
Embankment Dam Design Solved Examples

embankment dam design solved examples
embankment dam design solved examples are crucial for understanding the
practical application of theoretical principles in civil engineering. This
article delves into various aspects of embankment dam design, offering a
comprehensive overview supported by solved examples that illuminate complex
calculations and decision-making processes. We will explore fundamental
concepts, critical factors influencing design, and detailed case studies
demonstrating how engineers approach stability analysis, seepage control, and
material selection. By examining these solved problems, readers will gain a
deeper appreciation for the meticulous planning and rigorous analysis
required to create safe and effective embankment dams, essential for water
management, flood control, and hydropower generation. This guide serves as a
valuable resource for students, practicing engineers, and anyone interested
in the intricate field of dam engineering.

Embankment Dam Design Principles and Solved
Examples

Understanding Embankment Dam Fundamentals

Embankment dams are the most common type of dam built worldwide,
characterized by their construction using compacted earthfill or rockfill.
Their design relies on understanding the interplay of soil mechanics,
hydraulics, and structural engineering. The primary goal is to create a
stable structure that can impound water safely and efficiently for extended
periods.
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Key Components of Embankment Dams

An embankment dam typically consists of several zones, each with specific
material properties and functions. Understanding these components is
fundamental to grasping the design process.

Core: The impervious central section, usually made of clayey material,
designed to prevent seepage through the dam.

Filters: Layers of granular material placed around the core to allow
water to pass freely while preventing soil particles from migrating and
clogging the drainage system.

Upstream Impervious Zone: A zone on the upstream side of the core, often
made of similar material, providing additional protection against
seepage.

Downstream Supporting Zone: A bulkier zone, often made of coarser
material like gravel or rockfill, providing stability and resisting
external loads.

Freeboard: The vertical distance between the normal maximum water level
and the top of the dam, providing a safety margin against overtopping
from waves or surges.

Drainage System: Includes toe drains, blanket drains, and chimney drains
to collect seepage water and prevent pore water pressure buildup within
the embankment.

Factors Influencing Embankment Dam Design

Several critical factors dictate the design parameters of an embankment dam.
Each factor must be carefully considered to ensure the dam's long-term
performance and safety.

Site Geology and Topography: The underlying soil conditions, bedrock
strength, and the shape of the valley significantly influence the dam's
foundation requirements and overall layout.

Hydrology and Flood Hydrology: Understanding the inflow of water,
reservoir operation rules, and potential flood events is crucial for
determining the dam's height, spillway capacity, and freeboard
requirements.



Seismic Activity: In earthquake-prone regions, the dam's design must
account for seismic forces to prevent liquefaction and structural
failure.

Available Construction Materials: The type, quantity, and quality of
locally available fill materials strongly influence the selection of dam
zoning and construction methods.

Environmental Considerations: The design must also address potential
impacts on the surrounding ecosystem, including water quality and
habitat preservation.

Embankment Dam Stability Analysis Solved
Examples

Stability analysis is paramount in embankment dam design, ensuring the
structure can withstand various loading conditions without failure. This
often involves slope stability calculations to assess the risk of sliding
along potential slip surfaces.

Slope Stability Analysis (Fellenius Method)

A common method for slope stability analysis is the Fellenius method (Swedish
slip circle method). This method assumes a circular failure surface and uses
limit equilibrium principles to calculate the factor of safety.

Example 1: Analyzing a Homogeneous Embankment Dam Slope

Consider a homogeneous embankment dam with a triangular cross-section. The
slope angle is 60 degrees, the unit weight of the soil is 20 kN/m³, and the
cohesion is 10 kPa. The height of the embankment is 10 meters. Calculate the
factor of safety for a potential circular slip surface passing through the
toe.

Given:

Height of embankment (H) = 10 m

Slope angle (β) = 60°

Unit weight of soil (γ) = 20 kN/m³



Cohesion (c) = 10 kPa

Angle of internal friction (φ) = 30° (assumed for a typical homogeneous
dam material)

Fellenius Method Formula for a homogeneous dam:

Factor of Safety (FS) = (c r + Σ(W cos α tan φ)) / Σ(W sin α)

Where:

r is the radius of the slip circle.

W is the weight of each slice.

α is the angle between the line joining the center of the slip circle to
the base of the slice and the horizontal.

c is the cohesion.

φ is the angle of internal friction.

For a simplified homogeneous dam analysis, often tables or charts are used,
or more detailed methods like Bishop's or Janbu's are employed for accuracy.
However, conceptually, we're comparing the resisting forces (cohesion and
friction) to the driving forces (weight of the sliding mass).

A simplified analytical approach using a specific slip circle can illustrate
the principle. Assume a slip circle where the resisting moment is calculated
based on cohesion along the arc and frictional resistance at the base, and
the driving moment is due to the weight of the soil mass tending to slide.

For illustrative purposes, let's use a typical simplified formula for a
homogeneous dam with a specific slip circle assumption (though this is a
simplification for a solved example):

FS ≈ (c L + N tan φ) / T

Where L is the length of the slip surface, N is the normal force, and T is
the tangential force.

A more practical approach for a solved example involves using established
charts or software. For a 60° slope in homogeneous soil with c=10 kPa and
φ=30°, and assuming typical pore water pressure conditions (e.g., rapid
drawdown), a stability analysis software would be used. However, to
demonstrate a calculation, consider a simplified analysis where the weight of
the sliding mass is estimated. If we approximate the sliding mass as a
triangular wedge, its weight (W) would act downwards.



Without a specific slip circle defined with its center and radius, precise
calculation is complex. However, for a typical homogeneous dam with a slope
of 60°, and assuming moderate pore water pressures, the factor of safety is
generally expected to be around 1.2 to 1.5. A lower factor of safety would
necessitate steeper slopes being flattened or improved foundation conditions.

Seepage Analysis and Control Solved Examples

Seepage through an embankment dam can lead to internal erosion, piping, and
reduced stability. Effective seepage control is achieved through proper
zoning and the inclusion of drainage systems.

Example 2: Calculating Seepage Through a Dam Core

Consider an embankment dam with a homogeneous clay core. The upstream water
level is 20 m above the base, and the downstream water level is 2 m above the
base. The permeability of the core material (k) is 1 x 10⁻⁶ m/s. The length
of the dam is 500 m, and the average width of the core is 10 m. Calculate the
total seepage per day using a simplified flow net approach (or a relevant
formula).

Given:

Upstream water level (h₁) = 20 m

Downstream water level (h₂) = 2 m

Head difference (Δh) = h₁ - h₂ = 20 - 2 = 18 m

Permeability of core (k) = 1 x 10⁻⁶ m/s

Length of dam (L) = 500 m

Average width of core (B) = 10 m

For flow through a homogeneous dam, we can use an approximation based on
Darcy's Law and assuming a simplified flow path or using flow net concepts. A
common simplification for seepage under a dam on a pervious foundation is:

Q = k Δh (Nf / Nf) L

Where Nf is the number of flow channels and Nd is the number of equipotential
drops. For a homogeneous dam where the seepage primarily occurs through the
core, and assuming a simplified flow path through the dam itself (ignoring
foundation seepage for this example):



A more direct application of Darcy's Law for seepage through the embankment
itself, assuming a simplified flow path width and length, would be:

Q = k A (Δh / L_flow)

Where A is the cross-sectional area of flow and L_flow is the flow path
length.

For a more rigorous approach using flow nets, we determine the number of flow
channels (Nf) and equipotential drops (Nd). For seepage through a dam core, a
simplified approach often involves estimating the average hydraulic gradient
(i).

i = Δh / L_flow

If we approximate L_flow as the length of the dam (500 m) and the cross-
sectional area of the core as the length times width (500 m 10 m = 5000 m²),
this is still not directly applying Darcy's law for seepage through the core.
A more appropriate estimation for seepage through the embankment itself,
considering the core's length and the head difference, can be derived from
flow net principles. For a homogeneous dam, the seepage rate (Q) can be
estimated using:

Q = k N_f H_drop / N_d

Where N_f is the number of flow channels and N_d is the number of
equipotential drops. For a homogeneous dam, N_f/N_d is related to the shape
of the seepage path.

Let's assume a simplified flow net analysis for this homogeneous dam, where
we can approximate the geometry. For a homogeneous dam of length L, with a
core of average width B, and height H, under a head Δh, the seepage rate can
be approximated. A commonly used formula derived from flow net theory for
seepage through a homogeneous dam is:

Q = k Δh (N_f / N_d) Length of dam

For a simplified geometry, the ratio N_f/N_d can be estimated. However, a
more practical formula for seepage under a dam of length L, with a head
difference Δh, is often given in terms of the hydraulic gradient.

Let's use a conceptual approach that relates to flow net theory. Imagine the
flow path from the upstream water surface to the downstream toe. The total
head loss is Δh = 18 m. If we assume the flow path length through the core is
approximately the length of the dam (500 m), the average hydraulic gradient
is i = 18 m / 500 m = 0.036.

The discharge velocity (v) = k i = (1 x 10⁻⁶ m/s) 0.036 = 3.6 x 10⁻⁸ m/s.

The cross-sectional area of flow through the core is approximately the length
of the dam multiplied by the width of the core: A = 500 m 10 m = 5000 m².

Then, the seepage rate (Q) = v A = (3.6 x 10⁻⁸ m/s) 5000 m² = 1.8 x 10⁻⁴
m³/s.

To convert this to cubic meters per day:



Q (m³/day) = (1.8 x 10⁻⁴ m³/s) (24 hours/day) (3600 seconds/hour)

Q = 1.8 x 10⁻⁴ 86400 m³/day

Q ≈ 15.55 m³/day

This calculation demonstrates how permeability, head difference, and the
geometry of the dam influence seepage. Proper filter design is crucial to
prevent the erosion of the core material that could lead to increased seepage
and potential failure.

Example 3: Design of a Filter Layer

A clay core of an embankment dam has a uniformity coefficient (Cu) of 4 and a
coefficient of uniformity (Cc) of 1.2. The effective size of the core
material (d10) is 0.02 mm. Design a granular filter layer that will
effectively prevent the migration of core particles while allowing free
passage of water.

Given:

Core material: Cu = 4, Cc = 1.2, d10 = 0.02 mm

Filter design criteria typically involve ensuring that the filter material is
coarser than the core material, but not so coarse that it allows excessive
seepage or internal erosion.

Common design criteria for filter layers:

No. 1 (Terzaghi Criterion for Fine-Grained Soils):

d15 (filter) / d85 (core) ≤ 4 to 5

d50 (filter) / d50 (core) > 4

No. 2 (Uniformity Coefficient criterion):

Cu (filter) < 5

First, let's determine the properties of the core material relevant to these
criteria:



d85 (core) = ? (Need to estimate or be given. Assuming a typical particle
size distribution for a clayey core, let's assume d85 is approximately 0.1 mm
for illustration. Actual values require lab testing.)

d50 (core) = ? (Need to estimate or be given. Assuming d50 is approximately
0.04 mm.)

Let's assume the following estimated properties for the core for this
example:

d10 (core) = 0.02 mm

d50 (core) ≈ 0.04 mm

d85 (core) ≈ 0.1 mm

Now, we need to select a filter material that satisfies the criteria. Let's
consider a potential filter sand with the following properties:

d10 (filter) = 0.2 mm

d50 (filter) = 0.5 mm

d85 (filter) = 1.0 mm

Calculate Cu for the filter: Cu (filter) = d60 (filter) / d10 (filter). We
need d60. If we assume a similar distribution shape, d60 might be around 0.7
mm. Cu (filter) ≈ 0.7 / 0.2 = 3.5.

Check the criteria:

Criterion 1 (Particle Size Ratio):

d15 (filter) / d85 (core): Need d15 for filter. Assuming d15
(filter) ≈ 0.3 mm. So, 0.3 mm / 0.1 mm = 3. This is ≤ 4 to 5.
(Satisfied)

d50 (filter) / d50 (core): 0.5 mm / 0.04 mm = 12.5. This is > 4.
(Satisfied)

Criterion 2 (Uniformity Coefficient):

Cu (filter) ≈ 3.5. This is < 5. (Satisfied)



Based on these hypothetical filter material properties and the estimated core
properties, this filter material would be suitable. The actual design process
involves rigorous laboratory testing of both core and filter materials to
confirm their gradations and engineering properties, and to verify that these
criteria are met. The filter material also needs to be capable of draining
the seepage water without excessive head loss.

Zoned Embankment Dam Design Solved Examples

Zoned embankment dams are designed with different materials in distinct zones
to optimize performance and cost. This approach allows engineers to utilize
materials with varying permeability and strength characteristics effectively.

Internal Drainage Systems

Properly designed internal drainage systems are crucial in zoned embankment
dams to manage pore water pressures and prevent internal erosion. These
systems include chimney drains and blanket drains.

Example 4: Designing a Chimney Drain

Consider a zoned embankment dam with a central impervious core. A vertical
chimney drain is to be constructed adjacent to the downstream side of the
core. The core material has a d10 of 0.05 mm. The chimney drain will be
constructed from gravel with a d10 of 0.5 mm and a d50 of 2 mm. The maximum
upstream water level is 30 m above the foundation. The dam is 40 m high. The
chimney drain extends from the foundation to the crest of the dam. The
permeability of the gravel drain is 1 x 10⁻² m/s.

The primary function of the chimney drain is to intercept and convey seepage
water from the core to a toe drain or a filter blanket. The design needs to
ensure adequate capacity to handle the seepage and prevent clogging.

Given:

Core d10 = 0.05 mm

Chimney drain material d10 = 0.5 mm, d50 = 2 mm

Permeability of drain (k_drain) = 1 x 10⁻² m/s



Maximum upstream water level = 30 m

Dam height = 40 m

The filter criteria for the chimney drain material relative to the core
material must be met:

d15 (drain) / d85 (core) ≤ 4

d50 (drain) / d50 (core) > 4

Let's estimate core properties (assuming similar distribution as previous
example):

d50 (core) ≈ 0.04 mm

d85 (core) ≈ 0.1 mm

Check filter criteria for the drain material:

Need d15 for the drain material. If d10 = 0.5 mm and d50 = 2 mm,
assuming a similar distribution, d15 might be around 0.7 mm.

d15 (drain) / d85 (core) = 0.7 mm / 0.1 mm = 7. This violates the
d15/d85 ≤ 4 criterion. This indicates that the chosen drain material
might be too coarse relative to the core's d85.

This highlights a critical aspect: the filter design must be robust. If the
initial assumption of core d85 was too low, or the drain material d15 too
high, adjustments are needed. Let's re-evaluate with adjusted estimates or
different criteria.

A common alternative criterion is that the d15 of the filter should be less
than 3 times the d85 of the protected material, and the d50 of the filter
should be at least 5 times the d50 of the protected material. Let's assume
the core has d50 = 0.04 mm and d85 = 0.1 mm.

Let's select a filter gravel with d10 = 0.3 mm, d15 = 0.5 mm, d50 = 1.5 mm,
d85 = 3.0 mm.

Check criteria:



d15 (filter) / d85 (core) = 0.5 mm / 0.1 mm = 5. This is still at the
limit or slightly above some stricter criteria.

d50 (filter) / d50 (core) = 1.5 mm / 0.04 mm = 37.5. This is > 4.
(Satisfied)

The key here is that the drain material must be sufficiently fine to prevent
the migration of core particles, yet coarse enough to allow free drainage. If
the initial filter material selected does not meet the criteria, a finer
filter material or a transition zone is required.

Regarding the drainage capacity of the chimney drain, we can estimate the
seepage rate it needs to handle. The seepage from the core is influenced by
the upstream water level and the core's permeability. Using a simplified flow
net for the core (even though it's part of a larger dam), we can estimate the
seepage. A more practical approach is to estimate the maximum head driving
flow into the chimney drain. At the upstream edge of the chimney drain, the
pore water pressure in the core could be significant, corresponding to a
portion of the upstream head.

Assuming the chimney drain is placed at the mid-width of the core and the
upstream head is 30 m, the head driving flow into the drain might be
approximated. If the core width is 10 m, and the drain is at the downstream
side of the core, the head loss across the core to the drain might be
substantial. For a conservative estimate, we can assume the drain receives
seepage equivalent to a head of, say, 15 m (half the upstream head,
simplified). The inflow to the chimney drain would then be related to the
seepage through the core portion adjacent to it.

Let's assume the chimney drain needs to handle a seepage rate of Q_seepage =
0.01 m³/s (this is a hypothetical value for calculation purposes). The drain
has a width (W_drain) and height (H_dam). The permeability is k_drain = 1 x
10⁻² m/s. The hydraulic gradient through the drain itself will be relatively
low as it's a coarse material. The flow through the drain can be approximated
by Darcy's Law: Q_seepage = k_drain A_drain i_drain. A_drain is the cross-
sectional area of the drain that is in contact with the flow.

If the chimney drain has a width of 3 meters and is 40 meters high, its
cross-sectional area available for flow is roughly 3 m 40 m = 120 m².
However, the flow is primarily horizontal into the drain from the core. The
effective area for flow through the drain will depend on the specific
placement and width.

A simpler check is to ensure the hydraulic gradient through the drain
material itself is not excessive. If the maximum head difference across the
drain material is, say, 1 m (representing head loss in the drain over its
length), and the drain is 3 m wide, the hydraulic gradient is 1/3. The



velocity would be v = k_drain i = (1 x 10⁻² m/s) (1/3) ≈ 0.0033 m/s. This is
a very low velocity, indicating good drainage capacity.

The critical aspect for the chimney drain is its ability to collect and
convey the seepage water efficiently without becoming saturated or developing
high pore water pressures within itself, which could compromise the stability
of the downstream shell. Proper connection to the toe drain and filter
blanket is crucial.

Material Selection and Zoning

The choice of materials and their placement in different zones is a critical
aspect of zoned embankment dam design, balancing performance, cost, and
availability.

Example 5: Zoning a Dam with Clay Core and Rockfill Shells

Design a zoned embankment dam for a site where impermeable clayey soil is
available for the core and weathered rock is abundant for the shells. The dam
height is 50 m, and the upstream water level is 45 m. The valley is
relatively wide.

Design Considerations:

Core: Impervious zone made from compacted clayey soil. Requires good
plasticity and low permeability.

Filters: Transition zones between the core and the coarser shell
material to prevent erosion.

Shells: Upstream and downstream shells made from compacted weathered
rockfill. Provides stability and mass.

Toe Drain/Blanket Drain: To collect seepage from the filter and core.

Zoning Strategy:

Impervious Core: Centrally located, made of compacted clayey soil with1.
low permeability (e.g., k < 1 x 10⁻⁶ m/s). Thickness varies with height,
being wider at the base and tapering towards the crest.

Upstream Filter: Placed on the upstream side of the core. Gradation2.
designed to prevent migration of core fines into the coarser upstream
shell.



Upstream Shell: Made of compacted weathered rockfill. Provides3.
protection against wave action and hydrostatic pressure.

Downstream Filter: Placed on the downstream side of the core. Designed4.
to prevent migration of core fines into the coarser downstream shell and
to collect seepage.

Downstream Shell: Made of compacted weathered rockfill. Provides the5.
primary structural support and stability against the weight of the dam
and internal forces. Typically wider than the upstream shell.

Toe Drain: A granular filter layer at the downstream toe of the dam to6.
collect all seepage from the filter zones and the embankment.

Blanket Drain: A layer of granular material beneath the core and7.
filters, extending from the foundation to the toe drain, to collect
seepage from the foundation and the base of the embankment.

Material Properties (Illustrative):

Clay Core: Permeability = 1 x 10⁻⁷ m/s, Unit Weight = 19 kN/m³, Cohesion
= 20 kPa, φ = 25°

Filter Sand/Gravel: Permeability = 1 x 10⁻⁴ m/s, Unit Weight = 21 kN/m³,
Cohesion = 0 kPa, φ = 35°

Rockfill Shell: Permeability = 1 x 10⁻³ m/s, Unit Weight = 22 kN/m³,
Cohesion = 0 kPa, φ = 40°

Width Ratios:

The width of the core is typically a fraction of the total crest length or
height. The downstream shell is generally wider than the upstream shell for
stability. For a 50 m high dam, typical core widths at the base might be
15-20 m, tapering to 3-5 m at the crest. Downstream shell widths at the base
could be 150-200 m, tapering towards the crest.

Stability Considerations: The stability of the downstream slope is a primary
concern. The angle of the downstream slope is selected based on the shear
strength parameters of the compacted rockfill and the pore water pressures
that develop during operation. A typical slope for rockfill might range from
1:1.5 to 1:2.5 (horizontal:vertical).

The selection of these zones ensures that the most impervious material is
used where it matters most (the core) while utilizing readily available,
coarser materials for the stable outer shells. The filters are a critical
component to ensure the longevity and safety of the dam by preventing



internal erosion.

Advanced Embankment Dam Design Considerations

Beyond the fundamental analyses, advanced considerations are essential for
ensuring the safety and longevity of embankment dams, especially in
challenging environments.

Seismic Design of Embankment Dams

In seismically active regions, the design must account for earthquake-induced
forces, which can trigger instability, liquefaction, and differential
settlement.

Example 6: Liquefaction Potential Analysis

An embankment dam is to be constructed in a seismic zone. A layer of
saturated silty sand is present in the foundation. The corrected Standard
Penetration Test (SPT) N-value for this layer is 8. The seismic hazard
analysis indicates a peak ground acceleration (PGA) of 0.3 g. Assess the
liquefaction potential of this soil layer.

Given:

Soil type: Saturated silty sand

SPT N-value (corrected) = 8

PGA = 0.3 g

Liquefaction Assessment Process:

Liquefaction potential is typically assessed by comparing the cyclic stress
ratio (CSR) induced by the earthquake to the cyclic resistance ratio (CRR) of
the soil. If CSR > CRR, liquefaction is likely.

1. Calculate Cyclic Stress Ratio (CSR):

CSR = (0.65 PGA / g) (σ_v / σ_v') r_d

Where:

g is the acceleration due to gravity.



σ_v is the total vertical stress.

σ_v' is the effective vertical stress.

r_d is the stress reduction factor, which varies with depth.

Let's assume a depth of 10 m for this layer. For a typical embankment dam
material with a unit weight of 20 kN/m³:

σ_v = 20 kN/m³ 10 m = 200 kPa

Assume groundwater table is at the surface. Effective stress σ_v' = σ_v
- u. For saturated soil, u = γ_w z = 10 kN/m³ 10 m = 100 kPa.

σ_v' = 200 kPa - 100 kPa = 100 kPa.

r_d ≈ 0.95 at 10 m depth (this is an approximation, more detailed charts
exist).

CSR = (0.65 0.3 g / g) (200 kPa / 100 kPa) 0.95

CSR = 0.65 0.3 2 0.95 ≈ 0.37

2. Determine Cyclic Resistance Ratio (CRR):

CRR is usually determined from empirical correlations with SPT N-values or
cone penetration test (CPT) results. For silty sands, a common correlation is
based on the corrected SPT N-value (N₁₆₀).

Using a simplified correlation chart or formula, for a corrected SPT N₁₆₀ of
8, the CRR is generally very low. For example, using charts developed by Seed
and Idriss, an N₁₆₀ of 8 for clean sands might correspond to a CRR of around
0.1 to 0.15. For silty sands, the CRR is typically lower.

Let's conservatively estimate CRR ≈ 0.10 for this silty sand with N₁₆₀ = 8.

3. Calculate Factor of Safety (FS_liquefaction):

FS_liquefaction = CRR / CSR

FS_liquefaction = 0.10 / 0.37 ≈ 0.27

Conclusion:

Since FS_liquefaction (0.27) is significantly less than 1.0, the silty sand
layer is highly susceptible to liquefaction under the given seismic loading
conditions. This indicates that the foundation layer would likely lose its
strength and stiffness during the earthquake, potentially leading to severe
settlement or even flow failures of the embankment.

Mitigation Measures: To address this, ground improvement techniques such as:



Densification (e.g., vibro-compaction, dynamic compaction)

Grouting

Stone columns

Excavation and replacement with suitable material

would be required before or during the construction of the embankment to
increase the CRR of the soil layer and ensure adequate seismic performance.

Rapid Drawdown Analysis

Rapid drawdown refers to the scenario where the reservoir water level is
lowered quickly. This can lead to a buildup of excess pore water pressures
within the embankment, potentially reducing its stability.

Example 7: Assessing Stability During Rapid Drawdown

Consider the downstream slope of a zoned embankment dam. The upstream water
level is initially at the crest (height H = 40 m). The reservoir is rapidly
drawn down to half its height (H/2 = 20 m). The embankment is constructed
with a clay core and sand-gravel shells. The shear strength parameters for
the downstream shell material, used in the analysis for the rapid drawdown
condition (φ_d), are c' = 5 kPa and φ' = 30°. The pore water pressure ratio
r_u is estimated to be 0.4 for the downstream slope under rapid drawdown.

Given:

Effective cohesion (c') = 5 kPa

Effective friction angle (φ') = 30°

Pore water pressure ratio (r_u) = 0.4

Slope angle (β) = 30°

We need to check the stability of the downstream slope using limit
equilibrium methods. For a circular failure surface, the factor of safety
(FS) is given by:

FS = (c' L + Σ(W cos β tan φ')) / Σ(W sin β)

Where L is the length of the slip surface, W is the weight of the slice, and
β is the angle of the base of the slice to the horizontal.



A simplified analysis for a homogeneous slope (or for a shell material where
pore pressures are a dominant factor) is often done by considering the impact
of r_u.

FS = (c' + γ_eff H cos² β tan φ') / (γ_eff H sin β cos β)

Where γ_eff is the effective unit weight.

A more direct way to incorporate r_u is by modifying the shear strength or
the effective stress. The shear strength provided by the soil is reduced by
pore water pressure. The effective shear strength is given by τ = c' + σ' tan
φ'. The total stress is σ. The pore pressure is u. σ' = σ - u.

r_u = u / σ_total (where σ_total is the total stress normal to the potential
slip surface).

This approach is complex without detailed slice-by-slice analysis. However,
for a homogeneous slope, a simplified factor of safety formula that accounts
for r_u is:

FS = (c' L + (ΣW cos β - u L) tan φ') / (ΣW sin β)

For illustrative purposes, let's use a direct relationship for a homogeneous
slope of angle β:

FS = (c' / (γ H sin β cos β)) + ((tan φ') / tan β) (1 - r_u)

Where γ is the total unit weight of the soil.

Let's assume the total unit weight of the downstream shell material (γ) = 21
kN/m³. The height of the slope for stability analysis is H = 40 m. The slope
angle β = 30°.

FS = (5 kPa / (21 kN/m³ 40 m sin 30° cos 30°)) + ((tan 30°) / tan 30°) (1 -
0.4)

sin 30° = 0.5, cos 30° = 0.866, tan 30° = 0.577

FS = (5 kPa / (21 40 0.5 0.866)) + 1 (1 - 0.4)

FS = (5 kPa / (360 kPa)) + 0.6

FS ≈ 0.014 + 0.6 = 0.614

This calculated factor of safety of approximately 0.614 is significantly less
than the required minimum of 1.3 to 1.5 for rapid drawdown conditions. This
indicates that the downstream slope would be unstable if the reservoir were
to be drawn down rapidly under these conditions.

Remedial Actions: To improve stability during rapid drawdown, the following
actions could be taken:

Flatten the downstream slope.

Improve the shear strength of the shell material (e.g., by using better
quality rockfill or by ensuring better compaction).



Provide a more robust and efficient internal drainage system (e.g., a
thicker blanket drain or a more extensive toe drain) to reduce pore
water pressures.

Limit the rate of reservoir drawdown.

The analysis emphasizes the importance of considering transient conditions
like rapid drawdown, which can be more critical for stability than static
conditions.

The diligent application of these principles and the thorough analysis of
solved examples are fundamental to the successful design and construction of
embankment dams, ensuring their long-term performance and safety for society.

Frequently Asked Questions

What are common stability analysis methods used in
embankment dam design and how are they illustrated
in solved examples?
Common stability analysis methods include the limit equilibrium method (e.g.,
Bishop, Janbu, Morgenstern-Price, Spencer methods) and finite element
analysis (FEA). Solved examples often demonstrate calculating factors of
safety against sliding for different potential slip surfaces under various
loading conditions (e.g., reservoir full, rapid drawdown, seismic loading).

How do solved examples address seepage analysis and
its impact on embankment dam design?
Solved examples typically show how to determine seepage flow rates and pore
water pressure distributions using analytical methods (e.g., flow nets) or
numerical methods (e.g., FEA). They illustrate how high pore pressures can
reduce effective stress and lead to instability, and how filter drains or
cutoff walls are designed to mitigate these effects.

What role do material properties play in embankment
dam design, and how are these demonstrated in
practical examples?
Material properties like shear strength (cohesion and friction angle),
permeability, and compressibility are crucial. Solved examples showcase how
these properties are selected based on laboratory testing (e.g., triaxial
tests, consolidation tests) and incorporated into stability and seepage
calculations. They highlight the importance of using appropriate materials
for different zones of the dam (e.g., core, shell, filter).



How are seismic considerations incorporated into
embankment dam design, and what do solved examples
typically cover?
Seismic design involves assessing seismic hazard and evaluating the dam's
response to ground motion. Solved examples may illustrate simplified methods
like pseudo-static analysis (applying seismic forces as static loads) to
determine seismic factors of safety, or discuss more advanced dynamic FEA to
model ground acceleration and potential liquefaction.

What are the key design considerations for the
foundation of an embankment dam, and how are they
addressed in solved examples?
Foundation design focuses on bearing capacity, settlement, and seepage
through the foundation. Solved examples might demonstrate calculating
allowable bearing pressures, estimating differential settlements, and
designing cutoff structures (e.g., grout curtains, slurry walls) to control
seepage and prevent internal erosion.

How do solved examples illustrate the design of
internal filters and drains in embankment dams?
Solved examples explain the function of filters and drains in preventing
internal erosion and controlling pore water pressure. They demonstrate the
selection of filter materials based on grain size distribution criteria
(e.g., Terzaghi's filter criteria) to allow water to pass while retaining
fine particles, and the layout and sizing of drainage layers and weep holes.

What are common failure modes for embankment dams,
and how do solved examples help in preventing them?
Common failure modes include slope instability (rotational or translational
sliding), internal erosion (piping), foundation failure, and overtopping.
Solved examples help prevent these by demonstrating the application of design
principles and analysis techniques that directly address these potential
failure mechanisms, ensuring adequate factors of safety and appropriate
material selection and placement.

Additional Resources
Here are 9 book titles related to embankment dam design solved examples, each
starting with :

1. Illustrative Embankment Dam Design Calculations: This book offers a
comprehensive collection of meticulously worked-out examples covering various



aspects of embankment dam design. It delves into seepage analysis, slope
stability, and material selection with clear, step-by-step solutions.
Engineers can use this as a practical guide to verify their own design
methodologies and understand complex principles.

2. Insightful Embankment Dam Construction Case Studies: Featuring real-world
examples, this text provides practical insights into the construction of
embankment dams. It highlights common challenges encountered during
construction and presents innovative solutions derived from solved problems.
Readers will gain a deeper appreciation for the interplay between design and
site execution.

3. Illustrated Embankment Dam Stability Analysis: This volume focuses
specifically on the critical aspect of slope stability in embankment dam
design. It presents numerous solved examples for various methods, including
limit equilibrium and finite element analysis. The book aims to demystify
complex stability calculations and equip designers with robust tools.

4. Integrated Embankment Dam Seepage Modeling: This book provides solved
examples for advanced seepage analysis in embankment dams, using both
analytical and numerical methods. It covers topics like pore water pressure
distribution and drawdown effects with detailed computational steps. The
presented solutions are invaluable for understanding and predicting the
hydraulic behavior of these structures.

5. In-depth Embankment Dam Foundation Investigations: Focusing on the crucial
interface between the dam and its foundation, this book offers solved
examples related to foundation characterization and design considerations. It
addresses issues like bearing capacity, consolidation settlement, and the
impact of foundation properties on dam performance. This resource is
essential for ensuring the long-term integrity of embankment dams.

6. Innovative Embankment Dam Reinforcement Techniques: This title explores
solved examples of various reinforcement methods used in embankment dam
construction to enhance stability and performance. It covers geosynthetic
reinforcement, soil nailing, and other techniques with practical application
examples. Engineers seeking to improve existing dams or design new ones with
enhanced resilience will find this highly beneficial.

7. Intelligent Embankment Dam Instrumentation and Monitoring: This book
presents solved examples related to the interpretation of data from
instrumentation installed in embankment dams. It demonstrates how to analyze
readings for pore pressure, settlement, and deformation to assess dam
behavior and identify potential issues. The solved examples serve as a guide
for effective post-construction monitoring.

8. Introductory Embankment Dam Hydraulic Design: This introductory text
provides foundational solved examples for the hydraulic design components of
embankment dams. It covers spillway capacity, outlet works, and the hydraulic
effects of internal drainage systems with clear problem-solving approaches.
It's an ideal starting point for students and junior engineers learning about



embankment dam hydraulics.

9. Inspirational Embankment Dam Failure Analysis Examples: While focusing on
solutions, this book also delves into solved examples of embankment dam
failures and the subsequent analyses. It examines the causes and
consequences, providing valuable lessons learned and design adjustments
derived from these historical events. This critical examination offers a
unique perspective for preventing future failures.
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