Vector (Force) Analysis

by Alan Sheehan B.E., Senior Vertical Rescue Instructor, NSW SES

Prerequisites

Before attempting this module, you must have demonstrated that you can properly:

1. Use and care for rope.

2. Use and care for the equipment used in a vertical environment.

1. Tie correctly, confidently and without hesitation the knots described in the Knot module.

2. Rig correctly, confidently and without hesitation the anchor systems described in the Anchors module.

Objectives

At the completion of this module, you should be able to:

3. Analyse the forces in a mechanical advantage haul system.

4. Analyse the forces applied to a knot, karabiner, maillon or rigging plate in a load sharing anchor configuration.

5. Analyse the component force acting across (cross loading) a karabiner as a result of a load sharing configuration.

6. Analyse the force applied to a redirection anchor.

7. Competently and confidently identify the forces in any rope system.

8. Competently and confidently identify the weak link in any rope system.

Terms

Analysis - a method of working something out, or solving a problem.

Component - that part of a vector which acts or has an effect in any given direction.

Equilibrium - state when all forces are in balance in all directions. Ie. When a body under the action of forces does not accelerate.

Scalar - a quantity with magnitude only, and no direction. Eg. Pressure, speed and mass are scalars.

Symmetry - something which is mirrored each side of some line is symmetrical.
Vector - a quantity with magnitude and direction. Eg. Force, stress, and velocity are vectors.

Introduction

Vertical Rescue is "technical", whether you call it Vertical Rescue, High Angle Rope Rescue, or Technical Rope Rescue. The rescuer is required to know the safe working loads on every piece of equipment in the rig, and know what loads are applied to that equipment.

Don't be scared off by the name - Vector Analysis really is simpler than it sounds when you are working with ropes and tapes. The most common method used to teach load analysis in rope rigging is to memorise loads and angles from diagrams. This method (vector analysis) is more fundamental, maybe harder to grasp at first, but is applicable to any situation, and once understood, then the way loads change with angles is really understood and not just memorised. This makes the individual a safer, more intelligent rigger, and it may be the breakthrough an instructor needs to help a rescuer come to grips with loads when they struggle with the memory method.

Ropes and tapes simplify the analysis of loads because you can really only apply tension (pull) with them. Ropes and tapes do not develop significant bending or compressive stresses under normal circumstances, so the load on the rope is always in the same direction as the rope. Knowing directions is half the battle in vector analysis.

Whenever a system is rigged, it is done so with an expected load in mind. For example, it may be an 80 kg casualty, a 90 kg litter attendant and a 10kg litter: 180 kg load total.

Loads change wherever elements in the system join and/or change direction. The graphical method described here allows the loads to be found without making any assumptions about symmetry that the "parrot fashion" teaching methods require. It can be applied to anchor systems, pulleys, karabiners, knots, re-directions and haul systems.

The graphical methods of vector analysis contained here are 100% accurate. There is no error in the method. However, the measurement method we will introduce for use in the field is less precise, but still adequate for the sort of precision we need in rescue. In any case, it is at least as good as any other alternative, and better than many.

How to Apply Vector Analysis in the Field.
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Consider the following karabiner:

The loads are obviously not symmetrical, but that need not worry us. The methodology is as follows:
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1. Draw an arrow parallel to the known load (Draw it in the dirt with your finger if necessary). Make the length of the arrow equal to one handspan.

2. Draw a line from the head of the arrow, parallel to one of the slings attached to the krab.
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3. Draw a line from the tail of the arrow, parallel to the other sling so that the two lines cross.
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4. Make the two lines into arrows so the three arrows are all head to tail. The arrows point in the direction of the load, and the length of the arrows represent the amount of load.

Now the original arrow was drawn one handspan long representing 100 percent of the known load. The width of a fist (with the thumb beside the index finger) should be half the width of the handspan, and the width of each knuckle will be 10 percent of a handspan. This can be used to measure the arrows, then a little mental arithmetic is used to calculate the unknown loads. In this case, the left hand sling is taking a load equal to 70 percent of 200 kgs or 140 kgs; and the right hand sling is subjected to 120 percent of 200 kgs (240kgs).

Cross Loading?

Now we all realise that when a karabiner is used in a load sharing rig like this one, that there is a component of force acting across the spine of the karabiner - cross loading! The technical question on the tips of all diligent operator's tongues is "How much cross load is on the krab?"

The amount of cross loading on the karabiner is measured by the width of the force triangle measured perpendicular to the axis of the krab. In our example above, it is very nearly the same as the force on the left hand sling - about 140 kgs.

Pulleys

When applying this to pulleys, it is reasonable to assume the tension in the rope on each side of the pulley is the same. Pulleys do produce friction when rolling, and friction will affect the rope tension from one side of a pulley to the other, but we don't need to be that precise for rescue purposes. When we talk about mechanical advantage (MA) ratios in haul systems, we always neglect friction.

Application

The trick to applying this method is to look at the forces being applied where different elements join - in this case the karabiner is used to join the rope to the two tape slings, so we have analysed the loads on the krab to find the loads in the slings. It could just as easily be a pulley, maillon or ascender - the method is the same.
In some cases, the force (vector) triangle will not be triangular. For example, in a haul system or a redirections with 180 degree wrap. In these cases all the forces are parallel, or colinear. But the method still works. For example, the load line passes through a redirection with 180 degree wrap (such as at the head of a Larkin frame when luffed in). The force on the rope entering the pulley is represented as one handspan downwards. We know the force on the rope on the other side of the pulley is the same, so it can be drawn one hand span long, downwards also, from the head of the first arrow. The load on the karabiner, must close the force triangle, so the force on the krab must be two handspans long upwards: the load on the krab is twice the load on the loadline!

To find the weak link in a system, start at the end of the system with the known load. This is usually the rescuer/stretcher end. Follow the system through. Where ever the system branches, is joined or changes direction (eg pulleys, knots, ascenders, karabiners, anchors, etc) are likely placed to analyse the loads on the system. As the loads on each component of the system become known, we can progress through the system further. How highly stressed a component is, is found be dividing the SWL for the item by the load. The weak link has the lowest figure for SWL/load.

Complex Systems

This method only works accurately with two unknown loads. Where loads are known, draw them all head to tail (in any order) before trying to find the unknown loads. If more than two unknown loads exist (known as a statically indeterminate system), either assume a conservative or reasonable value for one or more of the loads, or repeatedly assess the loads assuming the one of more of the loads are zero to find the worst case for each element. This should rarely if ever arise in a rescue situation. The student is referred to engineering texts on force and vector analysis for more detail such complex analysis.

Questions for Review

1. The weak link in a system has the lowest ratio of what to what?

2. The component of cross loading on a karabiner is measured from the force diagram by measuring perpendicular to what?

3. How accurate is the graphical method of vector analysis?

4. Can vector analysis be used on assymetrical (non-symmetrical) systems?

5. One hand span represents what percentage of the known load?

6. The width of one fist represents what percentage of the known load?

7. The width of one knuckle represents what percentage of the known load?

Activities

1. Practise comparing the width of your handspan to the width of your fists and knuckles until you are confident you can reliably measure proportions using these as scales.

2. Draw load sharing anchors with 0, 30, 45, 60, 90 and 120 degree angles between the slings. Construct Force (vector) diagrams for each one and verify the loads in each sling are correct. Determine how much cross loading is applied to the karabiner in each case.

3. Draw a redirection pulley, such as on the head of a Larkin Frame and determine the load on the karabiner attached to the pulley if the load on the rope is 100kgs. What does this load become when the Larkin Frame is luffed in?
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