A 5.00-m-long Ladder, Weighing 200 N, Rests
Against A Smooth Vertical Wall With Its Base
On A Horizontal

Introduction

A 5.00-m-long ladder, weighing 200 N, rests against a smooth vertical wall with its base on
a horizontal ground surface. This scenario is a classic problem in statics, often used to illustrate
concepts related to equilibrium, forces, and moments. It involves analyzing the forces acting on the
ladder, understanding the constraints imposed by the surfaces, and calculating the reactions at
various points. Such analyses are fundamental in engineering, especially in designing safe and
stable structures and understanding the mechanics of objects in contact with surfaces.

This article provides a comprehensive examination of this problem, exploring the physical setup, the
forces involved, the assumptions made for simplicity, and the calculations necessary for solving
related engineering questions. The discussion will include force diagrams, equilibrium conditions,
and the effects of friction (or the lack thereof, given the "smooth" surface) on the stability of the
ladder.

Physical Setup and Assumptions

Description of the System

The scenario features a ladder of length 5.00 meters, leaning against a smooth vertical wall. The
ladder's base rests on a horizontal ground surface. Key points to note are:

1. The length of the ladder is fixed at 5.00 meters.

2. The weight of the ladder is 200 N, acting at its center of gravity.

3. The wall is smooth, indicating that no frictional force acts horizontally at the contact point.

4. The ground is assumed to be horizontal, and for simplicity, it is often assumed to be frictionless
unless otherwise specified.

Assumptions for Simplification

To facilitate analysis, the following assumptions are made:

- The ladder is uniform, so its weight acts at its midpoint.

- The contact with the wall is frictionless, meaning the only force at that point is a normal force
perpendicular to the wall.

- The ground provides reactions in both vertical and horizontal directions, but no frictional
resistance unless specified.



- The system is in static equilibrium, so the sum of forces and moments equals zero.

Force Analysis and Equilibrium Conditions

Forces Acting on the Ladder

The primary forces are:

e Weight (W): 200 N, acting downward at the ladder's center of gravity, which for a uniform
ladder is at its midpoint (2.5 m from either end).

e Normal force at the ground (N,): Acts vertically upward at the base of the ladder.

e Horizontal reaction at the ground (N,): Acts horizontally at the base, preventing the ladder
from slipping outward.

e Normal force at the wall (F,,,): Acts horizontally inward at the top contact point of the
ladder against the wall, since the wall is smooth and cannot exert a frictional force.

Equilibrium Conditions

For the ladder to be in equilibrium, the following conditions must be satisfied:

1. The sum of all horizontal forces must be zero:

F, =0
N, = F.au

2. The sum of all vertical forces must be zero:

SF, = 0
N, = W = 200 N

3. The sum of moments about any point must be zero to prevent rotation:

>T =0



Geometric Relations and Coordinates

Determining the Ladder's Angle
Let’s denote:

- 0 as the angle the ladder makes with the ground.

- X as the horizontal distance from the wall to the base.

-y as the vertical height where the ladder contacts the wall.

From the geometry:

L cos 6 5.00 m cos O

x
Il

L sin 6 5.00 m sin 6

<
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The problem often simplifies by considering these relationships to analyze forces and moments.

Choosing the Pivot Point

To analyze moments efficiently, select the base of the ladder as the pivot point. This eliminates the
reaction forces at the base from the moment calculations, simplifying the analysis.

Calculating the Forces and Angles

Step 1: Write the Equilibrium Equations

Using the free-body diagram, the moments about the base (assuming clockwise moments are
positive):

- Moment due to the ladder's weight:

W acts at the midpoint, located at x/2 horizontally and y/2 vertically.
Distance from the base to the midpoint along the ladder is (L/2).

The perpendicular distance to the line of action of W from the pivot is (x/2)
sin © - (y/2) cos O, but it's simpler to consider moments about the base as:

Moment due to W:
M, =W (x/2) = 200 N ( (5.00 cos 0)/2 )

- Moment due to the normal force at the wall:
F.... acts at the top of the ladder, at height vy.
Its moment about the base is:



M = Fa Y
(Note: since F,,, acts horizontally, its moment arm is the height y.)

- Vertical reactions at the ground (N,) do not create moments about the base
in the horizontal direction, so they are not involved here.

Step 2: Write the Moment Equation

Summing moments about the base:

Fia Y = W (x/2)
or
Fwall = (W (X/Z)) / y

Substituting x and y:

F.u = (200 N ( (5.00 cos ©8) / 2 )) / (5.00 sin ©)
= (200 N 2.50 cos 68) / (5.00 sin 8)
= (200 N 2.50 cos 6) / (5.00 sin ©)

= (200 N 0.5 cos 6) / (sin ©)
= (100 N cos 6) / (sin ©)
100 N cotangent 6

Thus, the horizontal force at the wall depends on the angle 6.

Step 3: Force Equilibrium in Horizontal and Vertical
Directions

- Horizontal equilibrium:

N, = F.u = 100 N cot 6
- Vertical equilibrium:

N, = 200 N

- Friction at the ground is not specified, so if the ground is frictionless, the only horizontal reaction is
Nh. To prevent slipping, the horizontal reaction must be less than or equal to the maximum static
friction force (if friction exists).



Stability and Safety Considerations

Role of Friction

Since the problem states the wall is smooth, it exerts only a normal force and no frictional force. The
ground's frictional properties are not specified; assuming frictionless ground simplifies analysis but
may not reflect real-world stability.

If the ground is frictionless:

- The ladder is only prevented from slipping outward by the horizontal reaction Nh.

- The maximum Nh the ground can exert depends on the coefficient of static friction p, which is
unspecified.

If friction exists:

- The maximum horizontal force the ground can exert is n Nv.
- For the ladder to be stable, Nh < 1 Nv.

Critical Angle for Stability

The ladder remains stable if the reaction forces do not exceed the frictional limits. The critical angle
Oc can be found by setting Nh equal to the maximum static friction force.

Suppose 1 is known; then:

M N, = 100 N cot 6

=> |1 200 N = 100 N cot ©

=> cot @ = (4 200 N) / 100 N = 2u
=> 0. = arccot(2u)

Without p, the exact stability limit cannot be determined, but this relationship guides the design
considerations.

Summary of Key Results

- The horizontal reaction force at the wall is:

F...u = 100 N cot ©

- The horizontal reaction force at the ground is:



N, = Foq =
Frequently Asked Questions

What are the key forces acting on the ladder when it
leans against a smooth vertical wall?

The key forces include the weight of the ladder acting downward at its center
of mass, the normal force exerted by the ground at the base, and the normal
force exerted by the wall at the top of the ladder. Since the wall is smooth,
it exerts only a horizontal normal force, with no friction.

How do you determine the normal forces at the base
and the top of the ladder?

By applying equilibrium conditions: the sum of forces in both horizontal and
vertical directions must be zero, and the sum of torques about any point must
be zero. Solving these equations simultaneously allows calculation of the
normal forces at the base and the wall.

What role does the ladder's weight (200 N) play in
analyzing its equilibrium?

The ladder’s weight acts downward at its center of mass, which is at the
midpoint (2.5 m from the base). It influences the torque balance and the
normal forces, ensuring the ladder remains in equilibrium without slipping.

If the ladder is perfectly frictionless at the wall,
what prevents it from slipping?

Friction prevents slipping at the base. If the ground provides sufficient
static friction, it balances the horizontal force from the wall, maintaining
equilibrium. Without friction at the base, the ladder would slip downward or
outward.



How does the length of the ladder (5.00 m) affect
the calculation of the normal forces and stability?

The length determines the position of the ladder's center of mass and the
torque calculations. Longer ladders have larger moments, which influence the
magnitude of the normal forces needed for equilibrium and can affect
stability thresholds.

What assumptions are made in analyzing the ladder's
equilibrium in this scenario?

Assumptions include that the ladder is uniform, the wall is perfectly smooth
(frictionless), the ground is horizontal and provides sufficient static
friction, and the ladder is in static equilibrium with no acceleration.

Additional Resources

A 5.00-m-long Ladder, Weighing 200 N, Rests Against a Smooth Vertical Wall
With Its Base on a Horizontal Surface

Understanding the mechanics and stability of a ladder leaning against a wall
is fundamental in physics and engineering, especially when designing safe
structures and performing safety assessments. The scenario involving a 5.00-
meter-long ladder weighing 200 N, resting against a smooth vertical wall with
its base on a horizontal surface, provides an excellent case study to explore
static equilibrium, forces, moments, and real-world applications. This
comprehensive review delves into the fundamental principles, detailed
analysis, and practical considerations related to this setup.

Overview of the Scenario

The setup involves a ladder of known length and weight, positioned against a
smooth vertical wall, with its base on a horizontal surface. Key parameters
include:

- Ladder length (L): 5.00 meters
- Weight of ladder (W): 200 N
- Wall: Smooth (frictionless) vertical surface



- Surface: Horizontal, possibly rough or frictionless depending on context
- Position: Ladder leans against the wall at an angle, with the base on the
ground

This configuration is typical in many practical applications such as building
maintenance, window cleaning, or construction work, where safety and
stability are paramount.

Analyzing the Forces Acting on the Ladder

Identifying the Forces

Understanding the forces at play is essential for analyzing the ladder’s
equilibrium. The main forces include:

- Weight (W): Acts vertically downward through the ladder’s center of
gravity, which, assuming uniform density, is at the midpoint of the ladder
(at 2.5 meters from the base).

- Normal reaction at the base (N): Acts vertically upward from the ground,
supporting the ladder.

- Frictional force at the base (F f): Acts horizontally to prevent slipping;
direction depends on the tendency of slipping.

- Normal reaction at the wall (R): Acts horizontally from the wall onto the
ladder; since the wall is smooth, there is no vertical reaction force here.

Given the wall is smooth, it provides no frictional force, meaning the only
horizontal reaction at the wall is due to the normal force R. The ground,
being the support, can exert both a vertical normal force and a horizontal
frictional force.

Free-Body Diagram

A typical free-body diagram (FBD) would include:

- The ladder represented as a rigid rod

- The weight W acting downward at the midpoint

- The normal force N at the ground acting upward at the base

- The horizontal normal force R from the wall at the top of the ladder

- The horizontal frictional force F f at the ground pointing toward the wall
(assuming the ladder tends to slip outward)



Conditions for Equilibrium

For the ladder to be in static equilibrium, the following conditions must be
satisfied:

- Sum of forces in horizontal direction (x):
\(\sum F x = 0\)

- Sum of forces in vertical direction (y):
\(\sum F y = 0\)

- Sum of moments about any point (usually the base):
\(\sum \tau = 0\)

These conditions ensure the ladder remains stationary and does not translate
or rotate.

Mathematical Analysis of the Forces

Assumptions and Coordinates

- The ladder makes an angle \(\theta\) with the horizontal
- The base is at point \(A\), the top against the wall at point \(B\)
- Coordinates for analysis are chosen conveniently at the base \(A\)

Force Equilibrium Equations

1. Horizontal forces:
\ [

R=Ff

\1]

2. Vertical forces:

\ [
N=W



\]

3. Moment equilibrium about the base \(A\):
Taking moments about \(A\) to eliminate unknown reactions at the base:

\ [
W \times \frac{L}{2} \cos \theta

\1

R \times L \sin \theta

Simplify:

\ [
W \times \frac{L}{2} \cos \theta

\1]

R \times L \sin \theta

\ [

R = \frac{W \times \frac{L}{2} \cos \theta}{L \sin \theta} = \frac{W}{2} \cot
\theta

\1

Given the numerical values:

- \(W = 200\,N\)

- \(L = 5.00\,m\)

\ [

R = 100\, \cot \theta
\]

The horizontal reaction \(R\) depends on the angle \(\theta\). To determine
the exact values, the angle \(\theta\) must be known or chosen.

Stability and Slipping Conditions

The critical question in such a setup is whether the ladder remains stable
without slipping or tipping over. The primary factors influencing stability
include:

- The angle \(\theta\) at which the ladder leans

- The coefficient of static friction (\(\mu_s\)) between the ladder and the
ground

- The magnitude of the reactions at the base and the wall



Frictional Limit at the Base

The maximum static friction force before slipping occurs is:

\[
F_{f, max} = \mu_s N = \mu_s W
\1]

For the ladder not to slip, the required friction must be less than or equal
to this maximum:

\ [
F f \leq \mu s W
\1]

Since \(F_f = R = \frac{W}{2} \cot \theta\), the stability condition becomes:

\[
\frac{W}{2} \cot \theta \leq \mu s W
\]

\ [
\Rightarrow \frac{1}{2} \cot \theta \leq \mu_ s
\1

\ [
\Rightarrow \cot \theta \leq 2 \mu_s
\1

This inequality can be used to determine the minimum angle \(\theta\) at
which the ladder remains stable for a given \(\mu s\).

Practical Considerations and Safety Factors

In real-world applications, safety factors are crucial to prevent accidents.
Engineers and safety officers consider:

- Coefficient of friction (\(\mu_ s\)):
Varies based on surface materials. For example, rubber on concrete might have
\(\mu_s \approx 0.6-0.8\).

- Maximum load capacity:
The ladder’s weight is relatively light (200 N), but additional loads (tools,
personnel) increase the total weight.



- Ladder angle:
The optimal angle for safety is often around 75°, which balances stability
and ease of climbing.

- Surface conditions:
Wet, icy, or oily surfaces reduce \(\mu s\), increasing slip risk.

Features:

- Smooth wall implies no frictional support at the top, making the ground
reactions more critical.

- The ladder’s length and weight are moderate, typical for household or light
construction use.

- The analysis applies to both static and dynamic stability assessments.

Pros:

- Clear understanding of force distribution

- Ability to determine safe leaning angles

- Helps in designing ladders and safety protocols

Cons:

- Assumes ideal conditions (no deformation, perfect rigidity)

- Real surfaces often have variable friction
- Human factors (climbing behavior) are not considered

Design Implications and Safety Recommendations

Understanding the forces acting on the ladder informs design choices and
safety measures:

- Choosing the right angle:
Ensuring \(\cot \theta \leq 2 \mu s\) for stability.

- Surface preparation:
Using non-slip mats or textured surfaces increases \(\mu s\).

- Regular inspection:
Checking for wear, damage, or slippery residues.

- Training:
Educating users about safe angles and load limits.

- Use of stabilizers:
Additional supports or stabilizers can reduce the risk of slipping or



tipping.

Conclusion

The analysis of a 5.00-m-long ladder weighing 200 N leaning against a smooth
vertical wall encapsulates fundamental principles of static equilibrium,
force analysis, and safety considerations. By applying force balance
equations and understanding the influence of the ladder's angle and surface
conditions, one can predict the stability of the ladder and prevent
accidents. While idealized assumptions provide a clear theoretical framework,
real-world scenarios demand careful consideration of surface conditions, load
variations, and safety margins. Proper understanding and application of these
principles are vital for ensuring safety in everyday tasks involving ladders
and similar structures.

Final thoughts:

The physical insights gained from this case study extend beyond ladders,
enriching our understanding of structural stability, force distribution, and
the importance of safety in engineering design. Whether for DIY projects or
professional construction, mastering these concepts ensures safer, more
reliable work environments.
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