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Hydrostatic Forces on Submerged Plane Surfaces

 Fluid statics is used to determine the forces acting on 
floating or submerged bodies 

 The design of many engineering systems such as water 
dams and liquid storage tanks requires the 
determination of the forces acting on the surfaces using 
fluid statics

 The complete description of the resultant hydrostatic 
force acting on a submerged surface requires the 
determination of the magnitude, the direction, and the 
line of action of the force
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Hydrostatic Forces on Submerged Plane Surfaces

 A plate exposed to a liquid is subjected to fluid pressure 
distributed over its surface

 On a plane surface, the hydrostatic forces form a system 
of parallel forces, and we often need to determine the 
magnitude of the force and its point of application, which 
is called the center of pressure

 In most cases, the other side of the plate is open to the 
atmosphere (such as the dry side of a gate), and thus 
atmospheric pressure acts on both sides of the plate, 
yielding a zero resultant
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Hydrostatic Forces on Submerged Plane Surfaces

 In such cases, it is 
convenient to 
subtract
atmospheric 
pressure and work 
with the gage 
pressure only

 For example

Pgage= ɟgh at the 
bottom of the lake
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Hydrostatic Forces on Submerged Plane Surfaces

 Consider the top surface of a flat 
plate of arbitrary shape 
completely submerged in a 
liquid, as shown in the figure

 The plane of this surface 
intersects the horizontal free 
surface with an angle ɗ, and we 
take the line of intersection to be 
the x-axis

 The absolute pressure above the 
liquid is P0, which is the local 
atmospheric pressure Patm if the 
liquid is open to the atmosphere
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Hydrostatic Forces on Submerged Plane Surfaces
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Hydrostatic Forces on Submerged Plane Surfaces

 Then the absolute pressure at 
any point on the plate is:

P = P0 + ɟgh = P0 + ɟgy sin ɗ

where h is the vertical distance 
of the point from the free 
surface and y is the distance of 
the point from the x-axis

 The resultant hydrostatic force 
FR acting on the surface is 
determined by integrating the 
force P dA acting on a 
differential area dA over the 
entire surface area
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Hydrostatic Forces on Submerged Plane Surfaces
The resultant hydrostatic force FR

But the first moment of area             is related to the y-
coordinate of the centroid (or center) of the surface by:

Substituting:

FR = (P0 + ɟgyc sin ɗ)A = (P0 + ɟghc)A =PCA = PavgA

where P0 + ɟghc is the pressure at the centroid of the 
surface and hc = gyc sin ɗis the vertical distance of the 
centroid from the free surface of the liquid
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Hydrostatic Forces on Submerged Plane Surfaces

Line of Action of FR

 Next we need to determine the 
line of action of the resultant 
force FR

 The line of action of FR, in 
general, does not pass through 
the centroid of the surface it lies 
underneath where the pressure 
is higher

 The point of intersection of the 
line of action of FR and the 
surface is the center of pressure
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Hydrostatic Forces on Submerged Plane Surfaces

 The vertical location of the line of action is determined 
by equating the moment of FR to the moment of the 
distributed pressure force about the x-axis. It gives:

or

where yp is the distance of the center of pressure from 
the x-axis (point 0 in the figure) and                    is the 
second moment of area (the area moment of inertia) 
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Hydrostatic Forces on Submerged Plane Surfaces

 However, we need to use the second moments of area 
about the axes passing through the centroid. We use the 
parallel axes theorem:

where Ixx,C is the second moment of area about the x-
axes passing through the centroid

 Rearranging the equations gives:

 If no symmetry, then xP should be determined:
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Hydrostatic Forces on Submerged Plane Surfaces
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Hydrostatic Forces on Submerged Plane Surfaces

For P0 = 0, which is 
usually the case 
when the 
atmospheric 
pressure is ignored, 
equations of FR, xp

and yp become:
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Centroids and Centroidal Moments of Inertia

Ixx,C values for some common areas
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Centroids and Centroidal Moments of Inertia
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Example

An elliptical gate covers the 
end of a pipe 4 m in 
diameter. If the gate is 
hinged at the top. what 
normal force F is required to 
open the gate when water is 
8 m deep above the top of 
the pipe and the pipe is open 
to the atmosphere on the 
other side? Neglect the 
weight of the gate

16
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Example

 Compute FR

FR = 1,000Ĭ9.81Ĭ(8+½Ĭ4)Ĭ( Ĭ̄2Ĭ2.5) = 1.541 MN

 The centroid is located at yp = 12.5 m 

Ixx,C = ā3b/4 = Ĭ̄2.53Ĭ2/4 = 24.54 m4

The center of pressure is located at yC = 12.5 + 
24.54/(12.5Ĭ̄ Ĭ2Ĭ2.5) = 12.625 m which implies that 
the center of pressure is at a distance of 0.125 m down 
from the centroid

 To obtain F, take moments about the hinge:

1.541 Ĭ106 Ĭ(2.5 + 0.125) ςF Ĭ5 = 0 

F = 809 kN
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Example

 Determine the resultant force 
FR due to water acting on the 3 
m by 6 m rectangular area AB 
shown in the figure

 FR = 1,000 Ĭ9.79 Ĭ(4+½Ĭ6) Ĭ
(6 Ĭ3) Ĭ0.001 = 1,234 kN

Ixx,C = 3 Ĭ63/12 = 5.26 m4

yC = 7 + 5.26/[7 Ĭ(3 Ĭ6)] = 
7.43 m from O1
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Example

Determine the resultant 
force due to water acting 
on the 4 m by 6 m 
triangular area CD shown 
in the figure. The apex of 
the triangle is at C
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Example

A vertical gate is 5 m wide and has water at a depth of 75 
m on one side and to a depth of 3 m on the other side. 
Find the resultant horizontal force on the gate and the 
position of its line of action
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Example
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Example
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Example

Water rises to level E in the 
pipe attached to tank ABCD 
in the figure. Neglecting the 
weight of the tank and riser 
pipe, (a) determine and 
locate the resultant force 
acting on area AB, which is 8 
ft wide; (b) compute the 
total force on the bottom of 
the tank; and (c) compare 
the total weight of the 
water with the result in (b) 
and explain the difference
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Example
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Example

The 2-m-diameter gate AB 
in the figure swings about a 
horizontal pivot C located 
40 mm below the center of 
gravity. To what depth h
can the water rise without 
causing an unbalanced 
clockwise moment about 
pivot C?
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Example
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Example

The cubic tank shown in the figure is half full of water. 
Find: (a) the pressure on the bottom of the tank, (b) the 
force exerted by the fluids on a tank wall, and (c) the 
location of the center of pressure on a wall
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Example
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Example
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Example

Gate AB in the figure is 
4 ft wide and is hinged 
at A. Gage G reads ς
2.17 psi, and oil of 
specific gravity 0.750 is 
in the right-hand tank. 
What horizontal force 
must be applied at B 
for equilibrium of gate 
AB?

30



[3] Fall – 2010 – Fluid Mechanics Dr. Mohammad N. Almasri [3-2] Fluid Statics

Example
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Example
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Example

The tank in the figure contains oil and water. Find the 
resultant force on side A BC, which is 4 ft wide
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Example
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Example

 A heavy car plunges into a 
lake during an accident and 
lands at the bottom of the 
lake on its wheels 

 The door is 1.2 m high and 1 
m wide, and the top edge of 
the door is 8 m below the free 
surface of the water

 Determine the hydrostatic 
force on the door and the 
location of the pressure 
center, and discuss if the 
driver can open the door
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Example

 Few assumptions should be made in order to facilitate 
the solution:

 The bottom surface of the lake is horizontal

 The passenger cabin is well-sealed so that no water 
leaks inside

 The door can be approximated as a vertical 
rectangular plate

 The pressure in the passenger cabin remains at 
atmospheric value since there is no water leaking in 
and no compression of the air inside
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Example

 The average pressure on the door is the pressure value 
at the centroid (midpoint) of the door and is determined 
to be:

Pavg = ǵhc = 1,000 Ĭ9.81 Ĭ(8 + 1.2/2) Ĭ(1/1,000) = 
84.4 kN/m2

 FR on the door = 84.4 Ĭ(1 Ĭ1.2) = 101.3 kN

 To find the pressure center, we first compute Ixx,C

Ixx,C = 1Ĭ1.23/12 = 0.04 m4

yp = yc + Ixx,C/(yc A) = 8.6 + 0.04/(8.6Ĭ1Ĭ1.2) = 8.603 m
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Example

 Discussion. A strong person can lift 100 kg, whose weight 
is 981 N or about 1 kN. Also, the person can apply the 
force at a point farthest from the hinges (1 m farther) for 
maximum effect and generate a moment of 1 kN . m

 The resultant hydrostatic force acts under the midpoint 
of the door, and thus a distance of 0.5 m from the hinges

 This generates a moment of 50.6 kN . m, which is about 
50 times the moment the driver can possibly generate. 
Therefore, it is impossible for the driver to open the door 
of the car
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Hydrostatic Forces on Submerged Curved Surfaces

 For a submerged curved surface, 
the determination of the resultant 
hydrostatic force typically 
requires the integration of the 
pressure forces that change 
direction along the curved surface

 The easiest way to determine the 
resultant hydrostatic force FR

acting on a two-dimensional 
curved surface is to determine the 
horizontal and vertical 
components FH and FV separately
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Hydrostatic Forces on Submerged Curved Surfaces

 This is done by considering the free-
body diagram of the liquid block 
enclosed by the curved surface and 
the two plane surfaces (one 
horizontal and one vertical) passing 
through the two ends of the curved 
surface

 Note that the vertical surface of the 
liquid block considered is simply the 
projection of the curved surface on a 
vertical plane, and the horizontal 
surface is the projection of the curved 
surface on a horizontal plane
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Hydrostatic Forces on Submerged Curved Surfaces

 The resultant force acting on the curved solid surface is then 
equal and opposite to the force acting on the curved liquid 
ǎǳǊŦŀŎŜ όbŜǿǘƻƴΩǎ ǘƘƛǊŘ ƭŀǿύ

 The weight of the enclosed liquid block of volume V is simply 
W = ǵV, and it acts downward through the centroid of this 
volume

 Noting that the fluid block is in static equilibrium, the force 
balances in the horizontal and vertical directions give:

Horizontal force component on curved surface: FH = Fx

Vertical force component on curved surface: FV = Fy + W
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Hydrostatic Forces on Submerged Curved Surfaces

Thus, we conclude that:

 The horizontal component of the hydrostatic force acting 
on a curved surface is equal (in both magnitude and the 
line of action) to the hydrostatic force acting on the 
vertical projection of the curved surface

 The vertical component of the hydrostatic force acting 
on a curved surface is equal to the hydrostatic force 
acting on the horizontal projection of the curved surface, 
plus (minus, if acting in the opposite direction) the 
weight of the fluid block
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Hydrostatic Forces on Submerged Curved Surfaces

 The magnitude of the resultant hydrostatic force acting 
on the curved surface is:

 And the tangent of the angle it makes with the horizontal 
is:
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Example

 A long solid cylinder of radius 0.8 m 
hinged at point A is used as an 
automatic gate, as shown in the 
figure

 When the water level reaches 5 m, 
the gate opens by turning about the 
hinge at point A

 Determine (a) the hydrostatic force 
acting on the cylinder and its line of 
action when the gate opens and (b) 
the weight of the cylinder per m 
length of the cylinder
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Example
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Example

47



[3] Fall – 2010 – Fluid Mechanics Dr. Mohammad N. Almasri [3-2] Fluid Statics

Hydrostatic Forces on Submerged Curved Surfaces
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Example
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Example
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Example
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Example

Find an algebraic formula for the 
net vertical force F on the 
submerged semicircular 
projecting structure CDE in the 
figure. The structure has uniform 
width h into the paper. The liquid 
has specific weight ɔ
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Example

 The net force is the difference between the upward force FL on 
the lower surface DE and the downward force FU on the upper 
surface CD

 The force FU equals ɔtimes the volume ABDC above surface CD

 The force FL equals ɔtimes the volume ABDEC above surface DE. 
The latter is clearly larger

 The difference is ɔtimes the volume of the structure itself. Thus 
the net upward fluid force on the semicylinder is:

F = ɔfluid (volume CDE) = ɔfluidĬİ Ĭ́ ĬR2Ĭb
54
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Buoyancy and Stability

 It is a common experience that an object 
feels lighter and weighs less in a liquid 
than it does in air

 Also, objects made of wood or other 
light materials float on water

 These and other observations suggest 
that a fluid exerts an upward force on a 
body immersed in it. This force that 
tends to lift the body is called the 
buoyant force and is denoted by FB
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Buoyancy

 The buoyant force is caused by 
the increase of pressure in a 
fluid with depth

 Consider, for example, a flat 
plate of thickness h submerged 
in a liquid of density f́ as 
shown in the figure

 The area of the top (and also 
bottom) surface of the plate is 
A, and its distance to the free 
surface is s

56



[3] Fall – 2010 – Fluid Mechanics Dr. Mohammad N. Almasri [3-2] Fluid Statics

Buoyancy

 The pressures at the top and bottom surfaces of the 
plate are f́Ĭg Ĭs and f́Ĭg Ĭ(h+s), respectively

 Then:

Ftop = ɟfgsA acts downward on the top surface

Fbottom = ɟf g(h+s)A, acts upward on the bottom surface

 The difference between these two forces is a net upward 
force (FB), which is the buoyant force:

FB = FbottomςFtop = ɟf g(h+s)A ïɟfgsA = ɟf ghA = ɟf gV

where V = hA is the volume of the plate
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Buoyancy

 Thus, we conclude that the 
buoyant force acting on a 
body immersedin a fluid is 
equal to the weight of the 
fluid displaced by the body, 
(weight of the liquid that 
would be needed to occupy 
the volume of the body)

 The buoyant force acts 
upward through the centroid 
of the displaced volume
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Buoyancy

59

FB = ɔfluidVDHCK

FB = ɔfluidVAKB
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Buoyancy

A body immersed in a fluid:

(1) Remains at rest at any 
point in the fluid when its 
density is equal to the density 
of the fluid

(2) Sinks to the bottom when 
its density is greater than the 
density of the fluid

(3) Rises to the surface of the 
fluid and floats when the 
density of the body is less than 
the density of the fluid
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Example

 A block of concrete weighs 100 lbf in air and weighs only 
60 lbf when immersed in freshwater (62.4 lbf/ft3). What 
is the average specific weight of the block?

 FB equals the difference between the weights in air and 
in freshwater = 100 ς60 = 40 lbf

 In addition, FB = ɔĬvolume = 62.4ĬV = 40

V = 0.641 ft3

 The specific weight of the block = 100/0.641 = 156 lbf/ft3
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Example

A crane is used to lower weights 
into the sea (density 1025 
kg/m3) for an underwater 
construction project. Determine 
the tension in the rope of the 
crane due to a rectangular 0.4-
m Ĭ0.4-m Ĭ3-m concrete 
block (density = 2,300 kg/m3) 
when it is (a) suspended in the 
air and (b) completely immersed 
in water
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Example

 Consider the free-body diagram of the concrete block. 
The forces acting on the concrete block in air are its 
weight and the upward pull action (tension) by the rope. 
These two forces must balance each other, and thus the 
tension in the rope must be equal to the weight of the 
block:

 V = 0.4 Ĭ0.4 Ĭ3 = 0.48 m3

FT,air = W = ćoncrete g V = 

2,300 Ĭ9.81 Ĭ0.48 / 1,000 = 10.8 kN
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Example

When the block is immersed in water, there is the 
additional force of buoyancy acting upward. The force 
balance in this case gives

FB = f́ g V = 

1,025 Ĭ9.81 Ĭ0.48 / 1,000 = 4.8 kN

FT,water = W ςFB = 10.8 ς4.8 = 6 kN
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Example

 A spherical buoy has a diameter 
of 1.5 m, weighs 8.50 kN, and is 
anchored to the sea floor with a 
cable

 Although the buoy normally 
floats on the surface, at certain 
times the water depth increases 
so that the buoy is completely 
immersed as illustrated

 For this condition what is the 
tension of the cable?
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Example

 We first draw a free-body diagram of the 
buoy where FB is the buoyant force acting 
on the buoy, W is the weight of the buoy, 
and T is the tension in the cable

 For equilibrium it follows that:

T = FBςW 

FB = ɔV = 10.1 Ĭ[( /́6)(1.5)3] = 1.785Ĭ104 N

T = 1.785Ĭ104ς0.85Ĭ104 = 9.35 kN

66

The net effect of the pressure forces on the surface
of the buoy is equal to the upward force of magnitude FB
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Example

 The figure shows a metal 
part (object 2) hanging by a 
thin cord from a floating 
wood block (object 1). The 
wood block has a specific 
gravity S1 = 0.3 and 
dimensions of 50 Ĭ50 Ĭ10 
mm. The metal part has a 
volume of 6,600 mm3

 Find the mass m2 of the 
metal part and the tension 
T in the cord

67



[3] Fall – 2010 – Fluid Mechanics Dr. Mohammad N. Almasri [3-2] Fluid Statics

Example
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Stability

 A body is said to be in a stable 
equilibrium position if, when 
displaced, it returns to its 
equilibrium position

 Conversely, it is in an unstable 
equilibrium position if, when 
displaced (even slightly), it moves 
to a new equilibrium position
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Stability
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Stability

 Stability considerations are particularly important for submerged 
or floating bodies since the centers of buoyancy and gravity do not 
necessarily coincide. A small rotation can result in either a 
restoring or overturning couple

 Center of Gravity is the point in a body where the gravitational 
force may be taken to act 

 Center of Buoyancy is the center of the gravity of the volume of 
water which a hull displaces
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Stability

 For floating bodies the stability problem is more complicated, 
because as the body rotates the location of the center of 
buoyancy may change

 In the figure, as the body rotates the buoyant force, FB, shifts to 
pass through the centroid of the newly formed displaced volume 
and, as illustrated, combines with the weight, W, to form a 
couple, which will cause the body to return to its original 
equilibrium position
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Stability

 For the relatively tall, slender body shown in the figure, a 
small rotational displacement can cause the buoyant 
force and the weight to form an overturning couple
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Stability

 A floating body may still be stable when G is directly above B. 
This is because the centroid of the displaced volume shifts to 
ǘƘŜ ǎƛŘŜ ǘƻ ŀ Ǉƻƛƴǘ .Ω ŘǳǊƛƴƎ ŀ Ǌƻǘŀǘƛƻƴŀƭ ŘƛǎǘǳǊōŀƴŎŜ ǿƘƛƭŜ 
the center of gravity G of the body remains unchanged. If 
Ǉƻƛƴǘ .Ω ƛǎ ǎǳŦŦƛŎƛŜƴǘƭȅ ŦŀǊ ǘƘŜǎŜ ǘǿƻ ŦƻǊŎŜǎ ŎǊŜŀǘŜ ŀ ǊŜǎǘƻǊƛƴƎ 
moment and return the body to the original position
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Stability

 A measure of stability for floating bodies 
is the metacentric height GM, which is 
the distance between the center of 
gravity C (or G or CG) and the 
metacenter Mτthe intersection point 
of the lines of action of the buoyant 
force through the body before and after 
rotation

 A floating body is stable if point M is 
above point G (GM is positive)

 A floating body is unstable if point M is 
below point G (GM is negative)
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Stability

 The weight and the buoyant force 
acting on the tilted body generate 
an overturning moment instead 
of a restoring moment, causing 
the body to capsize (overturn)

 The length of the metacentric 
height GM above G is a measure 
of the stability: the larger it is, the 
more stable is the floating body
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Stability
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Stability

A block of wood 30 cm square in cross section and 60 cm 
long weighs 318 N. Will the block float with sides vertical 
as shown?
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Example
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