correction changes the fitted exponents, every quantile intercept, the 

read-off formula of §7.1, both worked examples, the design tables and most 

of Annex A. Versions 1 and 2 remain permanently resolvable at the same 

DOI, and dataset deposits v1.0 and v1.1 remain public; all of them are 

wrong in the respects set out here. 

What went wrong. Dynamic crush is derived by double-integrating each test’s 

accelerometer channel. Those channels were fetched from NHTSA’s static file store as 

plain-text asciiFile records, one request per curve. For a large share of tests the 

store returned the same file for every curve of that test, the first curve’s record 

truncated at a 4,096-byte boundary, while still answering each distinct URL with 

HTTP 200 and a cleanly parseable payload. The pipeline’s only acquisition check was 

that the file was non-empty, so nothing detected it: the wrong channel integrated to a 

plausible crush value and travelled into the fit. 

How large it was. 1,069 of 2,279 cached accelerometer files (46.9 %) are affected. That 

reaches 736 of the 1,858 rows of the derived crush set, 526 tests of the QC-admitted 

measured set, and 170 of the 614 rows (27.7 %) of the fitted cohort behind Versions 1 

and 2. Incidence correlates with vehicle age (corr(model year, affected) = −0.25), 

peaking at model year 2007, so the defect was not distributed evenly across the cohort 

it biased. 
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What was done about it. The same NHTSA API response also carries a per-curve 

binary channel payload (the UDS-1992 udsFile), which is intact. Every channel was 

re-acquired through that route behind an acquisition guard that hashes each artefact 

and compares hashes across curves that must differ, and dynamic crush was re-

derived for all 1,871 tests. The re-derivation was gated on reproducing tests that were 

never affected: of 1,126 intact channels with a usable plain-text reference, 1,124 

reproduce to float32 precision and 2 disagree. Neither disagreement implicates the 

binary route: one is an adjudicated corrupt plain-text rendering, and the other could 

not be decided either way. Both are excluded from the data. Of the 1,125 intact tests 

re-derived end to end, 1,123 reproduce their published crush within 1 mm or 0.5 %, 

and the 2 that move are accounted for by a known onset-detection sensitivity in the 

estimator, which this correction deliberately left untouched. Tests that could not be re-

derived are routed to the corrected-static fallback and flagged, not deleted, because 

deleting them would re-weight the cohort by model year. 

What changed, with magnitudes. On the deployed measured-only cohort (MY ≥ 2004): 

Quantity Version 2 Version 3 

Rows in the primary fit 614 594 

Velocity exponent β (b_v) 1.272 1.110 

Mass exponent γ (b_m) 0.182 0.023 

q50 intercept a 5.202 25.199 

Static-to-dynamic correction ratio at 56 km/h 1.383 1.275 

Worked example (2,000 kg, 50 km/h): q05 force 416 kN 432 kN 

Worked example: q95 crush 814 mm 650 mm 

The mass exponent is the headline. γ fell by 87 %, so the modest but real mass 

dependence of crush that Versions 1 and 2 reported (“doubling the mass adds roughly 

13 % crush”) was substantially an artefact of the defect. On the corrected data the 

figure is about 2 %, and the mass term turns negative once vehicle footprint is 

controlled (Annex A.4). 

The two sides of the paper moved in opposite directions. Average force at the stiff 

q05 curve, which is the force-demand reading, moves only +0.2 % to +7.6 % across the 

paper’s design points, so a force-side calculation done from Version 2 is close and 

generally slightly unconservative. Crush at the soft q95 curve, the deflection and 

stand-off reading, falls 17 % to 23 %, so Version 2’s crush depths and any setback 

derived from them were over-generous by roughly a fifth. No design 

recommendation in this paper inverts, and the impact-height (AHOF) results of §4 

are untouched: they come from barrier load cells, a separate acquisition route which 

was verified clean. 

Two further corrections in this version, neither caused by the acquisition defect. 

Both were found while checking the corrections above, and both are disclosed here 

because a Version 2 holder would otherwise carry them forward. 

1. The crush-ceiling section (§5) was running on the wrong crush provenance. 

Its fits used corrected-static crush applied to every cohort row while the text 

described them as being on measured data. They are now on the measured-

only primary provenance, with the corrected path reported as a labelled 

sensitivity. This changes §5’s qualitative conclusions in three places: a free-

fitted saturating curve returns a finite but badly-determined ceiling (0.94–1.26 



m, standard errors ±0.61–1.71 m) rather than running away to tens of metres; 

the extreme-speed anchor now excludes the unbounded power law by about 

2 % rather than by a factor, so it is a marginal discriminator and not a reductio; 

and the ceiling’s weak mass scaling is a property of §5’s own central-tendency 

exponent (0.112), not an inherited consequence of the design envelope’s near-

zero one. The bounded-envelope conclusion itself stands; the evidential 

margin behind it is thinner than Versions 1 and 2 implied. §5 is the only 

section of this paper whose conclusions depend on the provenance choice, 

and it does not feed the design charts or worked examples. 

2. The non-crossing quantile envelope biases both design read-offs at the 

edges of the mass range. Because all five curves share a mass exponent fitted 

at the median, and the correction above collapsed that exponent to near zero 

without moving the tails’ own mass dependence (about 0.19 at q05 and 0.21 at 

q95), the deployed q95 crush bound reads about 12 % low at 3,448 kg and the 

deployed q05 average force about 9 % low at 1,007 kg. This was latent in 

Versions 1 and 2, where the shared exponent (0.182) happened to sit near the 

tails’ values; it is a consequence of the correction, not of the defect. The 

envelope is unchanged, because the free-slope alternative crosses at 92–97 

km/h and cannot be deployed as a chart, but the bias is now quantified in 

Annex A.13, flagged in §3.2, and stated on every Annex C artefact sheet as an 

allowance to carry for a design vehicle near either end of the mass range. 

A consequence worth noting. The corrected mass exponent brings the fitted envelope 

into agreement with the vehicle compatibility literature, which the Version 2 value of 

0.182 did not. That literature holds that crush at a fixed regulatory test speed is very 

nearly independent of mass, because every vehicle must meet the same mass-blind 

injury criteria at the same speed, and front-end stiffness therefore scales 

approximately in proportion to mass across the fleet (S34, S35). Nothing needs 

recalculating on account of this; it is not a third correction, but what the first one 

revealed. Annex A.4 sets out the mechanism. 

Two things a reader should know beyond the numbers. First, the upstream fault is 

still live: re-checked on 5 August 2026, the store still returns one object for two 

different curve URLs of the same test, so anyone re-running the originally deposited 

pull script today reproduces the original wrong numbers. The corrected pipeline in 

dataset deposit v1.2 will not, because it acquires the binary payload and fails loudly 

on a hash collapse. Second, truncation is not the only fault in the plain-text route: of 

the 1,126 channels checked, one is an adjudicated corrupt plain-text rendering and a 

second is a disagreement that could not be resolved, and neither file is truncated. The 

census above therefore bounds the truncation defect, not the total unreliability of that 

route, which nobody has swept for. 

 

1. Problem 

AS/NZS 1170.1:2002 Clause 3.8 covers vehicle impact on car-park barriers with three 

prescriptive loads: 

Scenario Prescribed force Application 

Light traffic barrier (Type F) 30 kN 1.5 m length, 0.5 m above 

floor 

Medium traffic barrier (Type 

G) 

40 kN 1.5 m length, 1.0 m above 

floor 



Scenario Prescribed force Application 

End of long downward ramp 

(>20 m) 

240 kN — 

The Commentary (AS/NZS 1170.1 Supp 1:2002, Clause C3.8) does state the basis: each 

prescribed force is the output of the energy-balance formula F = mV²/(2Δ) with a stated 

vehicle mass, speed, and assumed crumple zone (Δ): 

Scenario Mass Speed Assumed 

crumple (Δ) 

F (computed) F (prescribed) 

(a) Light 

traffic (Type 

F) 

1,500 kg 2 m/s (7.2 

km/h) 

0.10 m 30 kN 30 kN 

(b) End of 

long ramp 

2,000 kg 6 m/s (21.6 

km/h) 

0.15 m 240 kN 240 kN 

(c) Medium 

traffic (Type 

G) 

2,000 kg 2 m/s (7.2 

km/h) 

0.10 m 40 kN 40 kN 

The prescribed forces are thus exact outputs of the energy-balance formula (the same 

formula this paper uses). The gap is not that the standard is silent on its basis; it is that 

the Commentary’s tabulated crumple zones have no stated empirical derivation and 

no way to scale with vehicle mass or speed. A designer asked to rate a barrier, bollard 

line or building edge for a 2,000 kg vehicle at 50 km/h, a realistic errant-vehicle or low-

end hostile-vehicle case, finds nothing between Clause 3.8’s three fixed points and the 

hostile-vehicle-mitigation (HVM) certification standards (ISO 22343-1:2023 and ASTM 

F2656/F2656M-23). Those standards certify specific barrier products against specific 

test vehicles, publishing no calculation basis and no way to interpolate between rated 

scenarios. 

What is missing is an empirically grounded relationship between vehicle mass, impact 

speed, vehicle crush, and force on a rigid barrier, along with a realistic picture of how 

much that relationship varies across the fleet. The literature’s standard tool, the 

Campbell crush-energy model (S1) and its CRASH3 stiffness-category descendants 

(S2), is anchored to 1970s–1990s vehicle structures. On the 198 modern vehicles (model 

year, MY, 2003–2020) the citing study itself sampled, a range bracketing this paper’s 

MY ≥ 2004 cohort, the Campbell form accounts for only 15.2 % of the speed–crush 

relationship (S3). Reconstruction studies reach the same conclusion from the other 

direction: vehicles built since the mid-1990s deform appreciably less at the same speed, 

so the older coefficients under-predict impact speed for the modern fleet, by around 

20 % in one multi-model study (S28) and consistently across a 1,400-test review that 

names impacts into structures as a direct application of better crash-test data (S29). A 

review of anti-ram bollard design likewise states that “further investigation of 

available crash test data would be beneficial” for its velocity-to-crush ratios (S4). That 

is the gap this work addresses: a modern refit, with its variability quantified. 

 



2. Data 

 

Figure 1: Dataset lineage from raw records to fitted model 

Figure 1. Dataset lineage. The main pipeline (dark) runs from raw NHTSA records through 

QC and cohort selection to the fitted set. Side branches (orange) show the derived dynamic-

crush pool, the load-cell validation set, and the corrected-static sensitivity subset. Each box 

gives the count and a one-line reason for the step. 

2.1 Corpus and quality-control chain 

The source corpus is the NHTSA vehicle crash test database (live API, verified 2026-

07-07). Figure 1 summarises the pull and QC pipeline: raw records are reduced to 

clean full-width rigid-barrier (FWRB) head-on tests, every rejected row retained with 

a per-row reject reason, so nothing is dropped silently. The dominant rejection is 

scope (not a head-on FWRB test); the remainder fail plausibility rules (missing 

essentials, non-physical mass/velocity/crush, crush exceeding vehicle length). 

Barrier rigidity is confirmed from NHTSA’s own barrier records rather than inferred 

from the test configuration. Querying every previously unverified row against the 

barrier-information endpoint confirmed 2,741 rows as rigid and excluded 142 that had 

passed the configuration filter but were in fact deformable-barrier tests; 59 rows with 

no API barrier record remain flagged unverified. 

2.2 Dynamic crush: measured where possible, corrected elsewhere 

Provenance first, because it recurs throughout the paper. Every crush value used here 

is one of two kinds. A measured value comes from the test’s own accelerometer trace, 

read from the per-curve binary channel payload (the database’s UDS-1992 udsFile 

representation) rather than from the plain-text asciiFile rendering of the same 

channel; the reason that distinction matters, and the correction it forced, are set out in 

the corrigendum note above. A corrected value starts from the static (residual) crush 

that NHTSA records and scales it up to an estimated dynamic value. The measured 

route is the one we trust, and the primary model is fitted on it; the corrected route 

only fills gaps. A fit that pools both routes is called the hybrid, and it appears only as a 

sensitivity check bracketing the measured-only result. 



NHTSA tabulates only static (residual) crush, the deformation left after rebound (field 

CRHDST, per the database coding manual, S5), not the peak dynamic crush a barrier 

designer needs for deflection and stand-off. Two routes supply it: 

• Direct derivation (preferred): double-integration of the test’s X-axis accelerometer 

time-series, read from the binary channel payload, to the velocity zero-crossing, 

yielding peak dynamic displacement. Run over the corpus and QC-filtered, the 

derived pool spans 7.7–77.3 km/h (Figure 1). 

• Velocity-dependent correction (fallback): for cohort rows without a usable 

accelerometer channel, dynamic crush = static crush × ratio(v), with ratio(v) = 1.079 + 

3.061/v (v in m/s; about 1.35 at 40 km/h and 1.28 at 56 km/h) fitted from QC-filtered 

tests with both quantities. The Vangi form (additive, velocity-dependent gap between 

dynamic and residual crush; S6) motivates the 1/v term, and an independent set of 

eighteen frontal rigid-barrier tests on three MY-2001 cars, reporting dynamic-to-

residual ratios of about 1.0 to 1.5 (S28), places the correction in the right range, though 

measured against plastic rather than static deformation. 

 

Figure 2: How one test yields a measured and a corrected crush value 

Figure 2. The two crush provenances, shown on one real test (NHTSA test 9808, 56 km/h full-

width rigid barrier). Top row (teal, the measured route): the test’s own accelerometer record is 

double-integrated to a displacement curve whose peak is the measured dynamic crush, 615 mm 

here. Bottom panel (orange, the corrected route): the tabulated static residual crush for the 

same test (468 mm) is scaled by the velocity-dependent ratio (1.27 at 56 km/h) to an estimated 

dynamic value of 597 mm. The chips at the foot show which rows each fit uses: measured-only 

(primary, n = 594), corrected-only (sensitivity, n = 478), hybrid (both, n = 1,072). 

The corrected-static path is kept only as a labelled sensitivity, for three reasons tested 

directly on the cohort rows that carry both values: the correction runs a little high on 

average, scatters widely from test to test, and implies a different velocity trend that a 

sound correction would have reconciled (§3.1, Annex A.10); no cohort imbalance in 

speed, mass, year or size explains the demotion. Figure 3 distinguishes the two 

provenances by marker. 

2.3 The central cohort and its structure 

The design cohort is MY ≥ 2004 (Figure 1), a cut-off chosen so the cohort’s mean age 

approximates the Australian passenger-fleet mean age: per the Bureau of 



Infrastructure and Transport Research Economics (BITRE) Road Vehicles Australia 

series (S7), Australian passenger cars average roughly 11 years old, and the cohort’s 

mean age sits within about a year of that. The discontinued Australian Bureau of 

Statistics (ABS) Motor Vehicle Census (S8) is retained only for its age-band breakdown, 

which supplies the fleet-weighting sensitivity weights (§3.4). 

Because today’s fleet is slightly newer than the cohort, and the cohort’s own mass-

controlled trend implies newer designs crush slightly less (are stiffer), the age gap 

biases the envelope mildly toward understating force demand and overstating the 

crush bound: a small, one-directional effect no refit corrects here. 

Two structural facts belong up front rather than in a limitations annex: 

• The velocity coverage is three regulatory clusters, not a continuum. Tests concentrate 

at ~40 km/h, ~47–48 km/h, and ~56 km/h (the regulatory test speeds of the US Federal 

Motor Vehicle Safety Standards, FMVSS, and the New Car Assessment Program, 

NCAP), with near-empty space between. Within-band interpolation is therefore 

model-driven; the velocity exponent is identified chiefly by the 40 ↔ 56 km/h contrast. 

The same fixed-speed, mass-blind regime also explains why the fitted mass exponent 

is near zero: every vehicle must meet the same injury limits at the same speed, so crush 

distance is set by speed rather than by mass (Annex A.4). 

• The fleet is US-market. NHTSA tests US-specification vehicles; the Australian fleet 

differs in model mix (higher share of utes and light commercial vehicles, LCVs, and a 

different small-car mix). ABS weighting matches fleet age, not model mix: the §3.4 

sensitivity bounds part of this effect, and the model-mix component is unquantified. 

The measured-only primary model’s data envelope is 9.1–15.8 m/s (33–57 km/h) and 

1,007–3,448 kg. The lower edge of the 30–60 km/h band of practical interest (30–33 

km/h) sits just below the data floor. That small sliver is extrapolated, and flagged as 

such rather than rounded into the supported claim. 

 

3. Method: crush and force 

3.1 Quantile envelope 

Dynamic crush is fitted as a power law in velocity and mass: 

d = a · v^β · m^γ 

where d is crush in mm, v impact velocity in m/s, and m vehicle mass in kg. On the 

measured-only cohort the velocity exponent β ≈ 1.11 and the mass exponent γ ≈ 0.02. 

In plain terms: crush grows a little faster than proportionally with speed, and mass 

has almost no independent effect on crush at all (doubling the mass adds roughly 2 % 

crush, not 100 %). The full parameter tables and exponent interpretation are in Annex 

A.2–A.4. 

The fit is quantile regression at the 5th, 25th, 50th, 75th and 95th percentiles on log-

transformed data, with the velocity and mass slopes fitted once and shared across all 

five curves, so the curves differ only by a multiplicative constant and cannot cross: a 

structural requirement for any chart read at extrapolated speeds (Annex A.1). 

The power-law form itself is chosen on three grounds. It is the simplest form through 

the origin that nests the two limiting cases of a crushing structure, a linear spring 

(crush proportional to v) and a constant-force structure (crush proportional to v²), so 

the fitted exponent reads directly as a position between those limits. Being linear in 

logarithms, it lets the five quantile curves share slopes and differ only by intercept, 

making the non-crossing envelope exact. The tested alternatives fail on the evidence: 

the Campbell linear-with-intercept form needs a modern low-speed anchor (b₀) that 

no public corpus reviewed here supplies (§10 item 1), and saturating forms are 

statistically tied with the power law inside the band while their ceilings run away 

unidentified, a question treated with the extrapolated tail (§5). 



The primary model is the measured-only fit (Figure 1); the corrected-only and pooled-

hybrid fits are labelled sensitivity bounds that bracket it. The velocity-trend mismatch 

flagged in §2.2 is the +0.64 gap between the measured and corrected velocity 

exponents: the correction does not reconcile the two provenances (Annex A.2). Figure 

3 shows the three fits against the underlying data at cohort median mass. 

 

Figure 3: Three provenance fits at cohort median mass 

Figure 3. Measured dynamic crush (teal circles) and corrected static crush (orange triangles) 

with three median fitted curves at cohort median mass. The measured-only fit (solid) is the 

primary model; the corrected-only (dashed) and hybrid (dotted) are sensitivity bounds. 

Read against the two limiting cases above, the measured-only velocity exponent sits 

close to the linear-spring limit, consistent with progressive stiffening of modern front 

structures. The mass term is not an independent mass effect: it is near zero as fitted, 

and turns negative once vehicle footprint is controlled, so what remains of it is a 

vehicle-size proxy (Annex A.4). 

3.2 Two-sided conservatism rule 

The envelope is read in two directions, analogous to percentile-based characteristic 

loads in wind and seismic codes: 

• 5th percentile (stiff vehicle, low crush) → governs FORCE. A stiff vehicle stops in less 

distance and transmits more force to the barrier and its anchorage. 

• 95th percentile (soft vehicle, high crush) → bounds CRUSH. For a deflecting barrier, 

rigid-wall crush plus barrier deflection is an upper bound on total travel only (§7.2), 

not an exact partition. 

A single check therefore uses both tails of the same fitted envelope. 

One qualification belongs with the rule rather than in an annex. Because the five 

curves share a single mass exponent fitted at the median (§3.1, Annex A.1), and 

because that exponent is near zero while the tails’ own mass dependence is not, both 

tails understate how crush scales with mass toward the edges of the supported mass 

range. Refitting each quantile freely puts the mass exponent at about 0.19 at q05 and 

0.21 at q95 against the shared 0.023, which leaves the deployed q95 crush bound 

reading about 12 % low at 3,448 kg and the deployed q05 force reading about 9 % low 

at 1,007 kg. The two non-conservative corners sit at opposite ends of the mass range, 

so a design vehicle near either end warrants a one-sided allowance on whichever 



reading governs. The effect vanishes near the cohort median mass (1,816 kg). Annex 

A.13 quantifies this, explains why the non-crossing envelope is still the one deployed, 

and is the reason the artefact sheets in Annex C carry an edge-of-mass-range note. 

 

Figure 4: Measured-only crush envelope across the cohort mass range 

Figure 4. The measured-only dynamic-crush envelope: the 5th, 25th, 50th, 75th and 95th 

quantile curves (drawn at the cohort median mass) against the measured cohort data, coloured 

by vehicle mass. The green band marks the data-supported speed range (9.1 to 15.8 m/s, 33 to 

57 km/h); red shading marks extrapolation beyond it, where the quantile curves are drawn 

dashed. The 5th-percentile (stiff) curve governs force; the 95th-percentile (soft) curve bounds 

crush. 

 

Figure 5: Per-mass crush envelopes at representative vehicle masses 

Figure 5. The dynamic-crush envelope evaluated at six representative masses (1,100, 1,500, 

2,000, 2,500, 3,000 and 3,400 kg). Each panel shows the five quantile curves against the cohort 

tests within 150 kg of that mass, drawn dashed beyond the supported speed band. The green 

band is the data-supported speed range; red is extrapolation. 



 

Figure 6: Crush contours over the supported mass-speed envelope 

Figure 6. Crush contours over the supported envelope (9.1 to 15.8 m/s, 1,007 to 3,448 kg). Left: 

the 5th-percentile (stiff-vehicle) crush, the force-side read-off. Right: the 95th-percentile (soft-

vehicle) crush, the crush-side read-off. Contours are labelled at 50 mm increments; grey dots 

are the cohort tests, and the dashed lines mark the 1,100 and 3,400 kg reference masses. Crush 

rises steeply with speed and only weakly with mass. 

3.3 Force model and the checks on it 

Where the force number comes from 

Average impact force follows from energy balance on a rigid barrier: 

F_avg [kN] = m·v² / (2·d) 

This is the same formula the standard’s own Commentary uses (AS/NZS 1170.1 Supp 

1:2002, eq C3.8: F = mV²/(2Δ), where Δ is “the sum of the deflection of the vehicle and 

barrier”). The model’s d is the vehicle-crush component only, derived on a rigid 

barrier with zero barrier deflection. The paper’s contribution is not a new formula but 

an empirical replacement for the vehicle-crush component of Δ, which the 

Commentary assumes at 0.10–0.15 m without stated derivation. 

This is an exact identity for the loading-phase average interface force on a rigid barrier: 

the work done over the loading stroke equals ½mv² regardless of rebound energy, so 

restitution does not enter. The model’s real breakdown below ~16–30 km/h is a crush-

prediction failure, not a force-formula failure (§6), and the identity’s own error terms 

are second-order at design speeds (Annex A.8). 

How the force estimates are checked 

Three checks apply; the first two test crush prediction, the third is a genuinely 

independent force check: 

• (i) Out-of-sample crush prediction. We refit the model five times, each 

holding out a fifth of the measured-crush tests and predicting the held-out 

rows: the median model/measured force ratio is 1.001 (Annex A.9(i)). Because 

both sides of the ratio share the same m and v, this validates crush prediction, 

not force. 

• (ii) Cross-channel displacement agreement. For the clean load-cell tests (§2.2), 

crush derived from the barrier load cells (double-integrating F = ma) is 

compared against crush from the onboard accelerometers. Median ratio 0.989 

(interquartile range, IQR, 0.940–1.062): two independent instrument chains 

agreeing to ~1 % in the median. This is a displacement check, not a force 

validation, and the load-cell set spans 32.7–57.0 km/h, so it bears on the high-

speed end only. 



• (iii) Independent force validation against barrier load cells. The model’s 

predicted average force is compared, at each test’s own mass and speed, 

against the force the barrier load cells actually measured: a separate 

instrument from the accelerometers the model is built on (§2.2). The 

comparison is made at the model median (q50) deliberately: picking 

whichever curve happened to track the load cells most closely would turn an 

independent check into a self-calibration. At the median the model sits about 

3 to 13 % below the modern load-cell averages. That is a central-tendency 

check, not the design reading: force demand is read off the stiff-vehicle q05 

curve, a fixed 25 % higher, which more than offsets the central bias. The 

margin arithmetic and the single assumption behind it are set out in §8.5; the 

validation itself is Annex A.9(iii) (Figure A3). 

One further force caveat matters. F_avg is an average over the crush distance; peak 

forces on load-cell barriers are a median 1.9× higher (IQR 1.8–2.2; robust to the CFC-60, 

Channel Frequency Class 60, filter correction), and anchorage design should account 

for this. 

 

Figure 7: Peak versus average interface force 

Figure 7. Where the peak-to-average multiplier comes from: a representative modern load-cell 

force trace at 56 km/h. The peak force is a brief transient (here about 1.9 times the average); the 

average is the sustained value the energy-balance identity F = mv²/(2d) returns. Anchorage 

and local checks must account for the peak (§3.3, Annex A.11). 

 

3.4 Uncertainty characterisation 

Three sources of uncertainty bound the envelope: 

• Bootstrap confidence intervals. 500 resamples give 90 % confidence bands on 

each quantile curve: at a representative point (10 m/s, 1,500 kg), ±3 % at the 

median and ±3–4 % at the tails, properly ordered at every velocity (Annex 

A.5). 

• Fleet-weighting sensitivity. Weighting the cohort to the Australian fleet age 

distribution (ABS 2021 age bands, S8) shifts all quantiles downward by 1–3 %, 

in the same direction at every quantile but no longer clearly outside 

resampling noise at q05 and q50: the unweighted cohort is at most mildly 

biased toward softer (higher-crush) vehicles (Annex A.6). 



• Onset and initial-condition sensitivity. Each measured crush depends on 

where integration starts and on the pinned initial speed. A perturbation study 

over the measured fit-ready tests found a per-test worst-case shift of median 

~5 % at highway speeds, rising steeply below 30 km/h, dominated by the 

detection threshold. Measured crush is therefore a band, not a point, and the 

paper quotes it as such (Annex A.7). 

These internal uncertainties are smaller than the documented errors of the damage-

based reconstruction methods this refit is meant to supplement. On a modern-fleet 

sample (93 frontal NCAP tests, MY 2005–2007), the standard reconstruction chain 

underpredicts frontal change-in-velocity by about 25 % on average, traced largely to 

crush-measurement error propagating into the stiffness coefficients (S30); a single-

crash-point estimate can be off by as much as 50 % (S29). Those figures size the 

problem the envelope addresses, not the envelope itself. 

 

4. Where the force acts: impact height 

4.1 Why height matters 

The crush and force envelopes say how much a vehicle deforms and how hard it 

pushes. A barrier designer also needs to know where that force acts, because the 

bending moment on a post or anchorage is the force times its height above the base. 

AS/NZS 1170.1 Clause 3.8 prescribes application heights of 0.5 m (Type F) and 1.0 m 

(Type G) over a 1.5 m length, but the Commentary says nothing about why those 

heights were chosen: the same gap as the crumple zones, no stated empirical 

derivation. This section supplies the empirical distribution; §7.3 reads it into a 

bending moment. 

4.2 What the load cells measure 

Each cell in a load-cell wall (§2.2) sits at a known height, so the force-weighted 

average height of the impact resultant is recoverable test by test. The quantity is a 

variant of the Average Height of Force (AHOF) used in NHTSA vehicle-compatibility 

research (S9, S10, S11): where that literature’s AHOF400 is force-weighted over the 

first 400 mm of crush, we compute the impulse-weighted centroid of the per-row 

forces over the full loading stroke, from the per-cell records of the 386 clean load-cell 

tests, and call it AHOF without implying an exact match. 

Of the 386 tests, 377 yield a computed AHOF. Six hi-res tests whose centroids fall 

implausibly in the upper half of the wall (658 to 832 mm) are excluded; including 

them would raise the hi-res 95th percentile from 521 to 550 mm, so the exclusion 

lowers the reported upper tail rather than trimming it toward a more comfortable 

answer. Of the rest, 258 tests on walls with a citable cell pitch give ground-referenced 

heights (154 hi-res at 125 mm pitch, 104 on the older 4×9 walls at 246 mm); the other 

113, on a 2×3 layout with no citable pitch, are reported as normalised centroids only. 

The two wall generations label their rows in opposite directions: the hi-res walls letter 

from the top down, whereas the published description of the 4×9 walls places row A 

at the bottom (S9). Getting either order wrong would shift every height on that wall 

by hundreds of millimetres, so the assignment was verified three independent ways, 

by cross-wall model agreement, by rebinning, and by the location of the most-loaded 

row (Annex A.12). 

4.3 What the data show 

AHOF depends on the wall that measures it (S12), so the two ground-referenced wall 

classes are reported separately: 



Wall class n p50 (mm) p75 (mm) p90 (mm) p95 (mm) % of tests 

in US 

bumper 

zone 

Hi-res 125 

mm 

154 419 447 478 521 49 

4×9 246 mm 104 406 467 499 517 42 

The two strata agree closely, and the resolution effect runs downward: rebinning the 

hi-res tests onto the 246 mm grid lowers the per-test reading by a median 26 mm, so 

coarseness understates rather than inflates the height. The hi-res subset is the more 

reliable, and every design read-off is taken from it. One documented 4×9 rig places its 

wall base 66.6 mm above ground (S9); applied across the stratum as a labelled 

sensitivity it would lift the 4×9 median from 406 to 473 mm, but it is one-rig evidence, 

so base-at-ground stays as the headline. 

The US bumper zone, 406 to 508 mm above ground, is fixed by the federal bumper 

regulation (49 CFR Part 581; cited in S10) and anchors these heights physically: the hi-

res median (419 mm) sits inside it, and every ground-referenced test lands in the 

plausible bumper and lower-rail band of 300 to 650 mm; a median far outside that 

band would have flagged an assignment error, and none did. 

 

Figure 8: Impact-force resultant height from barrier load cells 

Figure 8. Average Height of Force (AHOF) from the clean load-cell tests, by barrier wall class. 

Left: ground-referenced AHOF, with the 49 CFR Part 581 bumper zone (406 to 508 mm) 

shaded. Right: normalised force-height centroid (0 = wall base, 1 = wall top). 

For barrier design the upper percentiles are the relevant read-off. The AS/NZS 1170.1 

Type F application height of 500 mm sits near the 92nd percentile of the hi-res 

marginal distribution. The Type G height of 1,000 mm is well above any observed 

AHOF, consistent with its intent for a different engagement scenario. 

The distribution is stable across model-year cuts: restricting to MY 2013 or later (n = 

120) moves the hi-res median from 419 to 426 mm and leaves the 95th percentile 

unchanged, so the full modern dataset gives the best estimate; the tests’ model-year 

range (2005 to 2016, median 2012) aligns with the BITRE fleet-age anchor of §2.3. 

4.4 Height conditioned on mass 

These marginal percentiles pool all vehicle masses, the wrong summary for design: an 

engineer sizing against a critical accidental impact or a deliberate hostile one designs 

to a vehicle selected by the threat or consequence scenario, so AHOF is reported 

conditioned on mass. 

Mass also has the strongest claim among readily available keys: on the hi-res subset 

the Spearman correlation between mass and AHOF is 0.47 (p < 0.001), while speed 



shows no detectable relationship across the narrow 40 to 57 km/h span (p = 0.06). The 

table below gives a quantile regression of AHOF on test mass, fitted over the hi-res 

subset, evaluated at six masses; the edge-of-support rows rest on two and three tests 

within 150 kg. 

Test mass (kg) q50 (mm) q75 (mm) q90 (mm) q95 (mm) 

1,100 (edge of support) 370 371 382 394 

1,500 396 407 423 435 

2,000 427 453 474 487 

2,500 459 498 525 539 

3,000 490 544 576 591 

3,400 (edge of support) 515 580 617 632 

Read this way, the Type F height of 500 mm covers the conditional 95th percentile 

only up to about 2,100 kg; above that the table exceeds it. Heavier vehicles apply force 

both harder and higher, so moment demand grows faster than mass alone would 

suggest; a heavy design vehicle should be read from its own mass row, not the fleet-

wide median. 

The fit is valid only over the hi-res cohort’s mass range, roughly 1,100 to 3,400 kg, the 

top populated by the full-size pickups of §4.5. Hostile-vehicle-mitigation standards 

specify threat vehicles up to about 6,800 kg (ASTM F2656); for a heavier design vehicle 

an engineer should read the highest tabulated row and carry judgement rather than 

extrapolate: the mass-to-height relationship is not established for classes the cohort 

does not contain. 

 

Figure 9: Impact-force height versus vehicle mass 

Figure 9. Average height of force against vehicle test mass for the hi-res load-cell tests (n = 

154), with the fitted 50th/75th/90th/95th quantile lines, the 49 CFR Part 581 bumper zone 

(406 to 508 mm), and the AS/NZS 1170.1 Type F application height (500 mm). The on-figure 

formulas give the straight-line read-offs. The lines are supported over the hi-res cohort’s mass 

range only. 



Does a vehicle dimension explain AHOF better than mass? Overall vehicle height 

does (NHTSA Canadian Vehicle Specifications database, 137 of the 154 hi-res tests): its 

correlation with AHOF is 0.70 against 0.54 for mass, and in a bivariate model mass 

drops out (p = 0.58), height being the proximate variable and mass a correlated proxy 

(r = 0.75). Mass stays as the design key anyway. The engineer already selects for mass 

because it enters the force calculation, and even with height half the variance is 

unexplained, governed by load-path architecture (engine block, frame rails, battery 

tray) that no external dimension captures. The height relationship also breaks down 

exactly where it matters: the Tesla Model S, no taller than a Honda Accord, records 

AHOF 326 mm, 80 mm below its height prediction, because its stiffest structure is a 

floor-mounted battery tray. A covariate wrong by 80 mm for the fastest-growing 

powertrain class is not a reliable design input; mass is coarser but more robust. 

4.5 The Australian fleet reading 

Cohort composition governs how these numbers transfer to the Australian fleet. 

Classified by body type, the 154 hi-res tests are 54% passenger cars (median test mass 

1,743 kg), 31% SUVs and crossovers (1,944 kg), 10% pickups (2,743 kg), with the 

remainder vans. AHOF rises with body class, from a median of 391 mm for cars to 440 

mm for SUVs and 510 mm for pickups. Excluding the ten full-size United States 

pickups (the Ford F-250, RAM 2500 and similar, all above 2,500 kg) lowers the 

marginal 95th percentile from 521 to 509 mm; excluding every vehicle at or above 

2,300 kg lowers it to 471 mm. 

This is where the cohort and the Australian fleet diverge. BITRE’s analysis of the 2018 

ABS Motor Vehicle Census (S13) puts average passenger-vehicle tare near 1,450 kg 

and light-commercial tare near 1,800 kg; test mass runs roughly 150 to 250 kg above 

tare (dummies and instrumentation), placing the cohort car median (1,743 kg) on the 

Australian passenger band. The cohort SUV share (31%) sits between the 2018 

Australian fleet share (25%) and the new-vehicle sales share (45%), a mildly forward-

looking match. The mismatch is confined to the top of the range: the Australian heavy 

segment is the 2,200 to 2,500 kg mid-size ute (Toyota HiLux, Ford Ranger), and 

Australia carries no equivalent volume of the 2,700 to 3,400 kg US full-size pickups 

that populate the cohort upper tail. For an accidental-impact scenario the Australian-

relevant range therefore tops out near 2,500 kg, and the table is read at or below that 

mass; for a hostile-impact scenario the heavy tail remains relevant, the design vehicle 

being chosen by threat rather than fleet frequency (§4.4). 

The fleet is also shifting under these numbers, in two directions. The Australian fleet 

has been moving toward taller SUVs and light trucks and vans (LTVs), which apply 

force higher on the barrier, so the upper-percentile AHOF values may become more 

representative over time, not less. The shift is modest, though, because AHOF is 

impulse-weighted, not geometric: an SUV’s tall upper body is comparatively soft 

structure, while the bumper beam, frame rails, engine block and subframe that carry 

the bulk of the loading impulse sit at roughly the same height across vehicle types, 

constrained by ground clearance, suspension geometry and the Part 581 zone. A 3,300 

kg SUV might read 50 to 80 mm higher than a 1,200 kg hatch, not 300 mm, consistent 

with the vehicle-compatibility literature (S9, S16): the stiff structures have not moved 

up as far as the roofline has. 

The second shift runs the other way. Battery-electric vehicles carry their mass in a 

floor-mounted pack, so their stiffest structure sits lower than a combustion vehicle’s of 

the same roofline (S14, S15). The cohort can count them but not yet characterise them: 

four sit in the hi-res height set, all at or below their mass-predicted median, and six in 

the measured-crush fit, straddling the crush median. Both counts are too small to 

carry a fleet-level claim, so the reading stays directional, and for the mass key it errs 



safe, because mass over-predicts the AHOF of a floor-pack vehicle. Battery-electric 

vehicles remain near 1.6% of registered Australian passenger vehicles in early 2025, 

though growing by more than half year on year (S7): a forward-looking caveat rather 

than a present-day correction. 

4.6 What this changes for a barrier 

The structural implications go beyond the bending moment. Base shear is unchanged 

by height: the horizontal force is the same whether it acts at 0.5 m or 1.0 m. But a 

barrier designed to AS/NZS 1170.1 typically has a horizontal rail or strong beam at the 

prescribed height, sized accordingly. Force arriving lower may bypass that rail and 

engage a post or wall section not designed for direct loading, losing the rail’s force-

sharing across posts. A lower height of force reduces the moment, which is favourable, 

but it changes the load path in ways the fixed-height assumption does not 

contemplate: capacity should be checked at the actual engagement height, not just the 

prescribed one. 

The low-speed car-park case needs the same caution in the other direction. The load-

cell tests span 40 to 57 km/h; nothing in them licenses extrapolation to the low-speed 

impacts the Type F case describes, where a vehicle may engage only its bumper 

crossbeam. Stated without a number: a bumper-only engagement concentrates load 

toward the lower part of the Part 581 zone rather than the higher stiff load paths that 

raise AHOF at test speed, placing the effective height at or below the bottom of that 

zone, below the 500 mm Type F prescription. The dataset does not sample this regime; 

this is a directional expectation, not a tested value. 

4.7 Caveats and bias direction 

Three caveats apply to all of these numbers, and the first two share a direction. The 

load cells in essentially all 386 tests are single-axis, measuring X-force only (moment-

measuring cells exist for six tests), and NHTSA’s own finding is that single-axis cells 

underestimate the height of force (S10, S17). The base-elevation assumption, that the 

wall base sits at ground level, is corroborated by the bumper-zone check in §4.3 but 

not confirmed from test records (the one documented exception, the 66.6 mm 4×9 rig 

clearance, is carried there as a sensitivity). Both effects push the true AHOF upward, 

which is not conservative here: the reported percentiles understate the moment 

demand and should be treated as a floor. No figure is attached to the bias: the single-

axis studies establish its direction, not a magnitude transferable to these vehicles and 

wall geometries, so the margin above the floor is an engineering-judgement decision. 

The third caveat concerns combination: pairing an upper-percentile force with an 

upper-percentile height multiplies two marginal percentiles from different 

distributions, since the same vehicle need not sit at both tails at once; the product is a 

deliberately conservative bound, not a joint percentile (§7.3 carries it into the worked 

moment). Finally, these AHOF values describe force against a flat rigid wall at ground 

datum: a kerb or wheel-stop raises the effective engagement height, and a rail at a 

fixed height changes the engagement geometry, so the datum should be checked 

against the actual installation. 

 

5. The crush ceiling: a bounded envelope beyond the tested range 

The validity envelope (§6) flags everything above about 57 km/h as extrapolation. For 

most quantities that flag is the end of the story: the data do not reach there, so no 

claim is made. The high-speed crush tail is the one exception where the shape of the 

response can still be bounded, and bounding it changes how conservative the force 

treatment is at the top end. This section sets out that bound and the evidence for it; the 



power law of §3 remains the in-band relationship, and nothing here is read into a 

design calculation inside the supported band. 

5.1 Why the high-speed tail matters 

The deployed crush model is a power law in speed, and a power law has no ceiling: it 

lets crush grow without limit as speed rises. That is a fair description inside the tested 

band, where crush stays well below the size of the vehicle. Extended far enough, 

though, it predicts crush larger than the car itself. A vehicle cannot crush more than its 

own length, and long before that limit the front structure is exhausted and the 

occupant compartment begins to collapse. This two-stage collapse is not only a 

physical expectation. A review of more than 1,400 frontal rigid-barrier tests reports 

that the force-crush response is linear only to about 56 km/h and then turns bi-linear 

between roughly 56 and 80 km/h, as the front structure saturates and the stiffer 

occupant compartment begins to engage, the mechanism first set out in the 

foundational crush-energy literature (S29, tracing to S31). That literature observes the 

transition only to about 80 km/h, far below the speeds treated here, so it supports the 

existence of a stiffening transition, not its location. The true crush-versus-speed curve 

must therefore bend away from the power law somewhere above the tested range. 

The engineering question is not whether a ceiling exists but where it sits and how 

sharply the curve bends toward it. 

This matters for design because force and crush are reciprocal on a rigid barrier. For a 

given impact energy, less crush means more average force, from the same identity F = 

mv²/(2d) used throughout this paper. A model that lets crush rise unchecked under-

predicts force at high speed, which is non-conservative; one that caps crush too low 

over-predicts force, conservative but wasteful. Bracketing the true crush ceiling 

therefore brackets the high-speed force. 

5.2 What the crash-test data can and cannot fix 

We tested whether the cohort itself can locate a ceiling by fitting two saturating curves, 

a logistic and a Gompertz, alongside the power law. 

A note on provenance, because it changes the answer. The fits below are on the 

measured-only primary provenance (n = 594), with the corrected-static path reported 

alongside as the labelled sensitivity it is everywhere else in this paper (n = 478). The 

two provenances disagree about how strongly this section’s conclusions hold, so both 

are given. All fits in this section are least-squares central-tendency fits in millimetre 

space, needed to compare functional forms against one another; they are not the 

quantile envelope of §3, and their exponents differ from it accordingly. 

Three findings result. 

First, inside the tested band the three forms are statistically indistinguishable, on both 

provenances. Measured-only, the differences in the model-selection criterion are 0.0 

(power law), 1.9 (logistic) and 2.0 (Gompertz); on the corrected sensitivity, 0.0, 0.2 and 

1.0. On both, the power law is nominally the best-fitting form, and the gaps sit at or 

below the threshold at which the data can prefer one over another. This is expected: 

the tested speeds sit on the near-straight middle of any S-curve, before it bends, so the 

data cannot see a ceiling from there. 

Second, whether a free-fitted saturating curve finds a ceiling at all depends on the 

provenance. On the corrected sensitivity the fitted ceiling runs away to physically 

meaningless values, 15.2 m for the logistic and 18.2 m for the Gompertz, so on that 

basis the curves genuinely do not find a ceiling. On the measured-only primary data 

they do return finite and physically plausible ceilings, 0.94 m and 1.26 m, but with 

standard errors of ±0.61 m and ±1.71 m: the ceiling is unidentified rather than 

runaway. Either way the cohort cannot pin a ceiling, so saturation has to be imposed 



as a physical constraint rather than discovered; on the primary data the reason is wide 

uncertainty, not divergence. The external evidence for a bi-linear stiffening transition 

(S29, S31; §5.1) confirms such a constraint is physically real, but it fixes the mechanism, 

not the knee speed, so it does not lift this limitation. 

Third, when a ceiling is imposed, the saturating curve bends the high-speed crush 

below the power law at a small in-band cost. Higher imposed ceilings cost 

progressively less in fit quality, and every imposed-ceiling variant stays statistically 

tied with the power law where the data live. 

The consequence, which governs all the wording that follows, is that a bounded curve 

is data-compatible, not data-preferred. The crash data neither favour a saturating 

curve over the power law nor tell us where the knee is. What follows is a physically-

motivated bound, tagged as such, not a claim that the data show crush follows an S-

curve. 

5.3 An external anchor for the far tail 

One observation from outside the cohort constrains the far tail. A televised crash test 

drove a small hatchback (a Ford Focus, about 4.18 m long and roughly 1,150 kg as 

tested) head-on into a solid concrete block at a nominal 120 mph, about 193 km/h. 

Three independent estimates of the crush converge on about 2.0 m, with an 

uncertainty near ±0.25 m after a photogrammetric scale check against the known 

vehicle length in the footage: kinematic (the reported 68 ms stopping time), geometric 

(crush reaching back to the B-pillar), and energy (impact energy over a plausible mean 

force). The test mass is inferred rather than measured, and the speed is a nominal 

public figure rather than an instrumented reading. 

A single, roughly-read data point would be worthless for fitting a curve; it is valuable 

here because at this speed the candidate forms are still far apart. Imposed ceilings 

below 1 m predict well under the observed value, and only ceilings between roughly 

1.9 and 3.1 m both reproduce the observation and stay tied with the power law in-

band. An observation with ±0.25 m uncertainty separates hypotheses that differ by 

more than a metre, so the point serves as a discriminator, not a fitted point. 

Appending it to the fit, even weighted as though it were fifty tests, moves the in-band 

curve (at or below 100 km/h) by less than the fit’s own scatter, so it constrains the tail 

and not the design range. 

How much the anchor discriminates depends on the provenance, and on the 

primary data it discriminates weakly. On the corrected-static sensitivity the power 

law runs to 5.0 m at this speed, above the 4.18 m vehicle length and so impossible on 

its face. On the measured-only primary fit it reaches only 2.29 m at the anchor’s test 

mass, against an observed band whose top is 2.25 m. It therefore fails the anchor by 

about 2 %, not by a factor. The unbounded power law is still the form the anchor 

excludes and the bounded curves still pass, so the direction of the argument survives, 

but on the primary data it is a marginal miss on a single roughly-read observation and 

it must not be presented as a reductio. Readers weighing §5 should treat the extreme-

speed anchor as corroborating the existence of a bound, and as almost silent on 

whether the power law itself is unacceptable at that speed. 

The configuration is what makes the observation usable: a head-on, full-width impact 

against an effectively rigid block, exactly the configuration the cohort lacks above 

about 65 km/h, where every high-speed frontal test in the corpus is against a 

deformable barrier whose energy absorption confounds the crush reading. The vehicle 

predates the modern cohort, and it is a single uninstrumented test, so every use of the 

anchor carries those caveats. 



5.4 The bounded envelope 

Rather than draw one saturating curve, which would imply a precision the data do 

not support, Figure 10 draws the envelope of every bounded curve that is at once tied 

with the power law inside the tested band and passes through the extreme-speed 

observation. Both saturating families are included so the result reads as boundedness 

rather than an artefact of one functional form. 

The envelope has three readable features. Where the data live, the bounded curves 

and the power law coincide, so the deployed model is unchanged in-band. In the far 

tail, near the extreme-speed observation, the bounded curves converge again onto the 

observation, roughly 1.9 to 3.1 m of crush at the 1,500 kg reference mass. Between the 

two, across the roughly 60 to 190 km/h range where there is no data, the envelope is 

wide, spreading to about 260 to 310 mm by 144 km/h and about 440 mm by 180 km/h. 

That width is the honest measure of what is not known: the ceiling magnitude is 

bounded at both ends, but the knee speed is under-determined. The transition is a 

band, not a line. 

The ceiling scales only weakly with vehicle mass. Re-evaluated across weight bands 

from 1,100 to 3,400 kg (Figure 11), the bounded ceiling rises from roughly 1.8 to 3.0 m 

at the light end to roughly 2.1 to 3.4 m at the heavy end, a factor of about 1.14 across a 

threefold mass range. One clarification matters here. The ceiling does not scale with 

the design envelope’s quantile mass exponent (0.023); it scales with the mass exponent 

of this section’s own central-tendency fits, which on the measured-only primary data 

is 0.112. The weak scaling is therefore a property of the ceiling fits, not an inherited 

consequence of §3.1’s near-zero exponent. On the corrected sensitivity the same 

exponent is 0.42 and the ceiling scales appreciably more strongly, from roughly 1.7 to 

2.4 m at 1,100 kg to 2.8 to 3.9 m at 3,400 kg (a factor of about 1.6), so the weak-scaling 

reading is specific to the primary provenance and is quoted from it. 

 

Figure 10: Bounded crush envelope at reference mass 

Figure 10. The bounded crush envelope at 1,500 kg reference mass, on the measured-only 

primary fit (n = 594). Each shaded band spans every saturating curve, across two functional 

families, that is statistically tied with the power law where the cohort data exist and also passes 

through the extreme-speed observation at about 193 km/h. Left: the full range out to that 

observation. Right: the in-band zoom, where the bounded curves and the power law coincide. 

The power law (solid) matches the data in-band and reaches 2.36 m at the anchor speed, just 

above the observed band and well inside the vehicle length, which is why §5.3 treats the anchor 

as a marginal discriminator rather than a decisive one. The wide band between the data ceiling 

and the observation is the under-determined transition: the ceiling magnitude is bounded, its 

onset speed is not. 



 

Figure 11: Bounded crush envelope across weight bands 

Figure 11. The bounded crush envelope re-evaluated across vehicle weight bands from 1,100 to 

3,400 kg, on the measured-only primary fit, using this section’s own fitted mass exponent 

(0.112) with no refit. The bounded ceiling scales only weakly with mass, from roughly 1.8 to 

3.0 m at 1,100 kg to roughly 2.1 to 3.4 m at 3,400 kg. The power law (solid) remains the in-

band form at every mass. The star marks the extreme-speed observation scaled to each mass. In-

band data are sparse at the lightest and heaviest bands, so those panels are the most 

extrapolated. 

5.5 What this changes, and what it does not 

Crush does not grow without limit; it knees toward a ceiling bounded to roughly 0.9 

to 1.5 m on the corpus-derived dynamic statistics and anchored near 2.0 m at extreme 

speed by the external observation. Because capping crush raises the implied force, 

treating the high-speed tail as bounded makes the force treatment conservative at the 

top end, which is the direction a barrier designer wants. 

Four limits gate every use of this result. As a plateau the bounded form is valid only 

to about 80 to 100 km/h; beyond the knee the true curve resumes rising as the 

occupant compartment collapses, and the external observation itself shows about 2 m 



of crush at 193 km/h, far above any plateau, so the flat part must not be read at 

extreme speed. The ceiling onset speed is not established from data and remains a 

physical argument only. The whole construction is data-compatible, not data-

preferred: it is the shape that expresses a physical bound, not a claim that the crash 

data select a saturating curve over the power law; and on the primary provenance the 

power law is in fact the nominally best-fitting form in-band and misses the extreme-

speed anchor by only about 2 %, so the evidential margin between “bounded” and 

“unbounded” is thin. Finally, this section’s conclusions are provenance-sensitive in a 

way the rest of the paper’s are not: the free-fit ceiling, the anchor’s discriminating 

power and the ceiling’s mass scaling all read differently on the corrected-static 

sensitivity, and only the primary readings are quoted as findings. The deployed in-

band model, the design charts, and the worked examples are unchanged by this 

section. 

 

6. Validity envelope 

The model is offered for research use and interpretation only inside the following 

envelope, and not as a design basis even inside it. Everything outside is flagged as 

outside the tested range; the one exception, bounded rather than merely flagged, is the 

high-speed crush ceiling of §5. 

Dimension Supported Basis 

Velocity 33–57 km/h (9.1–15.8 m/s) Measured-only fit data band; 

clusters at 40/48/~56 km/h 

Mass 1,007–3,448 kg Measured-only fit mass range 

Impact Head-on, full-width rigid 

barrier 

Scope filter + API-confirmed 

rigidity 

Vehicle era MY ≥ 2004 Cohort cutoff 

Explicit exclusions: 

• Below ~30 km/h. No confirmed-rigid MY ≥ 2004 test exists below 30 km/h, and no 

defensible modern low-speed anchor exists (§10 item 1). The power-law form goes 

through the origin, physically correct for dynamic crush but unconstrained by data 

below the floor; restitution dominates below ~16 km/h (S18). Very-low-speed force 

values should be treated as artefacts of the form, not predictions. 

• Narrow impactors (poles, bollards). The envelope is for full-width engagement. A 

narrow object engages the structure locally: the vehicle sides not in direct contact hinge 

inward about the front bulkhead, so the mean crush is less than the maximum crush 

and, for the same absorbed energy, the vehicle crushes to a greater depth. Published 

velocity-to-crush ratios for rigid poles are correspondingly lower (S19, S4). A 

geometric model of this behaviour (S32), validated against 19 staged NHTSA pole 

impacts (S33) to ±9 km/h at 95 % confidence, predicts a multiplier of about 1.6× on the 

maximum crush depth measured normal to the vehicle front at the object line, at 50 

km/h and for object-to-vehicle-width ratios up to 0.2. Same-vehicle residual-crush 

comparisons in the NHTSA database, all on 1970s to 1990s vehicles, give 1.2–1.7×, 

consistent with the model; no public frontal pole test reporting external crush depth 

exists for the modern cohort. Because the model is geometric, the multiplier it gives 

depends on the object-to-width ratio rather than on era-specific structure, and vehicle 

widths have changed little, so the range is expected to carry over to modern vehicles, 

though that has not been confirmed empirically. The model further implies the 

multiplier rises at lower speeds. Applying the full-width crush value without this 

multiplier is conservative for force but non-conservative for crush depth; the multiplier 

sets the scale for narrow-object penetration, which is treated separately. 



• Heavy vehicles (> 3,448 kg). Rows for HVM threat vehicles (6,800–30,000 kg) 

extrapolate mass 2–8× beyond the fitted fleet, using an exponent estimated on 

passenger cars and LTVs; heavy trucks are ladder-frame, cab-over or bonneted 

structures that do not resemble that fleet. Such rows are illustrative of the method, not 

design values, until heavy-vehicle FWRB or HVM test data anchors them. 

• Oblique, offset, and deformable-barrier impacts. Out of scope by construction. 

 

7. Using the envelope 

Everything in this section is a research reading of the fitted envelope: something an 

engineer can compute and weigh, not a characteristic design action (§8.4, §10 item 10). 

The readings stay inside the validity envelope of §6 except where a flag says otherwise. 

7.1 Read-off formulas 

For hand calculation the fitted envelope reduces to two read-off formulas, each valid 

only inside the supported window. Crush is 

d (mm) = a · v^1.110 · m^0.023 (v in m/s, m in kg) 

with a = 20.20 at the 5th percentile, 25.20 at the 50th, and 29.40 at the 95th. Carry the 

exponents as printed: because the mass exponent is now close to zero, rounding it to 

two places costs up to 2.4 % of the crush estimate at the edges of the supported 

window, so the three-decimal slopes are the read-off, not a refinement of it. Impact 

height (§4.4) reads off a line in mass: 

AHOF q95 (mm) ≈ 280 + 104 · mₜ (mₜ = vehicle mass in tonnes) 

which sits within about 0.3 % of the quantile fit. The crush formula applies over v = 

9.1–15.8 m/s (33–57 km/h) and m = 1,007–3,448 kg; the AHOF line applies over the hi-

res cohort’s roughly 1,100–3,400 kg range. Average force then follows from the energy 

identity F_avg = mv²/(2d) (§3.3). These formulas are the paper’s primary read-off 

artefact, and the design charts (§3.2, Figures 4 to 6) give the same numbers graphically. 

7.2 Worked example: 2,000 kg at 50 km/h 

A worked illustration in the style of an AS 1170.1 annex, on a rigid barrier: m = 2,000 

kg, v = 50 km/h = 13.89 m/s, both inside the supported envelope. Crush uses the 

measured-only primary fit (§3.1); the pooled-hybrid sensitivity fit is more 

conservative (higher force) here and brackets the answer on the safe side (Annex A.2, 

A.10). 

Step 1: Crush bounds (the §7.1 read-off formula evaluated at a = 20.20/25.20/29.40): 

Percentile Crush d 

5th (stiff, force governs) 446 mm 

50th (median) 557 mm 

95th (soft, crush governs) 650 mm 

Step 2: Kinetic energy. 

KE = ½ · 2,000 · 13.89² = 192.9 kJ 

Step 3: Average force bounds (F = KE / d): 

Percentile Crush F_avg 

5th 0.446 m 432 kN 

50th 0.557 m 346 kN 

95th 0.650 m 297 kN 



Step 4: Readings. 

• Force-demand reading (barrier strength, anchorage): the stiff-vehicle 5th-percentile 

average force is 432 kN; peak force is empirically ~1.9× the average (§3.3). 

• Vehicle crush: the 95th-percentile crush is 650 mm. 

• Deformable barriers: what this envelope can and cannot say (scope limit). The 

paper’s scope is rigid barriers. For a barrier that deflects, vehicle and barrier form a 

coupled system that a single rigid-wall crush quantile cannot solve, and two 

asymmetric statements are all the data supports. (a) Travel: rigid-wall crush plus 

barrier deflection is a defensible upper bound on total travel, because a vehicle absorbs 

less energy against a compliant barrier, so its actual crush is smaller. (b) Force: the 

interface force against a compliant barrier is governed by the softer element and 

cannot be recovered from a rigid-wall crush quantile at all. Solving the coupled 

problem needs validated vehicle force–displacement families: a separate research 

programme. 

For context, 432 kN average force is ~1.8× the AS 1170.1 ramp-end load (240 kN), for a 

scenario (50 km/h) far beyond anything Clause 3.8 contemplates and well below HVM 

certification speeds: precisely the gap region the envelope is built for. 

7.3 The bending-moment combination 

The impact-height results (§4) are meant to be read into a calculation. Select the design 

vehicle by mass and speed from the threat or consequence scenario; read its average 

force from the force envelope (§3.3); read the AHOF for the same mass from the §4.4 

table, at the percentile the target reliability calls for; form the bending moment as force 

times height above the barrier base; and apply the §4.7 bias allowance, because the 

reported heights are a downward-biased floor, not a central estimate. 

A worked combination shows the size of the numbers. For a 2,000 kg design vehicle at 

50 km/h, the stiff-vehicle 5th-percentile average force from §7.2 is 432 kN and the 

conditional 95th-percentile AHOF from the §4.4 table is 487 mm, so the bending 

moment at the base is 432 kN times 0.487 m, about 211 kN·m, before the peak-force 

multiplier (§3.3, roughly 1.9 times the average) and the height-bias allowance are 

applied. Pairing the upper-tail force with the upper-tail height is the deliberately 

conservative bound of §4.7, offered as a demand ceiling for a first sizing pass. 

7.4 Checks an engineer can run 

The checks below let a structural engineer test the envelope against their own 

experience or code requirements: “something to check,” not assertions to accept. All 

values read from the measured-only design charts (q05 = the stiff-vehicle, force-

governing curve; peak = ×1.9 the average, §3.3); where a scenario leaves the validity 

envelope the governing flag is stated. 

(a) A car-park barrier above the speed Clause 3.8 tabulates: 2,000 kg at 36 km/h. The 

standard’s most severe car-park case (the ramp end) is 2,000 kg at 21.6 km/h → 240 kN, 

yet a vehicle running away down a descending ramp can reach appreciably higher 

speeds. At 36 km/h (inside the supported band): 

Reading Value 

Crush (q05, stiff) 310 mm 

Average force (q05) 323 kN 

Peak force (q05 × 1.9) ≈ 613 kN 

The q05 average force (323 kN) already exceeds the 240 kN prescribed for the much 

slower ramp-end case, and the peak the anchorage must resist (~613 kN) is ~2.6× the 

prescribed value. An engineer can weigh this against the capacity of a barrier and its 

fixings detailed only to Clause 3.8. 



(b) The three scenarios the standard itself tabulates. The Commentary (Supp 1, 

Clause C3.8) gives the mass, speed, and assumed crumple zone behind each 

prescribed force, so its three scenarios run through the model with no added 

assumptions. This is a contextual comparison, not an independent validation: 

standard and model use the same energy formula, so agreement is arithmetic 

consistency rather than corroboration. One difference matters throughout: the 

Commentary’s Δ includes barrier deflection where the model’s crush is vehicle-only 

(§3.3), so the model returns a higher force wherever the standard credits barrier 

deflection. 

Only one Commentary scenario sits near the model’s supported band, the ramp end 

(2,000 kg at 21.6 km/h, assumed Δ = 0.15 m, prescribed 240 kN), and it is the one worth 

reading: 

Read-off (2,000 kg, 21.6 km/h) Crush F_avg 

q05 (stiff vehicle) 176 mm 205 kN 

q50 (median vehicle) 219 mm 164 kN 

The stiff-vehicle q05 crush is of the same order as the Commentary’s assumed 0.15 m, 

about 17 % deeper, and the q05 average force lands about 15 % below the prescribed 

240 kN; the median vehicle crushes further still, which lowers the implied force 

further. Earlier versions of this paper read 159 mm and 227 kN here and described the 

force agreement as within about 5 %; on the corrected data the agreement is looser 

and runs the other way, so at this one low-speed scenario the standard’s prescribed 

force is the more conservative of the two. Note also that this scenario sits at 21.6 km/h, 

below the 33 km/h data floor, so it is an extrapolation of the fitted form and not a 

supported reading (§6). The Commentary’s two light-traffic scenarios sit at 7.2 km/h, 

far below the 30 km/h data floor, where the origin-constrained power law drives crush 

toward zero as speed falls and so overstates force: the model returns roughly twice the 

prescribed 30 and 40 kN there, an artefact of the fitted form rather than an evidenced 

prediction, and those readings must not be quoted as findings (§6, §10 item 1). 

The value of the comparison is directional: the same formula and empirical crush 

envelope reproduce the right order of magnitude at the one Commentary scenario 

near the supported band, then extend, with their uncertainty stated, into the 33–57 

km/h band where the standard is silent; that extension is what this paper proposes. 

 

8. Broader applicability: gaps in other barrier design methods 

The vehicle-crush gap this paper addresses is not unique to AS/NZS 1170.1. The same 

energy-balance formula underlies barrier design methods in multiple codes and 

research traditions, and in all cases the vehicle-crush component (δc) is the weak link. 

The dataset addresses three gaps identified in the literature: 

8.1 The empirical crush update that Iqbal’s method has called for since 2008 

Iqbal (S20, S21) proposed the same energy-balance formula for barrier design, with 

vehicle crush approximated as δc = √(v/3) feet (v in mph), derived from “a limited 

survey” of NHTSA tests at 35 mph. Both articles state that “the car crush data need to 

be updated accordingly” as vehicle designs change; the CMAA summary by Williams 

(S22) reproduces the formula and repeats the call. BS 6399-1:1996 and EN 1991-1-

7:2006 use the same F = mV²/(2Δ) structure, with δc fixed at 100 mm unless “better 

evidence is available.” 

The Crumple model is that better evidence. The power-law fit from the modern crash-

test cohort replaces the single-variable √(v/3) formula with a mass-dependent, 



statistically bounded envelope, and the quantile bands address the fleet variability 

that Iqbal and Williams both flag but neither quantifies. 

8.2 Statistical calibration for reduced vehicle models in academic research 

Xiang et al. (S23, S24) and He et al. (S25) developed reduced vehicle models 

(elastoplastic springs representing vehicle stiffness and energy absorption) for 

analysing parking structure columns under impact, calibrated from as few as three 

NHTSA tests: a 2001 Toyota Echo, a 2002 Ford Explorer, and a 1992 Chevy C1500 

pickup (S23). The authors introduce a “vehicular energy absorption ratio” to improve 

Eurocode 1’s rigid-impact assumption, but the ratio itself is derived from the same 

three tests. 

The Crumple dataset provides modern data for statistical calibration of these spring 

properties: a fleet-level stiffness distribution with confidence bands rather than hand-

picked tests. 

8.3 Validation benchmark for finite-element vehicle models 

Li et al. (S26) states the vehicle-model gap directly: rigid or spring simplifications 

“fail[] to accurately replicate vehicle impacts”, so “the use of detailed vehicle models 

is imperative.” Their LS-DYNA simulations use detailed FE vehicle models, but 

validation against empirical crush data is not reported. 

The Crumple dataset offers an independent validation benchmark: an FE vehicle 

model that predicts crush within the empirical quantile envelope at the same mass 

and speed is population-plausible; one that lands outside it is not. This is a population 

plausibility check, not a pass/fail calibration (calibration requires matching a specific 

vehicle’s force history, intrusion, and energy partition), and it is a use the dataset can 

serve without prescribing how the engineer designs the barrier. 

8.4 Australian standards and reliability context 

Three further documents frame where this envelope sits for an Australian structural 

audience, and what it is not: 

• AS/NZS 1170.0:2002 (general principles): the reliability framework any “design 

value” must live in. A code-ready characteristic action requires a defined target 

reliability, load-combination role, consequence class, and model-uncertainty allowance. 

A 5th-percentile crush value is not automatically the correct percentile for a 

characteristic force, and AS/NZS 1170.0 is the document against which a future 

calibration of this envelope would have to be argued (§10). 

• EN 1991-1-7:2006 Annex C: the nearest codified analogue. Annex C gives an 

equivalent-static vehicle-impact force model with published vehicle stiffness values 

and the same F = ½mv²/δ structure (100 mm default crush unless better evidence exists); 

the update §8.1 describes answers its default as well. 

• AS/NZS 3845.1/.2, AASHTO MASH, and the ANZCTC guidance: the adjacent 

barrier worlds, scoped out. Road-safety-barrier containment and the Australian Hostile 

Vehicle Guidelines for Crowded Places already codify crash-test/containment frameworks. 

This paper does not enter them: it models rigid-barrier vehicle response, not barrier 

containment performance; the ANZCTC/HVM certification route (ISO 22343-1:2023) 

remains the practitioner’s reference for hostile-vehicle work. 

8.5 Quantified design margin at q05 

How the layers stack 

The independent load-cell check (§3.3(iii)) is made at the model median (q50), where 

the model sits a small distance below modern-fleet force. Force demand, however, is 

read off the stiff-vehicle q05 curve, so the design-relevant question is whether q05, 

with the standard’s own factors, brackets the force a real modern vehicle exerts, not 



whether q50 is biased. The layers stack as follows (median values; force ∝ 1/crush 

throughout): 

Layer Effect on force demand Basis 

Read at q05, not q50 ×1.248 (+24.8 %) the q05/q50 crush ratio is fixed 

across every point of the 

envelope 

Model q50 vs modern load-

cell force (the bias) 

÷0.973 (distance-avg) / ÷0.871 

(time-avg) 

independent load-cell force 

validation (§3.3(iii)) 

Net: model q05 vs modern-

fleet average force 

×1.21 (distance) / ×1.09 (time) product of the two rows 

above 

Peak conversion: model ×1.9 

vs reality ×1.93 

×0.98; not carried into the 

product, since the peak factor 

is a demand, not a margin 

LC peak/average 1.93 

AS/NZS 1170.0 ultimate-limit-

state (ULS) action factor 

×1.2 – 1.5 load-combination factor on 

the action 

Capacity-reduction factor (φ) further margin on the 

resistance side 

AS/NZS 1170.0 / material 

standard 

Combined (before φ) ×1.30 – 1.82 net row × ULS action factor 

Read together, selecting q05 more than offsets the q50 bias, and the ULS action factor 

supplies the working margin: ×1.30 (worst case: time-average, minimum factor) to 

×1.82, with φ on top. Whether that is adequate is a judgement against the consequence 

class and the governing reliability framework (§8.4). 

What could break the margin 

Two caveats keep this a margin for the engineer to close, not a property the paper 

certifies. First, it is a margin measured at the middle of the fleet. Against the stiffest 

vehicles themselves (the 5th percentile of the per-test load-cell ratio), the q05 reading 

lands only at parity (×1.03, distance) or about 9 % below (×0.91, time); for those 

vehicles it is the ULS load factor, not the choice of percentile, that provides the margin. 

Second, the whole argument assumes the load-cell bias lowers the stiff q05 curve by 

the same proportion as the median, which holds only if the modern, and Australian, 

fleet has the same spread of vehicle stiffness as the cohort. If today’s fleet carries 

proportionally more very stiff vehicles (plausible, given the unquantified US-to-

Australian model-mix differences, §10 item 3), q05 would sit lower than assumed and 

the load factor alone might not close the gap. This is the single assumption the force 

reading in §3.3(iii) and Annex A.9(iii) point back to; for these reasons the margin is 

laid out for the engineer to weigh, not certified (§8.4, §10 item 10). 



 

Figure 12: Design-margin ladder at q05 

Figure 12. The design-margin ladder, reading the layers of the table above as a cumulative force 

margin relative to the modern-fleet average force. The model median (q50) sits below the fleet 

average; reading at the stiff q05 curve (×1.248) lifts it just above; the AS/NZS 1170.0 ULS 

action factor (×1.2 to 1.5) supplies the working margin. Each bar spans the time-average load-

cell ratio (low edge) to the distance-average (high edge). Combined before the capacity-

reduction factor: ×1.30 to 1.82. 

 

9. Research artefacts 

The deliverable is a register of primary artefacts, each issued as a printable sheet in 

Annex C: 

Primary artefact What it gives Where Annex C sheet 

Crush read-off 

formula 

crush quantiles in 

closed form at any in-

window mass and 

speed 

§7.1 restated on every 

sheet 

Crush-versus-speed 

envelope 

the five quantile 

curves against the 

cohort data 

Figure 4 A 

Per-mass envelope 

panels 

the same envelope at 

six design masses 

Figure 5 B1–B6 

Crush contours stiff-vehicle (q05, 

force side) and soft-

vehicle (q95, crush 

side) read-offs over 

the supported mass 

and speed window 

Figure 6 C1, C2 

Impact-height line 

(AHOF versus mass) 

force application 

height conditioned on 

mass, with the q95 

line in closed form 

§4.4, §7.1, Figure 9 D 



Primary artefact What it gives Where Annex C sheet 

Peak-to-average factor the empirical ×1.9 

multiplier from 

average force to peak 

§3.3, Annex A.11, 

Figure 7 

— 

Design-margin ladder how q05 with the 

standard’s own 

factors sits against 

modern-fleet force 

§8.5, Figure 12 — 

The impact-height line is named a primary artefact deliberately: it supplies the height 

component of the bending-moment reading (§7.3), which neither AS/NZS 1170.1 nor 

the HVM standards derive empirically. All in-band artefacts are drawn on the 

measured-only fit; the hybrid fit is a labelled sensitivity set. Every Annex C sheet 

carries the edge-of-mass-range allowance of §3.2 and Annex A.13 in its validity block, 

so a sheet used on its own still states the one bias its read-off cannot show. Supporting 

figures complete the set: the impact-height distribution by wall class (Figure 8), the 

bootstrap ribbons (Figure A1), the crush-validation scatter (Figure A2), the load-cell 

force validation (Figure A3), the free-slope tail sensitivity (Figure A4), and the 

bounded-envelope figures (Figures 10 and 11, drawn on the measured-only primary 

fit’s saturating variants since they describe the extrapolated tail). No energy-partition 

figure is offered: a single rigid-barrier crush quantile cannot resolve the coupled 

vehicle and barrier energy split (§7.2). 

The validity windows of §7.1 are the paper’s supported envelope; outside them a 

value is an extrapolation of the form, flagged as such throughout. 

 

10. Limitations and data calls 

Limitations (stated, quantified where possible): 

1. The low-speed gap is real and unfillable from public US data. Zero 

confirmed-rigid MY ≥ 2004 tests below 30 km/h; equivalent-barrier-speed 

translation from other configurations adds zero modern rows; no defensible 

modern Campbell-b₀ anchor exists. The reconstruction literature offers a 

modern low-speed intercept of roughly 6 km/h (S28), but that is a curve-fit 

value, not a rigid-barrier measurement. The origin-constrained form 

overestimates crush at very low speed, where a genuine no-damage threshold 

exists (traced to the foundational crush-energy work at about 5 mph, S31; 

FMVSS Part 581 bumpers): conservative for crush, but it makes the low-speed 

force values an artefact. 

2. Velocity coverage is clustered at three regulatory speeds; interpolation 

between clusters is model-driven (§2.3). 

3. US fleet, not Australian. Age-matched via ABS weights; model-mix 

differences unquantified. The weighted-fit sensitivity shifts all quantiles down 

by 1–3 %, consistent in direction but, at q05 and q50, no longer clearly outside 

resampling noise (§3.4, Annex A.6). Separately, the q05 force reading rests on 

the fleet-stiffness-spread assumption set out in full at §8.5, which remains 

unquantified. 

4. Average force, not peak. Load-cell peak forces are empirically a median 1.9× 

the energy-balance average (IQR 1.8–2.2, over the clean load-cell set); 

anchorage design must account for this. 

5. Static-crush data quality in the corrective path. The NHTSA static-crush field 

has known quality issues in older tests (the QC flagged 318 physically 



impossible dynamic<static ratios). The measured-only model bypasses static 

crush entirely; the corrected-static path, which carries this exposure, enters 

only as a labelled sensitivity. 

6. Heavy-vehicle rows are illustrative (§6). The method extends naturally; the 

data does not yet. 

7. Rigid-barrier scope only. The coupled deformable-barrier problem is not 

solved here: the only defensible carry-over to compliant barriers is an upper 

bound on total travel, and force demand against a compliant barrier is out of 

scope (§7.2). 

8. Provenance: measured-only is primary. The design charts and figures are 

built on the measured-only fit (§3.1). The corrected-static path is a labelled 

sensitivity, demoted for a small but significant level bias, large per-row scatter, 

and an unreconciled velocity exponent (§2.2, Annex A.10); the pooled hybrid 

fit is retained as a sensitivity set and quoted in the §7.2 worked example as a 

conservative bracket. 

9. Every measured crush is a band, not a point. The impact-onset detection and 

the pinned initial speed give a worst-case per-test uncertainty of median ~5 % 

with a long tail (95th percentile ~65 %), larger below 30 km/h, with the 

detection threshold dominant (§3.4). 

10. This is not a design basis. The output is an empirical research response 

envelope, not a code-ready characteristic action. An independent force 

validation now exists (§3.3(iii)) and shows the design-relevant q05 reading 

brackets the modern fleet with a small margin the standard’s load factors are 

expected to cover; but converting the envelope to a characteristic action still 

requires the AS/NZS 1170.0 reliability calibration (target reliability, load-

combination role, model-uncertainty allowance; §8.4), which this work does 

not perform. 

11. The non-crossing envelope biases both read-offs at the edges of the mass 

range. The five quantile curves share a mass exponent fitted at the median, 

which is near zero, while the tails’ own mass exponents are about 0.19 (q05) 

and 0.21 (q95). The deployed q95 crush bound therefore reads about 12 % low 

at 3,448 kg and the deployed q05 force about 9 % low at 1,007 kg, non-

conservative at opposite ends of the mass range. The free-slope alternative 

crosses at 92–97 km/h and so cannot be deployed as a design chart; the bias is 

disclosed and carried as a one-sided allowance instead (§3.2, Annex A.13). 

12. The high-speed crush ceiling is bounded but not located, and §5 is 

provenance-sensitive. Beyond the tested band crush must bend toward a 

physical ceiling, bounded to roughly 0.9 to 1.5 m on the corpus-derived 

statistics and anchored near 2.0 m by a single external observation (§5). The 

bounded form is data-compatible, not data-preferred; it is valid as a plateau 

only to about 80 to 100 km/h, and its knee onset speed is not established from 

data. Two further cautions: on the measured-only primary fit the unbounded 

power law misses the extreme-speed anchor by only about 2 %, whereas on 

the corrected-static sensitivity it exceeds the vehicle length, so on the primary 

data the anchor is a marginal discriminator; and the free-fit ceiling, the 

anchor’s discriminating power and the ceiling’s mass scaling all read 

differently on the corrected-static sensitivity. §5 is the one section of this paper 

whose qualitative conclusions depend on which crush provenance is used. 

Data calls: what would most improve this envelope. 

1. Barrier load-cell force histories: addressed. The modern NHTSA fleet was processed 

to the clean load-cell set (32.7–57.0 km/h); the load-cell-vs-accelerometer crush cross-



check gives a median ratio 0.989 (§3.3). Sample size is limited mainly by a server-side 

serving issue (157 of 274 unprocessable tests return byte-identical per-channel files 

despite distinct request URLs; a further 110 carry no load-cell channels), which is the 

same upstream fault described in the corrigendum note, caught here at acquisition 

because the load-cell pipeline already compared per-channel hashes. The loss is largely 

unrecoverable, not a selection choice. 

2. Bollard/narrow-impactor test data from barrier suppliers: crush and force from 

certified ISO 22343-1:2023 (formerly PAS 68 / IWA 14-1) and ASTM F2656/F2656M-23 

tests, most of which are commercially held and unpublished. Analytical work using a 

geometric crush model (S32) has since quantified the narrow-impactor crush multiplier 

at roughly 1.6–1.7× (§6); a separate treatment extends this to bollard design scenarios. 

3. Euro NCAP / ANCAP FWRB records: these widen fleet coverage toward the AU-

relevant model mix, though their 50–55 km/h speeds do not lower the velocity floor. 

4. Modern low-speed rigid-barrier tests (e.g. structural tests at 15–30 km/h adjacent to 

those of the Research Council for Automobile Repairs, RCAR): the only route to an 

evidenced low-speed anchor. 

5. Heavy-vehicle FWRB or instrumented HVM tests: to anchor the mass extrapolation. 
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Annex A: Statistical methods 

This annex supplies the full statistical detail behind the methods summarised in §§3–4. 

It is written for a reader who wants to verify the fitting procedure, the uncertainty 

quantification, or the force-validation arithmetic. 

A.1 Quantile regression and shared-slope design 

Dynamic crush is fitted as a power law: 

d [mm] = a · v^b_v · m^b_m (v in m/s, m in kg) 

by quantile regression at q = 0.05, 0.25, 0.50, 0.75, 0.95 on log-transformed data 

(statsmodels QuantReg). The velocity and mass slopes (b_v, b_m) are fitted once, at the 

median (q = 0.50), and shared across all five quantile curves. Each quantile then 

receives its own intercept from the residual distribution. Because the five curves differ 

only by a multiplicative constant, they cannot cross, which is a structural requirement 

for any table read at extrapolated speeds. 

That guarantee is not free: sharing the median’s slopes forces both design tails to carry 

the median’s mass exponent, which is near zero while the tails’ own mass dependence 

is not. Annex A.13 measures the resulting read-off bias, shows that the free-slope 

alternative crosses at 92–97 km/h and so cannot be deployed as a chart, and states the 

allowance to carry instead. 



A.2 Three-provenance fit table 

Provenance 

(median 

fit) 

Role a b_v b_m R²(log) n 

Measured-

only 

PRIMARY 25.199 1.110 0.023 0.661 594 

Hybrid 

(measured 

+ corrected) 

sensitivity 4.403 1.386 0.154 0.549 1,072 

Corrected-

only 

sensitivity 0.144 1.747 0.479 0.555 478 

The measured and corrected velocity exponents differ by +0.64 (1.11 vs 1.75). An 

adequate global static-to-dynamic correction would have reconciled them; it does not. 

Because the correction ratio(v) = A + B/v is a decreasing function of v, the corrected 

subset inherits static crush’s steeper velocity dependence. The corrected path is 

therefore a different population, not a substitute for the measured one. 

A.3 Per-quantile parameter table (measured-only, shared slopes) 

Quantile a b_v (shared) b_m (shared) pseudo-R² 

5th 20.199 1.110 0.023 0.410 

25th 23.182 1.110 0.023 0.508 

50th 25.199 1.110 0.023 0.439 

75th 26.887 1.110 0.023 0.343 

95th 29.398 1.110 0.023 0.171 

A.4 Exponent interpretation 

Two limiting cases bracket the velocity exponent b_v: a constant-force (rigid-plastic) 

structure gives d ∝ v² (b_v = 2); a linear spring gives d ∝ v (b_v = 1). All three fitted 

velocity exponents (measured 1.11, hybrid 1.39, corrected 1.75) sit inside [1, 2], and the 

measured-only primary fit lies close to the linear-spring limit, consistent with 

progressive stiffening of modern front structures (force rises as the structure crushes). 

The mass exponent on the measured-only fit is b_m = 0.023, effectively zero: within the 

fitted fleet, crush at a given speed is very nearly independent of vehicle mass, which 

means structural force capacity scales close to proportionally with mass. That is the 

strong form of the independent finding that mass has limited independent influence 

on barrier-test crush within the passenger fleet (S27). 

The residual mass term is a vehicle-size proxy, not a mass effect. Controlling for 

footprint (length × width) on the same 594 rows drives it negative: b_m 0.023 → −0.192 

with b_footprint ≈ 0.53, and the velocity exponent is unmoved (1.110 → 1.109). Splitting 

the cohort by size tells the same story, with b_m at 0.225 on the lighter half and −0.014 

on the heavier half (0.185 below 2,000 kg, −0.009 at or above it), so the small positive 

pooled value is carried by the light end and is absent among the heavier vehicles. 

Structural body class (unibody vs body-on-frame) is unavailable from the NHTSA API; 

vehicle size is the tested proxy. 

Two cautions on reading the near-zero value. First, everything above is a statement 

about the median: the mass exponent fitted freely at the design tails is roughly an 

order of magnitude larger (about 0.19 at q05 and 0.21 at q95, both with intervals 



excluding zero), so mass dependence is present in the spread of the crush distribution 

even where it is absent from its centre (Annex A.13). Second, the size decomposition 

in this section is itself a median-fit decomposition, so it describes where the median’s 

small positive value comes from, not where the tails’ larger values come from. 

Why the mass exponent is near zero. The near-independence is not an accident of this 

cohort but a consequence of the regulatory regime that produced the data, which is 

fixed-speed and mass-blind. Every vehicle is driven into the same rigid barrier at the 

same nominal speeds, and every vehicle must then satisfy the same injury criteria: 

HIC15 not above 700, chest resultant acceleration not above 60 g outside a cumulative 

3 ms, and axial upper-leg force not above 2,250 lb, about 10 kN (FMVSS No. 208, 

clauses S6.2 to S6.5). Not one of those limits carries a mass term. Since mean 

deceleration over the crush distance is a = v²/(2d), a deceleration limit sets a minimum 

crush distance that depends on speed and not on mass. 

The designer’s response to that constraint is force, not distance, and the compatibility 

literature documents both sides of that trade. A heavier vehicle arrives with 

proportionally more kinetic energy, so the area under its barrier force versus 

displacement curve, which must equal that energy, is proportional to its mass: 

measured across five vehicles from 1,444 to 2,759 kg at 35 mph (S34). The space to 

absorb it does not grow in proportion, since extending it means either more intrusion 

into the occupant compartment or added front-end length, and that length brings 

structure and mass, which raises the energy again (S34). Force therefore rises with 

mass at close to the same rate: over full-frontal rigid-barrier tests from the same 

NHTSA database this paper draws on, the CRASH3 stiffness coefficient B rises 

monotonically by weight class from 7.1 kg/cm² below 1,250 kg to 15.3 kg/cm² above 

2,000 kg (S35), a little more than doubling as class mass roughly doubles. 

The two readings meet in the fitted exponents. The linear-spring limit above gives d = 

v·√(m/k), so if k = c·m then d = v/√c, linear in speed and mass-independent by 

construction. That limit predicts b_v = 1 and b_m = 0; the fit returns 1.110 and 0.023. 

The near-zero exponent is therefore the signature of a design constraint, not evidence 

that mass is absent from the physics: the mass dependence has been engineered out of 

median crush and into force. It has not been engineered out of the tails, which is the 

first caution above. 

A.5 Bootstrap confidence intervals 

B = 500 resamples give 90 % confidence bands on each quantile curve (shared-slope 

fit). At 10 m/s and 1,500 kg: 

Quantile CI (mm) Half-width 

q50 368–389 ±3 % 

q05 290–316 ±4 % 

q95 433–460 ±3 % 

All quantile CIs are properly ordered (q05 < q50 < q95) at every velocity. 



 

Figure A1: Bootstrap confidence ribbons on the quantile curves 

Figure A1. Bootstrap confidence ribbons on the quantile curves (shared-slope, measured-only 

fit). The bands are the 90 % confidence intervals from 500 resamples. 

A.6 Fleet-weighting sensitivity 

Repeated weighted bootstrap (B = 200, ABS age-distribution weights, zero-weight 

rows excluded) shows a consistent downward shift of 1–3 % across all quantiles: 

Quantile Shift Resampling SD Shift / SD 

q05 −1.3 % 2.2 % ~0.6 

q50 −1.8 % 2.0 % ~0.9 

q95 −2.6 % 1.8 % ~1.4 

The direction is consistent across all three quantiles, in that ABS age-weighting biases 

the unweighted cohort toward softer (higher-crush) vehicles, but only the q95 shift 

exceeds its own bootstrap resampling standard deviation. This is a ~2 % adjustment at 

the edge of detectability, and the weaker conclusion is the honest one: the fleet-age 

weighting does not materially move the envelope. 

A.7 Onset and initial-condition sensitivity 

Each measured dynamic crush depends on where integration starts (the detected 

impact onset) and on the pinned initial speed. A perturbation study over the 1,399 

measured fit-ready tests, driving the same production integrator, applied onset ±2 ms, 

detection-threshold ×0.5/×2, and initial-speed ±2 %. 

Metric Value 

Per-test worst-case shift, median 5.1 % 

Per-test worst-case shift, 95th percentile 65 % 

Per-test worst-case shift, maximum 6,201 % 

Dominant axis (mean |shift|) Detection threshold: 9.6 % 

Onset window (mean |shift|) 7.8 % 

Initial speed (mean |shift|) 3.3 % 

Worst-case median, < 30 km/h 9.6 % 

Worst-case median, ≥ 30 km/h 5.1 % 



The effect is speed-dependent: a fixed onset shift admits or omits a roughly fixed pre-

onset travel (≈ v₀·Δt) that is a larger fraction of a small low-speed crush. For the 

operative highway-speed regime the central bound is modest (~5 %); at low speed it is 

not. The upper tail is heavy and is dominated by the detection-threshold axis on a 

minority of tests, where halving or doubling the trigger relocates the onset well inside 

or ahead of the pulse; the extreme maximum is a single test and is reported rather 

than trimmed. Sampling uniformity holds (0 of 1,399 traces exceed a 1 % dt-

nonuniformity tolerance), so the fixed-dt integration assumption is safe. 

A.8 Force identity and error terms 

Maximum dynamic crush is defined as the displacement at the velocity zero-crossing, 

exactly the integration endpoint used to derive it. By the work-energy theorem, the 

work done on the vehicle over the loading stroke equals ½mv² regardless of rebound 

energy, so F_avg = mv²/(2·d_dynamic) is an exact identity for the loading-phase average 

interface force on a rigid barrier. Restitution does not enter it. This is a definitional 

property of the loading-stroke work, not an approximation, but it is worth noting that 

the rebound energy is small in any case: an independent set of frontal rigid-barrier 

tests reports coefficients of restitution between about 0.05 and 0.22 (S28), so even the 

total rebound energy, which the loading-phase identity already excludes, is a minor 

fraction of the impact energy. 

Restitution genuinely matters elsewhere: for the static-to-dynamic crush relationship, 

for Δv and occupant severity, and for whether a low-speed impact leaves measurable 

residual crush. The model’s real breakdown below ~16–30 km/h is a crush-prediction 

failure (origin-constrained form, no low-speed data, a genuine no-damage threshold), 

not a force-formula failure (§6). 

The error terms the identity does carry are: 

• Vehicle pitch/rotation: the accelerometer measures one point, not the barrier-normal 

travel of the centre of gravity (CG). 

• Accelerometer location and mounting compliance. 

• Barrier compliance: near-zero for a FWRB (≈ 0.1 mm at peak force, estimated in this 

work from the reinforced-concrete barrier’s stiffness). 

• Lateral/vertical energy paths not captured by the longitudinal channel. 

On a rigid barrier these are second-order at design speeds. 

A.9 Force-validation detail 

(i) Out-of-sample crush prediction (expressed in force units). A 5-fold hold-out 

cross-validation: the 594 measured-crush tests were split into folds, the median 

(measured-only) fit retrained on each complement, and force predicted on unseen 

rows. Result: median model/measured force ratio 1.001 (essentially unbiased; mean 

0.995), 5th–95th percentile spread 0.80–1.17. Because both “model force” and 

“measured force” are mv²/(2d) with the same m and v, the ratio is exactly the inverse 

crush-prediction ratio. This validates crush prediction, not force; no independent force 

channel enters. It is out-of-sample within the accelerometer measurement channel. 



 

Figure A2: Out-of-sample crush-validation scatter in force units 

Figure A2. Out-of-sample crush-validation scatter expressed in force units (§A.9(i)): a crush-

prediction check under 5-fold hold-out, not an independent force validation. 

(ii) Cross-channel displacement agreement. The barrier load-cell processing batch 

produced 386 clean modern-fleet tests. For each, dynamic crush derived from the 

barrier load cells (double-integrating F = ma) is compared against crush derived 

independently from the onboard accelerometers. Median load-cell/accelerometer 

crush ratio 0.989 (IQR 0.940–1.062, 5th–95th 0.884–1.53). Two physically independent 

instrument chains agree in the median to ~1 % (72 % within ±10 %, 87 % within ±20 %). 

The load-cell energy-balance ratio and the model-vs-LC-average-force self-consistency 

ratio remain self-consistency checks, not validation (both ≈ 1 by construction because 

displacement is integrated from the same force signal). The load-cell set spans 32.7–

57.0 km/h with no tests below 30 km/h. 

(iii) Independent force validation against barrier load cells. The model’s predicted 

average force (measured-only q50 fit) is compared, at each load-cell test’s own mass 

and speed, against force measured by the barrier load cells, a channel independent of 

the accelerometer crush the model is built on (386 clean tests; 344 share a test number 

with the fit cohort, which does not compromise force independence because the force 

channel is distinct from the crush channel). 

Two load-cell averages are reported (neither a sole primary): 

Average Definition Median model/LC ratio 5th–95th 

Distance-average Energy / LC crush 0.973 0.82–1.49 

Time-average Impulse / duration 0.871 0.73–2.18 

The distance-average is matched to F = mv²/2d but partly crush-dependent; the time-

average is crush-free and genuinely independent, but is a time- rather than distance-

average. 

This comparison is made at the model q50 (central-tendency validation, not a design 

reading). The model median sits ~3–13 % below the modern load-cell averages (the 

~13 % time-average figure is inflated by the pulse-shape offset; the definition-matched 

distance-average ~3 % is the better estimate of the force bias). 

The design reading is taken off the stiff-vehicle q05 curve. Force demand ∝ 1/crush 

and the q05/q50 crush ratio is fixed, so q05 carries a flat +24.8 % over q50. Model q05 

sits +9 to +21 % above the modern-fleet average force (1.248 × 0.871–0.973). Measured 

against the stiff tail itself (5th percentile of the per-test ratio: 0.82 distance / 0.73 time), 

it lands at parity to ~9 % below the stiffest modern vehicles (1.248 × 0.823 = 1.03; × 

0.730 = 0.91). Erring to q05 closes almost the entire central bias on its own, with the 



AS/NZS 1170.0 ULS action factor and capacity-reduction factor supplying the residual 

tail margin (§8.4). This rests on the fleet-stiffness-spread assumption stated 

canonically at §8.5. 

 

Figure A3: Independent force validation against barrier load cells 

Figure A3. Independent force validation against barrier load cells (measured-only fit). The 

model median (q50) is compared with the load-cell distance-average and time-average force at 

each test’s own mass and speed, a force channel independent of the accelerometer crush the 

model is built on. The bottom-right panel shows the load-cell peak-to-average ratio (median 

1.93). 

A.10 Correction-residual evidence 

The corrected-static crush path is demoted for three evidenced reasons, established by 

a correction-residual test on the 594 dual-value cohort rows: 

• (a) Level bias. The correction is a least-squares (mean) fit to a right-skewed 

dynamic/static ratio, so on the operative cohort it over-predicts the median by 3.4 % 

(median residual −0.043 ratio units, 90 % bootstrap CI [−0.058, −0.023], excludes zero). 

• (b) Large per-row scatter. Cohort residual 5th–95th percentile [−0.260, +0.622], 

approximately 0.9 ratio units. 

• (c) Unreconciled exponent divergence. The measured and corrected velocity 

exponents (1.11 vs 1.75) that an adequate global correction would have reconciled but 

does not. 

The corrected path is not demoted for cohort covariate non-homogeneity on mass or 

size (mass p = 0.13, footprint p = 0.22, and both lose significance when controlled 

against each other). On the corrected data two covariates do now show a material 

residual trend on the operative cohort, impact speed (p < 0.001) and model year (p = 

0.02), which strengthens rather than weakens the case for keeping this path as a 

labelled sensitivity only. 



A.11 Peak-to-average force ratio 

Peak forces on load-cell barriers are a median 1.93× the distance-average force (IQR 

1.77–2.16, 5th–95th 1.5–2.5, over the 386 clean load-cell tests; robust to the CFC-60 

filter correction). This independently reproduces the ~1.9× headline from a channel 

not used to derive the model. 

A.12 AHOF wall-row order verification 

The hi-res walls letter their rows from the top down; the published description of the 

4×9 walls places row A at the bottom (S9). The row-order assignment behind §4.2 was 

checked three ways. (i) Cross-wall agreement: same-model vehicles tested on both 

wall types agree under the documented orders (mean difference 10 mm across 39 

models) and disagree by an average 136 mm under the reverse. (ii) Rebinning: 

collapsing the hi-res force records onto the coarse 246 mm 4×9 grid reproduces that 

stratum’s median to within about 20 mm. (iii) Load-path location: under the 

documented order the most heavily loaded 4×9 row sits at 369 mm, at bumper and rail 

height, not at 615 mm, where no primary load path runs. 

A.13 Free-slope tail sensitivity: what the shared-slope design costs at the mass 

extremes 

The shared-slope design of A.1 fits b_v and b_m once at the median and shares them 

across all five quantile curves, so the curves cannot cross. The cost of that guarantee is 

that both design read-offs inherit the median’s mass exponent, and the median is 

not representative of the tails. Refitting each quantile with its own slopes gives: 

Quantile b_v (free) b_m (free) 95 % CI on 

b_m 

vs shared 0.023 

5th 1.498 +0.185 [+0.027, 

+0.343] 

+0.162 

25th 1.107 +0.059 [−0.019, 

+0.137] 

+0.036 

50th 1.110 +0.023 [−0.032, 

+0.077] 

0.000 

75th 1.063 +0.052 [−0.001, 

+0.105] 

+0.029 

95th 0.851 +0.214 [+0.141, 

+0.287] 

+0.191 

The median row reproduces the deployed shared slopes exactly, which confirms this 

is the same estimator on the same 594 rows rather than a re-specification. A 400-

resample bootstrap agrees at the design quantiles (q05 +0.170 [+0.099, +0.291]; q95 

+0.219 [+0.137, +0.282]; both with P(b_m ≤ 0) = 0.000, against 0.122 at the median). 

The mass dependence of crush lives in the spread of the distribution, not in its 

centre. The median’s near-zero exponent (§3.1, A.4) is real, but heavier vehicles show 

both a lower stiff-tail floor and a higher soft-tail ceiling than the shared-slope curves 

imply. Three checks establish that this is a mass effect and not the cohort’s mild mass–

speed correlation (r = +0.15 in logs): 

• Within a single speed cluster. Regressing on mass alone inside the ~56 km/h cluster (n 

= 433, all rows at essentially one speed) gives b_m = +0.206 [+0.019, +0.394] at q05 and 

+0.178 [+0.128, +0.228] at q95, against +0.042 [−0.018, +0.102] at the median. The ~40 

km/h cluster (n = 149) agrees in sign but is too sparse to resolve; the ~48 km/h cluster (n 

= 10) cannot be interpreted. 



• Model-free, no fit at all. Splitting the same ~56 km/h cluster into mass terciles: median 

crush moves 629 → 635 mm across a 3.3× mass span, while the 5th percentile rises 495 

→ 544 mm and the 95th rises 704 → 755 mm. 

• Direction. Both tail exponents are positive, so the effect is a widening of the crush 

distribution with mass, not a shift of it. 

Consequence for the read-offs. Anchoring both fits to agree at the cohort median 

mass (1,816 kg) leaves a pure mass-scaling difference, (m/m_med)^(b_m,free − 0.023). 

Expressed as the deployed read-off relative to the free-slope one, at the cohort mass 

extremes: 

Quantile crush at 1,007 kg crush at 3,448 kg force at 1,007 kg force at 3,448 kg 

5th +10.0 % −9.9 % −9.1 % +11.0 % 

50th 0.0 % 0.0 % 0.0 % 0.0 % 

95th +11.9 % −11.5 % −10.7 % +13.0 % 

A negative entry means the deployed chart reads low. The two non-conservative 

corners sit at opposite ends of the mass range: the q95 crush bound understates by 

about 12 % at 3,448 kg (the clearance and stand-off reading), while the q05 average 

force understates by about 9 % at 1,007 kg (the strength and anchorage reading). There 

is therefore no single design mass at which the deployed envelope is conservative in 

both readings at once. Near the cohort median mass the two fits agree by construction 

and the effect vanishes. 

Why the shared-slope fit is nevertheless the deployed one. With their own velocity 

exponents the free-slope curves are not parallel in log space, so the q05 curve 

eventually overtakes the q95 one. The crossing velocity is computed, not assumed: 92 

km/h at the cohort minimum mass, 94 km/h at the median, 97 km/h at the maximum. 

That is above the supported band but inside the ~100 km/h range §5 scopes the charts 

to, and a chart whose stiff-vehicle curve reads deeper crush than its soft-vehicle curve 

is incoherent rather than merely imprecise. The free-slope fits are therefore reported as 

a sensitivity and the bias disclosed, rather than deployed. For a design vehicle near 

either end of the supported mass range, the percentage above should be carried as a 

one-sided allowance on whichever reading governs; the free-slope curves themselves 

must not be read off a chart or interpolated against the deployed ones. 

 

Figure A4: Free-slope tail sensitivity 

Figure A4. The shared-slope design’s cost at the mass extremes. Left: each quantile’s own fitted 

mass exponent with its 95 % confidence interval, against the single shared value (0.023) the 

design charts deploy: the two design tails sit well above it and their intervals exclude zero. 

Right: the resulting read-off bias in crush at the cohort mass extremes, anchored at the median 

mass; a negative bar means the deployed chart reads low, so the q95 heavy-end bar is the non-

conservative corner for a clearance check. 
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Annex C: Design artefact sheets 

The ten sheets below collect the paper’s read-off artefacts in printable A4 form, one 

sheet per page: the all-masses crush envelope (A), the per-mass envelopes at six 

design masses (B1–B6), the stiff- and soft-vehicle crush contours (C1, C2), and the 

impact-height line (D). Each sheet restates its own read-off formula, fitted parameters, 

and validity window, so it stands alone once separated from the paper; the research-

artefacts section (§9) describes the set. 

  



 

Artefact A: dynamic-crush envelope, all masses 

  



 

Artefact B1: crush envelope at 1,100 kg 

  



 

Artefact B2: crush envelope at 1,500 kg 

  



 

Artefact B3: crush envelope at 2,000 kg 

  



 

Artefact B4: crush envelope at 2,500 kg 

  



 

Artefact B5: crush envelope at 3,000 kg 

  



 

Artefact B6: crush envelope at 3,400 kg 

  



 

Artefact C1: stiff-vehicle (q05) crush contours, force side 

  



 

Artefact C2: soft-vehicle (q95) crush contours, crush side 

  



 

Artefact D: impact-force height versus mass 

 

Data availability 

The primary data are public records from the U.S. DOT/NHTSA Vehicle Crash Test 

Database. The derived dataset (cleaned crash-test rows, the dynamic-crush 

derivations, the cohort selection, and the fitted design tables), together with the 

quality-control pipeline, the analysis scripts that produce the quantile envelope, 

design charts, and figures, and the machine-generated QC and validation reports, are 

deposited at Zenodo under the concept DOI 10.5281/zenodo.21508010, which always 

resolves to the most recent version. This paper was built on deposit version 1.2 

(version DOI: 10.5281/zenodo.21879383), which is the first deposit to carry the 

https://doi.org/10.5281/zenodo.21508010
https://doi.org/10.5281/zenodo.21879383


corrected acquisition route described in the corrigendum note. The earlier deposit 

versions 1.0 and 1.1 remain public and carry the defect. The raw cached NHTSA 

records are not redistributed; they are re-buildable from the public database with the 

deposited fetch scripts, which now acquire the per-curve binary channel payload and 

fail loudly if the store serves one file for two curves. 


