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Glossary


INTRODUCTION

Why is it that when you read about physics in popular books, it’s always about accelerating subatomic particles to near the speed of light in an attempt to unlock the ultimate secrets of the Universe, and yet when you study it at school all you end up doing is measuring the temperature of some ice in a bucket?

Perhaps that’s an exaggeration but it’s not really a surprise that for all too many people, physics lessons were boring. Tediously, mind-achingly, duller than defrosting the fridge on a rainy Sunday, boring.

When I was at school I had two physics teachers. One, Mr H, spoke with a lisp and walked like the soles of his shoes were made of Zectron – that super-springy stuff they used to make balls that, if you lobbed them at the ground hard enough, could bounce right over your house. Despite his comical comportment he was, sadly, a droning bore. Albert Einstein once remarked how odd it is that an hour spent in the company of a pretty girl seems like a minute, while a minute with your hand on a hot stove seems like an hour. ‘That’s relativity,’ he said. If only the great man could have come along to one of Mr H’s classes, he could have witnessed time actually appear to run backwards. I developed a deep loathing for the sections of the syllabus that Mr H inflicted upon us — which, included thermodynamics (the science of temperature, ice and, yes, buckets).

My other physics teacher — Miss M — was four foot ten and, so the story goes, had the power to make the school bully blubber without even raising her voice. Neither I nor any of my friends sympathized with school bullies but, nevertheless, we all regarded Miss M as quite terrifying and definitely not one to be aggravated. Homework was delivered promptly. That said, she was also perhaps the best physics teacher in the world. The vagaries of radioactivity, wave theory, gravity, optics, and all that other stuff, suddenly became clearer than centrifuged Evian. Not only that, but I don’t ever recall being bored. Scared, yes. Bored, definitely not.

Thanks to Miss M, a very mediocre secondary school physics student was able to go away to university and ended up completing a doctorate in cosmology. Yes, that was me. I say ‘able to’ but perhaps ‘wanted to’ was her biggest achievement. I started off with next to no interest in physics, education or having a career of any sort, and came out of school inspired, largely as a result of her efforts.

But why should it take such a good teacher to make physics interesting? Physics, I think it’s safe to say, is the best of all the sciences. That’s not just because it covers nuclear explosions, which are the biggest explosions we’re able to make. Or because it deals with space, which is inherently cool. It’s more because physics is the most fundamental of all the sciences. As the great Ernest Rutherford — the man who first split the atom — once declared, ‘Physics is the only real science. The rest are just stamp collecting.’

I think what Rutherford meant is that physics underpins the fundamental behaviour of the Universe — from that, everything else follows. The interplay between the subatomic particles — in particular, electrons orbiting around atoms — is what determines the laws of chemistry. And biology is just the chemistry governing the strange set of chemical reactions we call life. Life is classified into families and species — but giving things names and maintaining lists is no more innovative than keeping stamps in an album … But I digress.

This book is your very own Miss M. I hope it won’t scare you quite as much as she scared me and my friends, but the aim in writing it was much the same as her goal in teaching us: to provide an interesting and accessible guide to the big ideas in physics. I don’t mean just the usual interesting fare of relativity and subatomic particle physics, but also mechanics (the science of moving objects), electromagnetism (the science of electric and magnetic fields) and even thermodynamics (temperature, ice and buckets). Along the way, I’ve tried to include some history of the subject and to put it all in a real-world context so that it doesn’t all seem like blue-sky science.

Of course, there’s plenty of blue-sky science in here too — relativity and subatomic particle physics, along with antigravity, parallel universes, teleportation, time travel, immortality, invisibility and higher dimensions of space and time. You’ll find out how to save the planet from energy shortages by mining the vacuum of empty space, engineer the Earth’s climate to reverse the effects of global warming, and fend off killer asteroids like Bruce Willis and his vest. You’ll learn essential survival skills such as how to live through a lightning strike, tough it out during an earthquake and fall into a black hole without being squashed into spaghetti. And you’ll discover some plain old cool stuff like how to turn lead into gold, travel to the centre of the Earth, crack supposedly unbreakable codes and use physics to predict the stock market.

Look at it this way: I got a physics education; you’re getting the keys to world domination. Is that a good deal? This one’s for you, Miss M — we salute you!


CHAPTER 1
How to build the ultimate rollercoaster

• Gravitational energy

• Launch catapult

• G-forces

• Centripetal force

• Mind the gap

Being accelerated from zero to 100 km/h (60 mph) in a little over a second, turned upside-down, spun round at over five times Earth’s gravity and then dropped 100 m (330 ft) might not be everyone’s cup of tea. But for rollercoaster thrill junkies it’s their idea of heaven. The ultimate rollercoaster ride is a delicate balancing act between safety and being scared witless.

Gravitational energy

After an age spent queuing you finally climb aboard, buckle in and wait anxiously for the off. You’ve never done this before and aren’t quite sure what to expect, although the green-faced individuals you’ve just watched stumble from the ride give you a fairly good idea. Amid fleeting concerns for your wellbeing, the controller’s voice crackles over the tannoy: ‘Go, go, go!’ The car lurches forwards and starts to accelerate. Most rollercoaster cars do not have their own internal power source. In fact, they are not propelled at all for most of the duration of their journey. Instead, they are hauled to the top of a high peak and then released. It is the speed the cars gain during this initial drop that provides the energy needed to carry them around the rest of the track. The rollercoaster really does ‘coast’ the majority of the way. That this is possible at all comes down to a central principle of physics known as the ‘conservation of energy’. It says that when you add up the amount of all the different forms of energy locked away in a physical system you get a number — the total energy of the system — that must remain constant with time. Energy in the system is allowed to change from one type into another, but the sum total must always be the same.

In a rollercoaster, the principal kinds of energy are kinetic energy, which is the energy associated with the motion of the rollercoaster cars, and ‘gravitational potential energy’ — the energy the cars possess because of their height in Earth’s gravitational field, which can be thought of as rather like the energy stored in a stretched spring. At the peak marking the start of the ride, the rollercoaster’s speed and kinetic energy are both zero. All of its energy is in the form of gravitational potential energy. When it is released and begins to fall, it steadily gains speed, converting gravitational energy into kinetic energy as it descends — and back again as it climbs. In reality, this conversion is not perfect, as some energy will be lost due to friction between the wheels and the track and between the wheels and other moving parts of the rollercoaster. Friction is caused when the microscopic lumps and bumps on two surfaces chafe against one another as the surfaces rub together. There is also friction between the rollercoaster and the air. The lost energy is not destroyed but is carried away in the form of heat and sound. The loss of energy to friction means that all the peaks on a rollercoaster course must become progressively lower than the starting point. If any of the peaks were the same height (or higher), the rollercoaster would not have enough energy to clear them. Instead, it would roll back down into the last valley, oscillating back and forth in the dip as friction gradually carried the rest of its energy away, ultimately bringing it to a stop. While putting the dampers on most of the ride, friction is essential if you ever intend to stop and get off. It’s how the brakes work on most rollercoasters — by applying friction pads to the rotating axles to deliberately turn the rollercoaster’s kinetic energy into heat as quickly as possible.

Conservation of energy is a concept that applies right across the whole of physics. It is an important principle in wave theory, thermodynamics, quantum mechanics and relativity. In 1918, German physicist Emmy Noether proved that the conservation of energy is a direct consequence of the laws of physics being ‘time invariant’: meaning that if I drop a stone out of my bedroom window today, then it will fall to the ground in exactly the same way if I repeat the experiment tomorrow.

Launch catapult

Of course, not every rollercoaster relies on gravity. Some of the newer designs incorporate launchers to provide the initial boost to gets things moving. These employ mechanical catapults, electromagnets or hydraulic systems that make use of compressed liquid to give the cars a kick down the track. For example, the hydraulic launcher used on the Stealth rollercoaster at Thorpe Park, England, accelerates the cars from 0 to 130 km/h (80 mph) in just two seconds. That’s an average acceleration of 18 m/s (60 ft/s) every second, roughly twice the rate you would accelerate by if falling freely under gravity. Physicists call this an acceleration of 2G. It creates a force pushing you back into your seat that is twice as powerful as the gravitational force on your buttocks as you sit reading this. G-forces such as this are an essential part of any rollercoaster experience. You feel them when the rollercoaster is accelerating forwards (in the case of launched rollercoasters), accelerating backwards (i.e. during braking — this normally only happens at the end of the ride) or changing direction.

G-forces

Changes in direction can take place in the vertical plane (passing over a crest or through a dip) or in the horizontal plane (turning a corner). The G-forces you experience in each case will vary according to what it’s safe for the human body to experience. The highest permissible forces are those pushing you into your seat at the bottom of a dip. These can briefly reach up to 6G. By comparison, astronauts on the Space Shuttle rarely experience more than 3G. (Although, admittedly, astronauts must endure high G-forces for many minutes during the trip into orbit, whereas on a rollercoaster they last just a split second.) The opposite forces, which lift you out of your seat as you pass over a peak, are typically much lower, at around 2G. The weakest forces are those experienced on rounding a horizontal bend. These should not exceed 1.8G, owing to the weakness of the muscles in the side of the human neck. Most rollercoasters try to ease these lateral forces by banking the track on bends so that some of the cornering force is transmitted down through the body and into your seat rather than pulling sideways on the neck.

The forces you feel when you go round corners are all down to Newton’s laws of motion. These are three laws of physics that English physicist and mathematician Isaac Newton first published in his book Mathematical Principles of Natural Philosophy in 1687. The first law of motion says that an object will either remain stationary or carry on moving in a straight line at constant speed unless a force acts on it. This is sometimes also known as the law of ‘inertia’. It means that a rollercoaster on a straight and level track will carry on moving forever (assuming there’s no friction). If the track turns, however, the rollercoaster turns with it. The passengers — which Newton’s laws apply equally well to — have their own inertia and their own natural tendency to want to keep moving in a straight line. But instead they feel a force exerted on them by the side of the rollercoaster car as it turns.
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At the bottom of a loop (left) centrifugal force and gravity both push you into your seat. At the top they work in opposite directions, so if the centrifugal force is strong enough it can overcome gravity and hold you in your seat.
If the centrifugal force exceeds gravity at a crest in the track (right) it can produce negative G-forces, lifting passengers up out of their seats.



Newton’s second law of motion explains how the force makes the passengers turn the corner. It draws a distinction between forces and accelerations, and asserts that a force acting on an object causes the object to accelerate in the same direction as the force. If I push a toy car on a tabletop then I exert a force on the car, which makes it accelerate. Similarly, the passengers on a rollercoaster feel the force exerted on them by the car as it turns and as a result of it they are accelerated in a sideways direction.

Centripetal force

Sideways acceleration is also what enables a rollercoaster to loop-the-loop without you falling out of your seat. (All rollercoasters have restraints to hold you in, but in all but the slowest loop-the-loops these are unnecessary.) Here, the acceleration acts at right angles to the track, towards the centre of the loop, making the rollercoaster and the passengers move in a circle. At the top of the loop, where you are in the most danger of falling out of your seat, the acceleration pushes the seat into your bottom faster than gravity can pull your bottom out of the seat. As a result you stick to the seat. It’s a similar effect that makes your washing stick to the sides of the spin dryer. Physicists refer to the force that causes this acceleration as ‘centripetal force’. The strength of the centripetal force is determined by the radius of the loop and the speed at which the rollercoaster whizzes round it. The speed is lowest right at the top of the loop, but this is where the force needs to be strongest to stop you falling out. That’s why the loops on some rollercoasters aren’t circular but teardrop shaped, with a section of tight curvature at the very top to give maximum centripetal force where it is most needed.

Although physicists prefer to talk in terms of centripetal force, most people are more familiar with ‘centrifugal force’ — a force acting in the opposite direction that seems to be pushing them down into the floor of the rollercoaster as it loops. Centrifugal force is a consequence of Newton’s third and final law of motion, which states that for every action (that is, every force) there is an equal and opposite reaction (a force pushing in the opposite direction). So, for example, when I sit on a chair, the chair pushes back to support my weight and stop me crashing into the floor. You can also think of centrifugal force in terms of inertia — each passenger’s inertia makes them want to keep moving forwards in a straight line at a tangent to the loop, in keeping with Newton’s first law. As the rollercoaster car turns inwards, following the path of the loop, this inertia pushes the passengers down into the floor. Considering the centrifugal force also makes it slightly easier to visualize the physics of looping the loop. At the bottom of the loop, both gravity and centrifugal force act in the same direction, making passengers feel extremely heavy in their seats. But at the top, the two forces practically cancel one another out, making the passengers feel almost weightless. It’s up to the engineers designing the ride to make sure the centrifugal force at this point is just bigger than the force of gravity to keep people in their seats. Going over a crest in the track, passengers experience the opposite effect to looping the loop. It’s rather like being on the outside of the spin dryer — the rollercoaster car drops away from under you faster than gravity can carry you after it, and you rise up out of your seat. Many rollercoaster junkies argue that these ‘negative G-force’ moments are some of the best parts of the entire ride.

Mind the gap

Suddenly you lurch forwards. The brakes are on and the ride is over almost as quickly as it began. As you disembark you try not to look too dishevelled in front of the people queuing up for their turn. But in reality, your internal organs feel like they’ve been through a food mixer, your head is pounding and you could swear you have bruised ribs from strapping yourself in too tightly. You vow to have another go before the day is out.


CHAPTER 2
How to predict the weather

• Weather watching

• How to read a weather map

• Predicting the weather

• Number crunching

• Climate modelling

• Chaos theory

• Strange attractors

• Super crunchers

On the night of 15 October 1987, the worst storm in 284 years tore across the south of England, battering homes and property and causing damage totalling £2 billion. Winds reached hurricane force and downed an estimated 15 million trees. And yet, just 24 hours before it struck, weathermen were laughing off suggestions that we might be in for a rough night. They predicted that the storm would fail to make landfall, and would bluster harmlessly up the English Channel. Way-off weather forecasting seems an all-too-common occurrence. But why is it so hard? And what can be done to improve it?

Weather watching

Human beings are obsessed with the weather. It dominates our small talk, stops us getting to work in the winter and regularly ruins public holidays in the summer. Hardly surprising then that our best brains have been trying to distinguish the makings of a balmy Sunday from those of a wet weekend for thousands of years.

In 1835, US scientist Joseph Henry used the newly invented long-distance electronic telegraph to set up a network of weather-monitoring stations across the United States, the readings from which were wired instantaneously to a central office at the Smithsonian Institution in Washington DC. Weather-monitoring stations use a variety of instruments to gather data such as temperature, air pressure, wind speed, humidity and rainfall. Today, the findings of ground stations are supplemented by ships, together with a host of eyes in the sky such as weather balloons, aircraft and satellites, which scan the state of the planet’s atmosphere from all angles to get a handle on what the weather is doing now — and what it’s going to do next.

How to read a weather map

Sometimes it is easy to draw up a basic picture of how the weather is going to behave. For example, if a ground station in Florida is registering low pressure and a ship off the coast in the Atlantic is reading high pressure, it’s a good bet that Florida is due for strong winds as air rushes from the area of high pressure to the low. (Over larger scales winds are deflected by the Coriolis effect, caused by the planet’s rotation — see How to stop a hurricane.)

Lines of constant pressure on a weather map are called isobars. They can be thought of as rather like contour lines on the 3D landscape you get by graphing the pressure at every point on Earth’s surface. Pressure differences can sometimes be predicted from thermal effects. Hot air rises and the updrafts act to lower the pressure over warm regions, while cool downdrafts tend to create regions of high pressure. Warm updrafts carry with them moisture that forms clouds as it condenses at high altitude. Temperature differences sometimes appear on weather maps as warm fronts, denoted by a line of red semicircles, and cold fronts, marked out by blue triangles. The arrival of a cold front can cause rainfall — or ‘precipitation’, as meteorologists like to call it. Warm, moist air rises up above the advancing cold front where it condenses into clouds and then drops back to the ground as rain. When conditions are exceptionally cold the water can fall instead as snow or hail.

Predicting the weather

This broad-brush analysis is fairly straightforward, and allows forecasters to provide the public with a very general impression of the weather along the lines of ‘tomorrow’s going to be windy’. But what if we need more details — such as how fast the gusts will be in each area, what time of day they’ll be at their worst, or indeed whether hurricane-force winds will plough up the English Channel or veer inland to wreak havoc? Predicting the weather in this much detail means solving the mathematical equations that govern the physics of the planet’s atmosphere. These equations are fiendishly complicated, coupling together processes such as the fluid dynamics of the air and oceans, heat transfer, atmospheric chemistry and the physics describing the radiation arriving from the sun. In fact, they are so abstruse they’re nigh on impossible to solve — at least by the conventional methods most of us used to solve equations in maths classes at school. Worse still, the equations are highly non-linear, meaning that small variations in the input variables can bring about wholesale shifts in the outputs, which makes it hard to even solve them approximately.

Number crunching

Physicists attack mathematical problems such as this using the only option left at their disposal: brute force. Or in other words, solving the equations ‘numerically’. This works by shoving best-guess numbers into the formulae and then tweaking their values by trial and error until the equations all balance up. The first person to suggest doing this for the weather was the British physicist and mathematician Lewis Fry Richardson. In 1922, he published a book called Weather Prediction by Numerical Process. In it, he imagined a vast hall filled with ‘human computers’: people armed with pen and paper all busily grinding out numerical solutions to the equations describing the weather. A central ‘conductor’ would collate their results and then issue them with new instructions. There was just one snag. Richardson calculated that keeping up with the world’s weather in real time would require 64,000 of these mathematical drones — equivalent to the entire population of Palo Alto, California. It seemed the only way to realize Richardson’s vision was to come up with a machine that could carry out the calculations automatically. And so it was that numerical weather prediction was put on hold for 20 years, pending the invention of the electronic computer.

Climate modelling

The first computer-based weather simulation was run in 1950 on a computer called ENIAC (Electronic Numerical Integrator and Computer) at the US Army Ballistic Research Laboratory in Maryland, where it had initially been used for working out artillery-shell trajectories. ENIAC’s early weather models used an extremely simplified picture of the atmosphere, where the air pressure at any point is determined simply by the density. Gradually meteorologists built more sophistication into their models to account for the processes of heating and atmospheric circulation that generate our complex real-world weather phenomena.

Computer weather models are set up by dividing the atmosphere into a three-dimensional grid. British mathematician Ian Stewart, in his book Does God Play Dice?, likens it to a 3D chess board. The weather at each precise moment in time is determined by assigning each cube in the grid a set of parameters defining the temperature, pressure, humidity and so on within that cube. These numbers can be thought of as rather like the chess pieces. The computer then evolves the board forward according to the rules of the game, encoded in the physics equations describing the weather. The results amount to moving the pieces around on the board rather like moves in a game.

In each cube, the computer takes the values of all the weather parameters and crunches them through the equations to work out the rate of change of each parameter at that instant in time. The rate of change allows all of the parameters to be evolved forward by a short interval, known as the ‘time step’. Now the new values for all the parameters can be fed back into the computer again and used to work out a new set of rates of change, which can then be used to evolve the whole system forward by the next time step, and so on. The process repeats iteratively until enough time steps have been accumulated to reach the point in the future for which the forecast is needed. For a model of global weather systems, the time steps might be ten minutes or so, but for simulations of the weather over small regions they can be as small as a few seconds. After each time step, the parameter values in each cell are meshed together to ensure continuity. The result is a model of Earth’s weather that can be advanced as far into the future as needed.

Chaos theory

However, the model cannot just advance into the future. Something was still missing. The predictions of the computer weather models were still only good for a few days, after which time, they became hopelessly inaccurate. The reason why was uncovered in the 1960s by the US mathematician Edward Lorenz. What he found would revolutionize not just how we think about the weather, but pretty much the whole of maths and physics.

In 1963, Lorenz carried out a detailed study of the equations describing a key element to how the weather behaves: convection. This is the process that makes hot air rise and cold air sink. The same process happens in a pan of cold water that’s heated from below on a stove. Even this small subset of weather maths was too difficult to solve on paper, so Lorenz put the equations on a computer. But when he did this he found something curious. If he stopped his simulation halfway through and wrote down the values of all the parameters, and then fed these back in manually to finish the simulation off, he got an answer wildly different from what he got by just letting the simulation carry on running in the first place. Lorenz eventually isolated the problem. Although the computer’s memory was storing the numbers to an accuracy of six decimal places, it was only displaying its results to three decimal places. So, for example, if a number in the memory was 0.876351, the computer would only display 0.876. When Lorenz fed this truncated number back in, the loss of accuracy brought about by sacrificing those last three digits was skewing his results. So sensitive are the equations of convection to the initial conditions of the system that changing these conditions by just a few hundredths of a per cent was bringing about wildly different behaviour. Lorenz had discovered a phenomenon known as ‘chaos’: extreme sensitivity of a system to its initial state, meaning that tiny differences in that initial state become magnified over time. The main reason why forecasting the weather tomorrow is so difficult is because we cannot measure the weather today accurately enough. Lorenz even coined a term to describe the phenomenon — the ‘butterfly effect’, the idea that the tiny perturbations caused one day by a butterfly beating its wings could be amplified over time to create dramatic shifts in the weather days down the line.

Strange attractors

Today, chaos is known to crop up in all kinds of physical systems — including quantum mechanics, relativity, astrophysics and economics. Mathematicians spot the presence of chaos by drawing a diagram called a ‘phase portrait’, which shows how the system evolves with time. They look for areas of the phase portrait called ‘attractors’, to which the system’s behaviour converges. Non-chaotic systems have simple, well-defined attractors. For instance, the phase portrait of a swinging pendulum is just a plot of the pendulum bob’s position against its speed, and the attractor takes the form of a circle.

Chaotic systems have attractors with bizarre, convoluted forms known as ‘fractals’ — disjointed shapes that appear the same no matter how closely you zoom in on them. The simplest fractal is made by removing the middle third from a straight line and then repeating the process ad infinitum on the remaining segments. Edward Lorenz found that the attractor in the phase portrait of convection was indeed a fractal — a kind of distorted figure 8, which has since become known as the ‘Lorenz attractor’.
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The simplest fractal is obtained by removing the middle third from a straight line and repeating the process.



Super crunchers

Improved computing power is now enabling the future evolution of chaotic systems to be predicted more reliably by storing the system parameters to a greater number of decimal places. The most powerful scientific computer is a modified Cray XT5, known as Jaguar, at the National Center for Computational Science in Tennessee. It has the same number-crunching capacity as about 10,000 desktop PCs. In truth, it’s unlikely the weathermen will ever be able to tell us with 100 per cent certainty whether it’s going to be sunny at the weekend. But disastrous misforecasts such as those that were issued prior to the Great Storm of ’87 should at least become a thing of the past. Or so they tell us.


CHAPTER 3
How to survive an earthquake

• What is an earthquake?

• The magnitude scale

• Tsunamis

• Quake-proof buildings

• Mass dampers

• Earthquake prediction

Earthquakes are one of the most destructive forces in the natural world, equivalent in power to an atomic bomb. The quake that struck Haiti in 2010 killed over 200,000 people, and as cities in earthquake zones grow larger, it is becoming increasingly likely that a future quake could claim not thousands but millions of lives. Or is it? Are new technologies to mitigate the effects of earthquakes, ranging from giant pendulums inside skyscrapers to rubber feet under buildings, finally about to tame this awesome force of nature?

What is an earthquake?

Earthquakes occur when the tectonic plates that make up Earth’s crust grate and grind against one another as they move. Tectonic plates are vast interlocking slabs of rock that float on the liquid layers of molten metal and rock that lie below them. As these liquids roll and froth, stirred up by the heat of the planet’s interior, they drag on the plates above, pulling them this way and that. There are seven major tectonic plates — African, Antarctic, Eurasian, Indo-Australian, North American, Pacific and South American — and very many smaller ones. The boundaries where two plates meet are known as ‘fault lines’ and they come in a variety of different forms, depending on the relative motion of the two plates.

When the two plates are slipping past one another horizontally, the boundary is referred to by geologists as a ‘transform fault’. As the plates jostle together, friction at the fault prevents them from slipping by smoothly. Instead they move in a jerking, juddering motion known as ‘stick-slip’. First, the rock at the fault sticks because of friction. It deforms as the plates move, as if it were made of rubber. Over time the stress on the fault increases until eventually friction is overcome and the plates quickly slip past each other as the rock suddenly snaps back into shape.

An earthquake results when millions of tonnes of rock all rebounding in this way unleashes a violent mechanical wave that spreads out through the land, a bit like the ripple on the surface of a pond when you’ve dropped a rather large stone in it. This wave, called a ‘seismic wave’, can have the power to bring down bridges and buildings, cause landslides and induce ‘soil liquefaction’ — where agitated soil assumes a liquid-like consistency, into which buildings and other structures can sink. Transform faults can spawn some truly destructive earthquakes, including the 1906 quake that devastated San Francisco, a city that lies next to the San Andreas Fault at the boundary between the Pacific and North American plates.
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This is the view from above a geological fault line. Over many years, movement of tectonic plates deforms the landscape at the fault. When the build-up of elastic energy in the rock becomes great enough, it suddenly slips. This is an earthquake.



The magnitude scale

Seismic waves generated during an earthquake come in two different forms, called P waves and S waves. P waves are compression waves, rather like the waves you get on a stretched spring. The disturbance caused by P waves is parallel to their direction of motion. S waves, on the other hand, are more like water waves, where the disturbance is at right angles to the wave’s motion, creating an S-shaped pattern of peaks and troughs as the wave passes. P waves travel roughly 1.7 times faster than S waves and scientists can use this fact to determine the distance to the earthquake’s source, called the ‘hypocentre’. Roughly speaking, eight times the time gap in seconds between the arrival of P waves and S waves gives the distance to the hypocentre in kilometres. By triangulating measurements made at a number of observing stations, the location of the hypocentre can be pinpointed. Most quakes happen within a few tens of kilometres of the surface, but the deepest ones can be located hundreds of kilometres down. The point on Earth’s surface directly above the hypocentre is known as the ‘epicentre’.

Seismologists gauge the power of an earthquake by taking its ‘moment magnitude’, which is a measure of the amount of energy the earthquake releases. This is an updated version of the Richter magnitude scale, first put forward by US physicist Charles Richter in 1935. Each increment in the scale corresponds to an increase in the energy of the quake by a factor of 101.5 (about 31.6). In other words, an earthquake with a moment magnitude of 6 is 1,000 (31.62) times more powerful than a magnitude-4 quake. The 1906 San Francisco quake had a moment magnitude of 7.8, while Haiti in 2010 was magnitude 7. The most powerful earthquake on record, in Chile in 1960, measured a collossal 9.5. By comparison, the largest nuclear bomb ever detonated, the Russian Tsar Bomba in 1961, gave out energy equivalent to a magnitude-8 quake.

Tsunamis

Earthquakes don’t just happen on land. In addition to transform faults, the two other kinds of fault boundary separating two tectonic plates are known as ‘divergent’ and ‘convergent’. Here, the plates are either moving apart or slipping under one another, respectively. Divergent faults are normally associated with what are known as seafloor spreading sites, where new crust is being created at the bottom of the ocean. But far more lethal are the convergent faults, also normally found on the seafloor, where existing crust is sinking down into the planet’s interior in a process called subduction.

Just as earthquakes at transform faults arise because of friction between the plates, so plates that are subducting undergo the same ‘stick-slip’ behaviour — as a large mass of rock suddenly springs back into shape having been deformed by the force of the moving plates. When this happens under water some of the energy of the quake is transmitted to the water, forming a tsunami, a giant wave, that rushes inland. These are known as ‘thrust’ earthquakes. The density of water (a single cubic metre weighs a tonne) makes them especially destructive. In 2004, a thrust earthquake off the coast of Indonesia measuring 9.2 on the moment magnitude scale (making it the second most powerful earthquake on record) threw up a tsunami that swept ashore killing 230,000 people. There are fears that a similar disaster could be waiting to happen off the coast of California, where the Juan de Fuca plate is subducting under the North American plate.

Quake-proof buildings

What can we do to protect ourselves in the face of such seemingly overwhelming might? The Inca civilization in Peru had a pretty good idea, 600 years ago. Many of their buildings, such as the complex at Machu Picchu, are still standing today despite being constructed in an area of extreme seismic activity. The Incas realized that making a building earthquake-proof isn’t necessarily the same as making it stronger. The structures that survive today were built using a dry-stoning technique, where blocks of stone were stacked together with no mortar between them. The stones were so precisely cut that, so the story goes, you couldn’t even shimmy a blade of grass between them. But when an earthquake struck, the lack of any mortar gave the buildings the flexibility to move and sway with the tremor, instead of crumbling under its force.

In the cities of the modern world, construction without mortar or other forms of fixing simply isn’t an option. However, architects have managed to apply the Incas’ logic elsewhere — in a building’s foundations. The technique is called ‘base isolation’. The building’s superstructure (the part that’s above ground) is coupled to its substructure (the foundations) using supports that are rigid under normal conditions but in the event of an earthquake become flexible, so that the vibrations in the substructure are not transmitted upwards where they could undermine superstructure. One example of such technology is known as a ‘lead rubber bearing’ — a support that sits under the building’s superstructure and is made from rubber with a core made of the soft metal lead. The rubber makes the support flexible, while the lead serves as a ‘damper’ to stop the rubber getting too springy. The bearings can even be retrofitted into the foundations of existing buildings. Effectively, the buildings are being given a set of shock absorbers.

Mass dampers

Some modern skyscrapers incorporate giant pendulums in their upper levels. Known as tuned mass dampers, the pendulums are designed to swing inside the building at exactly the same frequency as, but in the opposite direction to, the swaying of the building. So as the building lurches to the left, the mass of the pendulum bob swings to the right to counterbalance it.

Tuned mass dampers are especially effective at combating a phenomenon called resonance, where vibrations at a structure’s ‘natural frequency’ produce violent shaking that can lead to severe structural damage. To visualize how resonance works imagine a child playing on a swing. The swing makes one complete back-and-forth oscillation every two seconds. If the child’s father, standing behind the swing, gives a push at exactly the same frequency — once every two seconds — each time the swing comes back towards him, the size of the oscillations will grow steadily bigger. Resonance is the reason why a truck with its engine idling will sometimes shake violently, but when the engine is revved to higher rpm the shaking subsides. Taipei 101, a 101-storey skyscraper in Taiwan, sports the largest tuned mass damper of any in the world. The bob of the damper pendulum weighs a mammoth 660 tonnes. The damper not only helps mitigate the threat from earthquakes but also serves to steady the building in high winds.

Earthquake prediction

Every year, one day in the third week of October, at 10.
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