DRAFT – For Discussion Purposes Only


GUIDELINES FOR GEOTECHNICAL INVESTIGATION AND ANALYSIS OF NEW AND EXISTING EARTH DAMS

1. PURPOSE

The purpose of this document is to provide dam owners and engineers with an overview of the procedures and considerations for performing geotechnical investigations and analyses of new and existing earth dams.  The guidelines presented herein are written to provide a starting point for the evaluation of earth dams, but earth dams should be considered individually and engineering judgment should always be used to adapt the guidelines presented herein.  The ultimate goal of any investigation should be to prudently evaluate the safety of the dam with respect to all identifiable and foreseeable failure mechanisms, and to monitor changes that may indicate development of a hazardous condition.  Throughout this document, references are made to other documents that are readily available to dam owners and engineers.  It is recommended that these other documents be consulted as needed during the geotechnical investigation process.

2. SUMMARY OF REGULATORY REQUIREMENTS FOR EARTH DAMS

Kentucky Revised Statute (KRS) 151.100 defines a “dam” in the State of Kentucky as follows:

(12)
The word “dam” shall mean any artificial barrier, including appurtenant works, which does impound or divert water, and which either:

(a) Is or will be twenty-five (25) feet or more in height from the natural bed of the stream or watercourse at the downstream toe of the barrier, as determined by the cabinet; or

(b) Has or will have an impounding capacity at maximum water storage elevation of fifty (50) acre-feet or more.

Regulations establishing minimum safety and design criteria for dams in the State of Kentucky are described in Title 401, Chapter 4:030 of the Kentucky Administrative Regulations (401 KAR 4:030).  Within 401 KAR 4:030, the procedures outlined in the latest edition of the United States Bureau of Reclamation (USBR) document “Design of Small Dams” (USBR, 1987) are incorporated by reference as the minimum design criteria.  Although the 1973 edition of the document is cited in 401 KAR 4:030, use of the term “latest” in 401 KAR 4:030 implies that the most recent edition of the USBR document should be used.  Kentucky Natural Resources and Environmental Protection Cabinet Division of Water Resources (DWR) Engineering Memorandum No. 5 (EM5) is also incorporated by reference into 401 KAR 4:030.  Within EM5, dams are defined by hazard class as follows:

· Class A (Low Hazard) – Failure of the dam would result in little or no additional damage to other property;

· Class B (Moderate Hazard) – Failure of the dam may result in significant damage to property and project operation, but loss of human life is not envisioned; and 

· Class C (High Hazard) -- Failure of the dam may result in loss of life or serious damage to houses, buildings, utilities, highways, or railroads.

As stated in 401 KAR 4:030, all new Class B and Class C structures must incorporate a subsurface geotechnical investigation and analysis as part of their design for DWR approval.  DWR is also required by KRS 151.295 to conduct an inspection program of all existing dams in the interest of public safety.  If an existing dam is found to pose a threat to life or property, DWR is required through KRS 151.297 to order the owner to take such action as is necessary to render the dam safe.  The process of rendering the dam safe may include a geotechnical investigation and analysis of Factors of Safety against various modes of failure, coupled with remedial action to increase the deficient Factors of Safety.    

3.
FAILURE MECHANISMS FOR EARTH DAMS

3.1
Overview
With respect to earth dams, the term “failure” is defined herein as an occurrence of excessive erosion or deformation of the embankment that may result in an uncontrolled release of reservoir water or damage to appurtenant structures.  To assess the safety of a dam and the possibility of failure, the different potential failure mechanisms must be recognized.  Failure mechanisms are grouped into four general categories:  slope stability, piping, overtopping, and foundation failures, as shown in Figure 1.  By understanding these failure mechanisms, a geotechnical program of investigation, analysis, instrumentation, and monitoring can be developed to assess the safety of the dam with respect to each failure mechanism.  A review of the different failure mechanisms for existing dams is also provided in USBR (2001) and FEMA (1987).

3.2 Slope Stability Failures

For a soil mass within an embankment, two forces act upon the soil mass.  The driving force, due to the weight of the soil, tends to move the soil mass downslope.  The resisting force, due to the strength of the soil along the base of the soil mass, or “slip surface,” tends to hold the soil mass in place.  If the driving force is greater than the resisting force, the soil mass will slide along the slip surface and a slope stability failure will occur.  The potential for failure for a given soil mass is quantified in terms of the Factor of Safety, which is defined as the resisting force divided by the driving force.  If the Factor of Safety is greater than 1.0, the soil mass will not slide.


Factors of Safety are typically calculated assuming that the soil mass is crescent-shaped and the slip surface is a circular arc.  This type of failure surface is generally consistent with observations of historically observed slope stability failures and facilitates the use of computer programs in the analysis, although soil masses with non-circular slip surfaces may also be evaluated.  By using a computer to calculate Factors of Safety for a number of different soil masses and slip surfaces, the lowest overall Factor of Safety can be automatically derived.

For earth dams, there are three types of slope stability failures:  steady-state, seismic, and rapid-drawdown.  For the steady-state case, failure occurs on the downstream side of the dam under conditions of steady-state seepage.  This type of failure may occur as a result of an increase in pore water pressure in the dam.  For the rapid-drawdown case, failure occurs on the upstream side of the embankment as a result of a sudden lowering of the reservoir level.  

For the seismic case, the driving force on the soil mass increases due to horizontal earthquake force, while the resisting force may be reduced if portions of the embankment or foundation liquefy.  Liquefaction can occur during an earthquake in loose, saturated, sandy soils.  During liquefaction, the soil particles are rearranged into a denser configuration, which tends to displace pore water.  Since the pore water cannot vacate the pore spaces immediately, the pore water pressure temporarily increases.  If this increase is sufficient, the soil particles become supported by the pore water, which has no shear strength.  As a result, the shear strength of the soil approaches zero.  When performing a seismic slope stability analysis, it may be found that at times during the earthquake when ground shaking is at a maximum, the Factor of Safety falls below 1.0 and some deformation occurs.  A limited amount of deformation (e.g. less than 5 or 10 ft, depending on the height of the embankment) may be considered acceptable provided that there is no associated release of reservoir water. 

3.3 Piping Failures

Properly designed earth dams are intended not to eliminate seepage completely, but to control seepage so that excessive water pressures within the embankment do not cause a steady-state slope stability failure.  To control seepage, dams are often constructed with a core of fine-grained soil (to minimize seepage) flanked by zones of coarser-grained soil (to control seepage that does occur and prevent water pressure buildup).  However, if measures are not taken to prevent the fine-grained soil particles from dislodging and seeping into the pore spaces of the coarse-grained soil, cavities can develop inside the dam.  Cracks can also develop within the dam due to differential settlement within the embankment, especially if the depth to bedrock is highly variable.  The cavities and cracks can act as preferential conduits for water to flow freely through the dam and erode the dam from the inside out.  This phenomenon, referred to as “piping,” can cause a dam to fail suddenly and catastrophically.  Cracks and fissures, high-permeability strata, and Karst features in the foundation and abutments may also act as preferential conduits and contribute to piping. 

3.4 Overtopping Failures

Dams are designed with principal and emergency spillways to control the maximum reservoir elevation and prevent the reservoir from flowing over the top of the dam, or “overtopping.”  When the spillways are not adequately designed, or if they become obstructed and cease to function, overtopping may occur.  Overtopping can cause large amounts of erosion on the downslope side of the dam, which may compromise the stability of the dam.

3.5 Foundation Failures

When a new dam is constructed, the underlying foundation materials must bear a significant load due to the weight of the dam and reservoir.  If the foundation consists of weak materials, such as soft clay, a foundation stability failure can occur, leading to significant deformation of the embankment.  Failures may also occur under steady-state conditions in existing dams if a weak or permeable seam exists in the foundation.  If seepage occurs along a seam, the elevated pore pressure and increased water content of the seam material may cause a reduction in strength along the seam.  Piping within the seam may also be a contributing factor.  Karst features may affect foundation capacity by allowing preferential flow, causing stress concentrations in the foundation rock, and presenting opportunities for limestone dissolution.  Finally, liquefaction of granular soils during an earthquake may reduce the stability of the foundation.

4. TECHNICAL APPROACH TO EVALUATING EARTH DAMS
To evaluate a new or existing earth dam, a comprehensive approach of geotechnical field investigation, laboratory testing, and analysis is recommended.  With this approach, the stability of the dam with respect to the identified failure mechanisms can be assessed under present conditions.  However, a dam may not be stable tomorrow just because it is stable today.  Changes may occur that reduce the stability of a safe dam and render it unsafe.  To document these changes and prudently assess changes in dam stability with time, a program of instrumentation and monitoring is also recommended.  In addition to instrumentation and monitoring, regular inspection of all dams in Kentucky is required by DWR.

For new and existing dams, the recommended approach to performing a geotechnical evaluation includes:

· Geological and geotechnical investigation;

· Geotechnical analyses;

· Instrumentation and monitoring; and

· Visual inspection.

Each component of the geotechnical evaluation is discussed in the following sections.

5. GEOLOGICAL AND GEOTECHNICAL INVESTIGATION

5.1 Overview

The purpose of a geological and geotechnical investigation is to obtain information necessary to perform stability analyses.  Components of geological and geotechnical site investigation programs for new and existing earth dams are listed in Table 1.  Further details regarding geological and geotechnical investigations can be found in USBR (2001) and USACE (2001).

5.2
Geological Reconnaissance

Geological reconnaissance involves the evaluation of geologic maps, supplemental field geologic mapping, field geophysical testing, and seismic hazard assessment, to characterize geologic features that may affect the stability of the dam.  Recommended geological reconnaissance activities for new and existing dams are listed in Table 1.

Geologic maps contain information about geologic structure and stratigraphy, including age of rocks, type of rocks, and the presence of faulting or other geologic features.  Published geologic maps can be obtained from the United States Geological Survey (USGS) or the Kentucky Geological Survey.  By evaluating an existing geologic map, a general understanding of the site geology can be obtained.  To refine the information obtained from published geologic maps, field geologic mapping should be performed.  Field geologic mapping will reveal local features that affect the stability of the dam, but do not appear on a larger-scale regional map.  Weak or permeable strata and evidence of faulting or Karst features are important to identify and consider in the evaluation of dam stability.  

To assist in delineating Karst features, which are prevalent in Kentucky, geophysical surveying may be used as a supplement to geologic mapping.  Geophysics uses physical measurements of various parameters at the ground surface to characterize the subsurface.  Many geophysical techniques are used today for delineating Karst features, but the DC resistivity and gravity methods are most common (Reynolds, 1997; USACE, 1995A).  

As part of the geological investigation, a site-specific seismic hazard assessment should be performed.  Seismic hazard assessment consists of selection of design earthquake criteria, estimation of peak ground acceleration, and estimation of spectral acceleration.  USBR (2001) recommends that ground shaking from the Maximum Credible Earthquake (MCE) or an approximate probabilistic earthquake be used as the design earthquake (USCOLD, 1999).  MCE ground shaking can be derived using an assumed source location, earthquake magnitude, and attenuation rate (Kramer, 1996; Toro et al., 1997). Probabilistic earthquake data can be obtained from the USGS Seismic Hazard Mapping Project Internet web site (Frankel et al., 1996).  Representative seismograms may be required for more rigorous evaluations of critical dams or dams in areas of high seismicity and can be obtained from the USGS.

5.2 Geotechnical Exploration

Geotechnical exploration is necessary to obtain information to assess the stability of the dam.  During the geotechnical exploration program, testing is performed in both the foundation and embankment materials.  Components of the geotechnical exploration program are included in Table 1.  As shown schematically in the example in Figure 2, boreholes should be located along the crest of the dam, along the center axis of the dam, and at other locations to adequately sample the core, drain, filters, abutments, foundation materials, and phreatic surface.  Geological reconnaissance data, construction documents, and historical performance data should be used to help identify zones requiring additional boring and sampling.  If drill locations are accessible, boreholes can be advanced using truck-mounted drill rigs.  Smaller hand-operated power augers or manual augers may be used on side slopes that are inaccessible to trucks.  Boreholes should be drilled to penetrate the entire thickness of embankment and a thickness of foundation material equal to 50% of the embankment height.

Boreholes can be used for Standard Penetration Testing (SPT), disturbed split-spoon soil sampling, undisturbed Shelby tube soil sampling, and rock coring.  Soil sampling should be performed at regular intervals in the boreholes as indicated in Table 1, but some borings may require more frequent or even continuous logging and sampling for adequate characterization.  Boreholes can also be used to perform in situ hydraulic conductivity testing in suspected high-permeability zones (USBR, 1987).

Shear wave velocity testing should also be performed to derive profiles of shear wave velocity versus depth for seismic site response analysis.  Numerous methods exist for deriving shear wave velocities, including borehole seismic, refraction, and surface wave methods (USACE, 1995A).

5.3 Geotechnical Laboratory Testing

Samples recovered during the geotechnical exploration program should be tested in the laboratory to characterize the material and derive parameters for subsequent stability analyses.  Recommended tests are included in Table 1 with applicable American Society for Testing and Materials (ASTM) standards.  Typical test frequencies are also given in Table 1.  For all dams, test frequencies should be modified to address the unique conditions of the dam.  Brief descriptions of each test are as follows:

· Atterberg Limits Test – measures plasticity of silts and clays;

· Grain Size Analysis/Soil Classification – measures particle size distribution in soil and provides classification based on general engineering properties;

· Direct Shear Test – measures shear strength of sands;

· Consolidated-Undrained Triaxial Shear Test – measures shear strength of silts and clays with pore water pressure measurements after consolidation (i.e. R- and S-envelopes);

· Unconsolidated-Undrained Triaxial Shear Test – measures undrained shear strength (i.e. Q-envelope) of silts and clays; and 

· One-Dimensional Consolidation Test – measures susceptibility of silts and clays to settlement.

6. GEOTECHNICAL ANALYSES

6.1 Overview

After the geological and geotechnical investigation is completed, information obtained from the investigation is used to perform geotechnical analyses to assess the safety of the dam with respect to the failure mechanisms discussed in Section 3.  Additional available information, such as construction drawings, construction quality assurance (CQA) test results, historical observations, and data acquired from previous inspections and monitoring, should also be incorporated into the analyses as appropriate.

For existing dams, the analysis process may be divided into two phases (USBR, 2001).  A Phase I analysis may be performed prior to the geological and geotechnical investigation using existing information.  If results of the Phase I analyses are inconclusive, then the geological and geotechnical investigation is performed, followed by a Phase II analysis.  

The overall analysis process, either Phase I or Phase II, is summarized in Table 2 and should contain the following components:

· Slope stability analysis under steady-state conditions;

· Slope stability analysis under rapid drawdown conditions;

· Slope stability analysis under seismic loading conditions;

· Evaluation of piping potential;

· Foundation stability analysis; and

· Overtopping potential

Each component is discussed in the following sections.  Further details regarding geotechnical analyses of dams can be found in USBR (2001).  

6.2 Slope Stability Under Steady-State Conditions

A slope stability analysis should be performed on the downstream slope under long-term conditions of steady-state seepage.  Existing and newly acquired geological and geotechnical data should be used to derive two or more representative cross-sections of the dam.  Details such as slope height, steepness, effective strength parameters of different materials, and location of the phreatic surface, should be included in the cross-section to be analyzed.

As mentioned previously, most slope stability analyses are performed using computer programs that automatically search different potential slip surfaces to identify the slip surface that yields the lowest Factor of Safety.  Numerous computer programs exist for performing slope stability analyses, (USCOLD, 1992), including the REAMES program developed at the University of Kentucky (Huang, 1982).  However, if the user wishes to evaluate non-circular slip surfaces, such as a weak foundation layer, REAMES cannot be used.

6.3 Slope Stability Under Rapid Drawdown Conditions

Slope stability analyses should be performed on the upstream slope under conditions of rapid drawdown of the reservoir.  When a reservoir level is lowered “rapidly” (e.g. a foot or more per day), conditions of undrained loading are imposed upon the embankment.  To properly calculate the stability of the slope, a two-stage computation should be performed.  The first stage involves consolidation of the embankment under long-term conditions and is performed to calculate pre-drawdown stresses in the embankment.  The second stage involves undrained unloading of the embankment.  In the approach implemented by Wright (1991) in the UTEXAS3 slope stability program, shear strength parameters are defined for both stages using the R- and S-envelopes derived from triaxial shear strength testing.  To perform a rapid drawdown analysis, it is recommended that a program that allows for staged loading, such as UTEXAS3, be used.

6.4 Slope Stability Under Seismic Loading Conditions
Kentucky is surrounded by areas of active seismicity, including the New Madrid Seismic Zone, the Wabash Valley Fault Zone, and the Eastern Tennessee Seismic Zone.  Therefore, slope stability under seismic loading should be evaluated.  Numerous references exist that provide guidance for seismic stability analysis (Makdisi and Seed, 1978; Seed, 1979; Marcuson et al., 1990; Babbitt and Verigin, 1996; USCOLD, 1999; Deschamps and Yankey, 2001), and the approach used can range from simple to rigorous.  Whether a simple or rigorous approach is selected, it is ultimately left to the discretion of the engineer to exercise prudent judgment in selecting an approach to adequately evaluate the seismic stability of the dam.

A simple analysis using conservative assumptions may be performed in areas where anticipated ground shaking levels are low.  A simple analysis for evaluating seismic slope stability in zones of low seismicity may involve the use of peak ground acceleration levels derived from the seismic hazard assessment to perform a pseudostatic slope stability analysis.  As is the case for rapid drawdown, earthquake loading is a two-stage problem.  The first stage of loading corresponds to consolidation of the embankment under long-term conditions and is performed to calculate pre-earthquake stresses in the embankment.  The second stage involves undrained loading of the embankment during the earthquake.  It is recommended that a program that allows for staged loading be used to perform this analysis.

In areas where anticipated ground shaking is relatively high, such as western Kentucky, a more rigorous approach may needed.  A more rigorous approach may also be needed if a Factor of Safety less than 1.0 is calculated from a simple analysis, the dam is a Class C structure, or if liquefaction of the embankment or foundation materials is considered a possibility.  The general steps of a more rigorous analysis may include:

· Use the results of the seismic hazard assessment and shear wave velocity data from the site to perform a site response analysis to estimate site amplification using the SHAKE91 (Idriss and Sun, 1992) or QUAD4M (Hudson et al., 1994) computer programs;

· Identify zones of liquefiable material based on anticipated ground shaking and SPT test results (Youd et al., 2001) and assign residual strengths to the liquefiable material (Seed and Harder, 1990);

· Perform slope stability analysis with residual strengths and staged earthquake loading of the embankment using numerical simulation (Seed, 1979) and re-calculate the zone of liquefaction after each stage;

· Perform staged Newmark-type deformation analysis to calculate cumulative deformation during the earthquake (Makdisi and Seed, 1979); and

· Calculate post-earthquake slope stability using residual strengths and elevated pore pressures (Marcuson et al., 1990).

6.5 Piping

Piping potential should be evaluated within the embankment using results from grain size analyses of disturbed samples recovered during the geotechnical exploration program.  For two different soil types placed adjacent to one another within an embankment, such as a core and an adjacent filter, the grain sizes of the adjacent materials should be such that the finer-grained particles (base) are not allowed to pass through the pore spaces of the coarser-grained material (filter).  To prevent this from occurring, the following filter criteria have been developed (USBR, 1987):
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where:

D15filter
=
sieve opening size that allows 15% of the filter material to pass;

D15base
=
sieve opening size that allows 15% of the base material to pass; and

D85base
=
sieve opening size that allows 85% of the base material to pass;

Information obtained from the geological and geotechnical investigation, visual inspections, and monitoring, should also be considered in assessing piping potential.  The following features may be indicators that piping potential exists or that piping is occurring:

· Cracks, cavities, or voids in the embankment, foundation, and abutments;

· Permeable strata in the foundation or abutment;

· Seepage observed in cracks in the abutment;

· Anomalously high flow rates or turbid discharge in the weirs; and

· Sand boils at the downstream toe of the dam.

If any of these features are observed, an assessment should be made as to the seriousness of the feature with respect to piping and potential failure of the dam.

Piping can also exist at the downstream toe of an embankment due to quick conditions and the development of sand boils.  Flownets should be constructed using piezometric data to estimate pore pressures and upward seepage forces at the downstream toe of the embankment.  A flownet is a graphical representation of flow lines and equipotential surfaces that illustrates pore pressure distribution within a cross-section that is experiencing steady-state seepage (USACE, 1993).  Using the flownet, effective stresses can be calculated at the downstream toe.  If effective stresses are found to be at or near zero, quick conditions may exist.  The most obvious physical evidence of quick conditions at the downstream toe of the embankment would be the presence of sand boils, which are small (a foot or more in diameter) volcano-like features that may have water with suspended soil welling up from the center.  

Results from consolidation testing of undisturbed samples of silts and clays recovered from the foundation should be used to estimate settlement beneath new dams.  Settlement should be estimated at different points beneath the dam with varying depths to bedrock to quantify the potential for differential settlement beneath the dam.  Differential settlement may result in cracking within the embankment and create the opportunity for piping.  Results from CQA testing should also be reviewed to assess the uniformity of compaction throughout the embankment.  Local variations in dry unit weight observed during CQA testing may be an indicator of local variations in the compressibility of the embankment, which could also lead to differential settlement.
6.6 Foundation Stability

Evaluation of foundation stability is similar to a slope stability problem, but the slip surface engages the foundation material.  For new dams, a foundation failure may occur under short-term, undrained conditions as the dam is constructed and the reservoir is filled.  To perform the analysis, a slope stability program that allows for the evaluation of circular and non-circular slip surfaces should be used to allow for flexibility in evaluating different types of potential failure surfaces.  Since loading occurs under undrained conditions, the analysis should be performed using the undrained shear strengths of the foundation materials obtained from the geological and geotechnical investigation.

For existing dams, failure may occur along a seam in the foundation that is weak, permeable, or susceptible to piping.  Information obtained from the geological and geotechnical investigation should be used to develop cross-sections that include any identified weak seams, and piezometric data should be used to define the phreatic surface.  To perform the analysis, effective strength parameters should be used and non-circular slip surfaces that engage the weak seams should be evaluated.  If the foundation contains soils susceptible to liquefaction, its stability should also be evaluated under seismic and post-seismic conditions in the same manner that embankment stability is evaluated.  

6.7 Overtopping

The dam freeboard and spillways should be sufficient to accommodate the freeboard hydrograph or the emergency spillway hydrograph as defined in EM5 without overtopping.  EM5 should be consulted for guidelines regarding design hydrographs and spillway criteria, and observations of the freeboard and spillways should be compared to the design guidelines in EM5 to assess the adequacy of the dam with respect to overtopping.  

7. INSTRUMENTATION AND MONITORING

7.1 Overview

As mentioned previously, an earth dam that is safe under current conditions may not be safe in the future if conditions change.  Conditions that may change and possibly indicate a reduction in stability include changes in the phreatic surface, embankment deformation, or changes in seepage patterns.  By implementing a program of instrumentation and monitoring, parameters related to these conditions can be measured and preemptive action can be taken in response to these observations.  Common types of instrumentation used to monitor the condition of earth dams are summarized in Table 3 and include:

· Piezometers;

· Inclinometers;

· Survey points;

· Weirs;

· Crack displacement measurements; and 

· Seismometers.

Each type of instrumentation is illustrated schematically in Figure 3 and discussed in the following sections.  Additional details regarding the instrumentation of earth dams can be found in USACE (1995B) and FEMA (1987).

7.2 Piezometers

Piezometers are used to measure pore water pressure and the location of the phreatic surface within an embankment.  The family of instruments that serve as piezometers includes monitoring wells, where the position of the phreatic surface is directly measured, and transducers, where physical parameters, such as strain of internal components, are translated into fluid pressure.  Piezometers should be deployed at regular intervals to adequately define the position of the phreatic surface and the pore pressure field within the embankment.

7.3 Inclinometers

Inclinometers are cylindrical tools that are placed in boreholes to measure borehole inclination in two orthogonal directions.  By monitoring changes in borehole inclination over time, deformation within the embankment can be detected.  Special casing with grooves on the inside is used in inclinometer boreholes.  Wheels on the inclinometer fit into the grooves and align the inclinometer as it is lowered into the casing so that the inclination directions measured with the inclinometer are known.  Inclinometer boreholes should be installed at locations within the embankment that may be susceptible to deformation.  Inclinometer boreholes may also be used as monitoring wells for defining the phreatic surface if the inclinometer is submersible. 

7.4 Survey Points

Survey points may be used to measure the elevation and position of the surface of an embankment.  By periodically surveying the position of the survey points, changes in the shape of the embankment surface can be detected, which may be an indicator of settlement or deformation.  A network of survey points should be deployed at regular intervals to adequately define the surface of the embankment.  Survey point monuments should be embedded into the embankment as permanent features.  When conducting a survey, the position of the points should be measured relative to a fixed reference point that is not located on the embankment and not susceptible to deformation.

7.5 Weirs

Weirs may be installed at the downstream toe of the dam at locations that have historically exhibited seepage.  Flow rates can be calculated using the weir data and compared to historical flow rates.  Unusually high flow rates that cannot be associated with changes in pool elevation or recent precipitation may be an indication that preferential flow conduits and piping are developing.  Unexplained turbidity (cloudy water) discharging from the weir may also be an indicator of piping.  Samples of weir discharge should be recovered during each monitoring period and saved for qualitative comparison with samples recovered from subsequent monitoring periods to observe any changes in turbidity.

7.6 Crack Displacement Measurements

Displacement of existing cracks on the embankment may be monitored using measurement points installed on either side of the crack.  Variations in distance across the crack over time may be an indication of slope movement.  The control points should be embedded into the embankment as permanent features.  By using two control points on either side of the crack, displacement can be measured parallel to the crack and perpendicular to the crack.  Changes in elevation between the control points can also be used to estimate changes in vertical displacement across the crack.  

7.7 Seismometers

For dams located in areas of high seismicity, or for dams of high hazard class, seismometers may be installed on the embankment.  The purpose of installation of seismometers is to compare measured ground shaking to the predicted ground shaking that was used in the seismic stability analysis.  Such an exercise serves as a confirmation that the seismic hazard assessment and site response analyses were performed using model ground shaking parameters that are representative of actual ground shaking, which is particularly useful in areas where the seismic stability analysis may have been performed with a high degree of uncertainty and conservatism.  

8. VISUAL INSPECTION

8.1 Overview

Inspections are required by DWR as a permit condition for all existing earth dams in the State of Kentucky.  Inspections should be carried out at regular intervals at a frequency to be established by DWR.  Inspection frequency is generally dictated by the risk involved with the dam.  For example, Class C dams or dams that possess marginal stability would require more frequent inspections than other dams.  If possible, dams should be inspected during periods of high loading, such as during the spring, to obtain observations of dam behavior under worst-case conditions. 

Some common elements of a dam inspection program are briefly described in the following sections, illustrated in Figure 4, and summarized in Table 4.  However, each dam is unique, and the inspection program presented herein and in other literature should be appropriately adapted to address the special considerations of the dam being inspected.  Additional details regarding dam inspections, including examples of inspection checklist forms, can be found in DWR (1985), FEMA (1987), and USBR (2001).

8.2 Upstream Riprap

The upstream riprap should be inspected to assess its condition and its performance as a wave baffler.  Evidence of wave erosion or missing portions of riprap should be documented.  If it is anticipated that the reservoir level will be lower than the level during the time of inspection, the riprap should be inspected below the water line by boat (if water clarity allows) or by divers.

8.3 Condition of Relief Wells, Spillways, and Conveyance Structures

Spillways should be free of trash, debris, and other obstructions.  The emergency spillway should appear to be in good condition.  Ground cover in vegetated portions of the emergency spillway should be healthy, and the spillway should be free of erosion ruts and gullies.  Concrete should be intact with no spalling.  Relief wells should appear to be functioning properly.  There should be little or no seepage between conveyance structures (e.g. spillway outfall) and the surrounding embankment.

8.4 Abutment and Weir Seepage

Seepage appearing in the abutments should be documented.  The lines of intersection between the downstream slope of the embankment and the abutments (i.e. groins) may be particularly susceptible to seepage.  There should be little or no surface erosion resulting from the abutment seepage and discharge from the abutments and weirs should have little or no suspended solids.  Samples of abutment seepage may be collected and tested for total dissolved solids, which could be an indicator of limestone dissolution in the abutment.

8.5 Surface Erosion

The crest, downstream slope, downstream toe, abutment, and spillway areas should be inspected for evidence of erosion.  Evidence of surface erosion should be documented along with possible causes of erosion (e.g. lack of vegetative cover, excessive grade, etc.).  The groins may be particularly susceptible to surface erosion.

8.6 Cracking

The crest and sideslopes of the dam should be inspected for cracks, and cracking should be documented in terms of orientation, length, width, and depth.  Transverse cracks (parallel to stream direction) may develop as a result of differential settlement, and may be more susceptible to surface erosion and piping.  Longitudinal cracks (parallel to the dam) may be associated with slumping and indicate a slope stability failure.  Cracks may occur as a result of surface desiccation.

8.7 Differential Movement

The crest and slopes of the dam should be visually inspected for evidence of differential movement.  Differential movement may be a result of varying degrees of foundation settlement, which may also be associated with transverse crack development within the body of the embankment.  Features such as sagging in the middle of the crest, bulging near the toe of the dam, or misalignment of the crest, may be an indicator of slope movement or lateral spreading of the dam and should be documented.  Sagging in the crest may be of particular concern if it causes reduction in available freeboard and increases the potential for overtopping.

8.8 Biological Disturbance

Biological disturbance may lead to surface erosion or create opportunities for preferential flow and subsequent piping.  Biological disturbance, including animal walking paths and burrows, should be noted.  Evidence of human disturbance and human vandalism should also be recorded.

8.9 Cavity Formation

Unexplained cavities and voids appearing on the surface of the embankment are a strong indicator that piping is occurring within the embankment.  Information about cavity size and location should be documented.  Cavity development is particularly significant if other indicators of piping, such as zones of turbid seepage, are observed.

8.10 Sand Boils

Wet areas downstream of the embankment should be inspected for the presence of sand boils.  Sand boils are small volcano-like features that may have water with suspended solids welling up from the center, and are an indication of quick conditions and piping.  They would most likely be found in areas of standing water and may be accompanied by patches of wetland vegetation, such as cattails.

8.11 Vegetation Patterns

Unusual vegetation patterns may be an indicator of potential problems and should be noted.  The presence of patches of wetland vegetation on the downstream side of the dam may be caused by uncontrolled or undesirable seepage patterns, and may be an indicator of excessive pore water pressures.  Zones of unusually green and lush ground cover on the downstream side slope are an indicator that the phreatic surface is at or near the ground surface.  Root systems of large shrubs and trees present on the slope of the embankment may also create opportunities for preferential flow and piping.  The shade provided by trees may prevent surface cover from growing and create the potential for surface erosion. 

9. DOCUMENTATION

At the conclusion of the investigation, the results of the geotechnical investigation, geotechnical analysis, monitoring activities, and inspection activities should be compiled in a report that can be used as a reference for future investigations.  As a result of the investigation, a qualitative condition may be assigned to the dam consistent with USBR (2001) as follows:

· Satisfactory – No existing or potential dam safety deficiencies are recognized;
· Fair – Extreme loading conditions (e.g. MCE) would probably result in a dam safety deficiency;
· Conditionally Poor – Unusual, but reasonably expected loading conditions (e.g. moderate-sized earthquake) would probably result in a dam safety deficiency;
· Poor – Potential for a dam safety deficiency under normal loading conditions exists; and
· Unsatisfactory – A dam safety deficiency exists.

A list of conclusions and recommendations should also be provided.  The recommendations should be a set of clear, concise, decisive actions intended to address deficiencies in the dam and improve the quality of future investigations.
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Table 1.
Components of a typical geotechnical investigation program for earth dams
Component

(with applicable ASTM standard)
Typical Test Frequencies

(subject to the discretion of the engineer)
Purpose of Activity

Geological Reconnaissance



Geologic Mapping
· 1 per site
· Identification of weak or permeable zones

· Identification of faults

· Identification of Karst features

Geophysical Surveying
· As needed
· Delineation of identified Karst features

Seismic Hazard Assessment
· 1 per site
· Estimation of local earthquake shaking intensity

Geotechnical Exploration


Soil Borings
· 1 per 200 ft along dam crest alignment 

· Sufficient to adequately characterize embankment, abutment, and foundation materials

· Drill to a total depth equal to 50% of the dam height
· Recovery of undisturbed and disturbed soil specimens and rock cores

· Standard penetration testing

· Estimation of depth to bedrock

Undisturbed Soil Sampling

(ASTM D1587)
· 1 per 5 ft of borehole

· Sufficient to adequately characterize embankment, abutment, and foundation materials
· Acquire samples for laboratory testing

Standard Penetration Test/Disturbed Soil Sampling

(ASTM D1586)
· 1 per 5 ft of borehole

· Sufficient to adequately characterize embankment, abutment, and foundation materials
· Acquire samples for laboratory testing

· Acquire information for liquefaction analysis

Rock Coring
· 1 per 5 ft of rock

· Sufficient to adequately characterize abutment and foundation materials
· Acquire samples for inspection

· Identification of weak or permeable zones

Borehole Hydraulic Conductivity Testing
· As needed in critical zones
· Identification of high-permeability zones in foundation, abutments, and embankment

Shear Wave Velocity Testing (Borehole, Refraction, or Surface Wave Method)
· 1 per 3 acres

· 1 profile along dam crest alignment

· Use methods that will provide information down to bedrock
· Acquire information for seismic site response analysis

Geotechnical Laboratory Testing



Atterberg Limits

(ASTM D4318)
· 2 per distinct soil unit


· Use for soil classification



Grain Size Analysis/Soil Classification

(ASTM D422, D1140, D2487)
· 2 per distinct soil unit
· Use to estimate soil strength and permeability 

· Use for piping analysis

· Use for liquefaction analysis

Direct Shear Test

(ASTM D3080)
· As needed to adequately characterize distinct units in the foundation and embankment
· Use to estimate strength of cohesionless soils for foundation and slope stability analyses

Consolidated-Undrained Triaxial Shear Strength with Pore Pressure Measurements

(ASTM D4767)
· As needed to adequately characterize distinct units in the foundation and embankment
· Use to estimate drained shear strength of cohesive soils for foundation and slope stability analyses

Unconsolidated-Undrained Triaxial Shear Strength

(ASTM D2850)
· As needed to adequately characterize the shear strength of the foundation
· Use to estimate undrained shear strength of cohesive soils for foundation stability analysis

One-Dimensional Consolidation 

(ASTM D2435)
· 1 per distinct unit of cohesive soil
· Use to estimate anticipated differential settlement of foundation beneath new dams

Table 2.
Components of a typical geotechnical analysis program for earth dams
Failure Mechanism
Description
General Analysis Method(s)
Acceptance Criteria

Slope failure

(steady-state seepage conditions)
· Slope failure occurs on downstream slope under conditions of steady-state seepage, possibly due to buildup of pore water pressure in the embankment or removal of soil at the toe.
· Compute slope stability (Huang, 1982; Achilleos, 1988; Wright, 1991; USCOLD, 1992)
· Factor of Safety >1.3 for new dams;

· Factor of Safety > 1.5 for existing dams

Slope failure

(rapid drawdown conditions)
· Slope failure occurs on the upstream side of the slope due to rapid drawdown of reservoir and associated undrained loading of the embankment.
· Compute slope stability using two- two-stage (consolidation and undrained loading) approach (Wright, 1991)
· Factor of Safety > 1.2

Slope failure

(seismic conditions)
· Slope failure occurs on the upstream or downstream slope under conditions of dynamic earthquake loading.

· Factor of Safety during an earthquake decreases because 1)  the driving force is increased due to the horizontal seismic load, and 2)  the resisting force may be reduced due liquefaction.

· If the Factor of Safety falls below 1.0 during a portion of the earthquake, the slope undergoes some deformation
· Perform site response analysis (Idriss and Sun, 1992; Hudson et al., 1994)

· Evaluate liquefaction potential (Youd et al., 2001)

· Calculate residual strength of liquefied material (Seed and Harder, 1990)

· Compute slope stability using two-stage pseudostatic approach to compute Factor of Safety (Wright, 1991) or a numerical approach to compute deformation (Makdisi and Seed, 1978; Seed, 1979);

· Compute post-earthquake slope stability using elevated pore water pressures and residual strengths (Marcuson et al., 1990)
· Factor of Safety > 1.0

· Acceptable level of deformation subject to engineering judgment



Piping failure
· Fine-grained material is eroded from within the dam due to preferential flow along conduits and lack of adequate filtering of fine-grained particles.

· Sand boils may be an indicator of piping.

· Piping can lead to sudden and catastrophic dam failure
· Identify possible conduits, such as voids, cracks, and high-permeability zones

· Compare grain size information to filter criteria (USBR, 1987)

· Create flownet and calculate effective stress at the toe of the embankment

· Perform settlement analyses to assess potential for differential settlement in new dams
· Permeable zones and cracks in the foundation and abutment do not pose a significant threat

· Physical evidence of piping is not found

· Filter criteria are satisfied

· Quick conditions do not exist

· Differential settlement in new dams is not expected to be excessive

Foundation failure
· Weight of new embankment and reservoir exceed the load-bearing capacity of the foundation and induce failure under undrained conditions.

· Foundation failure may occur under steady-state conditions due to seams in the foundation that are weak, permeable, or susceptible to piping

· Foundation failure may occur due to liquefaction during an earthquake
· Perform slope stability analysis of new dams using undrained shear strengths

· Perform slope stability analyses of new and existing dams using effective strengths and pore water pressures for foundations with suspected low-strength seams

· Perform stability analyses on circular or non-circular slip surfaces as appropriate

· Perform seismic analysis using slope stability procedures for seismic case 
· Factor of Safety > 1.3 for new dams

· Factor of Safety > 1.5 for existing dams

· Factor of Safety > 1.0 for seismic stability

· Acceptable level of seismic deformation is subject to engineering judgment

Overtopping failure
· Principal and emergency spillways cannot accommodate sudden rise in reservoir level.

· Water level rises above freeboard and flows over the dam, resulting in erosion of downstream slope, compromise in dam integrity, damage to downstream appurtenant structures, and possible destruction of dam
· Compare spillway capacity to design hydrographs 
· Freeboard and spillways should be sufficient to accommodate 1) the freeboard hydrograph or 2) the emergency spillway hydrograph as defined in EM5

Table 3.
Components of a typical instrumentation and monitoring program for earth dams
Component
Typical Installation Frequency

(subject to the discretion of the engineer)
Purpose

Piezometers
· As needed to adequately define the phreatic surface and pore pressure field
· Monitor changes in phreatic surface and pore pressure field

Inclinometers
· As needed to monitor areas susceptible to deformation
· Monitor deformation within embankment

Survey Points
· 1 per 50 ft along crest

· 10 per acre
· Monitor deformation of dam surface

Weirs
· Install where seepage has been historically observed
· Monitor changes in seepage flow rate

· Monitor changes in seepage turbidity

Crack Displacement Measurement
· Install across known cracks
· Monitor deformation of existing cracks

Seismometers
· Optional, depending upon class of dam and site seismicity
· Compare predicted versus actual earthquake shaking on embankment

Table 4.
Some features of concern when performing visual inspection of earth dams
Feature
Physical Description
Associated Problems

Upstream Riprap
· Wave-induced erosion on upstream side due to loss of riprap, or riprap missing completely
· May create opportunities for surface erosion

Condition of Relief Wells, Spillways, and Conveyance Structures
· Floating debris (e.g. logs, branches, garbage) may have settled in spillway during episode of flooding

· Silt may be obstructing spillways or relief wells

· Seepage is occurring between conveyance structures and embankment
· Elevated pore water pressures in the embankment may result from obstructed spillways and relief wells and cause slope stability failure

· Overtopping of dam may result from obstructed spillways

· Piping between conveyance structures and embankment may occur

Abutment and Weir Seepage
· Seepage is appearing in the abutments on the downstream side of the dam

· Groin area is particularly susceptible to abutment seepage

· Abutment and weir seepage may have high turbidity
· High turbidity may be an indicator of piping

· Chemical analysis of abutment seepage may reveal high total dissolved solids, which is an indicator of limestone dissolution

· Development of excess pore pressures in the abutments may lead to slope instability

Surface Erosion
· Presence of surface erosion on the embankment or abutments due to seepage, excessive grade, or lack of vegetative cover

· Groin areas may be particularly susceptible
· May result in loss of ground and reduction in slope stability

· Erosional features may create opportunities for piping

Cracking
· Transverse, longitudinal, or desiccation cracking developing on the embankment surface
· Surface erosion

· Longitudinal cracks may be a precursor to slope stability failure

· Transverse cracks may be a precursor to piping

Differential Movement
· Obvious deviations from as-built ground surface shape

· Crest sagging in zones

· Bulging at the downstream toe
· May be an indicator of internal cracking, which could lead to piping

· Crest sagging may cause overtopping of dam due to reduction in freeboard

· Bulging may be an indicator of slope movement or lateral spreading

Biological Disturbance
· Cattle paths, rodent burrows, human excavation, or human vandalism
· Cattle paths may cause surface erosion

· Animal burrows may cause piping

· Excavation at toe may reduce slope stability

Cavity Formation
· Appearance of cavities, voids, and sinkholes on the surface of the embankment
· Strong indicator that piping is occurring within the dam

Sand Boils
· Small sand “volcanoes” are developing in standing  water downstream of the dam

· Water with suspended solids may be welling up from the center of the sand boils
· Elevated pore water pressure in the embankment may cause a slope stability failure

· Piping is occurring 

· Relief wells may not be functioning properly

Vegetation Patterns
· Cattails and other wetland vegetation appear in patches downstream of the dam

· Zones of unusually green and lush ground cover exist on the downstream slope

· Large trees or shrubs are growing on the dam
· Wetland vegetation is an indicator of uncontrolled seepage and inadequate drainage, which may lead to a slope stability failure

· Green zones indicate the phreatic surface is near the ground surface

· Tree and shrub root holes may create opportunities for piping
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Figure 1.
Failure mechanisms for earth dams
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Figure 2.
Geotechnical site investigation program for an earth dam
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Figure 3.
Typical instrumentation for an earth dam
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Figure 4.
Some features of concern when performing visual inspection of an earth dam
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