ENGINEERING BRIEFING

The Mathematical
Foundations of
Structural Safety

Bridging theoretical reliability,
computational vulnerabilities, and real-
world risk in modern infrastructure.

Prepared for Executive Leadership - Strictly Confidential
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THE EVOLUTION OF SAFETY
From Deterministic Limits to Probabilistic Reliability

Allowable Stress Design (ASD) Load and Resistance Factor Design (LRFD)
Philosophy: Deterministic. Philosophy: Probabilistic (Limit State Design).
Mechanism: Uses a single, constant safety Mechanism: Applies separate factors to
factor. Limits capacity utilization to loads and resistances (e.g., 1.2 Dead Load +
~60% of yield strength. 1.6 Live Load).

Failure Criteria: Ultimate limit states (e.g.,

Failure Criteria: Extreme fiber stress. i .
plastic hinge formation).

Vulnerability: Treats all loads (dead vs. Advantage: Explicitly recognizes that
live) with equal uncertainty. uncertainty exists on both sides of the
design equation.
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THE PROBABILISTIC FRONTIER

The Geometry of Failure: First Order Reliability Methods (FORM)

Probability of Failure (P;)
Load (S) / Demand ~_~— Resistance (R) / Capacity

4‘?\

\  Reliability Index (B) — The shortest distance
to the failure boundary.

In modern LRFD, safety is not a static guarantee. It is an active calculation of standard deviations, ensuring the
Reliability Index (B) remains geometrically distant from the failure domain under all combinations of structural stress.
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THE FEA PARADOX

The Immense Power and Hldden Dangers of Finite Element
Analysis ——

The Promise The Peril

FEA solver algorithms process millions of degrees of Software providers market FEA as a tool anyone can use.
freedom, optimizing materials and enabling unprecedented, This breeds a dangerous black box reliance where engineers
complex architectural geometries. accept automated meshing and numerical approximations

without verifying the underlying mechanics or physical reality.

“Uncritical acceptance of simulated results without validation through
physical tests or experience leads to catastrophic errors.”
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TAXONOMY OF COMPUTATIONAL ERRORS
Mapping Mathematical Assumptions to Physical Consequences

FEA Error Mathematical Consequence  Physical Reality

Linear Extrapolation Assumes material follows Overestimates peak stress;
Past Yielding Hooke's line infinitely. ignores plastic redistribution.
Incorrect Strength Applies ductile equations (von Fails to capture shear-driven
Hypothesis Mises) to brittle materials. cracking in concrete.

Underestimates dynamic

Dynamic Loading Ignores inertia, damping, and e e

: \ stress amplification; misses
Modeled Statically resonant frequencies. fatigue risks.
Inappropriate Element Using linear instead of quadratic ~ Artificially stiffens the model;

Selection elements (shear locking). underestimates displacements.
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THE ULTIMATE TEST: REALITY

The FIU Pedestrian Bridge Collapse

Date: March 15, 2018 | Miami, Florida.

Structure: 862-ton main span, concrete
and steel footbridge.

Toll: 6 fatalities, 10 severe injuries.

The collapse was not a freak {n
construction accident. It was a 5
perfect storm of the exact ‘ i e
mathematical vulnerabilities, FEA g 7
over-reliance, and procedural

blindness inherent in modern

engineering workflows.

&1 NotebookLM



ANATOMY OF A CATASTROPHE

The Mathematical Failure at Node 11/12

fﬁ" . .
.V Data Highlights
Elaa?:;ii%: S;;;Eﬁ??ﬁ?t% The Calculation Error
incorrect LRFD load FIGG Bridge Engineers applied a
faCtors. |10 ye | AL0T
(instead of the required 0.90) when
\ calculating permanent compression
| 0 S .\\\ | f | loading.
"‘i /{’i// Z R ..-,/,)7.“]-2 e 3/{ AT 5 The Result
e This mathematically artificially inflated
Demand: Severe the connection’s capacity, masking

underestimation insufficient steel reinforcing across the
of shear demand. shear surface. The concrete simply blew
out under the actual physical load.
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THE TRAP OF UNCOMMON DESIGN

A Fatal Lack of Structural Redundancy

Traditional Truss FIU Uncommon Design

—; Compression
Flange

i

Tension

If one diagonal fails,
forces immediately
redistribute.

Because there was zero structural redundancy, there were no alternative load paths. The moment Node 11/12
yielded to the uncalculated shear forces, the geometric stability of the entire 862-ton structure vanished instantly.
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SYSTEMIC BLINDNESS

The Complete Failure of Peer Review and
Judgment

Node 1: The Blind Review Node 2: The Ignored Reality Node 3: The Fatal Action
Louis Berger conducts an inadequate Massive structural cracking appears Crews are ordered to re-tension
third-party peer review, failing to catch days before the collapse. The Engineer post-tensioning rods in member 11
the fundamental Node 11/12 load of Record dismisses the physical while traffic flows underneath. No

calculation errors. evidence because the flawed FEA independent review of the repair
model says the bridge is safe. plan is conducted.

Trust in the black box overrode physical,
visual evidence of catastrophic distress.
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SYNTHESIS

The Lifecycle of Structural Safety

1. Design: Establishing the
Reliability Index (B) via LRFD,
FORM, and verified FEA.

4. Evolution: Active
Intervention—evolving codes,
peer-reviewed shoring, and
operational changes to maintain
the target reliability index.

Safety is not a static
Day-Zero calculation.
It is an actively decaying

orbit requiring relentless
Intervention.

2. Entropy: The immediate,
physical degradation of materials
unexpected load variations, and
environmental decay.

3. Diagnostics: Continuous
structural health monitoring,
crack evaluation, and matching
physical reality to theoretical
models.
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BLUEPRINT FOR EXECUTIVE ACTION

Strategic Imperatives for Risk Management

Mandate Extreme
Peer Review

Enforce mandatory,
independent third-party
reviews for all non-redundant
structures. Verify load paths
and critical nodes from first
principles, independent of
global software outputs.

End Black Box
Reliance

Establish strict modeling
protocols for non-linear FEA.
Require engineers to justify
element selection, boundary
conditions, and strength
hypotheses before accepting
solver outputs.

Empower an
Uncompromising
Safety Culture

When physical signs of distress
(cracking, deformation)
contradict mathematical
models, reality must win.
Mandate immediate suspension
of operations and road closures
until peer-reviewed

diagnostics are complete.
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