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Abstract
The Tacoma Narrows Bridge collapsed on November 1, 1940 due to its inability to stand against the strength of the wind. In many physics textbooks, the reason for the collapse is attributed to the resonation of the bridge in the wind. Engineers have worked on the problem of why it fell and have shown that resonance is not the cause. The real cause behind the collapse is attributed to the strong winds which were pushing the bridge, causing it to undulate and ripping apart the roadway. When a suspension cable eventually snapped, the bridge crashed into the Puget Sound. New bridge building techniques have come from information learned from Tacoma Narrows Bridge, and these new techniques are evident in the bridge that replaced the original. Due to these new techniques, the aerodynamic study of bridges began and the “slimmer and sleeker is better” trend of building bridges came to an end.
Introduction
The Tacoma Narrows Bridge was located in Tacoma, Washington. Leon Moisseiff (1872-1943) was the designer and builder of the bridge. He was a veteran designer and consultant on nearly every large suspension bridge built in America before 1940. The bridge was the first that Moisseiff could call his own (Plowden 289). The bridge was a suspension type and was built with plate girders, steel beams used as main horizontal supports in a building or bridge, instead of the standard truss, small and strong structures used to strengthen the structure of the bridge (PBS). It was a total of 5,939 feet long, and its center span was 2,800 feet long. It was 39 feet wide, which was unusually narrow for a bridge of its time. The bridge opened on July 1, 1940. It earned its nickname, "Galloping Gertie", from its rolling, undulating behavior. One side of the bridge rolled higher than the other due to strong winds. The undulations were thought to be harmless, for the most part. It was not until a particular day in November that something went wrong (Ketchum "History").
What Happened
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From the pictures taken (see Figures 1 and 2), it can be seen that the bridge took a twisting motion, and it has been shown that “a wire at mid-span snapped, resulting in an unbalanced load condition” (Irvine). At this time, the bridge was twisting at frequency of 0.2 Hz and amplitude of 28 ft (Irvine) (See figure 1). At this point, some forces were acting on the bridge, the specific forces still being disputed by many scientists. The event ended with a 600 ft break (Ketchum), falling 190 ft (Irvine) into the Puget Sound below.
Why it Happened
Resonance is the most often mentioned explanation for the collapse of the Tacoma Narrows Bridge. It seems to fit from the description:

“In general, whenever a system capable of oscillation is acted on by a periodic series of impulses having a frequency equal to or nearly equal to one of the natural frequencies of oscillation of the system, the system is set into oscillation with a relatively large amplitude” (Ketchum, “Bridge”).
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Judging from one of the agreed-upon facts, that the amplitude of the “system” was 28 ft (Irvine), this argument seems like the obvious explanation of the collapse. “Series of impulses” come from a phenomenon in fluid dynamics called “vortex shedding” (Irvine) (See Figure 2). The so-called vortex street arises from a fluid perturbed by some body blocking the path of the fluid. In this case, the fluid is the wind, and the bridge causes vortices around itself, thus perturbing its oscillation in equality with the natural frequency of it (Meneghini). Thus, the vortex street “produced a fluctuating resultant force in resonance with…the structure…until the bridge was destroyed” (Ketchum “Bridge”).
However, this “vortex shedding” is a non-linear system (i.e., not periodic) (Urban) and also produces a Strouhal average frequency of approximately 1 Hz, whereas the torsional twisting frequency of the Tacoma Narrows Bridge was measured at 0.2 Hz after the cable snap (Irvine), a non-matching frequency (recall the above definition). The Strouhal frequency can be determined by the formula
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, where S is the Strouhal number, between 0.2 and 0.3 (MIT). The Strouhal number is a so-called "dimensionless parameter," congruent to
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being the scale, and 
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being the wind speed (Weisstein). This formula seems to indicate that resonance did not cause the bridge to collapse, as the frequency of vortices that could have been shed in such conditions could not resonate with the bridge to produce the 0.2Hz torsional mode observed on the bridge. Figure 3 shows an alternative scenario. Note the absence of any periodic force vectors, with no vortices even accounted for in this diagram. Also, vortex shedding could not have been maintained for the 3 hours it took for the 0.2 Hz torsional mode to collapse the bridge (Boston). The nonlinear system represented by the cables also could not have [image: image8.wmf] 

generated a constant resonating frequency (Advance). It seems clear that there is no possible source of a constant, maintained, matching resonant force.
Why it Really Happened

The Tacoma Narrows Bridge collapsed because the designer failed to consider the aerodynamic forces at work in the Puget Sound (Dupre 45, 85). Because the designer built the bridge with plate girders, steel beams used as main horizontal supports in a bridge, it caught the wind rather than letting it pass through. If the designer had used trusses, small and strong structures used to strengthen the structure of the bridge (PBS), the additional weight would have cancelled out the effect of the aerodynamic forces of the structure, thereby allowing it to remain intact (Dupre 89, Salvadori 167). Because of Moisseiff's reputation as a designer, however, the bridge engineers considered aerodynamic failure impossible. Aerodynamic failure has to do with the stiffness of steel and its tendency to bend and twist if the wind comes in at certain angles. For an example of what might happen, see Figure 3. Engineers considered this particular range of angles unlikely.
How to Prevent it From Happening Again

Understanding the forces of nature decreases the probability of major damage or even a collapse of the structure. Before the engineer designs for the bridge, he or she must consider the location and geography. Either over a body of water, or over a city or land, the bridge must be able to withstand the natural forces that would apply. For example, the engineers did not imagine that wind would have had such an impact on the Tacoma Narrows Bridge. In reality, the wind introduced intense stresses onto the structure of the bridge, leading to its destruction (Jackson 328). Plowden states that “the real problem lay in the fact that engineers had gone beyond the understanding of the true nature of the dynamics of the suspension bridge” (289). Without thorough knowledge of wind, bridge oscillation couldn’t have been prevented.
The type of bridge is important and should be selected according to the location’s environment. Bridges can be constructed with steel, wood, stone, or brick in various types of designs, such as suspension, beam, or arch. Each type of material and design has its own advantages and disadvantages to the constructed bridge (PBS). The Tacoma Narrows Bridge was designed as an ultra-light suspension bridge, using steel cables and towers as support (Plowden 289). The suspension design was chosen to bridge across Puget Sound due to the design’s “slender” characteristics (PBS). The suspension bridge was designed to span over long distances and cut construction costs. The depth to length ratio, representing a bridge’s strength and sturdiness, was 1:320, which was considered extreme because it was not within the recommended values of 1:50 to 1:90 (Plowden 289). This range was highly recommended because it was enough to provide proper support and stiffness (Plowden 289). The radical proportions resulted in an increase in vertical flexibility and instability, allowing the bridge to twist (Plowden 289). Although a suspension design was appropriate for Puget Sound, the strength and stability was not sufficient enough to withstand the wind.
From the disaster of the Tacoma Narrows Bridge, bridge engineers have learned several lessons to prevent future destructive bridge oscillations. For instance, the engineers have learned not to build a suspension bridge that lacks sufficient stiffening supports. Although the models of the bridge were tested for wind pressures and resistance, there was just not enough information about aerodynamics at that time to detect this disaster (Plowden 289). As a result, engineers afterwards focused on the importance of understanding the aerodynamic forces acting on the structure. Many experiments were created to further our understanding of wind. The proportions of the bridge would be considered as extreme and was not to be built again (Jackson 328). In addition, the Tacoma Narrows Bridge has influenced other bridges to increase their strength and safety. Three-dimensional models of federally funded bridges are tested under “two-dimensional wind tunnel analysis” to observe the impact of wind (Tacoma). This is to ensure that the engineers examine the influences of wind on the structure. Also, existing bridges such as the Golden Gate Bridge and the Bronx-Whitestone Bridge spent millions of dollars on strengthening their structure (Plowden 290). The Tacoma Narrows Bridge introduced major changes in modern bridge engineering increasing safety and advancing engineering designs. As proof that engineers did learn from their mistakes, a new suspension bridge was built in place of the collapsed Tacoma Narrows Bridge and it remains standing today.
Conclusion

As Duprè states:

“While human error will always be a variable in bridge design, improvements in other areas – more reliable materials, expanded technical knowledge, wind testing, computer technology, and the growing recognition that failures, having the most to teach about successful design, should be documented and shared – have taken some of the uncertainty out of bridge engineering” (45).

We should remember that aerodynamic instability, and even resonance, should always be taken into account, along with other forces of nature. We should also note, more importantly, that tried and “true” explanations should not be taken for granted and that ideas should always be challenged.
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Figure 2: A von Karman vortex street, showing vortices rolling off an object in a fluid (Irvine)
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Figure 3: A diagram of the bridge, cross-sectional, changing angles in the wind (Irvine)
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Figure 1: The Bridge twisting, one sidewalk 28 feet higher than the other (Ketchum)
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