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ABSTRACT 

 

The main objective of this project was to evaluate coal slurry impoundments stability under field 

conditions and impacts of dynamic loading in active surface mines. There are over 200 coal waste 

tailings dams in the US that are classified as having high hazard potential by the Federal 

Emergency Management Agency’s (FEMA) hazard rating system. OSMRE requires 

comprehensive safety analysis in the design of coal slurry and refuse dams. There was a need for 

a field study on the geotechnical properties of fine coal refuse as it exists in coal refuse (tailings) 

dams after placement. This research project was conducted to address the above issues by 

conducting field investigation of the in-situ geotechnical properties of coal refuse under static and 

dynamic conditions. The necessity to look at both static and dynamic loading conditions is the 

possibility of unstable impoundments in the case of an earthquake or blasting as part of production 

or road construction in the area.  This study combines field observations with numerical modeling 

to evaluate the stability of coal slurry impoundments under different loading conditions using the 

measured in-situ properties as input parameters.  Numerical modeling and verifications/validation 

allows for the use of this approach in assessment of stability of more complex impoundments under 

various conditions.  

Three tasks were included in this project: (1) site investigation of geotechnical properties to 

characterize the in situ properties of coal refuse; (2) seismic surveys and analyses of coal slurry 

impoundments under blasting shock waves to characterize the seismic behavior and dynamic 

properties, (3) development of numerical models to evaluate the stability of coal slurry 

impoundments under static and dynamic loadings. The work completed involved extensive on site 

geotechnical investigations and sampling for laboratory testing as well as direct measurement of 

material properties pertinent to tailings dam stability under various conditions, including dynamic 

loading which was simulated by seismic studies of the sites. The results were used in calibration 

of numerical models that can be subsequently used for assessment of different tailing dam 

geometry and dynamic loading (in terms of magnitude and frequency). The study coupled the soil 

mechanics and hydrological behavior of the ground in evaluation of ground stability. 

The final report of the project includes: (1) detailed field investigation approach (including drilling, 

sampling, and laboratory and in-situ testing) and summary of the geotechnical properties of the 

representative coal slurry samples, with related statistical analysis; (2) detailed seismic survey 

approach and data analyses for coal refuse impoundments under dynamic loading by onsite 

blasting; (3) results of numerical modeling and calibration of upstream coal slurry impoundment 

dams under static and dynamic loadings.  
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CHAPTER 1.  INTRODUCTION 

 

 

Coal tailings are the waste product produced during the coal preparation process and are 

usually hydraulically deposited in coal tailings dams. Depending on the milling process and 

particles size distribution, coal refuse can be classified as either coarse coal refuse (CCR) or fine 

coal refuse (FCR) (Zamiran et al. 2015). Due to the low economic value of coal tailings, tailings 

dams are typically built with coarse coal tailings using the upstream staging method (D’Appolonia 

Engineering, Inc. 2009). The upstream staging method refers to the construction of an embankment 

on top of the settled fine coal tailings when the previously constructed layer has been fully filled 

with coal tailings. Coal tailings dam failures can be immensely destructive, especially when the 

tailings dams are constructed using the upstream staging method, because the stability of the dams 

is greatly affected by the mechanical strength of the settled coal tailings (D’Appolonia Engineering, 

Inc. 2009).  

 

1.1 Case Histories of Tailings Impoundment Failures  

 

Based on the National Inventory of Dams report there are 1172 tailings dams in the U.S., 

and they are mostly classified as high hazard facilities (CEER 1985). The tailings dam failures in 

the recent history include the Buffalo Creek dam failure in 1972, the Big Branch impoundment 

failure in 2000, the Kingston Fossil Plant’s slurry spill in 2008, and the Vale mining failure in 

Brazil in 2019. Case histories of the tailings dam failures (e.g., Blight and Fourie 2005; Rico et al. 

2008; Azam and Li 2010; Puri and Kostecki 2013) and the failure modes of tailings dams (Michael 

et al. 2010; ICOLD 2001) have been reported. Two most known tailings impoundment failures 

due to liquefaction are the 1965 El Cobre Dam failure in Chile and the 1978 Mochikoshi 

impoundment failures in Japan (Dobry and Alvarez 1967; Ishihara 1984). The recent failure of the 

Kingston Tennessee Valley Authority coal ash impoundment in 2008 was also claimed to be 

partially due to the liquefaction of the coal ash slurry (Plant and Harriman 2008) that was caused 

by rapid static loading on the slurry.    

 

FCR is commonly loose, saturated, and under- to normally consolidated in the field 

(Ishihara et al. 1981; Vick 1990). Therefore, FCR has low strength and stiffness, resulting in 

stability issues specifically under dynamic loading. Earthquake-induced cyclic loading can cause 

significant reduction in stiffness and strength of contractive soils such as FCR. Accordingly, one 

of the predominant causes of failure of FCR impoundments is earthquake, which can result in 

liquefaction (Martin and Davis 2000; Rico et al. 2008). Although FCR consists of appreciable 

amount of fines content, it is not considered as liquefaction resistant material. FCR has been found 

significantly contractive and liquefaction susceptible due to its loose and saturated structure. In 

addition, high water content and low hydraulic conductivity associated with FCR facilitate the 

liquefaction potential and generation of excess pore pressure under static and dynamic loading 

(Zeng et al. 2008).  

 

 

1.2 Construction Methods of Coal Refuse Impoundments  

 

The configuration of coal refuse impoundments generally has four categories: (1) cross-
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valley impounding embankment, (2) incised impoundment, (3) side-hill impounding embankment, 

and (4) diked impounding embankment. Planning and design of an impounding embankment 

generally involve distinct development and construction stages. The direction of construction 

normally falls into two categories: upstream and downstream. Upstream construction, as shown in 

Figure 1-1 (a), involves initial construction and placement of coarse refuse in downstream areas to 

form the impoundment with sequential placement during subsequent stages in upstream locations, 

typically at higher elevations. Downstream construction, as shown in Figure 1-1 (b), involves 

initial construction and placement of coarse refuse in upstream areas with placement during 

subsequent stages in downstream locations. It is common to have both upstream and downstream 

construction stages as part of a disposal facility design. An intermediate development condition is 

centerline construction (which is essentially the same as alternating upstream and downstream 

construction), where refuse stages are constructed both upstream and downstream of the previous 

stage, with the crest of the two stages generally in alignment but separated by the elevation 

increment of the stage (Figure 1-1 (c)). Upstream construction, and to a lesser degree centerline 

construction, with placement of coarse refuse embankments on settled fine coal refuse, introduce 

stability concerns due to the potentially low strength of the fine coal refuse during initial covering 

and the potential for seismically-induced strength degradation (D’Appolonia Engineering, Inc. 

2009). 

 

 
(a) Upstream staging method 

 

 

 
(b) Downstream staging method 
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(c) Center staging method 

 

Figure 1-1. Schematic cross sections of coal refuse impoundment construction methods 

(figures are from D’Appolonia Engineering, Inc. 2009) 

 

 

1.3 Literature Review  

 

1.3.1 Basic Properties of Fine Coal Tailings 

 

The geotechnical and mineralogical properties of coal tailings are quite different from 

typical soils. Numerous studies were conducted on coal tailings to determine the index properties, 

shear strength, permeability, and consolidation properties (e.g., Busch et al. 1975; Leventhal and 

Ambrosis 1985; and Qiu and Sego 2001). Coal tailings are typically classified as silty sand (SM) 

and low plasticity silts (ML) with plasticity indices less than 12 (Almes and Butail 1976; 

McCutcheon 1983; Hegazy et al. 2004; Genes et al. 2000; Cowherd and Corda 1998; Huang et al. 

1987; Busch et al. 1977; Zeng and Goble 2008, Zamiran et al. 2015). Based on the findings 

presented by the previous researchers, the coal tailings samples have moderate to high effective 

friction angles (23°-36°) but generally low effective cohesions (0 kPa). However, a relatively high 

effective cohesion (11 kPa) was reported by Hegazy et al. (2004).  

 

The high scatter in physical and geotechnical properties of FCR has been observed in the 

past studies (Qiu and Sego 2001; Hegazy et al. 2004). FCR may show varying characteristics 

depending on its sampling location, as the FCR near the discharge point consists of larger particles, 

while the FCR becomes finer at farther distance from the discharge point. Evaluating the strength 

and stiffness properties of FCR by in-situ testing or using undisturbed samples has been highly 

recommended, as these characteristics are substantially affected by void ratio, degree of saturation, 

and density (Castro 2003). Slurry deposition method has been developed and found be to a suitable 

approach to prepare samples resembling the fabric and structure of hydraulically deposited soils 

such as FCR when undisturbed samples are not available (Kuerbis and Vaid 1988). 

 

The advancement in coal preparation processes to extract and yield higher percentages of 

clean coal from raw coal has resulted in finer coal tailings and a shift of delta formations towards 

the upstream side of the embankment, raising concerns relating to upstream construction and 

pushouts. The fines content can greatly affect the stability and liquefaction potential of the fine 

coal tailings. As a result, the possibility of having low-strength FCR due to the shifts in the FCR 

particle size distributions should be carefully evaluated.   
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1.3.2 Cyclic Behavior and Liquefaction Resistance of Fine Coal Tailings 

 

Among physical and geotechnical properties of FCR, cyclic behavior and liquefaction 

resistance of FCR has not been sufficiently investigated. To date, liquefaction has been mostly 

studied for clean sands and low plasticity silts and clays. However, FCR is identified as a 

“transitional soil”, as it is composed of sand and silt with low plasticity and its behavior may 

behave between sand and silt. To evaluate the liquefaction potential, there are empirical and 

experimental approaches. In the empirical methods, the index properties such as Atterberg limits 

and moisture content are used to determine the liquefaction susceptibility of soil (Seed et al. 2003; 

Bray and Sancio 2006; and Idriss and Boulanger 2008). However, assessing the liquefaction 

potential solely based on index properties was questioned by Ajmera et al. (2015), as the 

composition and mineralogy of the material was found to be an influencing factor. Laboratory 

testing such as cyclic triaxial test and cyclic direct simple shear (DSS) test and in-situ testing such 

as standard penetration test (SPT) and cone penetration test (CPT) are common methods in 

evaluating the liquefaction resistance of soils. 

 

Few studies have been conducted to characterize the FCR specifically under cyclic loading 

(e.g., Ishihara et al. 1981; Zeng et al. 1998a; Zeng et al. 1998b; Castro 2003; Zeng et al. 2008; 

James et al. 2011; Salehian 2013; Geremew and Yanful 2013). Although cyclic triaxial test has 

been adopted in several studies to assess the dynamic properties of FCR (Thacker et al. 1988; 

Ullrich et al. 1991), cyclic DSS test better simulates the mode of loading during earthquake. Post-

liquefaction strength of FCR is also important. The FCR peak strength may deteriorate to a fraction 

of its previous peak strength or residual strength due to excessive strain experienced during 

earthquake (Castro 2003). The post-liquefaction strength of soil was observed to be strain 

dependent (Sivathayalan and Vaid 2004; Wijewickreme et al. 2005). Castro and Troncoso (1989) 

studied the residual strength and post-liquefaction strength of fine refuse by performing in-situ 

vane shear tests, indicating considerable drop in strength of fine refuse after liquefaction. Caution 

should be exercised when the post-liquefaction characteristics of material are evaluated by 

laboratory testing, as void redistribution and water film effect after liquefaction are not perfectly 

represented (Kokusho 2003).          

 

1.3.3 Stability Analysis of Coal Refuse Impoundments   

 

Ground shaking is one of the major causes of tailings dam failures. Among the 221 total 

case records collected by ICOLD (2001), 35 of them (about 16%) are due to strong ground motions. 

Among these 35 failure cases, about 71% of the dams are active whereas the remaining 29% are 

inactive (ICOLD 2001), inferring that active dams are more susceptible to failure than inactive 

dams. For coal tailings dams specifically, 15 of them have failed worldwide due to earthquake 

loading over the past 40 years (Kalinski and Phillips 2008). Recently, other than earthquake-

induced liquefaction, blast-induced liquefaction has received substantial attention. Charlie et al. 

(2013) listed the cases of explosive-induced liquefaction that had been reported in the literature. 

Bench blasting, in which numerous explosives are detonated in one series, is the most common 

method used in the mining industry. In bench blasting, only 20% to 30% of the blast energy is used 

to fracture rock and the rest of the energy are lost in the forms of flying debris and seismic waves, 

resulting in ground vibration that could possibly affect the stability of the nearby infrastructures 
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(Soltys et al. 2017). Coal tailings impoundments, which are built to store the mine debris, are 

usually constructed in the proximity of the open-pit mines so that the debris can be transported to 

the impoundments in a rather short distance and time. Hence, safety concern has been raised 

regarding the liquefaction susceptibility of the loosely deposited coal tailings when subjected to 

ground vibrations induced by bench blasting.  

 

 

1.4 Background on Seismic Survey and Seismic Monitoring   

 

In most of the studies, the geotechnical properties of coal tailings were determined from 

laboratory testing using remolded samples or relatively undisturbed samples. Due to the non-

plastic to low plastic behaviors, coal tailings samples can be disturbed during sample handling and 

transportation in the field. The in situ ground freezing technique, a type of sophisticated sampling 

method that uses liquid nitrogen to freeze the loose, non-cohesive soils so that the soil samples can 

retain their in situ structural integrity, is recommended to obtain high quality undisturbed samples. 

However, this technique is both complicated to conduct and expensive, approximately $0.32/cm3 

(Hofmann et al. 2000). There is a need to conduct the field testing using non-destructive 

geophysical techniques to realistically determine the in situ geotechnical properties of coal tailings.  

 

Coal tailings impoundments typical extend in great distances. It can easily reach up to 

1.6105 m2 in the impoundment surface area (D’Appolonia Engineering, Inc. 2009). A seismic 

survey, which is a non-invasive geophysical test, can be conducted in the tailings impoundments 

as the seismic lines can be easily spread out over a wide area to provide quick interpretations of 

the soil profiles (Andrus and Stokoe 2000). The impoundments, especially those with the slurry-

like tailings, usually cannot be easily accessed by large drill rigs or cone penetration testing (CPT) 

trucks to determine the blow counts or cone resistances, respectively. The seismic survey 

equipment is relatively light and handy to be carried by research personnel into the impoundments, 

therefore it is suitable for the investigation at tailings impoundments.    

 

The seismic refraction and multichannel analysis of surface waves (MASW) methods (Park 

et al. 1999) are two types of seismic surveys that can be used to determine compressional wave 

velocity and shear wave velocity, respectively. The shear wave velocity is a basic mechanical 

property that can be used to evaluate the liquefaction resistance of the coal tailings (Andrus and 

Stokoe 2000), whereas compressional wave velocity is used as an indicator of the stiffness of the 

soils (Kramer 1996). Due to the nondestructive nature of the seismic surveys, the geotechnical 

properties of in situ coal tailings can be obtained and used for validating properties determined 

from the laboratory testing (Lin et al. 2004) and future stability assessment of coal tailings dams. 

 

The liquefaction potential of coal tailings can also be evaluated using peak particle velocity. 

The peak particle velocity (PPV) is often used to determine the blast loading imposed on 

infrastructures and to evaluate the excess pore water pressure ratio (Al-Qasimi 2005; Charlie et al. 

2001, 2013). Due to the complexities of the wave characteristics, site factors, and blasting 

parameters, the prediction equation for peak particle velocity has been developed as a function of 

the amount of charge per delay (W) and the distance (D) between the blast location and the 

infrastructure under investigation using empirical relationships (Kumar et al. 2013). W and D are 

usually combined as one parameter known as the scaled distance (SD) for easier interpretation. SD 
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is typically calculated as D divided by the square-root or cube-root of W for cylindrical charges 

and spherical charges, respectively (Kumar et al. 2013).  

 

 

1.5 Background on Numerical Modeling of Stability of Coal Slurry Impoundments 

 

Various constitutive plasticity models have been developed to assess liquefaction 

resistance and cyclic behavior of sand and low plasticity silt and clay. For example, UBCSAND, 

a non-linear effective stress plasticity model, was proposed by Beaty and Byrne (1998) to 

determine mechanical response of sand under cyclic loading. UBCSAND has been successfully 

used to simulate dynamic behavior of sand and low plasticity tailings in engineering practices 

(Seid-karbasi and Byrne 2004; Castillo et al. 2005; James 2009; Ferdosi et al. 2015). 

 

UBCSAND is a non-linear effective stress plasticity model, which was proposed by Beaty 

and Byrne (1998) to determine mechanical response of sand under cyclic loading. UBCSAND is 

able to conduct fully coupled analysis including flow calculations. UBCSAND has been 

successfully used to simulate dynamic behavior of sands and low plasticity tailings in engineering 

and laboratory practices. Seid-karbasi and Byrne (2004) studied the failure of Mochikochi tailings 

dams in Japan by UBCSAND model. The results were in well agreement with the observed 

deformations after the dam’s failure. Castillo et al. (2006) investigated the seismic response of a 

heap leach pad with high phreatic line using UBCSAND model in a fully coupled analysis. Effect 

of drainage system to reduce the liquefaction and failure potential was also discussed. UBCSAND 

model was adopted by James (2009) and Ferdosi et al. (2015) to evaluate the reinforcing effect of 

waste rock inclusion on stability of liquefiable mine tailings impoundments.  

 

PM4Sand and PM4Silt are plasticity models developed by Boulanger and Ziotopoulou 

(2013, 2018). PM4Sand assesses the undrained cyclic and monotonic mechanical response of sand 

and non-plasticity silt, while PM4Silt assesses those of non-plasticity to low plasticity silt and clay. 

Both PM4Sand and PM4Silt plasticity models are based on the framework of the stress-ratio 

controlled, critical state compatible, bounding-surface plasticity model for sand developed by 

Dafalias and Manzari (2004). PM4Sand and PM4Silt models have less required input parameters 

compared to UBCSAND. PM4Sand has been successfully implemented in analysis of different 

geotechnical applications such as dams, embankments, and foundations (Ziotopoulou and 

Boulanger 2016; Ziotopoulou and Montgomery 2017). The last version of PM4Sand (Version 3.1) 

was released in 2017, while the previous limitations were resolved (Boulanger and Ziotopoulou 

2017). The PM4Silt (Version 1) was also released in 2018 by Boulanger and Ziotopoulou (2018).  

 

 

1.6 Project Objectives    

 

The overall objective of this research project is to evaluate the stability of coal tailings 

impoundments under field impacts using the static and dynamic properties of representative coal 

tailings samples and in situ coal tailings. Three specific objectives, which are derived from the 

overall objective, are presented as follows.    
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Task 1 is to comprehensively characterize the physical and hydraulic properties of FCR 

using relatively undisturbed and representative samples. Geomechanical behaviors of the 

undisturbed samples, including shear strength and stiffness properties, were determined. The 

cyclic behavior and liquefaction resistance of the slurry-deposited FCR samples, which 

sufficiently resembled the fabric and structure of in-situ FCR, were assessed by cyclic DSS tests. 

The cyclic behavior of the FCR was further evaluated by empirical approaches and in-situ data. 

The effect of liquefaction on static shear strength of the FCR samples was also determined by 

conducting monotonic shear loading at the end of the cyclic DSS tests. 

 

Task 2 is to determine the basic mechanical properties of in situ coal tailings, such as the 

shear wave velocity, compressional wave velocity, Poisson’s ratio, Young’s modulus, and small-

strain shear modulus, using in situ seismic survey and seismic monitoring; these field tests 

contribute to the scarce database of in situ coal slurry characteristics. The properties derived from 

this study are compared with those derived from the standard penetration test (SPT) to show the 

effectiveness of the seismic investigations in reviewing the in situ properties of coal tailings. A 

prediction equation for peak particle velocity is also developed specifically for coal tailings. The 

peak particle velocity obtained in this study is used to evaluate the cyclic stress ratio due to mine 

blasting. The liquefaction resistance of coal tailings is then evaluated using the simplified 

procedure presented by Andrus and Stokoe (2000). 

 

Task 3 is to first adopt the geotechnical properties and cyclic resistance of coal slurry. Then, 

PM4Silt model is calibrated for coal slurry using laboratory results. The seismic stability of coal 

slurry impoundment constructed by upstream method is investigated using earthquake and blasting 

input motions. The deformations and excess pore pressure developed during dynamic loading are 

analyzed. This task aims to compare the numerical results obtained by PM4Silt plasticity model 

for two loading scenarios (i.e. an earthquake, and a blasting event), while two different set of 

properties are assumed for the slope (i.e. slope with loose and strong shear properties). The 

applicability and limitations of PM4Silt plasticity model to assess cyclic behavior of fine coal 

refuse, along with the seismic performance of an upstream impoundment are evaluated and 

discussed.  

 

1.7 Report Outline 

 

This report consists of six chapters. Chapter 1, where this report outline is located, 

elaborates on the case histories of tailings impoundment failures, construction methods of tailings 

impoundments, the literature review of the static and dynamic geotechnical properties of fine coal 

tailings, and the research motivation and objectives of this study.  

 

Chapter 2 presents the field investigation of coal tailings. The logistics of field sampling 

and testing are included in detail.  

 

Chapter 3 presents the laboratory testing that was conducted to characterize the physical 

and hydraulic properties of coal tailings. The geomechanical behavior of the undisturbed samples, 

including shear strength and stiffness properties, were determined. The cyclic behavior, 

liquefaction resistance, and the effect of liquefaction on static shear strength of the fine coal tailings 

samples were also assessed.    
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Chapter 4 presents the in situ seismic survey and seismic monitoring that were used to 

determine the basic mechanical properties of in situ coal tailings. A prediction equation for peak 

particle velocity was developed specifically for coal tailings. The liquefaction resistance of coal 

tailings was also evaluated using the simplified procedure based on the field data from seismic 

survey.  

 

Chapter 5 presents the numerical models of the coal tailings impoundments subjected to 

earthquake and blast motions. The pore pressure ratio and shear strain contours are presented. The 

seismic stability and deformations of the impoundment are also evaluated. 

 

Chapter 6 summarizes the significant findings and conclusions of this study. 

Recommendations for future work are also provided.  
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CHAPTER 2.  FIELD INVESTIGATION 

 

 

2.1 Site History  

 

The field investigations were conducted on two coal refuse impoundments (Site 1: Jeddo 

#14 and Site 2: Jeddo #8), which are operated by Pagnotti Enterprises, Inc. The Jeddo Basin was 

acquired by the Jeddo Coal Company in 1964 and the coal refuse has been deposited in the region 

since then (jeddocoal.com). Site 1 is an active and relatively new coal refuse impoundment, 

whereas Site 2 is an inactive impoundment that is older than Site 1. The difference in their periods 

of placement provided an opportunity to study the changes in the geotechnical properties and flow 

behaviors of coal refuse over time.  

 

The two impoundments are located in Ebervale, Pennsylvania. The GPS coordinates of 

Site 1 and Site 2 are (40.983501, -75.945369) and (40.981951, -75.939492), respectively. Figures 

2-1 shows the vicinity map of the two impoundments. The two impoundments on a closer view 

are shown in Figure 2-2. Figure 2-3 and Figure 2-4 are the topographic maps of Site 1 and Site 2, 

respectively.  

 

 
 

Figure 2-1. Vicinity map of Jeddo impoundments 

Site 2 

Site 1 
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Figure 2-2. Plot plan of Jeddo impoundments 

 

 

 
 

Figure 2-3. Topographic map of Site 1 

 

 

Site 1 

Site 2 

Site 1 
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Figure 2-4. Topographic map of Site 2 

 

 

2.2 Site Reconnaissance  

 

Site reconnaissance had been performed six months before the testing program of this study 

on November 22, 2016. Figure 2-5 shows the photos of the two testing sites during the winter 

season where the fine coal refuse was frozen. Due to the difficulty in drilling the frozen coal refuse, 

the field investigations had been planned accordingly to occur in the summer months when the 

ground fully thawed and the surface water drained away. Figure 2-6 shows the views of Site 1.   

 

  
  

(a) Site 1: Jeddo #14 (b) Site 2: Jeddo #8 

 

Figure 2-5. Field sampling and testing sites, Ebervale, PA. Photo taken on 11/22/2016 

 

  

Site 2 
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(a) The coal refuse became wet after the 

raining season, July 2017 

(b) A pond of standing water in Site 1 after a 

rainfall, July 2017 

  

Figure 2-6. Views of Site 1 

 

 

Figure 2-7 shows multiple views of the slurry discharge into the active impoundment (Site 

1). Due to the length of the impoundment as shown in Figure 2-7 (a), the coal refuse that was 

slightly coarser and heavier (i.e. usually in the grain size of sandy soils) was more likely to settle 

near the point of slurry discharge and would stay relatively stable in its original location throughout 

the entire deposition period. Figure 2-7 (b) shows the size of the trench as being compared to the 

human height. A deep trench was also formed by the flowing coal slurry at the upstream side as 

depicted in Figure 2-7 (c). The trench became shallower as it is farther away from the discharge 

point.        

 

 
 

(a) A panoramic view of the slurry discharge (the discharge direction is from right to left) 
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(b) A photo showing the size of the trench 

being compared to the human height 

(c) A deep trench created by the flowing coal 

slurry 

 

Figure 2-7. Photos of Coal slurry that was being discharged in to Site 1 

 

 

2.3 Field Investigation Approach (Sampling and Testing)   

 

The field sampling and testing were planned by considering the geological cross sections 

of the two impoundments and the associated hazard potential to be investigated. The borehole 

layout and depth were designed following the guidelines in the Soil Mechanics Design Manual by 

the Naval Facilities Engineering Command (NAVFAC 1986). The design optimized the 

subsurface information that are required for stability analysis and the cost of geotechnical 

investigation. The field sampling and testing were performed by Hawk Mountain Lab Inc. on June 

29, 2017. The locations of boreholes and SPT are shown in Figures 2-8 and 2-9. Table 2-1 presents 

the details of the borings and SPT.   
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Figure 2-8. Layout of field testing and sampling at Site 1. Note: B-1 and BS-3 are at the 

approximately same location, and the same for B-2 and BS-4. 

 

 
 

Figure 2-9. Layout of field testing and sampling at Site 2. Note: B-1, BS-1, and SPT-1 are at the 

approximately same location. “B” represents boring, and “BS” represents bulk sample. 

 

B-1 
BS-1 
SPT-1 

BS-2 

B-2 
BS-4 

BS-2 
 

B-1 
BS-3 

 

BS-1 
 

SPT-1 
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Table 2-1. Details of borings and SPT 

 

Site Name Symbol 
Depth, z 

m (ft) 

Elevation 

m (ft) 

GPS 

Coordinates 

1 

B-1 Boring 1 0.0-12.2 (0-40) 411 (1347) 
40°58'59.41"N, 

75°56'48.05"W 

B-2 Boring 2 0.0-12.2 (0-40) 411 (1347) 
40°58'60.00"N, 

75°56'45.00"W 

BS-1 Bulk sample 1 0.3 (1) 411 (1347) 
40°58'58.10"N, 

75°56'50.66"W 

BS-2 Bulk sample 2 0.3 (1) 411 (1347) 
40°58'60.00"N, 

75°56'50.00"W 

BS-3 Bulk sample 3 0.3 (1) 411 (1347) 
40°58'59.41"N, 

75°56'48.05"W 

BS-4 Bulk sample 4 0.3 (1) 411 (1347) 
40°58'60.00"N, 

75°56'45.00"W 

SPT-1 
Standard 

Penetration Test 1 
7.6, 12.2 (25, 40) 411 (1347) 

40°58'59.72"N, 

75°56'46.45"W 

2 

B-1 Boring 1 0.0-9.1 (0-30) 422 (1384) 
40°58'55.34"N, 

75°56'17.93"W 

BS-1 Bulk sample 1 0.3 (1) 422 (1384) 
40°58'55.34"N, 

75°56'17.93"W 

BS-2 Bulk sample 2 0.3 (1) 423 (1389) 
40°58'55.60"N, 

75°56'13.63"W 

SPT-1 
Standard 

Penetration Test 1 
4.6, 7.6 (15, 25) 422 (1384) 

40°58'55.37"N, 

75°56'17.91"W 

 

 

Three boreholes were drilled and two Standard Penetration Tests (SPT) were conducted. 

A Geoprobe model 6620DT track rig with DPT (direct push technology), outfitted with DT 3.25 

tooling strings, were utilized to conduct drilling and sampling at locations as shown in Figure 2-

10. The drill rig uses percussion technique at percussion rate of 32 Hz to continuously push a split-

spoon sampler (model: DT3.25) into the subsoil. This type of light and all-terrain track-mounted 

rig was chosen and used for the field drilling, sampling, and testing as the two sites are hardly 

accessible by a typical large truck-mounted drill rig. Although the terrain is relatively flat in the 

impoundment as shown in Figure 2-11 (a), the road access to the impoundment is steep and narrow 

as presented in Figure 2-11 (b). Figure 2-11 (b) shows that the Geoprobe model 6620DT track rig 

was slowly driven up the steep slope.  
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(a) Geoprobe model 6620DT track rig 
(b) DH-100 Automatic Drop 

Hammer 

 

Figure 2-10. Field testing equipment. Photos taken on 06/29/2017. 

             

  
  

(a) A flat terrain was observed in the 

impoundment 
(b) The track rig was moving up a steep slope 

 

Figure 2-11. Topography of Site 2 

 

Probe rods as shown in Figure 2-12 (a) were used to retrieve the fine coal refuse samples. 

A PVC liner was fitted inside the probe rod during drilling. The sampling provided continuous 

coal slurry samples along the entire drilling depth. After the retraction of the probe rod, the coal 

refuse samples were retrieved and cut as shown in Figure 2-12 (b). The coal refuse samples encased 

with PVC liners were then delivered to the laboratory in the Pennsylvania State University for 

further sectioning and analysis. The PVC liners were meant to ensure an effective shipment and to 

reduce sample disturbance. Figure 2-10 (b) shows the SPT that was conducted using the same 

track-mounted rig with a DH-100 Automatic Drop Hammer. Bulk samples were also collected at 
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the first foot of coal fine refuse at three of the borehole locations and other randomly selected 

locations.   

 

  
 

(a) Probe rods 
(b) sample retrieval and cutting 

 

Figure 2-12. Field testing and sampling gadgets  

 

 

2.4 Sample Retrieval and Sample Storage 

 

Six bags of bulk samples were collected and sealed properly to prevent moisture loss; each 

bag weighed approximately 1 kg (2 lbs). Figure 2-13 shows the retrieved fine coal refuse samples. 

The diameter of each slurry sample that was retrieved from the borings was 47 mm (1.85 inches) 

and the length was 1.5 m (5 feet). The sample disturbance, which depends on sampler dimensions, 

sampler driving mechanism, and soil types and consistency, was not assessed. The slurry samples 

were kept in PVC liners and both ends were capped. The coal refuse samples were also labelled 

accordingly as shown in Figure 2-14. For each laboratory test, the 15.2 cm (6-inch) long specimen 

was cut and prepared immediately before use to ensure minimal sample disturbance and moisture 

loss.    

 

 
 

Figure 2-13. The retrieved fine coal refuse samples with PVC liners. Photos taken on 

06/29/2017. 
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Figure 2-14. Labeling of the relatively undisturbed fine coal refuse samples 

 

 

2.5 Field Testing Results 

 

The N-values for the standard penetration tests were listed in Table 2-2.  For the depth 

above 7.6 m (25 feet), both impoundments have N-value readings of 2 to 3. At the depth of 12.2 

m (40 feet) at Site 1, the N-value is 7. Figure 2-15 presents the loose fine coal refuse recovered 

from the SPT. 

 

Table 2-2. SPT blow counts and N-values 

 

Site Depth, m (ft) SPT Blow Count N-value N60 (N1)60 

1 
7.6 (25) 1 / 1.5 / 1.5 3 1.86 4.0 

12.2 (40) 2 / 3 / 4 7 2.08 3.4 

2 
4.6 (15) 1 / 1 / 1 2 3.12 4.8 

7.6 (25) 0 / 1 / 1 2 7.66 9.0 

 

Note: N value is the sum of blow counts for the last 30 cm of penetration; N60 is N value corrected 

for field procedures; and (N1)60 is N value corrected for field procedures and overburden stress.  
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(a) The slurry-like fine coal refuse flowing 

out of the SPT split tube sampler 
(b) The cross-section of a coal refuse sample 

 

Figure 2-15. Photos of the fine coal refuse samples retrieved from the SPT. Photos taken on 

06/29/2017. 
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CHAPTER 3.  LABORATORY TESTING 

 

 

3.1 Laboratory Testing Methodology 

 

The laboratory testing was planned based on the amount of retrieved samples. Each 1.5-

meter long sample was divided into 10 units or specimens. Any samples with lengths lesser than 

1.5-meter were divided into the maximum possible units each of 15-centimeter long. Half of the 

retrieved samples were shared with Jeddo Coal Company. Table 3-1 shows the depths at which 

the specimens were retrieved for laboratory testing. A unique label shown on the last column of 

Table 3-1 was assigned to each sample for simplicity. The laboratory tests were conducted as per 

ASTM standards. Figure 3-1 (a-e) shows the laboratory tests conducted using the fine coal refuse.   

 

Table 3-1 Locations and labels of the samples 

Impoundment Borehole Depth (m) Label 

S1 B1 0-1.5 S1B1-S 

S1 B1 4.5-6 S1B1-U 

S1 B1 10.5-12 S1B1-D 

S1 B2 0-1.5 S1B2-S 

S1 B2 4.5-6 S1B2-U 

S1 B2 10.5-12 S1B2-D 

S2 B1 0-1.5 S2B1-S 

S2 B1 4.5-6 S2B1-U 

S2 B1 7.5-9 S2B1-D 

 

 

   

(a) Atterberg limits test (b) Specific gravity test (c) Triaxial test 
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(d) Consolidation test (e) Resonant column test (f) Fine coal refuse specimen 

 

Figure 3-1. Laboratory testing conducted on the fine coal refuse samples 

 

 

Representative samples were collected and used for static triaxial test, resonant column test, 

density measurement, and consolidation test. The static triaxial and resonant column tests were 

conducted at several confining pressures. The hydraulic conductivity of all the specimens were 

also measured using flexible-wall permeameter method. The hydraulic conductivity of the samples 

was measured under 34.5 kPa consolidation stress. Although the 34.5 kPa confining pressure may 

not accurately represent the consolidation stress of the samples in the field, the resulting hydraulic 

conductivities are relevant references, which can help compare samples in terms of hydraulic 

conductivity at the same consolidation stress. The diameter of all the samples used for static triaxial 

and resonant column tests was 35.5 mm. The retrieved samples were extruded and trimmed axially 

and longitudinally by a sharp thin-bladed ring and trimming knife, respectively, with great caution 

to avoid disturbing the samples. The requirement of height to diameter ratio of 2:1 was met for all 

the samples. The index properties such as grain size distribution and Atterberg limits were 

determined using the samples after they were used for static triaxial tests. The index properties 

were verified by duplicate tests. The specific gravity was determined by two approaches: 1) ASTM 

D854 “Standard Test Method for Specific Gravity of Soil Solids by Pycnometer”, 2) Micromeritics 

Accupyc II 1340 Gas Displacement Pycnometry System with a chamber volume of 1.0 cm3 at 

room temperature (about 23.5°C). In the second approach, after filling up the chamber with coal 

tailings sample, helium gas was released and allowed to displace the sample pores; the absolute 

density of the specimen was then calculated using the volume that was not displaced by helium; 

ten measurements were made and the average absolute density was computed. The average values 

of the specific gravity are reported in this paper, as the measurements varied marginally. 

 

The extruded representative samples could not be used for cyclic DSS tests because the 

diameter of representative samples was smaller than the diameter of the cyclic DSS mold.  Of the 

sample preparation methods, wet pluviation and slurry deposition methods were effective in 

mimicking the fabric of the in-situ hydraulically deposited materials such as FCR (Carraro and 

Prezzi 2007). However, as wet pluviation method is not reliable for silty sands, due to the 

possibility of particle segregation, slurry deposition method developed by Kuerbis and Vaid (1988) 
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was adopted to prepare the sample. A series of cyclic DSS tests were conducted on reconstituted 

S1B2-D samples, with void ratio in the range of 0.6~0.7, until repeatable and consistent results in 

terms of cyclic resistant ratio were observed. The target void ratio of 0.6-0.7 was chosen as a matter 

of consistency since it could be repeatedly achieved during sample preparation, even though the 

target void ratio was slightly lower than the average void ratio of the representative samples (~0.9) 

obtained in the field. The liquefaction resistance of FCR was obtained at different cyclic stress 

ratio (CSR). The cyclic DSS device is made by GeoComp and applies cyclic shear loading under 

the constant volume condition. Therefore, the pore-water pressure is back-calculated from the 

change in vertical total stress. The soil samples are confined by Teflon rings lined with latex 

membrane to ensure uniform shearing of the sample. The horizontal stress is unknown throughout 

testing. The post-liquefaction strength characteristics of FCR were also studied by statically 

shearing the liquefied samples. The failure plane is typically formed closed to the slope, where 

there is not enough shear strength against the induced shear stresses. The coal refuse has shown 

significantly lower shear strength compared to the material used in the dike construction. Therefore, 

the geomechanical behavior of the fine coal refuse in that region is of great importance. 

Accordingly, the S1B2-D sample was chosen for the cyclic DSS and post-liquefaction tests is that 

the corresponding location is close to the potential failure plane, therefore, the geomechanical 

properties of this sample was more of interest than other locations. The dimensions of the sample 

in cyclic DSS tests were 63.5 mm in diameter and 12.7 mm in height. The consolidation pressure 

was 60 kPa, the frequency of cyclic loading was 0.1 Hz, and the liquefaction criterion was set as 

5% double amplitude shear strain (DAS). The cyclic loading was stress-controlled, while the static 

loading was strain-controlled with shear strain rate of 1.4% per hour.  

 

 

3.2 Index Properties of The Samples 

 

The groundwater depth in field was measured by lowering a measuring tape into the 

borehole. The depths of groundwater table that were measured at the time of the field sampling 

was 1.1 m at Site 1 and 4.9 m at Site 2. The fine coal refuse samples that were retrieved from 

drilling and tested in this study were all below groundwater table. Table 3-2 presents the basic 

index properties, hydraulic conductivity, and classification of the samples that were used for the 

static triaxial tests. The moisture content of the samples retrieved from the greater depth (i.e. 10.5 

m from impoundment S1 and 7.5 m from impoundment S2) were higher as expected due to the 

less exposure to evaporation and desiccation. The saturation degree of all the samples except 

S1B1-D and S2B1-U are noticeably high and above 80%, which can be attributed to the deposition 

method (i.e. slurry) of FCR in field. The Atterberg limits tests were conducted several times until 

repetitive and consistent results for each sample were achieved. The reported moisture contents 

are the average values with standard deviation of 3%.    

 

Table 3-2. Index properties and hydraulic conductivity of the FCR samples 

Sample 

Moisture 

Content 

(%) 

Density 

(KN/m3) 
eini 

Saturation 

Degree (%) 

LL 

(%) 

PL 

(%) 
PI Gs 

k 

(cm/s) 

USCS 

Classification 

S1B1-S 35 - - - 27 21 6 2.1 - CL-ML 

S1B1-U 35 15.6 0.8 92 33 29 4 2.1 3.3e-6 SM 

S1B1-D 49 12.9 1.4 73 34 30 4 2.1 5.1e-7 ML 

S1B2-S 15 - - - - - 0 2.3 - SM 
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S1B2-U 35 14.6 0.9 82 31 27 4 2.1 8.8e-7 ML 

S1B2-D 36 16.1 0.8 94 27 25 2 2.1 1.3e-4 SM 

S2B1-S 10 - - - - - 0 2.3 - SW-SM 

S2B1-U 25 15.4 0.7 75 20 19 1 2.2 3.6e-7 SM 

S2B1-D 48 15.6 1.0 100 35 33 2 2.2 1.0e-6 ML 

 

 

Unit weight of the samples was determined using the representative samples before they 

were mounted on triaxial base plate. The highest variation in unit weight was observed in Borehole 

1 in S1 impoundment. The unit weight of S1B1-U and S1B1-D were 15.6 kN/m3 and 12.9 kN/m3, 

respectively. The unit weight of the samples taken from Borehole 2 in S1 impoundment was 14.6 

kN/m3 and 16.1 kN/m3 for S1B2-U and S1B2-D, respectively. The sample S1B2-D showed the 

highest unit weight among the studied samples. The location of S1B2-D is close to the discharge 

point where the coal slurry is hydraulically deposited. Typically, the larger and heavier grains settle 

first near the discharge point while the slurry with fines remains on top. The least variation in unit 

weight was in the samples collected from the S2 impoundment, which was geographically located 

in the middle of the impoundment. The unit weights of 15.4 kN/m3 and 15.6 kN/m3 were measured 

for S2B1-U and S2B1-D, respectively. Initial void ratio of the FCR samples ranged from 0.7 to 

1.4 with an average of 0.9. All the samples can be considered as non-plastic to low plasticity, as 

the plasticity indices were less than 7. During the Atterberg limits tests for S1B2-S and S2B1-S 

using a liquid limit device, the fine coal refuse samples slid on the surface of the cup for several 

trials at successively higher water contents. The numbers of drops required to close the groove 

were always less than 25. As a result, it was considered that the LL for the samples could not be 

determined and the samples were reported as non-plastic (i.e. PI = 0) without the need to perform 

the plastic limit tests, according to ASTM D4318-17. The LL and PL values for S1B2-S and S2B1-

S were therefore not available and not included in Table 3-2. Excluding S1B2-S and S2B1-S, the 

moisture content of all the other samples was higher than their liquid limit, which is representative 

of soils greatly prone to liquefaction (Byrne and Seid-Karbasi 2003). Specific gravity (Gs) shown 

in Table 2 is the average values, with standard deviation of 0.03. The specific gravity of the FCR 

samples was lower than typical values reported for fine-grained soils due to high carbon content 

(Hegazy et al. 2004). The values for specific gravity obtained in this study were in agreement with 

other studies (e.g., Huang et al. 1987; Ullrich et al. 1991; Cowherd and Corda 1998). 

 

Particle size distribution of the samples used for triaxial tests was determined by 

conducting sieve analysis and hydrometer analysis, as per ASTM C136 and ASTM D422, 

respectively. The classification of each sample was determined based on the Unified Soil 

Classification System (USCS), and the particle size distributions of the samples are presented in 

Figure 3-2. As shown in Table 3-2, the FCR samples were all classified as either silty sand (SM), 

low-plasticity silt (ML), clayey silt (CL-ML), or well-graded sand with silt (SW-SM). Silt and 

sand content of the FCR samples ranged from 12% to 65% and 35% to 88%, respectively. The 

wide range associated with sand and silt content further emphasizes the scattered physical 

properties of the FCR in the field. The FCR samples approximately showed similar silt content to 

limiting silt content (i.e. 25% to 45%) defined by Polito and Martin (2001). Accordingly, the 

liquefaction resistance of FCR samples may not follow typical behavior observed for most sandy 

soils.   
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Figure 3-2. The particle size distributions of the FCR samples 

 

 

Figure 3-3 shows that the variability of the percentage of fines (percent finer than #200 

sieve) of coal slurry reduces with depth. High variability of fine content is observed at the upper 

layer of fine coal refuse. At the upper layer, the gain size distribution of coal refuse depends on 

the direction of the slurry discharge. At the location closer to the discharge point, the coal refuse 

with large grain size (i.e. the heavier coal refuse) settles first while the coal refuse with small grain 

size keeps flowing. Whenever the discharge direction changes, the grain size distribution will 

change along the impoundment, resulting in a large range of percentages of fine contents at the 

upper layer. At the deeper layer, the grain size of coal refuse converges to a range of 38% and 60%. 

The mean value of the percentages of fine contents also increases with depth. 
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Figure 3-3. Variation of the fine content of coal slurry with depths. The bar length represents the 

corresponding standard deviation at different depths. 

  

 

A narrow range of hydraulic conductivity from 1.0e-6 cm/s to 3.6e-7 cm/s was observed 

for all the samples excluding S1B2-D. The higher hydraulic conductivity of S1B2-D can be again 

attributed to the accumulation of coarser particles at this depth. According to the empirical 

equation for calculating hydraulic conductivity (Taylor 1948), the highest hydraulic conductivity 

was expected to be associated with S2B1-U, which has the largest particles and D50. However, the 

hydraulic conductivity is highly sensitive to homogeneity and voids arrangement inside the 

sample’s structure (Budhu 2015). Therefore, the observed discrepancy can be attributed to 

heterogeneity inside the samples’ mass, which is common in tailings. It is also worth mentioning 

that the hydraulic conductivities presented in Table 3-2 are the hydraulic conductivity in vertical 

(gravitational) direction.  

 

One-dimensional consolidation tests were conducted on the FCR samples as per ASTM 

D2435. Based on initial interpretation, Borehole 2 at Site 1 is closer to the discharge point and the 

samples are expected to be coarser than samples from Borehole 1. Consequently, consolidation 

tests were not conducted on samples from Site 1 Borehole 2 (S1B2). The consolidation test results 

for S1B1 and S2B1 samples were summarized in Table 3-3. Based on Table 3-3, the compression 

index ranges from 0.134 and 0.453 and swell index ranges from 0.003 to 0.013. The coefficient of 

consolidation ranges from 0.75 to 2.36 cm2/min. Figure 3-4 (a-f) presents the consolidation curves 

for the fine coal refuse samples at different sites and depths.  
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Table 3-3. Consolidation test results 

 

Sample Compression Index, Cc Swell Index, Cs 
Coefficient of consolidation, Cv 

cm2/min 

S1B1-S 0.234 0.005 1.06 

S1B1-U 0.134 0.003 1.70  

S1B1-D 0.200 0.013 1.17  

S2B1-S 0.242 0.007 0.75  

S2B1-U 0.453 0.010 2.36  

S2B1-D 0.200 0.013 0.89 

 

 

 
 

(a) S1B1-S 

 

 
(b) S1B1-U 
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(c) S1B1-D 

 

 
 

(d) S2B1-S 
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(e) S2B1-U 

 

 
 

(f) S2B1-D 

 

Figure 3-4. Consolidation curves for the fine coal refuse samples at different sites and depths 

 

 

Figure 3-5 shows that the coefficient of consolidation of the fine coal refuse samples has a 

linear negative association with their percentages of fine contents passing sieve #200. As the 

percentage of fine content increases, the rate of consolidation of coal slurry decreases. The mean 

coefficient of consolidation decreases by 0.3 times as the fine content of coal refuse increases by 

10%. The coefficient of determination, R2, for this regression model is 0.94, indicating a strong 

linear correlation between the coefficient of consolidation and the fine content percentage. One 

out of six sets of data points were excluded from this regression model and treated as an outlier. 

This specific coal refuse sample was classified as well-graded sand with silts (SW-SM) whereas 

the rest of the samples fall into the categories of silty sand (SM) and silt (ML). The coefficient of 

consolidation, Cv, for SW-SM was found to divert from that of SM and ML. While the physical 
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mechanism was not fully understood, it is recommended that this regression model should only be 

used for coal refuse in the categories of SM and ML. Cv (in cm2/min) for SM and ML can be 

estimated using Equation (3-1).   

 

 
Figure 3-5. A linear relationship between the coefficient of consolidation of the fine coal refuse 

samples and the percentage of fine content 

 

Cv = -0.03 %Fines + 2.92 (3-1) 

  

 

3.3 Static Triaxial Test Results  

 

Static triaxial tests were conducted on representative samples to determine the shear 

strength properties of the specimens under monotonic loading. Staged triaxial approach on a single 

specimen was practiced in this study, as sufficient number of representative and identical samples 

were not available. All the samples from S1 and S2 impoundments were tested under consolidated-

undrained (CU) condition and consolidated-drained (CD) condition, respectively. It was of interest 

to evaluate shear strength properties of FCR in both short-term (i.e., undrained) and long-term (i.e. 

drained) conditions. The index properties of the tested samples, including initial void ratio and 

initial unit weight, were earlier reported in Table 3-2. 

 

Samples were initially saturated using the back pressure technique, as per ASTM D 4767, 

until a minimum B-value of 96% was reached. Each staged triaxial test consisted of two stages. 

Samples were first consolidated and then axially loaded under confining pressure of 34.5 kPa in 

Stage 1. It is noteworthy to mention that the vertical compression in the first stage (i.e., at 34.5 kPa 

confining pressure) was halted before failure. The first loading stage was continued until the 

threshold of the maximum deviatoric stress, where the change in deviatoric stress became minimal. 
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This practice prevented complete failure or disturbance of the sample. Then, the axial load was 

removed and the sample was consolidated under 69 kPa confining pressure and vertically 

compressed again to reach the maximum deviatoric stress. All the samples showed strain 

hardening behavior during loading so that deviatoric stress kept slightly increasing at large strains. 

This behavior was also observed in other studies on coal refuse material (Qiu and Sego 2001). The 

typical behavior of coal slurry samples observed in CU and CD tests in terms of deviatoric stress 

versus axial strain, excess pore pressure versus axial strain, stress path in q-p space, and shear 

strength envelope are presented for four samples. Figure 3-6 and Figure 3-7 depict the staged CU 

triaxial test results of S1B2-U and S1B1-D, respectively. Figure 3-8 shows staged CD triaxial 

results of S2B1-U and S2B1-D. Therefore, drained and undrained mechanical behavior of FCR at 

shallow and deep depth under shear could be investigated.   

 

 

  

  

 

Figure 3-6. Staged CU triaxial test results (S1B2-U) 
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Figure 3-7. Staged CU triaxial test results (S1B1-D) 

 

 

 

 

 

 

 

 

 



32 
 

  

  

  

 

Figure 3-8. Staged CD triaxial tests results (S2B1-U and S2B1-D) 

 

Figure 3-6 presents the mechanical response of S1B2-U under staged CU triaxial static 

loading. Figure 3-6 (a) shows strain hardening behavior of the sample and reinforcing effect of 

confining pressure, as higher confining pressure resulted in higher deviatoric stress. The maximum 

deviatoric stress reached approximately 120 kPa and 165 kPa at 6% and 11% axial strain under 
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34.5 kPa and 69 kPa confining pressure, respectively. Similarly, higher pore pressure was 

developed within the sample at higher confining pressure, as shown in Figure 3-6 (b). Peak pore 

pressure of 15 kPa and 33.5 kPa was observed below 4% axial strain under 34.5 kPa and 69 kPa 

confining pressure, respectively; then, pore pressure began decreasing. The stress path was plotted 

in q-p space per Lambe’s (1964) definition, as in Figure 3-6 (c). The slope of the shear envelope 

in q-p  space is equal to tan𝛼 = sinϕ′, while the intercept is equal to 𝑚 = 𝑐′cosϕ′. The stress 

path in the first stage relatively resembled the typical stress path seen for over-consolidated soils, 

as the sample was consolidated under higher effective stress than 34.5 kPa in field. However, the 

stress path in the second stage showed the typical path seen for normally consolidated soils, as 69 

kPa was higher than the consolidation stress in field for S1B2-U. The effective Mohr’s circles 

along with shear envelope were also plotted, as in Figure 3-6 (d). The effective shear strength 

properties, c’ and ϕ’, are later presented and discussed in Table 3-4.   

 

The mechanical response of S1B1-D under staged CU triaxial static loading is presented 

in Figure 3-7. The strain hardening behavior of the sample S1B1-D was less intense than that of 

S1B2-U, see Figure 3-7 (a). The reason could be attributed to the larger amount of small particles 

in S1B2-U that led to higher compressibility of the sample. The maximum deviatoric stresses 

observed for S1B1-D were 120 kPa and 160 kPa both occurred at approximately 11% axial strain 

under 34.5 kPa and 69 kPa confining pressure, respectively. The peak pore pressures of 15 kPa 

and 30 kPa were observed under 34.5 kPa and 69 kPa confining pressure, respectively. The stress 

path observed for S1B1-D was similar to the stress path expected for over-consolidated soils, as 

the sample had been consolidated by higher effective stress according to the depth of the sample 

in field, see Figure 3-7 (c). Effective Mohr’s circles are also displayed in Figure 3-7 (d). 

 

The mechanical response of S2B1-U and S2B1-D under staged CD triaxial static loading 

is shown in Figure 3-8. According to Figure 3-8 (a) and (d), the higher confining pressure was, the 

higher maximum deviatoric stress was achieved. Consolidated drained condition led to higher 

maximum deviatoric stress compared to the results observed in consolidated undrained tests. For 

example, the maximum deviatoric stress achieved by S2B1-U and S2B1-D were approximately 

290 kPa and 230 kPa, respectively, under 69 kPa confining pressure. The stress paths shown in 

Figure 3-8 (b) and (e) represented the drained path, which is a straight line. Lastly, Figure 3-8 (c) 

and (f) show the shear envelopes for S2B1-U and S2B1-D, which show higher internal friction 

angle and lower cohesion compared with those under CU condition.   

 

Table 3-4 presents the effective shear strength properties of all the FCR specimens. The 

cohesion for all the specimens tested under CU condition falls within 13.8 kPa to 25.5 kPa, while 

the cohesion of the samples tested under CD condition ranges from 13.1 kPa to 16.5 kPa. In terms 

of internal friction angle, two samples from impoundment S2, tested under CD condition, showed 

higher values compared to CU test results. Furthermore, higher friction angle (i.e. 38°) was 

observed for S2B1-D compared to that of S2B1-U (i.e. 36°). Among the results obtained from 

impoundment S1, S1B2-D showed the highest internal friction angle (i.e. 31°), which can be 

attributed to the higher concentration of coarse particles at this location. The slope (α) and intercept 

(𝑚) of the failure envelope in q-p space are also provided in Table 3-4. The observations in this 

study were found within the range reported by Hegazy et al. (2004), who conducted statistical 

analysis on shear strength properties of coal refuse that were determined using laboratory and in-
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situ testing. Considering all the results, the FCR’s shear strength properties are relatively scattered 

and dependent on its location and depth.     

 

Table 3-4. Staged triaxial test results 

Test Sample 𝑐′(𝑘𝑃𝑎) ∅′(𝑑𝑒𝑔. ) 𝑚 (𝑘𝑃𝑎)  𝛼 (𝑑𝑒𝑔. ) 

CU S1B1-U 13.8 29 12 25.9 

CU S1B1-D 25.5 26 22.9 23.7 

CU S1B2-U 24.8 30 21.5 26.6 

CU S1B2-D 20.7 31 17.7 27.2 

CD S2B1-U 16.5 36 13.3 30.4 

CD S2B1-D 13.1 38 10.3 31.6 

 

 

3.4 Resonant Column Test Results 

 

The shear moduli of the FCR samples were determined by resonant column tests on 

representative samples. The torsional resonant column approach is commonly used to characterize 

the maximum shear modulus of soil at low shear strain. The shear strain applied to samples in the 

torsional resonant column ranges from 10-5 % to 10-2 %. The sample’s behavior is considered 

elastic within this low range of shear strain. Each sample was tested under three confining 

pressures of 34.5, 69, and 103 kPa. The key outputs of the resonant column tests are shear wave 

velocity, shear modulus, and damping ratio.  

 

Figure 3-9 presents the normalized shear modulus, defined as the shear modulus divided 

by the corresponding maximum shear modulus, at 69 kPa confining stress. The hollow and solid 

markers represent the samples at deeper and shallower depth, respectively. Normalized shear 

modulus showed minimal change over the shear strain range, therefore, the results at 34.5 kPa and 

103 kPa were not shown in order to avoid overlap of the data points. The observations are in 

agreement with previous studies (e.g. Seed and Idriss 1970; EPRI 1993; Darendeli 2001), which 

showed negligible influence of confining pressure on normalized shear modulus at low shear strain 

level that was less than 10-3 %, see Figure 3-9. The modulus reduction curve could not be 

established for the FCR, as the shear modulus was only examined for low shear strain that was less 

than 10-3 %. The effect of aging and time were not investigated in this study. However, the 

observed shear stiffness properties such as shear modulus might vary over time as shown by Kim 

and Novak (1963) and Anderson and Stokoe (1978). The normalized shear modulus obtained in 

cyclic DSS tests are also embedded in Figure 3-9 and will be discussed in the following section. 

Initial void ratio and unit weight of the samples used in the resonant column tests are presented in 

Figure 3-10 (d).  
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Figure 3-9. Shear modulus and shear wave velocity of the FCR samples 
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Figure 3-10. Damping ratio of FCR samples and their initial index properties 

 

 

The samples collected from greater depth, S1B1-D, S1B2-D, and S2B1-D, shown by the 

hollow markers in Figure 3-9, showed higher absolute shear modulus and shear wave velocity than 

the samples at shallower depth. However, higher reduction was observed for S1B1-D and S1B2-

D samples, as shear strain increased, this behavior was found out of the proposed limits shown in 

Figure 3-9. The sample S1B1-D showed significantly greater shear modulus and shear wave 

velocity (i.e. 90 to 100 m/s) than those of other samples. The sample S1B1-D seemed to have 

coarser particle size distribution than other samples, resulting in stiffer material. However, the 

S1B1-D gradation shown in Figure 3-2 is not the largest. The reason is that the samples used for 

resonant column and particle size distribution analysis were within the same depth range (i.e. 10.5 

m to 12 m), but were not the same sample. This discrepancy emphasizes the scattered physical 

properties of FCR in the field even in small ranges of depth and distance. However, the higher 

stiffness observed for deeper samples was consistent with higher shear strength observed for the 

samples taken from deeper depths in triaxial testing. Except for S1B1-D, other examined samples 

demonstrated close values in terms of shear modulus in the range of 4.1 to 6.9 MPa. 

 

The damping ratios of all the samples under three different confining pressures are 

displayed in Figure 3-10. The effect of confining pressure was found minimal due to the large 
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amount of fines content and low induced shear strain. The damping ratio also increased by 

increasing shear strain regardless of applied confining pressure. Overall, damping ratio of the FCR 

samples was found to be within the range of 0.6% to 2%, which is in agreement with other studies 

on FCR (e.g., Zeng et al. 2008).  

 

 

3.5 Liquefaction Susceptibility and Cyclic Behavior Characterization  

 

The liquefaction potential of FCR is of great importance, as liquefaction occurrence can 

result in significant loss in strength and stability of coal slurry impoundments. Accordingly, 

liquefaction susceptibility of FCR should be assessed under seismic loading conditions. The 

liquefaction potential per soil type can be evaluated by index properties such as Atterberg limits 

and water content. Seed et al. (2003), Bray and Sancio (2006), and Idriss and Boulanger (2008) 

have presented empirical criteria to determine the liquefaction potential of soils based on index 

properties, including liquid limit (LL), plasticity index (PI), and water content (w). The index 

properties of the FCR samples at U (upper) and D (deeper) depths, shown in Table 3-2, were 

plotted in the recommended figures by Seed et al. (2003) and Bray and Sancio (2006), see Figure 

3-11. As shown in Figure 3-11, all the samples fall within the area marked as potentially liquefiable 

by both criteria. Liquefaction potential assessment per soil type using the approach by Idriss and 

Boulanger (2008) is described later in detail. Cyclic DSS tests were conducted on reconstituted 

S1B2-D sample at different CSRs to determine the liquefaction resistance of FCR and assess the 

undrained cyclic behavior of FCR. Duplicate tests were conducted until validity of the results was 

ensured. The void ratios of the tested samples, which were prepared by slurry deposition approach, 

were approximately 0.6~0.7 after consolidation and before cyclic loading. 

 

 
(a) 
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(b) 

 

Figure 3-11. Liquefaction susceptibility assessment criteria proposed by 

a) Seed et al. (2003) b) Bray and Sancio (2006) 

 

Figure 3-12 shows the cyclic resistance of FCR prepared by the slurry deposition method 

and consolidated under a vertical stress of 60 kPa with void ratio after consolidation ranging 

approximately between 0.6 to 0.7. Higher number of cycles were required to liquefy the sample as 

the CSR decreased. The relation between CSR and number of cycles (N) to failure (defined in this 

study as 5% DAS) can be expressed as 𝐶𝑆𝑅 = 𝑎 × (𝑁5%𝐷𝐴𝑆)−𝑏. The relation and corresponding 

fitted line are presented in Figure 3-12. The power fit (b-value) was found to be 0.16. 
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Figure 3-12. Relationship of cyclic stress ratio (CSR) with number of cycles (N) to reach 5% 

DAS 

 

Figures 3-13 to 3-15 present the results obtained in cyclic DSS test on the FCR samples at 

CSR of 0.15, 0.12, and 0.1, respectively. The initial void ratio of the samples before cyclic loading 

is also shown in the figures. The subfigures (a) and (b) summarize the undrained cyclic response 

of the FCR samples, and the subfigure (c) clearly shows the development of shear strain against 

number of cycles; the developed double amplitude strain (DAS) can be calculated by summing the 

positive and negative peak shear strain at each cycle. The subfigure (d) displays the shear modulus 

reduction during the cyclic loading. The shear modulus, calculated based on the dissipated energy 

during each cycle, is directly calculated and reported by the device. According to Figure 3-13, the 

FCR sample reached 5% DAS in almost two cycles when cyclically loaded by CSR of 0.15. The 

void ratio of the sample before and after consolidation was 0.94 and 0.73, respectively. The pore 

pressure ratio, which is traditionally considered as a parameter of evaluating liquefaction 

occurrence, also increased to 0.55 in approximately two cycles. The shear modulus in the first two 

cycles were plotted in Figure 3-13 (d) to show the decreasing trend of shear modulus. Figure 3-14 

shows the results of cyclic DSS test at CSR of 0.12. The void ratio of the sample before and after 

consolidation was 1.02 and 0.69, respectively. The sample reached 5% DAS after 8 cycles. 

According to the shear stress-strain loops, the sample behavior is relatively plastic, as large strain 

is developed rapidly in the first cycle. The shear stress-strain loops are slightly shifted to the left 

direction. However, the 5% DAS failure criterion was assumed to properly eliminate any potential 

dependence of the cyclic resistance to the directionality and bias in the shear stress-strain loops 

(Price et al. 2017). The pore pressure ratio (ru) increased to 0.7 after 8 cycles. 
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Figure 3-13. Cyclic DSS test results at CSR~0.15 
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Figure 3-14. Cyclic DSS test results at CSR~0.12 

 

 

  

  
 

Figure 3-15. Cyclic DSS test results at CSR~0.1 
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Similar behavior was observed for the FCR sample under CSR of 0.1, as the shear stress-

strain loops were wide and shifted, and considerable amount of pore pressure was developed in 

the first few cycles, as shown in Figure 3-15. The void ratio of the sample before and after 

consolidation was 0.78 and 0.6, respectively. The 5% DAS was reached after approximately 23 

cycles of cyclic loading, and the final pore pressure ratio was equal to 0.7. As shown in Figure 3-

15 (d), significant shear modulus reduction occurred in the last few cycles. The specimen generated 

a considerable amount of pore water pressure in the first cycle, as shown in Figure 3-13 (a), Figure 

3-14 (a), and Figure 3-15 (a), while the rate of pore water pressure generation reduced in the 

following cycles. The axial strain during the cyclic loading was smaller than 0.05%, which ensured 

that the device was able to maintain the constant volume during cyclic loading. As far as the shear 

modulus obtained from cyclic DSS testing, the average shear modulus calculated at the beginning 

of the cyclic DSS tests was approximately 1.3 MPa. The results are embedded in Figure 3-9, which 

shows the obtained shear modulus is within the proposed limits for sands (Seed and Idriss 1970; 

EPRI 1993) and low plasticity silty sands (Darendeli 2001). In comparison with the range of Gmax 

observed in resonant column tests (4.1 MPa – 6.9 MPa), lower shear modulus was seen for FCR 

at higher shear strain. 

 

The wide shear stress-strain loops and large shear strain development without reaching 100% 

pore pressure ratio (ru) is commonly observed in clay-like material. The b value (i.e. the power fit 

on the CSR-N plot in Figure 3-12) is also within the range of clay-like material (Idriss and 

Boulanger, 2008). However, the cyclic response was expected to be sand-like because of the 

extremely low plasticity index of 2 associated with S1B2-D, see Table 3-2. The uncertainties in 

characterizing the cyclic response of FCR compelled the authors to try to assess this characteristic 

using empirical criteria.  

 

In order to further investigate the cyclic behavior of the FCR sample, an empirical criterion 

proposed by Idriss and Boulanger (2008) was adopted, as shown in Figure 3-16. The transition of 

cyclic behavior from sand-like to clay-like is shown against plasticity index. The hatched region 

is the transitional area where the cyclic behavior is between sand-like and clay-like behavior. 

Furthermore, the solid lines are the conservative limits proposed by Idriss and Boulanger (2008). 

The cyclic resistance ratios (CRRs) of material assuming clay-like and sand-like behavior can be 

determined by the equations proposed by Idriss and Boulanger (2008). Equations (3-2) and (3-3) 

determine the sand-like and clay-like CRR of soils, respectively.  
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Figure 3-16. Cyclic behavior of the FCR based on Idriss and Boulanger (2008) criterion 

 

 

𝐶𝑅𝑅𝑀=7.5,𝜎′𝑣𝑐=1 = exp (
(𝑁1)60𝑐𝑠

14.1
+ (

(𝑁1)60𝑐𝑠

126
)

2

− (
(𝑁1)60𝑐𝑠

23.6
)

3

+ (
(𝑁1)60𝑐𝑠

25.4
)

4

− 2.8)             (3-2) 

 

𝐶𝑅𝑅𝑀=7.5,𝜎′𝑣𝑐=1 = 0.8 ×
𝑆𝑢

𝜎′𝑣𝑐
      (3-3) 

 

 

In-situ and laboratory tests are needed to determine the properties required in the equations. 

Then, the cyclic behavior of the material can be characterized according to plasticity index. The 

CRR relationship in Equations (3-2) and (3-3) are empirical relationships developed for a wide 

range of soils and stress conditions. These empirical correlations, also known as “simplified” 

procedure, are easy to use. However, there is a considerable uncertainty in the estimated cyclic 

resistance ratios (CRR) from these empirical correlations. In particular, these correlations have 

been primarily developed for sand and sand-like materials and their applicability to estimating 

CRR for FCR is uncertain. The study presented in this paper aims to give an insight on the accuracy 

of using the simplified procedures to estimate CRR for FCR. This is achieved by comparing the 

CRR estimated from the simplified procedures and the CRR from cyclic DSS tests. 

 

The clean sand-equivalent, overburden-corrected SPT number ((N1)60cs) for the sample 

tested in the cyclic DSS tests (i.e. S1B2-D) was adopted to empirically calculate the sand-like CRR 

of the sample, per Equation (3-2). Although loading conditions are different between SPT and 

cyclic DSS tests, this comparison could enable us to understand the accuracy of the simplified 

SPT-based procedures in estimating CRR for the FCR. This comparison may also help practicing 

engineers to determine whether the commonly used SPT-based simplified procedures can be used 

for liquefaction triggering evaluation of FCR. According to the SPTs conducted in the study, the 

corrected SPT number ((N1)60) was estimated to be 6.9. Subsequently, the clean sand equivalent 
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value ((N1)60cs) was calculated based on the approach proposed by Idriss and Boulanger (2008) 

given 40% fines content, according to Figure 3-2. Therefore, the (N1)60cs and corresponding 

CRRsand-like were 12.5 and 0.13, respectively. Furthermore, the undrained shear strength of the 

sample was estimated to be 80.4 kPa using the triaxial test results. Idriss and Boulanger (2008) 

also proposed to decrease the 𝐶𝑅𝑅𝑀=7.5,𝜎′𝑣𝑐=1 calculated by Equation (3-3) by 20% for tailings, 

therefore, 𝐶𝑅𝑅𝑀=7.5,𝜎′𝑣𝑐=1, which is CRRclay-like, was determined to be 0.51.  

 

The CRR calculated from the above empirical correlations were compared against the CRR 

obtained from the cyclic DSS tests. The CRRM=7.5 of the S1B2-D, which is the CSR that liquefies 

the sample in 15 cycles, was calculated by adopting the power equation developed in Figure 3-12. 

Therefore, the CRRM=7.5 of the S1B2-D with PI of 2 (as seen in Table 3-2) was determined to be 

0.1 based on the CSR-N power equation. The CRRM=7.5 was converted to 𝐶𝑅𝑅𝑀=7.5,𝜎′𝑣𝑐=1  by 

applying the overburden correction factor (Kσ). The overburden correction factor (Kσ) was 1.04 

using the correlations by Idriss and Boulanger (2008) and the corresponding 𝐶𝑅𝑅𝑀=7.5,𝜎′𝑣𝑐=1 was 

almost 0.1. The CRRs of FCR from the two methods is shown in Figure 3-16. The empirical 

correlations by Idriss and Boulanger (2008) estimate the CRR of FCR generally well, assuming 

the FCR has sand-like behavior. However, as described earlier, the stress-strain loops and the pore-

water-pressure generation resemble those of clay-like behavior. According to the estimated values, 

sand-like cyclic behavior is expected for the tested FCR (Figure 3-16). As seen in Figure 3-16, the 

estimated 𝐶𝑅𝑅𝑀=7.5,𝜎′𝑣𝑐=1 is noticeably close to the transitional zone where the behavior of the 

material changes from sand-like to clay-like over a small range of PI. Therefore, observing clay-

like cyclic response of the FCR in cyclic DSS is not a surprise. Eventually, the FCR can be 

classified as a material that has transitional cyclic behavior from sand-like to clay-like behavior. 

 

Post-liquefaction shear strength characteristics of the liquefied FCR, which had 

experienced 5% DAS, were evaluated by conducting a static shearing immediately after the cyclic 

loading. The post-liquefaction shear strength and stiffness properties are key characteristics to 

evaluate the stability of tailings dams after seismic events. Although the static DSS is not the best 

approach to determine the post-liquefaction shear strength, as the potential void redistribution after 

liquefaction in field cannot be sufficiently captured in a relatively uniform sample in the DSS 

equipment, the basic shear behavior of the liquefied material can still be characterized. The strain-

controlled shear stress was applied to the sample at the rate of 1.4% per hour, the test was continued 

up to 30% shear strain. Figure 3-17 shows the shear stress and pore pressure ratio (ru) against shear 

strain during the post-cyclic static loading for all three samples that were previously tested under 

different CSRs. The liquefied FCR samples were found considerably soft so that the post-

liquefaction modulus and shear strength were significantly low. For instance, the secant shear 

modulus of the liquefied FCR samples, at 5% shear strain, was within 40 kPa to 70 kPa.  
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Figure 3-17. Post-liquefaction shear strength characteristics of FCR 

 

 

Further in the static loading, when the shear strain increased, shear strength began to 

recover. Eventually, the peak post-liquefaction shear strength (Su,pl) were 12 kPa, 12.5 kPa, and 15 

kPa for the samples cyclically loaded by CSR of 0.1, 0.12, and 0.15, respectively. The increasing 

trend in Su,pl as the CSR increased can be attributed to higher void redistribution, subsequently, 
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higher densification induced to the sample that was subjected to higher CSR. Considering the 

figures of pore pressure ratios, the samples showed dilative behavior during the static shearing, as 

the pore pressure ratio that had developed during the cyclic loading phase decreased during the 

static shear phase.  
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CHAPTER 4.  SEISMIC SURVEY AND SEISMIC MONITORING     

 

 

This chapter presents in situ seismic survey and seismic monitoring that were used to 

determine the basic mechanical properties of in situ coal tailings such as the shear wave velocity, 

compressional wave velocity, Poisson’s ratio, Young’s modulus, and small-strain shear modulus; 

these field tests contribute to the scarce database of in situ coal slurry characteristics. The 

properties derived from this study are compared with those derived from the standard penetration 

test (SPT) to show the effectiveness of the seismic investigations in reviewing the in situ properties 

of coal tailings. A prediction equation for peak particle velocity is also developed specifically for 

coal tailings. The peak particle velocity obtained in this study is used to evaluate the cyclic stress 

ratio due to mine blasting. The liquefaction resistance of coal tailings is then evaluated using the 

simplified procedure presented by Andrus and Stokoe (2000).  

  

 

4.1 Methodology of Seismic Survey 

 

The seismic survey, which included multichannel analysis of surface waves (MASW) and 

seismic refraction, was conducted to characterize the in situ properties of fine coal tailings. The 

MASW was performed to determine the one-dimensional shear wave velocities, and the seismic 

refraction survey was performed to determine the two-dimensional compressional wave velocities. 

Figure 4-1 (a) shows the layouts of the seismic lines for the seismic survey at Site 1, which is an 

active impoundment with on-going deposition of coal tailings, whereas Figure 1 (b) shows the 

layouts of seismic lines at Site 2, which is an inactive impoundment where the coal tailings 

deposition has ceased.            

 

 
 

(a) Site 1 (an active impoundment) 

 

Line A 

Line B 
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(b) Site 2 (an inactive impoundment) 

 

Figure 4-1. Layouts of seismic lines and seismographs for seismic survey and monitoring 

 

 

As shown in Figure 4-1 (a-b), three sets of seismic lines were laid out at various locations 

in the impoundments, namely Site 1 Line A, Site 1 Line B, and Site 2. Each set of seismic lines 

included a seismic refraction line with 3.0 m geophone spacings, a MASW line with 0.76 m 

geophone spacings, and a MASW line with 1.5 m geophone spacings. Twenty-four geophones 

were deployed for each seismic line as shown in Figure 4-2 (a). Geophones, as shown in Figure 4-

2 (b), are instruments that measure ground velocity due to seismic or dynamic event. Figure 4-2 

(c) shows a seismogram record and Figure 4-2 (d) shows the data acquisition processes for both 

seismic refraction and MASW surveys. Since the coal tailings flow in the longitudinal direction of 

each impoundment from one end that is closer to the coal preparation plant to the other end, the 

coarser coal tailings are likely to be deposited at the upstream end. Therefore, the seismic lines 

were laid out in the longitudinal direction to observe the changes of wave velocities across the 

impoundment. The seismic lines with smaller geophone spacing (the MASW lines with 0.76 m 

spacings) were designed to give better resolution of the subsurface coal tailings profiles. The 

seismic excitation for the MASW method was induced by a drop of sledge hammer on the ground 

surface inside each impoundment. A sledge hammer (as shown in Figure 4-3) was used because 

ambient noise was insufficient in the impoundments for a passive MASW survey, which utilizes 

ambient noise as an impact power, to be conducted. In the seismic refraction survey, small 

explosive charges were used to induce the seismic excitation (as shown in Figure 4-4) because the 

seismic energy induced by a sledge hammer was insufficient to overcome the energy dissipation 

in the soft fine coal tailings.        
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(a) Layout of a seismic line of 12 

geophones 
(b) A geophone 

 

 

  
  

(c) Seismogram records (d) Data acquisition by Vibra Tech, Inc.  

 

 

Figure 4-2. Seismic refraction and MASW testing 
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(a) A sledge hammer (b) Generation of shear waves by a sledge hammer  

 

Figure 4-3. MASW testing on July 6, 2017 

 

  
  

(a) A drilled hole and the explosives 
(b) Generation of primary waves by the blasting of a 

small explosive charge 

 

Figure 4-4. Seismic refraction testing on July 31, 2017 
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4.2 Methodology of Seismic Monitoring    

 

Seismic monitoring was carried out on July 6, 2017. Fifteen Geosonics 3000LCP Blasting 

Seismographs (as shown in Figure 4-5 (b)) were deployed by Vibra-Tech Engineers, Inc. in each 

impoundment to measure the ground displacements induced by the blasting events. The ground 

displacement data were collected by the data acquisition system (Figure 4-6 (a-b)). The layouts of 

the seismographs are shown in Figure 4-1 (a-b). In Site 1, the seismographs were spaced 53.3 m 

apart in the North/South direction and 30.5 m apart in the East/West direction. In Site 2, the 

seismographs were spaced 18.3 m apart in the North/South direction and 39.6 m apart in the 

East/West direction. All seismographs were buried around 15 cm into the ground (Figure 4-5 (a)) 

and their locations were tracked by a global positioning system (GPS) as shown in Figure 4-5 (c).   

   

 

 

(b) A seismograph 

 
  

(a) A seismograph was buried 15 cm (6 

inches) into the ground 

(c) A GPS 

 

Figure 4-5. Deployment of seismographs and location tracking 
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(a) A data acquisition system (b) Inner view of the data acquisition system 

 

Figure 4-6. Measurements of ground velocities induced by artificial blasting 

 

 

Two single blast holes were drilled by Eichelbergers Inc one day before the seismic 

monitoring and their locations are shown in Figure 4-7. The details of the blast hole locations are 

listed in Table 4-1. The explosive charges were installed by Pennex Powder Company in the 

morning before the seismic monitoring was conducted (as shown in Figure 4-8). The purpose of 

the two blast holes was to impart ground motion energy to the fine coal tailings in the 

impoundments. Each blast hole has nominal 25.4 cm diameter to depth of 12.2 m and then nominal 

20.3 cm diameter to depth of 21.3 m. The drilling was done using percussion air rotary techniques. 

Since the blast holes were drilled in waste rock from past stripping operations, PVC pipes with 

outside diameter of 20.3 cm were used as casings along the entire depth to prevent the blast holes 

from caving in and the migration of explosives into voids. Ammonium nitrate/fuel oil (ANFO) 

with density of 0.85 g/cc was used as the explosive for blasting. Two-pound Pentex 908 cast 

boosters were placed at the top and bottom of each explosive column. The charge weight for Site 

1 and 2 were 385.5 kg and 317.5 kg, respectively. The stemming height of the borehole was at 

least 8.5 m with 1.9 cm crushed stone.        
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Figure 4-7. Plan view of the blast hole locations 

 

Table 4-1. Details of blast holes 

 

Site Name 
Diameter, D 

cm (in) 

Depth, z 

m (ft) 

Elevation 

m (ft) 
GPS Coordinates 

1 Blast hole 1 20.3 (8) 0.0-21.3 (0-70) 457 (1498) 
40°58'54.90"N 

75°56'16.13"W 

2 Blast hole 2 20.3 (8) 0.0-21.3 (0-70) 453 (1487) 
40°58'54.90"N, 

75°56'16.13"W 

 

 

 
 

Figure 4-8. A blast hole for ground motion generation during the seismic monitoring on July 6, 

2017 

 

Site 1 
 

Site 2 
 

Blast Hole 
for Site 2 

 
Blast Hole 
for Site 1 

 



54 
 

The first (for Site 1) and second (for Site 2) blasting events occurred at 12:00 PM and 1:00 

PM, respectively. At each site, the seismographs were programmed to turn on 4 minutes before 

the detonation. All the seismographs were retrieved after the blast events to collect the ground 

vibration records. Ground velocities measured using these seismographs were then used to 

evaluate the liquefaction potential of the coal tailings when subjected to blast events and to develop 

a vibration attenuation equation for the coal tailings. Figure 4-9 (a) shows a photo of the blast hole 

after the artificial blasting event. The deep blast hole had prevented the generation of the fly rocks. 

However, some cracks were formed on the ground surface due to the blast as depicted in Figure 4-

9 (b). A foot was placed next to the crack to show the scale of the crack. 

 

 

  
  

(a) A blast hole (b) Cracks formed due to blasting 

 

Figure 4-9. Photos showing the impacts of artificial blasting 

 

 

4.3  Results, Analyses, and Discussion 

 

4.3.1 Compressional Wave Velocity from Seismic Refraction Survey 

 

The seismogram records collected from the seismic refraction testing are reduced to derive 

the two-dimensional compressional wave velocity profiles of the fine coal tailings. The 

compressional wave velocity is a direct measure of the stiffness, hardness, and degree of 

compaction of the material (Kramer 1996; Khandelwal and Ranjith 2010; Ilori et al. 2013). The 

compressional wave velocity profiles are shown in Figure 4-10 (a-c). Based on Figure 4-10, a two-

layer compressional wave velocity profile is yielded for Site 1 Line A, three-layer profile for Site 

1 Line B, and two-layer profile for Site 2. The profile yielded for Site 1 Line B (30 m) is thicker 

than that for Site 1 Line A (12 m). Figure 4-10 (a-b) show the small variation of coal tailings strata 

in the same impoundment as noted by the ranges of compressional wave velocity on the profiles. 

Such variation may have been caused by the variation of coal slurry discharges in the multi-decade 

operation.          
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(a) Site 1 Line A 

 

 
 

(b) Site 1 Line B 

 

 
 

(c) Site 2 

  

Figure 4-10. Two-dimensional compressional wave velocity profiles determined in the two coal 

tailings impoundments 

113-220 m/s 

738-883 m/s 

502-830 m/s 

160-249 m/s 

929-1184 m/s 
m/s 

255-317 m/s 

1194-1259 m/s 

Vp (m/s)  

Vp (m/s)  

Vp (m/s)  
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The descriptions of the coal tailings that correspond to the ranges of compressional wave 

velocity are included in Table 4-2. The values in Table 4-2 are developed based on the information 

obtained during the seismic survey and the wave velocities of typical soils. The range of 

compressional wave velocity for unconsolidated fine coal tailings is based on the seismic survey 

conducted in this study. The range for water saturated fine coal tailings is obtained from the 

standard guide listed for water in ASTM D5777 (2011) and Allen et al. (1980). For the weathered 

and unweathered bedrocks, the values are those presented by Bourbié et al. (1987). Table 4-2 

shows that the water saturated fine coal tailings layers have high compressional wave velocities. 

These high values of compressional wave velocities do not necessarily indicate high strength of 

the fine coal tailings but are due to the fully-saturated fine coal tailings. This is because water is 

highly incompressible, leading to high values of compressional wave velocities (Vp >1400 m/s) in 

the layers. As shown in Figure 4-10 (c), due to the deep groundwater table at Site 2, the 

compressional wave velocity of the dry and unconsolidated fine coal tailings is successfully 

captured; the recorded compressional wave velocity ranges between 255 m/s and 317 m/s.    

 

Table 4-2. Descriptions of the subsurface profile of the fine coal tailings impoundments  

 

Description of Coal Tailings Compressional Wave Velocity, Vp (m/s) 

Unconsolidated fine coal tailings 113-883 

Water saturated fine coal tailings 1400-1665  

Weathered bedrock 1500-2200  

Unweathered bedrock 3500-6000  

 

 

The depth of groundwater table determined from the field testing that was conducted 

concurrently in the same impoundment is compared to that estimated from the compressional wave 

velocity profiles. The groundwater depth was measured by lowering a tape into a borehole. Based 

on the field measurement, the groundwater table was at 1.1 m below the ground surface at Site 1. 

Although it is typically understood that the soils are fully saturated below groundwater table, the 

coal tailings layer (Figure 4-10 (a-b)) merely reaches the compressional wave velocity of about 

830 to 883 m/s at the depth of 1.1 m instead of the value of 1400 m/s. The deviation of the 

compressional wave velocity profiles from the measured groundwater depth may be due to the 

unsaturated coal tailings layer below groundwater table. This observation is further supported by 

the degrees of saturation of the fine coal tailings determined in the laboratory testing. As shown in 

Table 3-2, the saturation degrees for the samples from depths below groundwater table at Site 1 

range from 73% to 94%. As a result, the range of compressional wave velocity determined in this 

study is lower than 1400 m/s as a 100% degree of saturation is necessary for the compressional 

wave velocity to reach 1400 m/s. It has been reported that soils may not be fully saturated at depths 

below groundwater table due to the seasonal fluctuation of the groundwater table and/or the decays 

of organic matters that release gasses to the voids of soils (Bonnet and Meyer 1988; Holzer and 

Bennett 2003; Camp III et al. 2010). These two reasons are perhaps more critical to coal tailings 

as the groundwater table in the impoundment may be greatly impacted by the operation status of 

the impoundments (i.e. either active or inactive), and the organic matters in coal tailings are 
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relatively higher than typical mineral soils. Research in Ottawa sands by Allen et al. (1980) shows 

a sharp increase in the compressional wave velocity approaching 1400 m/s only when the degree 

of saturation is near 100%. Compressional wave velocity can therefore be used as an indicator of 

the degree of saturation of the coal tailings (Naesgaard et al. 2007; Hossain et al. 2012). Since the 

degree of saturation greatly affects the liquefaction resistance of coal tailings, compressional wave 

velocity can be used to evaluate the critical zones of coal tailings susceptible to liquefaction.              

 

4.3.2 Shear Wave Velocity from Multichannel Analysis of Shear Waves (MASW) 

 

The seismogram records collected from the MASW testing are reduced to derive the one-

dimensional shear wave velocity profiles of the fine coal tailings. The shear wave velocity profiles 

are plotted in Figure 4-11 (a-c). The seismic lines of 1.5 m spacings (long seismic lines), both 

forward and reverse, were deployed to obtain subsurface information of deeper depths. The seismic 

lines of 0.76 m spacings (short seismic lines), both forward and reverse, were deployed to obtain 

high-resolution subsurface information. An average shear wave velocity, Vs_avg, profile is 

determined based on four of the overlapping seismic lines (namely, long-forward, long-reverse, 

short-forward, and short-reverse). Vs_avg at a given depth is calculated by averaging four of the Vs 

values at that depth.    
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(a) Site 1 Line A 
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(b) Site 1 Line B 
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(c) Site 2 

 

Figure 4-11. Shear wave velocity profiles determined for the coal tailings 

 

The fine coal tailings can be classified into different seismic site classes as shown in Table 

4-3 (International Code Council 2009). The profile names are slighlty modified to match the 

context discussed in this report. Based on the ranges of shear wave velocity in Table 4-3, the two 

profiles in Site 1 (Figure 4-11 (a-b)) have similar trend and are interpreted as soft coal tailings at 

shallower depth transitioning to stiff coal tailings at deeper depth. The profile in Site 2 (Figure 4-

11 (c)) is interpreted as soft coal tailings at shallower depth transitioning to stiff and then very 

dense coal tailings and soft rock at deeper depth.     
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Table 4-3. Seismic site classification of fine coal tailings (International Code Council 2009)     

 

Coal Tailings Profile Name Shear Wave Velocity, Vs (m/s) N-value 

Soft coal tailings <183 N < 15 

Stiff coal tailings 183-366 15 ≤ N ≤ 50 

Very dense coal tailings and soft rock 366-762 N > 50 

Rock 762-1524 N/A 

Hard rock >1524 N/A 

 

N-values provided by the International Code Council (2009) that correspond to various 

coal tailings profiles are included in Table 4-3. Based on the shear wave velocity profile for Site 2 

(Figure 4-11 (c)), the fine coal tailings are considered soft above the depth of 8.5 m (based on both 

the long-forward and long-reverse seismic lines) and the N-value should be lower than 15 as shown 

in Table 4-3. The long-forward and long-reverse seismic lines were selected instead of the average 

seismic line because a long seismic line can provide subsurface information at deeper depths. Since 

a short seismic line only provides subsurface information at a higher resolution at shallower depths, 

the average seismic line, which has considered the short seismic lines, was not used to define the 

profile transitions at deeper depths. In this study, a standard penetration test (SPT) was conducted 

concurrently with the seismic survey at the midpoint of the seismic line at Site 2. The N-values 

were recorded as 2 at depth of 4.6 m and 2 at depth of 7.6 m. The N-values (N=2) recorded in SPT 

for soft coal tailings fall in the range of N-values (N<15) provided by the International Code 

Council (2009), showing that the interpretation of coal tailings strata based on the N-values was 

consistent with that based on the shear wave velocity profiles.                       

 

4.3.3 Determination of Poisson’s Ratio, Young’s Modulus, and Small-strain Shear Modulus 

from Compressional and Shear Wave Velocities 

 

The Poisson’s ratio, Young’s modulus, and small-strain shear modulus of the fine coal 

tailings are derived based on the shear wave velocity profiles from the MASW testing and the 

compressional wave velocity profiles from the seismic refraction testing, as shown in Equations 

(4-1) to (4-3) (Kramer 1996).  

 

𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠, 𝐸 = 𝜌𝑉𝑠
2 (

3𝑉𝑝
2 − 4𝑉𝑠

2

𝑉𝑝
2 − 𝑉𝑠

2
) (4-1) 

𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠 𝑟𝑎𝑡𝑖𝑜, 𝜈 =
𝑉𝑝

2 − 2𝑉𝑠
2

2(𝑉𝑝
2 − 𝑉𝑠

2)
 (4-2) 

𝑆𝑚𝑎𝑙𝑙 − 𝑠𝑡𝑟𝑎𝑖𝑛 𝑠ℎ𝑒𝑎𝑟 𝑚𝑜𝑑𝑢𝑙𝑢𝑠, 𝐺𝑚𝑎𝑥 = 𝜌𝑉𝑠
2 (4-3) 
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where ρ is density, Vp is the compressional wave velocity, and Vs is the shear wave velocity of the 

fine coal tailings.       

 

Figure 4-12 (a) shows the profile of the Poisson’s ratio for all the three seismic lines, Figure 

4-12 (b) for the Young’s modulus, and Figure 4-12 (c) for the small-strain shear modulus. As 

shown in Figure 4-12 (a-c), the profiles of the Poisson’s ratio, Young’s modulus, and small-strain 

shear modulus of Site 1 Lines A and B are consistent with each other. The Poisson’s ratios as 

shown in Figure 4-12 (a) are all in the range of 0.35 to 0.49. The Poisson’s ratio of the dry and 

unconsolidated coal tailings is determined to be about 0.39. Based on the field measurement, the 

groundwater table was at the depth of 1.1 m below ground surface at Site 1 as mentioned earlier. 

It is reasonable that the Poisson’s ratios of Site 1 (as shown in Figure 4-12 (a)) suddenly increase 

to 0.49 at the depth of approximately 1.5 m to 2 m as the Poisson’s ratio can be assumed to be 0.5 

for groundwater due to its high incompressibility. The Poisson’s ratio of 0.49 can therefore be used 

to represent the depth of groundwater table but not necessarily the fully-saturated coal tailings 

layer. As presented in Figure 4-12 (b), the Young’s modulus of the fine coal tailings at Site 2 is 

approximately twice of that of the tailings at Site 1 (i.e., 60 MPa versus 30 MPa). For the profile 

shown in Figure 4-12 (c), the small-strain shear modulus increases with depth continuously except 

for Site 2 that the small-strain shear modulus starts to decrease from the depths of 11 m to 12 m. 

This reduction is not considered reliable due to the deeper inversion in the final models of the 

MASW data and therefore it cannot be used to represent the actual field condition. Based on Figure 

4-12 (c), the small-strain shear modulus of the unconsolidated coal tailings is determined to be in 

the range of 10 to 50 MPa.              
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(a) Poisson’s ratio 
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(b) Young’s modulus 

 

 

 



65 
 

 
 

(c) Small-strain shear modulus 

 

Figure 4-12. The Poisson’s ratio, Young’s modulus, and small-strain shear modulus determined 

for the fine coal tailings along the depths 

 

 

N-values recorded in the SPT are used to validate the Young’s modulus derived from the 

compressional and shear wave velocity profiles at Site 1. The N-values are 2 at depth of 4.6 m and 

2 at depth of 7.6 m at Site 1. The N-values are corrected to N60, which is 1.86 and 2.08 at depths 

of 4.6 m and 7.6 m, respectively. The Young’s modulus can be calculated as a function of N60 from 

Equation (4-4) (Coduto 2001).        

                

𝐸𝑠 =  𝛽0√𝑂𝐶𝑅 + 𝛽1𝑁60  (4-4) 
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where Es is high-strain Young’s modulus, β0 and β1
 are correlation factors, which vary for various 

soil types, OCR is overconsolidation ratio, and N60 is the SPT N-value corrected for field 

procedures.         

 

Based on the results of consolidation testing that was conducted in this study, the 

preconsolidation stress is approximately the same as the effective stress for the coal tailings 

samples, resulting in OCR of 1 for the coal tailings. Since the coal tailings samples are classified 

as silty sand (SM) or low-plasticity silt (ML), β0 is taken as 2500 kPa and β1
 as 600 kPa (Coduto 

2001). Based on Equation (4-4), Es is calculated to be 3.62 MPa and 3.75 MPa at depths of 4.6 m 

and 7.6 m, respectively. The Young’s modulus estimated from Equation (4-4) is a high-strain 

modulus because it is derived from SPT, which is a high-strain penetration test with strain to the 

order of 10-1 (Sabatini et al. 2002). Hence, the high-strain Young’s modulus, Es, needs to be 

corrected to the corresponding shear strain before it can be compared to the small-strain Young’s 

modulus, E, estimated from the seismic survey with shear strain to the order of 10-6. Based on the 

relationship between shear modulus and shear strain that was proposed by Seed and Idriss (1970) 

and Idriss (1990), the reduction of shear modulus for sand when shear strain changed from 10-6 to 

10-1 is approximately 94%. Sett (2010) reasoned that the relationship of Young’s modulus 

reduction with strain followed the same relationship of shear modulus vs. shear strain. Therefore, 

in this paper, 94% reduction of Young’s modulus is adopted when the strain increased from 10-6 

to 10-1. Using 94% reduction in modulus, high-strain Es is corrected to small-strain E of 62.4 MPa 

and 64.7 MPa at depths of 4.6 m and 7.6 m, respectively. The values were consistent with the 

Young’s modulus of 60 MPa estimated from the seismic survey for Site 2. The values of Young’s 

modulus from SPT and seismic survey at Site 1 were not compared because the SPT location did 

not overlap with the seismic lines at Site 1. The SPT was carried out at the center of the 

impoundment as shown in Figure 2-8, whereas the seismic lines were spread north and south of 

the midline of the impoundment as shown in Figure 4-1(a) due to the existence of ponded water 

during the field testing.  

 

4.3.4 Peak Particle Velocity and Vibration Attenuation Equation 

 

Peak particle velocity (PPV) can be used to evaluate the ground acceleration induced by 

either blasting or earthquake motion. Although the attenuation equations are site specific, past 

research has developed general equations that can be used in various blasting applications (ISEE 

2011). Though the equations have been developed for coal mines, construction sites, and quarries, 

there is no general attenuation equation that has been developed for coal tailings. A general 

equation is needed for coal tailings specifically to evaluate the liquefaction potential of coal tailings 

impoundments.  

  

Ground motions in the fine coal tailings were induced by blasting near the impoundments 

and recorded by seismographs. A total of 30 seismographs were deployed in the impoundments 

but only 28 data points of peak particle velocity were collected as two other seismographs 

experienced malfunction. The PPV is plotted against the scaled distance (SD), as shown in Figure 

4-13. The SD is calculated as a function of the distance (D) between the blast location and the point 

of interest, and the charge weight (W) as presented in Equation (4-5). The square-root scaling is 

used for W since the charges used in this study are cylindrical (Kumar et al. 2013). The PPV is 

inversely proportional to the SD and the relationship is described through the power law as 
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presented in Equation (4-6). The intercept, a, is a curve fitting coefficient that is related to the 

degree of confinement, rock strength, and explosive parameters, and the slope, b, represents the 

attenuation rate of vibration based on geologic conditions (ISEE 2011).  

 

 
 

Figure 4-13. PPV prediction equation for fine coal tailings and its comparisons with other 

general attenuation equations by ISEE (2011) 

 

𝑆𝐷 =
𝐷

√𝑊
  (4-5) 

 

𝑃𝑃𝑉 = 𝑎 × 𝑆𝐷𝑏 (4-6) 

 

The 28 datapoints are statistically analyzed. The fit and diagnosis test infers that there is 

an unusual and influential data point, which is plotted as an empty circle in Figure 4-13. The 

removal of this outlier improves 6% of the coefficient of determination, R2, from 0.63 to 0.69. An 

equation is then developed and fitted for the coal tailings. As presented in Equation (4-7), a is 

determined to be 740 and b is -2.04. Though R2 of at least 0.70 is typically recommended by ISEE 

(2011) in developing the vibration attenuation equations, the prediction equation with R2 of 0.69 

could still be used to provide rough estimations of PPV, considering that the sample size, n, is 

small (n < 30). A larger sample size may improve R2. However, the P-value estimated for this 
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dataset is less than 0.001, indicating that there is a statistical evidence showing that the logarithm 

of PPV and logarithm of SD are linearly associated at the significance level of 0.01.     

 

𝑃𝑃𝑉 = 740 𝑆𝐷−2.04 (4-7) 

 

The attenuation equation developed in this study is then compared to the general equations 

developed for various mining sites as depicted in Figure 4-13. The slope of the best fit line for the 

site with coal tailings is the highest among all, indicating that the vibration attenuation rate is the 

highest for coal tailings. Since the attenuation rate is based on the site conditions, the slurry-like 

coal tailings are believed to be responsible for the high rate of attenuation. However, the 

attenuation equation is based on SD values ranging from 6 to 8 m/sqrt kg; its application to higher 

SD values (10 to 100 m/sqrt kg) needs to be verified.    

 

4.3.5 Liquefaction Resistance of Coal Tailings  

 

The liquefaction resistance of the coal tailings is evaluated from the shear wave velocity 

profiles based on the simplified procedure presented by Andrus and Stokoe (2000). While this 

simplified procedure is typically used for evaluating the liquefaction resistance of soils against 

earthquake loads, it can be adapted and utilized for loads induced by bench blasting, which consists 

of a series of detonation. The cyclic stress ratio (CSR) of an earthquake load is commonly 

calculated as 65% of the peak horizontal ground surface acceleration, amax (Andrus and Stokoe 

2000). However, it is reasonable to use 100% of the amax to calculate the CSR of bench blasting. 

This is because the delay time between holes for the bench blasting is typically within a few 

milliseconds, resulting in a stress loading that approximates a sinusoidal function with amax as the 

amplitude. In the case of a single detonation, it is assumed that 65% of amax can still be used. The 

amax can be estimated from Equation (4-8) (ISEE 2011) using the PPV measured in the field or that 

predicted by the vibration attenuation equation as shown in Equation (4-7).        

 

𝑎𝑚𝑎𝑥 =
2𝜋 𝑓 𝑃𝑃𝑉

9810
 (4-8) 

 

After calculating amax, the CSR is estimated using Equations (4-9) for the factor of safety 

of coal tailings against liquefaction due to mine blasting. The shear stress reduction coefficient, rd, 

can be estimated from the chart by Idriss (1999). The total vertical stress, σv, and vertical effective 

stress, σ’v, can be calculated from the unit weight of coal tailings and the depth of groundwater 

table. The depth of groundwater table can be estimated from the Poisson’s ratio if seismic surveys 

were carried out instead of drilling. The moist unit weight of coal tailings is taken as 15.0 ± 1.1 

kN/m3 based on the laboratory results from this study.     

 

𝐶𝑆𝑅 = 1.0 (
𝑎𝑚𝑎𝑥

𝑔
) (

𝜎𝑣

𝜎𝑣
′
) 𝑟𝑑 (4-9) 

 

To estimate the cyclic resistance ratio, CRR, of coal tailings, the shear wave velocity, Vs, 

is first corrected to account for the overburden stress. The corrected shear wave velocity, Vs1, and 

the magnitude scaling factor, MSF, are then used to calculate CRR using Equation (4-10) (Andrus 

and Stokoe 2000). Vs1
*, which serves as an upper limit of Vs1 for the liquefiable coal tailings, is 
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correlated with the amount of fines content, FC, in the coal tailings. The coal tailings with Vs1 

greater than 200 m/s is assumed to be non-liquefiable (Andrus and Stokoe 2000). In the mining 

industry, the total amount of explosives used in the entire blast is typically less than 100,000 kg, 

hence the earthquake magnitude in Richter scale (ML) is less than 5.0 (Arkansas Geological Survey 

2015). At low earthquake magnitudes, the Richter magnitude scale (ML) is consistent with the 

moment magnitude scale (Mw) (Kramer 1996). Hence, the MSF was taken as 1.82 as the Mw is less 

than 5.2 (Idriss 1999).  

 

𝐶𝑅𝑅 = {𝑎 (
𝑉𝑠1

100
)

2

+ 𝑏 (
1

𝑉𝑠1
∗ − 𝑉𝑠1

−
1

𝑉𝑠1
∗ )} 𝑀𝑆𝐹 (4-10) 

 

The factor of safety, FS, for the coal tailings to resist liquefaction is then evaluated as the 

ratio of CRR to CSR as shown in Equation (4-11).        

 

𝐹𝑆 =
𝐶𝑅𝑅

𝐶𝑆𝑅
 (4-11) 

 

Based on the simplified procedure, the CRR and the FS for the coal tailings to resist 

liquefaction due to vibrations from bench blasting are calculated and plotted in Figure 4-14 (a) and 

4-14 (b), respectively. As depicted in Figure 4-14 (a), the resistance of the coal tailings against 

cyclic liquefaction increases with increasing depth. The data points are plotted in circular (Line A) 

and triangular (Line B) markers for Site 1 and square markers for Site 2. The trend of increasing 

resistance is more obvious for the coal tailings at Site 1. However, for Site 2, the cyclic resistance 

ratio also increases with depth but starts to decrease at depth of 4 m. In the regression analyses, 

given the null hypotheses that the slopes are equal to zero, the P-values determined for the plots in 

Figure 4-14 (a) and 4-14 (b) are both less than 0.001, concluding that CRR and FS are linearly 

associated with the depth at the significance level of 0.01 despite of high variability in the plots.     
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(a) (b) 

 

Figure 4-14. Plots of (a) the calculated CRR and (b) the FS of the coal tailings upon blast 

loading, and the CSR is based on Equation (4-9) 

 

 

Based on Figure 4-14 (b), where 100% of amax is used in calculating FS, the lower bound 

of the calculated FS fall under FS of 1.5 (i.e. a typical design factor for liquefaction), indicating 

that the coal tailings are prone to liquefaction hazards during bench blasting. Taking account that 

the blasting loads in this study are lower than that typically induced during mine blasting, the coal 

tailings are likely to be subjected to liquefaction or loss of shear strength upon strong blasting 

events.    

 

The CRR is plotted against the percentage of FC in the coal tailings as shown in Figure 4-

15. Every CRR data point in Figure 4-15 represents the average value that is computed from all 

CRR values for a specific percentage of FC at a specific depth range. As the percentage of FC 

increases, the CRR in the depth group larger than 4 m tends to increase. A more drastic increase of 

CRR at depth deeper than 8 m is observed.  
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Figure 4-15. CRR of the coal tailings over a wide range of percentages of FC 
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CHAPTER 5.  NUMERICAL MODEL  

 

 

This chapter presents the numerical modeling and use of PM4Silt plasticity model to capture the 

liquefaction behavior and seismic stability of an upstream impoundment.  

 

 

5.1  Geotechnical Properties and Model Generation  

 

 Construction of upstream coal slurry impoundments is usually started with a starter dam 

that underlies the proceeding dikes, which are constructed over time to retain deposited coal slurry 

behind the impoundment. Therefore, a coal slurry impoundment mainly consists of three sections: 

coal slurry, dikes, and starter dam all underlain by bedrock as shown in Figure 5-1. Table 5-1 

shows the basic geotechnical properties used in numerical modeling in Fast Lagrangian Analysis 

of Continua (FLAC) commercial software. 

 

 
Figure 5-1 Upstream construction of tailings dam (model configuration) 

 

 

Table 5-1 Geotechnical properties of the impoundment sections 

Material Coal Slurry Dikes Starter Dam Bedrock 

Density (kg/m3) 1190 1700 1700 2400 

Bulk Modulus (Pa) 3.6e7 4.5e8 4.5e8 2.9e10 

Shear Modulus (Pa) 1.2e7 2.1e8 2.1e8 1.3e10 

Cohesion (kPa) 21 10 / 7 10 / 7 - 

Friction Angle () 30 35 / 32 35 / 32 - 

 

 

The properties of coal slurry, shown in Table 5-1, were adopted from Salam et al. (2019). 

Although coal slurry is typically found stratified in both horizontal and vertical direction in 

impoundments, a homogenous medium was assumed for coal slurry in this study. The reason was 

that the available plasticity models are not able to properly address the localized loosening and 

water film phenomenon in layered material (Ziotopoulou and Boulanger 2015). However, the 

associated shortcoming with the assumption was minimized by assigning the properties of coal 

slurry located in the vicinity of the dikes to the coal slurry in the simulated model. The seismic 
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response of the region behind the dike in the main interest in stability analysis, as the failure plane 

is formed in that region. Therefore, the system behavior can be assumed to be close to field 

condition. The dikes, starter dam, and bedrock properties were adopted from the studies, in which 

the cyclic behavior and seismic stability of coal tailings impoundments were evaluated (Byrne and 

Seid-Karbasi 2003; Zeng et al. 2008; Ferdosi et al. 2015). Two different sets of shear strength 

properties (i.e. 𝑐′ = 10 𝑘𝑃𝑎, ∅′ = 35° and 𝑐′ = 7 𝑘𝑃𝑎, ∅′ = 32°) were assigned to the dikes and 

the started dams representing strong and weak material, respectively.   

 

The common geometry of upstream construction was generated in FLAC2D, as shown in 

Figure 5-1. The model was 100 m long and 15 m tall including four different types of materials. 

The simulated coal slurry impoundment consisted of three dikes underlain by a starter dam, each 

was 3 m high. The slope of the impoundment was 3:1 (H:V) and plane strain condition was 

assumed to be valid. The bottom boundary was fixed by fixing the nodes in both horizontal and 

vertical directions, and the side boundaries were also fixed in horizontal direction. Free-field 

boundary condition was defined during dynamic analysis. The dikes and expected failure zone 

were kept sufficiently far from the boundaries to minimize the influence of boundaries on the 

response. Only the coal slurry was considered liquefiable, while a 10 meter wide zone at the left 

end of coal slurry was considered non-liquefiable to avoid inaccurate free-field boundary 

calculations on the left side, as recommended by FLAC manual (Itasca 2016). The element size 

was kept small enough to satisfy proper wave transmission through the model. According to the 

Lysmer’s criteria the largest element dimension was limited to 1 meter to ensure correct wave 

transmission (Itasca 2016). The pore pressure was also established through the model such that the 

coal slurry was assumed to be fully saturated and the toe of the dam was the drainage zone. 

 

 

5.2 Cyclic DSS Tests 

 

Besides the basic geotechnical properties of the materials, the cyclic behavior of coal slurry 

was characterized in order to calibrate the plasticity models. Therefore, cyclic DSS tests were 

conducted on the coal slurry samples. Several cyclic DSS tests were conducted on reconstituted 

coal slurry samples retrieved from the vicinity of a discharge point in a coal slurry impoundment 

in an Appalachian coalfield, USA. The samples represented the coal slurry behind dikes in the 

impoundment. The cyclic DSS test was chosen over other laboratory experiments, as the rotation 

of principal stresses during cyclic loading is better simulated. Although testing undisturbed 

samples was not possible, slurry deposition method proposed by Kuerbis and Vaid (1988) was 

employed to prepare coal slurry samples resembling fabric and structure of hydraulically deposited 

coal slurry in the field. The other advantage of slurry deposition method compared to other 

reconstitution methods such as dry and wet pluviation is that the segregation of sand and silt 

particles, which might result in water film phenomenon during loading, is properly prevented 

(Carraro and Prezzi 2007). The cyclic resistance of coal slurry, in terms of CSR-N curve, was 

established for the void ratio of 0.6~0.7. The details of sample preparation and testing approach 

were presented in Chapter 3.  
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5.3  PM4Silt Plasticity Model Calibration 

 

PM4Silt model requires three primary input parameters as contraction rate parameter (hpo), 

which estimates the plastic volumetric strain rate, shear modulus coefficient (G0), and undrained 

shear strength at critical state under earthquake loading (Su,cs,eq). Contraction rate parameter is a 

soil specific input parameter that should be calibrated based on CSR-N curve of the material 

through laboratory testing. The remaining primary input parameters, G0 and Su,cs,eq, are determined 

by either empirical equations or in-situ and laboratory tests. 

 

 In addition to the primary input parameters, there are twenty secondary input parameters 

defined in PM4Silt model. The secondary input parameters have default values unless they are 

assigned different values by user if there are available laboratory or field data. The calibration of 

the contraction rate parameter for PM4Silt was conducted by using the single element simulation 

code provided by Boulanger and Ziotopoulou (2013, 2018). The primary input parameters and the 

adjusted secondary parameters used to approximate the cyclic response of coal slurry by PM4Silt 

are shown in Table 5-2. Comprehensive cyclic coal slurry properties were presented in Salam et 

al. (2019). Three secondary parameters were modified in order to better represent the coal slurry 

samples used in the cyclic DSS tests. They are initial void ratio (e0), constant volume effective 

friction angle (ϕcv’), and a parameter that regulates the undrained shear strength exceedance 

potential (nb,wet). Initial void ratio and constant volume friction angle were obtained from Salam et 

al. (2019).   

 

Table 5-2 PM4Silt input parameters 

Model PM4Silt 

Primary Input 

Parameters 

Su,cs,eq 15 kPa 

Go 394 

hpo 0.5 

Secondary 

Input 

Parameters 

e0 0.67 

ϕcv’ 30ᵒ 

nb,wet 0.03 

 

 

The CSR-N curve can be numerically established by PM4Silt approximating the 

experimental CSR-N curve. The calibration processes of PM4Silt is presented in the manual by 

Boulanger and Ziotopoulou (2018). Figure 5-2 shows the experimental and simulated CSR-N 

curves. The CSR-N curve on log-scale can be expressed by 𝐶𝑆𝑅 = 𝑎 × (𝑁𝑓𝑎𝑖𝑙𝑢𝑟𝑒)−𝑏 , where 

𝑁𝑓𝑎𝑖𝑙𝑢𝑟𝑒 was defined as 5% double amplitude strain (DAS) in cyclic DSS tests. The corresponding 

equation of each line is also shown in Figure 5-2. The estimated b-value in the PM4Silt simulations 

is 0.2, while the b-value from the cyclic DSS results is 0.17. Moreover, the difference between 

experiment and simulation was more pronounced at higher CSR (i.e. CSR=0.15). Considering the 

slope, the b-values, and the cyclic DSS results, PM4Silt appeared to sufficiently approximate the 

liquefaction resistance of coal slurry. However, to further investigate the applicability of PM4Silt 
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in approximating the cyclic response of coal slurry, the shear stress-strain loops and pore pressure 

ratio from experiment and simulation were compared.  

 
Figure 5-2 Cyclic stress ratio versus number of cycles to 5% double amplitude strain 

 

 

The approximated stress-strain loops by PM4Silt against the observed loops in cyclic DSS 

tests for the CSR of 0.12 are presented in Figure 5-3. In addition, the pore pressure ratio (ru) is 

shown for PM4Silt along with ru observed in cyclic DSS tests for the coal slurry sample in Figure 

5-4. According to Figure 5-3, the plastic behavior of the coal slurry and the wide shear stress-strain 

loops could be approximated by PM4Silt. PM4Silt model also estimated the 5% DAS occurrence 

at comparable number of cycles (i.e. N=9). The soil element simulated by PM4Silt experienced 

progressive and gradual accumulation of shear strain until failure. Close agreement was also 

observed in the results of pore pressure ratio by PMSilt and cyclic DSS, as the final ru was 

approximated 0.7~0.8 from both approaches: cyclic DSS testing and PM4Silt, see Figure 5-4. 

 

Although close approximation of cyclic DSS test results was achieved with PM4Silt, it was 

of interest to capture the applicability and performance of PM4Silt plasticity model in numerical 

investigation of a large scale model configuration such as coal slurry impoundment, as coal slurry 

is composed of sand and silt. 
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Figure 5-3 Shear stress-strain loops from cyclic DSS and PM4Silt 

 

 
Figure 5-4 Pore pressure ratio from cyclic DSS and PM4Silt 
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5.4 Dynamic Input Motions 

 

The numerical analysis of slurry impoundment was divided into two stages: 1) static 

simulation and 2) dynamic simulation. The impoundment model was first constructed by assigning 

elastic-plastic parameters to the bedrock and the Mohr-Coulomb model parameter to the starter 

dam, dikes, and coal slurry. These parameters are listed in Table 5-1. Then, the mechanical (stress-

strain) and hydro-mechanical (pore water pressure) equilibriums were achieved, and the static 

stability of the impoundment was assessed. The safety factor for slope stability of the studied 

upstream impoundment under static condition was found to be 1.88. 

 

In the Stage 2, the seismic stability and performance of coal slurry impoundments under 

seismic (e.g. an earthquake) and co-seismic (e.g. blast) events were of great interest. In order to 

assess the behavior of upstream impoundments, which are considered the least stable design in 

practice, two different input motions representing an earthquake and blast events were selected. 

Earthquake and blast are different in terms of frequency, duration, induced displacement, and 

kinetic energy. Mining blasting acceleration history typically has short duration with a high 

frequency waveform, while an earthquake can last up to minutes and acceleration amplitude is 

noticeably greater.  

 

An earthquake input motion with peak ground acceleration (PGA) of 0.24g, peak ground 

velocity (PGV) of 0.092 m/s, and duration of 20 seconds was selected for the upstream 

impoundment seismic analysis, see Figure 5-5 (a). The dominant frequencies of acceleration and 

velocity input were found to be 1.6 Hz and 1.0 Hz, respectively, using Fast Fourier Transform 

(FFT) analysis. A relatively strong and representative blast event that was used in coal mine 

blasting was also adopted as blast input motion. The peak particle velocity (PPV), which is 

commonly used to characterize blast intensity, and peak ground acceleration (PGA) were 0.022 

m/s and 0.24g, respectively. The motion lasted for 5 seconds, see Figure 5-5 (b). Although the 

PPV and duration are considerably lower compared to the earthquake motion, the dominant 

frequency of blast input velocity was 11.2 Hz, which is significantly higher than that of earthquake. 

The scaled peak acceleration (i.e. 0.65𝑎𝑚𝑎𝑥) 0.15g for blast and earthquake, respectively. The 

input motions of earthquake and blast were separately imposed to the bottom of the model. Pore 

pressure ratio (ru) and displacement (D) were monitored and recorded at selected points of interests 

as shown in Figure 5-1.    
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Figure 5-5 Model input motions (a) Earthquake (b) Blast 

 

5.5 Results and Discussion 

 

5.5.1 Shear Bands and Strain Contours 

 

The general performance of the upstream impoundment under an earthquake and blast 

input motions in terms of shear strain was of great interest. Figure 5-6 shows the shear strain 

distributions of the tailings dam under earthquake seismic loading for two cases of strong and weak 

dikes using PM4Silt model. The figure shows the largest shear strain is mobilized approximately 

from the crest and extends to the top of the starter dam, when dikes have strong shear strength 

properties. The sliding plane passed through the bottom of starter dam, when weak dikes properties 

considered. PM4Silt distinctly showed a sliding plane, where developed shear strain was larger 

than 5%, as shown in Figure 5-6. The maximum shear strain developed during the earthquake were 

0.16% and 0.18% in case of strong and weak dikes, respectively. 

 
(a) Strong Dikes 

 
 

(b) Weak Dikes 

 

  
 

Figure 5-6 Estimated shear strain due to earthquake for strong and weak dikes 
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According to Figure 5-7, PM4Silt approximated fairly similar pattern of shear strain distribution 

under blast loading; and the maximum shear strains predicted for strong and weak dikes were 

relatively close, i.e., 0.01%. In general, the shear strains developed during the earthquake were 

almost ten times larger than those during the blast. In order to further investigate the seismic 

performance and stability of the impoundment, the pore pressure ratio (ru) and displacement (D) 

at several points of interest as shown in Figure 5-1 are discussed. 

 

 
(a) Strong Dikes 

  
(b) Weak Dikes 

 

  
 

Figure 5-7 Estimated shear strain due to blast for strong and weak dikes 

 

5.5.2 Pore Pressure Ratio 

 

Pore pressure ratio (ru) has been traditionally considered as a criterion for the occurrence 

of liquefaction. Accordingly, when ru is 100%, which means that excess pore pressure has reached 

the initial effective stress, soil is considered fully liquefied. The pore pressure ratio at different 

depths at relatively far distance from the dikes were calculated and shown for four cases in Figure 

5-8 to Figure5-11 PM4Silt constitutive plasticity model. The points of interest are marked as ru -1 

to ru -4 in Figure 5-1 and are located at 12, 9, 6, and 3 m below the surface, respectively. Figure 

5-8 (a) through (d) depict the resulting pore pressure ratios due to the earthquake event on the 

impoundment with strong dikes, while Figure 5-9 (a) through (d) display those for the 

impoundment with weak dikes. The pore pressure ratio developed at the far distance from the dikes 

during the earthquake was not noticeably affected by strength of the dikes. The pore pressure ratio 

increased to almost 40% to 50% at ru-1 to ru-3. This can be attributed to the difficulty of 

liquefaction occurrence at high confining stress. The point at shallow depth, ru-4, showed higher 

pore pressure and fluctuation during seismic loading, specifically in case of strong dikes, see 

Figure 5-8 and Figure 5-9. Figure 5-8 and Figure 5-9 show that a rapid increase of ru occurred at 

around 5s under earthquake event at the four selected elevations, and the highest pore pressure 

ratio was observed at shallower depth (i.e. 3 m). ru reached 70% and 50% at 3 m depth in case of 

strong and weak dikes, respectively.  
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Figure 5-8 Pore pressure ratio generated by earthquake in the model with strong dikes 
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Figure 5-9 Pore pressure ratio generated by earthquake in the model with weak dikes 

 

 

Figure 5-10 and Figure 5-11 show that under blast event the generated pore pressure ratio 

was significantly lower, compared to that under earthquake, since lower shear stress was induced 

by the blast. Similar pattern for pore pressure ratio build up was observed for both strong and weak 

dikes cases. The fluctuation and maximum pore pressure ratio at shallower depth were greater than 

those at the rest of the points. The pore pressure ratio developed at shallower depth (i.e. ru -4) was 

approximately three times higher than that at greater depths such as ru -3, ru -2, and ru -1. This 
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observance can be again attributed to the difficulty of liquefaction occurrence at higher confining 

stress.  

 

 

 



85 
 

 

 
Figure 5-10 Pore pressure ratio generated by blast in the model with strong dikes 



86 
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Figure 5-11 Pore pressure ratio generated by blast in the model with weak dikes 

 

 

The liquefaction of the coal slurry in the vicinity of the dikes is of great importance, as the 

coal slurry in those regions serve as a foundation, withstanding the weight of the proceeding dikes. 

According to Figure 5-6 and Figure 5-7, the failure plane has also been formed in the neighborhood 

of the dikes. Liquefaction, and subsequently, extensive shear strain can lead to failure or instability 

of impoundment. Therefore, the liquefaction potential and subsequent volumetric shear strain of 

coal slurry close to the dikes should be evaluated. Accordingly, the pore pressure ratios of four 

locations, ru-5 to ru-8 shown in Figure 5-1, were monitored. The cyclic behavior and liquefaction 
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resistance of the locations indicated by ru-5 to ru-8 are more complex than ru-1 to ru-4, as those 

points are subject to static shear stress ratio (i.e. 𝛼 =
𝜏𝑠

𝜎′𝑣0
) larger than zero, as they are located 

under sloping ground, before cyclic loading. The cyclic resistance ratio of sandy soils is a function 

of relative density and static shear stress. The cyclic mobility behavior of soil is also substantially 

influenced by the presence of static shear stress (Youd and Idriss 2001). The existing static shear 

stress ratios before dynamic motion at ru-5 to ru-8 were 0.32, 0.44, 0.17, and 0.24, respectively. 

The cyclic resistance ratio of coal slurry decreases when the static shear stress ratio increases. 

Accordingly, higher pore pressure buildup is expected for the points with higher 𝛼. Therefore, 

higher pore pressure ratio is expected to develop at ru-5 and ru-6 than that at ru-7 and ru-8.   

 

Figure 5-12 to Figure 5-15 show pore pressure ratio due to earthquake and blast event for 

strong and weak dikes, respectively. Pore pressure ratio approximated by PM4Silt did not exceed 

50% in the selected locations. In addition to the effect of static shear stress ratio, the deformation 

pattern in the investigated region adds to the complexity of pore pressure ratio development trend. 

According to Figure 5-14 and Figure 5-15, the pore pressure ratio trend closely followed the blast 

input motion pattern, which had strong spikes at approximately the first second. The sudden 

increase in pore pressure ratio also occurred at the first second and then ru either remained constant 

or showed minimal changes. The pore pressure at the locations of ru-5 to ru-8 did not exceed 20% 

under blast loading. Due to higher static shear stress ratio at ru-5 and ru-6 higher pore pressure ratio 

was developed compared to ru-7 and ru-8 in all cases. The effect of static shear stress ratio (α) can 

be more clearly realized when the generated pore pressure ratio at points with α=0 (e.g. ru-2) and 

α>0 (e.g. ru-5 and ru-6) at similar depth are compared. For instance, under blast event, higher pore 

pressure ratio was observed at ru-5 and ru-6 than that at ru-2, see Figure 5-14 and Figure 5-10. 
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Figure 5-12 Pore pressure ratio generated by earthquake in the model with strong dikes 
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Figure 5-13 Pore pressure ratio generated by earthquake in the model with weak dikes 
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Figure 5-14 Pore pressure ratio generated by blast in the model with strong dikes 
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Figure 5-15 Pore pressure ratio generated by blast in the model with weak dikes 

 

 

5.5.3 Deformations 

 

Figure 5-16 and Figure 5-17 present the vertical and horizontal displacement of D-1, D-2, 

and D-3, marked in Figure 5-1, under earthquake and blast seismic loading, respectively. D-1 and 

D-2 are located on the crest of the upstream impoundment. The differential displacement at D-1 

and D-2 can imply occurrence of tilting at the crest, which is likely since the crest is laid on a 

liquefiable material. Displacements at D-3, as in Figure 16 (c) to (d) and Figure 17 (c) to (d), also 

has been found the spot, at which high displacement and shear strain is expected, see Figure 5-6 

and Figure 5-7. The impoundment with weak dikes experiences larger deformations compared to 

the impoundment with strong dikes. The difference in vertical and horizontal displacement of the 

crest is up to approximately 5 cm and 10 cm, respectively. However, the effect of shear strength 

properties on deformation of slope is clearly pronounced when considering the horizontal 

displacement of D-3, see Figure 5-16 (d). Smaller deformations were observed under blast seismic 

loading, as expected. In addition, the difference in stability and deformation of the impoundment 

with strong and the impoundment with strong dikes was minimal, see Figure 5-17. Figure 5-16 (a) 

and (b) and Figure 5-17 (a) and (b) also show the differential movement of D-1 and D-2 was small, 

therefore, significant tilting was not captured in the studied case. 
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Figure 5-16 Deformations due to earthquake for both models with strong and weak dikes 
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Figure 5-17 Deformations due to blast for both models with strong and weak dikes 

 

 

5.6 Conclusions  

 

Blast resulted in significantly lower pore pressure ratio compared to the earthquake. The 

pore pressure ratio generated at far distance from dikes was not noticeably affected by strength of 

the dikes. The material at shallow depth showed higher pore pressure ratio development during 

loading. The magnitude of pore pressure ratio generation is greatly affected by ground condition, 

as the locations under sloping ground are subject to static shear stress ratio. 
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As far as deformations, blast did not induce large deformations in comparison with 

earthquake. The impoundment with weak dikes showed noticeably higher deformations on the 

slope. The effect of shear strength properties of the dikes is more pronounced in case of earthquake. 

No tilting was observed for the crest, which is half founded on liquefiable material. 
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS 

 

 

6.1 Conclusions  

 

6.1.1 Characterization of Static and Dynamic Geotechnical Properties and Behavior of Fine 

Coal Tailings  

 

Basic geotechnical properties in terms of unit weight, classification, Atterberg limits, 

specific gravity, hydraulic conductivity, and consolidation were determined to characterize the 

FCR samples that were obtained from two Appalachian coalfields. All the studied samples were 

classified as SW-SM, SM, ML, and ML-CL with plasticity index lower than 7. The measured unit 

weight of the representative samples varied noticeably through depth. Hydraulic conductivity of 

the tested FCR samples was mostly within a narrow range from 1.0e-6 cm/s to 3.6e-7 cm/s. 

However, the FCR sample taken from the location close to the coal slurry discharge point showed 

higher unit weight and hydraulic conductivity compared to other tested samples, implying the 

higher accumulation of coarse particles. The coefficient of consolidation ranges from 0.75 to 2.36 

cm2/min.  

 

Staged triaxial tests and resonant column tests were conducted on representative samples 

taken from different locations and depths in the impoundment. The samples at deeper depth 

consistently showed higher shear strength and stiffness. The effective cohesion and internal 

friction angle of the samples tested under CU condition were from 13.8 kPa to 25.5 kPa and 26 

to 31, respectively. Lower cohesion and higher internal friction angle were also observed for the 

samples tested under CD condition compared to those under CU condition. The effect of confining 

pressure was found to be negligible on normalized shear modulus at shear strain level less than  

10-3 %. The damping ratio ranged from 0.6% to 2% for the FCR samples. 

 

The liquefaction resistance and cyclic behavior of FCR were assessed by cyclic DSS testing 

on reconstituted samples. FCR samples, taken from deeper depth in the vicinity of the coal slurry 

discharge point that may substantially contribute to the failure of impoundments, were prepared 

per slurry deposition method that resembles the structure and fabric of the FCR in the field. The 

CSR-N relationship was established. The cyclic resistance ratio (CRR) was close to the values 

estimated from empirical correlations for sand-like behavior material based on the procedures by 

Idriss and Boulanger (2008). On the other hand, the shear stress-strain loops and pore pressure 

ratio exhibited clay-like behavior. Therefore, the FCR cyclic behavior was perceived to be 

transitioning from sand-like to clay-like. Furthermore, the post-liquefaction shear behavior of FCR 

showed a dilative response, as pore pressure ratio showed a decreasing trend from the beginning 

of the static loading. The undrained shear strength of FCR after liquefaction was found to range 

from 12 kPa to 15 kPa. It was also noticed that higher CSR induced higher densification, 

consequently, slightly higher post-liquefaction peak shear strength was observed compared to 

those liquefied with lower CSR. 

 

6.1.2 Seismic Investigation of Coal Tailings Using Multichannel Analysis of Surface Waves, 

Seismic Refraction, and Seismic Monitoring   
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In this study, seismic surveys, which include seismic refraction and the multichannel 

analysis of surface waves (MASW) methods, and the seismic monitoring of ground vibrations are 

conducted in two coal tailings impoundments in the Appalachian coalfields in the United States. 

Based on the seismogram records from the MASW and seismic refraction survey, the shear wave 

velocity and compressional wave velocity profiles are determined for the coal tailings, respectively. 

Combining both the wave velocity profiles, Poisson’s ratio, Young’s modulus, and small-strain 

shear modulus, which are important for stability assessment of coal tailings dams, are derived. 

Based on the PPV data from seismic monitoring, a vibration attenuation equation for peak particle 

velocity is developed specifically for coal tailings. The liquefaction resistance of coal tailings is 

evaluated using the PPV from seismic monitoring and the shear wave velocity from seismic survey. 

The main findings from this study are presented as follows.  

 

1) With the aid of a sledge hammer in the active MASW survey and small explosive charges 

in the seismic refraction survey, the seismic surveys can effectively determine the strata of 

the coal tailings. The interpretation of the coal tailings strata based on the shear wave 

velocity from MASW is consistent with that based on the N-values from SPT.  

 

2) The seismic refraction survey successfully determines the compressional wave velocity 

profiles of coal tailings and captures the thick and unsaturated layers of coal tailings below 

the groundwater table. Hence, the compressional wave velocity can only be used to 

estimate the depth of the fully-saturated coal tailings but not the groundwater depth.  

 

3) The Poisson’s ratio can be used to determine the groundwater depth. The depth of 

groundwater table measured from a borehole is congruent with the trend of the Poisson’s 

ratio profile, where the groundwater depth can be estimated using Poisson’s ratio of 

approximately 0.49. The Poisson’s ratio of the fine coal tailings is determined to be 0.39. 

 

4) The Young’s modulus of the soft fine coal tailings for the inactive site is higher than that 

for the active site (i.e., 60 MPa versus 30 MPa), indicating that the coal tailings deposited 

in the inactive site are slightly stiffer than that in the active site. The Young’s moduli 

derived from the seismic surveys are consistent with that estimated based on the N60 of 

SPT. 

 

5) For the coal tailings, the PPV is correlated with SD through the power rule. The curve 

fitting results in the intercept, a, of 740 and slope, b, of -2.04. The slope, b, for coal tailings 

is the highest among other general equations, inferring the highest rate of vibration 

attenuation. However, the attenuation equation is based on SD values ranging from 6 to 8 

m/sqrt kg; its application to higher SD values (10 to 100 m/sqrt kg) needs to be verified.   

 

6) From the liquefaction evaluation of the coal tailings, the CRR is shown to have a strong 

association with depth. In general, the average in situ CRR of the coal tailings increases 

with the depth and with the percentage of FC. The increasing rate of CRR against the 

percentage of FC is also more drastic at depth deeper than 8 m. 

 

7) When 100% of amax is used in calculating the CSR of bench blasting, the lower bound of 

the calculated FS falls under the typical design factor of 1.5, indicating that the coal tailings 
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are prone to liquefaction or a reduction in shear strength when subjected to typical mine 

blasting.  

 

A detailed in-situ seismic investigation that is effective in determining the in-situ properties 

of coal tailings and evaluating the liquefaction potential of the coal tailings subjected to ground 

vibrations due to mine blasting should therefore be performed to assess the potential risks of the 

current impoundment sites. While the coal tailings properties presented in this study are site-

specific, the described methodology of the seismic investigation can be applied to other coal 

tailings impoundments to reassess the in-situ coal tailings properties in other regions.        

 

6.1.3 Numerical Models 

 

Seismic stability of an upstream impoundment was studied by a novel plasticity 

constitutive model, PM4Silt, which is able to capture cyclic behavior of non-plastic to low 

plasticity silts and clays. The applicability and ability of the plasticity model was first assessed by 

approximating laboratory cyclic DSS results. Then the model was further calibrated for coal slurry 

material. 

 

PM4Silt was found a proper choice to simulate cyclic behavior of coal slurry, as the pore 

pressure ratio and number of cycles to liquefaction predicted by PM4Silt was in close agreement 

with the laboratory observation. The seismic stability and performance of an upstream 

impoundment with strong and weak dikes in terms of shear strength properties were evaluated. An 

earthquake and a blast were considered as input motions. 

 

Blast resulted in significantly lower pore pressure ratio compared to the earthquake. The 

pore pressure ratio generated at far distance from dikes was not noticeably affected by strength of 

the dikes. The material at shallow depth showed higher pore pressure ratio development during 

loading. The magnitude of pore pressure ratio generation is greatly affected by ground condition, 

as the locations under sloping ground are subject to static shear stress ratio. 

 

As far as deformations, blast did not induce large deformations in comparison with 

earthquake. The impoundment with weak dikes showed noticeably higher deformations on the 

slope. The effect of shear strength properties of the dikes is more pronounced in case of earthquake. 

No tilting was observed for the crest, which is partially founded on liquefiable material. 

  

 

6.2 Recommendations  

 

The results of this study show that dynamic loadings of the coal tailing dams impact the 

stability of impoundments. The procedures used in this study can be used to perform preliminary 

assessment of the stability of coal tailings impoundments based on simple site testing and sampling 

as well as limited laboratory testing.  For the cases where the factor of safety is marginal, it is 

warranted to perform onsite investigations of the material properties of the tailings and dams using 

seismic techniques.  The results of field testing and numerical modeling of the dams including 

detailed geometry and topography of the site allow for a more suitable analysis of potential risks 

under earthquake and blast shock loading.  In the light of the recent instability of the impoundment 
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dam of Vale mining in Brazil which resulted in fatalities and property damage, it is prudent to 

develop a comprehensive plan for examination of known tailing ponds and risk assessment to be 

proactive in mitigation of possible issues.  This also allows for creation of a database or a list of 

tailings impoundments along with the risk index pertinent to their stability under static and 

dynamic loadings.  
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INTRODUCTION 
 

Multi-Channel Analysis of Surface Waves (MASW) and Seismic Refraction testing was carried out by 
Vibra-Tech Engineers, Inc. at the coal refuse impoundments Jeddo 8 and Jeddo 14 of Jeddo Coal in 
Ebervale, PA.  The fieldwork for this project was carried out on July 31 and August 1, 2017.   
 
The purpose of the investigation was to utilize the MASW method to assess the propagation velocity of 
shear waves and the seismic refraction method to assess the propagation velocity of compressional 
waves through the refuse material.  The results of this study will be utilized to study the coal refuse’s 
seismic behavior. 
 

SCOPE AND CONDITIONS OF SURVEY 
 
The measurements consisted of twelve (12) MASW spreads and three (3) seismic refraction spreads that 
were located about the Jeddo 8 and Jeddo 14 coal refuse impoundments. There was one location in the 
Jeddo 8 impoundment and two locations in the Jeddo 14 impoundment, one in the north end and one in 
the south end of the impoundment, where data was collected.   In each of the three locations where  
MASW data was collected, a forward and reverse 5-foot spacing spread and a forward and reverse 2.5-
foot spacing spread were collected totaling four (4) spreads at each location. The mid-point of each 
MASW and seismic refraction spread were the same at each location. A plan view showing the 
approximate location of the MASW and seismic refraction investigation lines is presented in Appendix-A 
of this report in Figure 1a and Figure 1b.   
 
The Jeddo 14 refuse impoundment was inherently noisy because the mine actively releases into the 
impoundment.  Periods of relative quiet within this environment were utilized for the collection of 
MASW data.  This resulted in the collection of MASW data that ranged in clarity and quality from good 
to fair.   
 

LIMITATIONS OF GEOPHYSICAL METHODS 
 

Geophysical Methods are indirect methods of subsurface investigation subject to both natural limits and 
interpretational errors.  Vibra-Tech Engineers, Inc. does not guarantee that the interpreted subsurface 
conditions will completely coincide with the geological conditions that actually exist.  The methods and 
equipment described in this report represent standard accepted practices employed by the engineering 
geophysical industry.  The interpretations made in this report are representative of the data on the day 
of the acquisition.  Vibra-Tech Engineers, Inc. cannot be held responsible for changes in subsurface 
conditions as a result of natural or man-made phenomena.   
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One limitation of the seismic refraction method is that the compressional wave velocity of groundwater 
(+/- 5000 ft/sec) is similar to that of some types of weathered rock.  Unconsolidated soil materials 
located below the water table will appear to have the same velocity as weathered rock.   
 
Under certain circumstances a subsurface layer may not be detected by the seismic refraction method.  
One such instance would be a velocity inversion.  This occurs when a lower layer has a lesser seismic 
velocity than the overlying material.  An example of this would be a soft shale which underlies a hard 
sandstone.  The interface between the sandstone and the shale could not be mapped.  The seismic 
refraction method will only map those layers which become progressively harder with depth.   
 
Another instance where a subsurface layer may not be detected is when this layer has insufficient 
velocity contrast or insufficient thickness with respect to the overlying and underlying materials.  This 
situation is called a “hidden layer” in the geophysical literature.  Correlation of the seismic data with drill 
hole logs will normally identify the presence and thickness of these layers.  Hidden layers are often 
indicated on the seismogram by analyzing second and third arriving events.   
 
One limitation of the MASW (Multi-channel Analysis of Surface Waves) method is that the depth of 
investigation is limited by the length of the acquisition spread.  There is a general rule of thumb that 
surface waves sample to an approximate depth of their wavelength divided by two.  In surface wave 
surveying, it is assumed that the longest wavelength that can be sampled is as long as the spread length.   
 
In addition to possessing inherent depth limitations, the MASW method is also limited in the 
interpretation of shear velocities at shallow levels near the ground surface.  The resolution of MASW 
surveying at shallow depths is controlled by the length of the MASW spread, with shorter spread lengths 
providing greater resolution near the ground surface.    
 

MASW DATA ACQUISITION PROCEDURE 
 
A twenty-four channel, Geometrics Strataview seismograph was used to record active source MASW 
data collected at the site.  Active source denotes the active or intentional manner in which seismic 
energy is transmitted into the ground.  The instrument was set to acquire seismic records of 2048 ms in 
length, with a sample interval of 1,000 µs.  No pre-acquisition filters were used on the data.   
 
On each of the investigation lines, spreads of twenty-four 4.5 Hz vertical geophones were placed along 
the ground surface.  Both a five-foot spacing and a 2.5-foot spacing between geophones were utilized in 
the collection of MASW data, yielding 115 and 57.5 foot long spreads, respectively.  As a useful rule of 
thumb, the MASW depth of investigation is approximately equal to half of the spread length.  The 
locations of the MASW spreads run were largely controlled by the length of available open terrain 
encountered at the project area as the site had areas of pooled water from previous rainfall.  As an 
example, the MASW lines in Jeddo 14 were collected in the north and south end of the site as those 
areas were not under water.   
 
Seismic energy was transmitted into the ground adjacent and in-line with the beginning and end of the 
geophone spread.  Offset distances to this seismic source measured 20 feet away from both the 
beginning (forward) and end (reverse) of the geophone spread for 5-foot array, and 10 feet for the 2.5-
foot geophone spacing array.  The seismic energy source was a light explosive charge buried in the 
ground.  The travel time of the seismic energy, from the source point to each geophone, was stored in 
the seismograph’s internal memory then transferred to disk for later analysis. 
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BACKGROUND 

 
Multi-channel Analysis of Surface Waves (MASW) is a seismic method for near-surface characterization 
of the shear wave velocity of the sub-surface.  It utilizes Rayleigh-type surface waves to determine the 
variation of shear wave velocity with depth.  The Rayleigh Wave (R-Wave) is the dominant component of 
surface waves, and is often referred to as the “ground-roll”.  Shear wave velocity (Vs) can be calculated 
by the mathematical inversion of the dispersive phase velocity of surface waves.  The method uses 1.1 
times the phase velocity for an estimate of Vs.  Shear wave velocity is a direct indication of the stiffness 
of the material, where higher wave velocities is associated with higher stiffness.   
 
When the ground surface is disturbed by an impact, two types of waves propagate in the system: body 
waves, and surface waves.  Body waves travel in the body of the earth system and consist of shear 
waves and compressional waves.  Surface waves propagate near the surface of the earth and are the 
focus of the MASW method.  The ground motion associated with Rayleigh waves has been described as 
a motion that traces a retrograde-elliptical path throughout one complete cycle.   
 
In an isotropic media, the velocity of surface waves does not vary with the frequency (wavelength) of 
the surface wave.  However, if the stiffness of a site varies with depth, the velocity of the Rayleigh wave 
will vary with frequency.  The variation of R-wave velocity with frequency is called dispersion, and a plot 
of surface wave velocity versus wavelength is called a dispersion curve. 
 
Surface wave energy decays quite rapidly with depth.  As a general rule of thumb, surface waves sample 
to an approximate depth of their wavelength divided by two.  This means that the longer wavelength, 
lower-frequency surface waves travel deeper and thus contain more information about deeper velocity 
structure, while shorter wavelength, higher-frequency surface waves travel shallower and thus contain 
more information about shallower velocity structure.    
 
Many of the concepts utilized in the explanation of the MASW method in this report are obtained from 
the publications of Soheil Nazarian and Kenneth Stokoe, whose work focuses largely on the spectral 
analysis of surface waves in the evaluation of roadways.  In their work, In Situ Determination of Elastic 
Moduli of Pavement Systems By Spectral-Analysis-of-Surface-Wave Method: Practical Aspects1, 
Nazarian and Stokoe discuss many of the practical and theoretical aspects of the method.  In addition, 
the explanation of the MASW method also relied on the publication of Debra Underwood and Koichi 
Hayashi, Seismic Wave Surveying With Geometrics, Inc. Seismographs and SeisImager/SW, Geometrics 
Inc. Short Course Notes.2

 
 

 
 
 

                                                 
1 Nazarian, S. & Stokoe III, K.H. (1985). In Situ Determination of Elastic Moduli of Pavement Systems by Spectral-
Analysis-of-Surface-Wave Method: Practical Aspects (Report No. FHWA/TX-86/13+368-1F).  Austin, TX: Texas 
State Department of Highways and Public Transportation. 
 
2 Underwood, D.H. and Hayashi, K. (2005), Seismic Surface Wave Surveying With Geometrics, Inc. Seismographs 
and SeisImager/SW Software, Geometrics, Inc. Short Course Notes, San Jose, California and London, United 
Kingdom. 
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ANALYSIS PROCEDURE 
 
Data files obtained in the field were imported and converted from SEG-2 data to KGS format into the 
Surfseis MASW software manufactured by the Kansas Geological Survey.  Surfseis is a Windows based 
software for the analysis of multi-channel surface wave data.   
 
The first step in the processing of the MASW data deals with the extraction of the dispersion curve from 
discrete 1-D seismic data sets, or shot-gathers.  The dispersion curves are imaged through a wavefield-
transformation method that directly converts the multi-channel record into a dispersion pattern where 
phase velocity is plotted versus frequency.  The fundamental mode of the Rayleigh wave is then 
extracted and separated from the remainder of the dispersion images.  This stripping of the unwanted 
portions of the wave-train allows further analysis of the fundamental mode of the Rayleigh Wave.   
Following the transformation from the waveform record into the dispersion curve image, the initial S-
wave velocity model is calculated.  Vs velocities determined up to this point are not actual velocities of 
the subsurface layers, but are apparent Vs velocities.  The existence of a layer with high or low velocity 
at the ground surface affects measurement velocities of the underlying layers.  A method for evaluating 
Vs from apparent Vs is provided by the inversion process.   
 
Inversion consists of the determination of the depth of each layer and the actual shear wave velocity of 
each layer from the apparent R-Wave velocity versus wavelength information.  The mathematical 
process iteratively modifies the initial model of Vs to minimize the difference from the observed data.  
The inversion process is an iterative one in which a shear wave velocity profile is assumed and a 
theoretical dispersion curve is constructed.  The observed and calculated dispersion curves are 
compared and necessary changes are made in the assumed shear wave velocity profile until the two 
curves match within a reasonable tolerance.  The results of the inversion process generate a series of 1-
D MASW profiles 
 
Appendix-B of this report presents a set of figures for each of the twelve (12) MASW investigation lines 
collected in the study area. In each of the three locations MASW data was collected, a forward and 
reverse 5-foot spacing spread and a forward and reverse 2.5-foot spacing spread were collected totaling 
four (4) spreads at each location. The final Vs profiles are shown in Combined Vs Velocity (ft/s) versus 
Depth (ft) Plots (Figure 2, Figure 3, and Figure 4) of each MASW spread at each location shown to the 
same scale. 
 
The first figure for each MASW line location in Appendix-B presents the seismic data, or Multi-channel 
Waveform Record (Figure 5 – Figure 16).  This record captures the character and magnitude of ground 
vibrations as they travel through the geophone spread.  This seismic data is referred to as a shot gather 
in geophysical literature.  Following the multi-channel waveform record is the Dispersion Curve Image 
(Figure 5a – Figure 16a).  This image is obtained directly from the original waveform record through a 
process where surface waves on the shot gather are converted into images of multi-mode dispersion 
curves.  In these color coded dispersion curve images, phase velocity in feet per second (ft/sec) is 
plotted vs. frequency, in Hertz (Hz).  The maximum amplitude for each frequency was picked on the 
dispersion curve image, and is represented by a series of dots.   
 
Following the transformation from the waveform record into the dispersion curve image, The Initial 
Model of Vs (Figure 5b – Figure 16b) with depth was calculated.  The initial model of Vs is presented as a 
plot of S-wave velocity versus depth.  The initial Vs model is calculated from the one-third wavelength 
approximation represented by the green circles pictured.  Vs velocities determined up to this point are 
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not actual velocities of the subsurface layers, but are apparent Vs velocities.  The existence of a layer 
with high or low velocity at the ground surface affects measurement velocities of the underlying layers.  
A method for evaluating Vs from apparent Vs is provided by the inversion process.   
 
Inversion consists of the determination of the depth of each layer and the actual shear wave velocity of 
each layer from the apparent R-Wave velocity versus wavelength information.  The mathematical 
process is based on the Least-Squares Method and simply stated, iteratively modifies the initial model of 
Vs to minimize the difference from the observed data.  The inversion process is an iterative one in which 
a shear wave velocity profile is assumed and a theoretical dispersion curve is constructed.  The observed 
and calculated dispersion curves are compared and necessary changes are made in the assumed shear 
wave velocity profile until the two curves match within a reasonable tolerance.  The Final Vs Profile 
(Figure 5c – Figure 16c) is generated in the inversion process.  Results of this inversion is shown in 
Appendix-B following the initial model of Vs. The values utilized in the calculation of the Final Vs Profile 
are shown in table form (Figure 5d – Figure 16d) following the final Vs profile.   
 
 

DISCUSSION OF MASW DATA 
 
The Vs for each MASW spread location is presented in Appendix-B of this report.  The calculated shear 
wave velocity for each MASW spread location is plotted versus depth.  The values utilized in the profiles 
are also presented in table form. 
 
A total of twelve (12) MASW investigation lines were run in the investigation area.  The locations of the 
MASW spreads run were largely controlled by the available open terrain encountered at the project area 
because of previous rainfall. The midpoints of the MASW spreads all coincided with the midpoint of the 
seismic refraction spread in the same location.  The location of these MASW investigation lines can be 
referenced in the Appendix-A plan.  The following table presents MASW line specifics:   
 
 

MASW Line  
Nomenclature 

Line  
Location 

Length  
(feet) 

Forward 
or Reverse 

Shot 
File 54 North End Jeddo 14 115 Forward 
File 55 North End Jeddo 14 115 Reverse 
File 56 North End Jeddo 14 57.5 Reverse 
File 57 North End Jeddo 14 57.5 Forward 
File 58 South End Jeddo 14 115 Forward 
File 60 South End Jeddo 14 115 Reverse 
File 61 South End Jeddo 14 57.5 Reverse 
File 62 South End Jeddo 14 57.5 Forward 
File 63 Jeddo 8 115 Forward 
File 64 Jeddo 8 115 Reverse 
File 65 Jeddo 8 57.5 Reverse 
File 66 Jeddo 8 57.5 Forward 

 
The following table presents a general classification of materials along with their respective average 
shear wave velocity ranges. 
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PROFILE NAME 
AVERAGE PROPERTIES  

IN TOP 100 FEET 
(SOIL SHEAR WAVE VELOCITY, Vs)  

(ft/s) 
Hard Rock Vs > 5,000 

Rock 2,500 < Vs ≤ 5,000 
Very dense Coal Refuse and Soft 

Rock 
1,200 < Vs ≤ 2,500 

Stiff Coal Refuse profile   600 ≤ Vs ≤ 1,200 
Soft Coal Refuse profile Vs < 600 

 
 
As seen in the Combined Vs Velocity (ft/s) versus Depth (ft) Plot in Figure 2, the Jeddo 8 MASW results 
from a depth of 0 to 20 feet yielded Vs velocities of 250 ft/s to 400 ft/s. Velocities from a depth of 20 
feet to 30 feet range from 400 ft/s to 800 ft/s. At depths of 30 feet to 40 feet velocities range from 1030 
ft/s to 1300 ft/s. At depths below 40 feet the MASW data was not considered reliable due to the deeper 
velocity inversions in the final models. This profile is interpreted as a soft coal refuse at shallower depths 
moving to a stiff and then very dense coal refuse/soft rock at deeper depths. 
 
As seen in the Combined Vs Velocity (ft/s) versus Depth (ft) Plot in Figure 3, the Jeddo 14 North End 
MASW results from a depth of 0 to 13 feet yielded Vs velocities of 220 ft/s to 400 ft/s. Velocities from a 
depth of 13 to 25 feet range from 400 ft/s to 500 ft/s. At depths of 25 feet to 45 feet velocities range 
from 500 ft/s to 675 ft/s. At depths below 45 feet the MASW data was not considered reliable due to 
the deeper velocity inversions in the final models. This profile is interpreted as a soft coal refuse at 
shallower depths moving to a stiff coal refuse at deeper depths. 
 
As seen in the Combined Vs Velocity (ft/s) versus Depth (ft) Plot in Figure 4, the Jeddo 14 South End 
MASW results from a depth of 0 to 12 feet yielded Vs velocities of 250 ft/s to 350 ft/s. Velocities from a 
depth of 12 to 27 feet range from 350 ft/s to 550 ft/s. At depths of 27 feet to 40 feet velocities range 
from 550 ft/s to 670 ft/s. At depths below 40 feet the MASW data was not considered reliable due to 
the deeper velocity inversions in the final models. This profile is interpreted as a soft coal refuse at 
shallower depths moving to a stiff coal refuse at deeper depths.  
 

Seismic Refraction Data Acquisition Procedure 
 
Standard shallow seismic refraction techniques were used for this survey.  A twenty-four channel, 
Geometrics Strataview seismograph was used to record the field data. The instrument was set to 
acquire seismic records of 512 ms in length with a sample interval of 500 µs.  No pre-acquisition filters 
were used on the data.  Three (3) seismic refraction spreads were collected at Jeddo Coal. One spread in 
the Jeddo 8 impoundment and two spreads in the Jeddo 14 impoundment, one in the north end and one 
in the south end of the impoundment. 
 
On each of the traverse lines, spreads of twenty-four geophones (Mark Products L-10A, 14 Hz), with 10-
foot spacing between geophones, were placed along the ground surface.  At the beginning, end, and 
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three points interior to the spread, seismic energy was transmitted into the ground.  Additional shot 
points were also recorded from points offset from either end of the spreads.  The seismic energy source 
was a light explosive charge buried in the ground.  The travel time of the seismic energy, from the 
source point to each geophone, was stored in the seismograph’s internal memory then transferred to 
disk for later analysis.   

Analysis Procedure 
 
The first step in analyzing the seismic refraction data was to pick the onset of the compressional wave 
arrival for each shot point-geophone pair.  The onset of the compressional wave arrivals for the 
recorded data on this project was picked using Interpex’s Firstpix Software that enabled the 
enhancement of each individual seismic trace.   
 
Appendix-C shows the suite of records for the three spreads.  The onset of the compressional wave 
arrival is marked with a computer generated tick mark.  The arrival times were then plotted as a 
function of the shot point-geophone field geometry to produce the correct Travel Time Curves (Figure 
17 – Figure 19) for analysis. The travel time curves were then analyzed using the Generalized Reciprocal 
Method (GRM). This produced an Elevation and Velocity Profile (Figure 17a – Figure 19a) of the layers 
present at those locations. After the elevation model is a table showing velocities and depths at each 
geophone location (Figure 17b – Figure 19b) and also a table of the reciprocal time estimates (Figure 17c 
– Figure 19c). Appendix-D provides a short discussion of how the seismic refraction technique works 
along with a brief explanation of the GRM.   
 

Factors Affecting Seismic Velocity 
 
The compressional wave velocity is a direct measure of the strength, hardness, and degree of 
compaction of the material.  Unconsolidated soil overburden would have a low velocity (1,000-2,000 
ft/sec), whereas hard, unweathered bedrock would have a high velocity (10,000 ft/sec).  We have 
classified the following material types from the seismic profiles in terms of compressional wave velocity.  
Based upon Vibra-Tech’s experience, field observations, and published work of others, our 
interpretation of the materials represented by the seismic velocities is as follows: 
 
Compressional Wave 

Velocities 
(kilofeet/second) 

 

Description of Material 
 

0.3 – 2.7 
 

 
Dry, Unconsolidated Coal Refuse   

 
4.6 – 5.5 

 

 
Water Saturated Coal Refuse  

 
4.6-7.3 

 

 
Weathered Bedrock   

 
10.7 – 17.7 

 

 
Unweathered Bedrock   
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Discussion of Seismic Refraction Data 

 
A total of three (3) seismic refraction spreads were run in the project area, consisting of overlapping 
seismic refraction and MASW spreads.  Appendix-A presents an aerial photo showing the location of the 
seismic refractions spreads located in Jeddo 8 (Figure 1a) and Jeddo 14 (Figure 1b). 
 
In the upper Elevation Profile, the uppermost line displays the topography across the seismic profile.  
Displayed beneath the topography is the interpreted refracted layer.  The refraction layer interface is 
defined by an undulating horizontal line displayed beneath the topography.  This line defines the depth 
to the top of the underlying layer.  In the lower Velocity Profile, the variation in compressional wave 
velocity of the earth materials across the seismic spread is displayed beneath their respective fields, in 
feet/second.  The values used to construct the velocity and elevation (depth) sections for each of the 
cross sections are presented in Appendix-C following each of the seismic sections. 
 
As seen in Figure 17a, results of the seismic profiling at the Jeddo 8 location yielded a two-layer model.  
Layer 1 is a surface layer with a depth of 0 to 30 feet on average that exhibited compressional wave 
velocities ranging from 835 ft/s to 1040 ft/s.  Velocities in this range are indicative of a dry, 
unconsolidated coal refuse.  Layer 2 ranged in seismic travel velocities from 3,918 ft/s through 4128 ft/s 
and is interpreted as water saturated materials.   
 
As seen in Figure 18a, results of the seismic profiling at the Jeddo 14 North End location yielded a two-
layer model. Layer 1 is a surface layer with a depth of 0 to 2 feet on the west end of the spread and 
deepens to 15 feet on the east end of the spread.  Layer 1 exhibited compressional wave velocities 
ranging from 370 ft/s to 723 ft/s.  Velocities in this range are indicative of a dry, unconsolidated coal 
refuse.  Layer 2 ranged in seismic travel velocities from 2422 ft/s through 2897 ft/s and is interpreted as 
waste rock or more consolidated coal refuse. 
 
As seen in Figure 19a, results of the seismic profiling at the Jeddo 14 South End location yielded a three-
layer model. Layer 1 is a surface layer with a depth of 0 to 2 feet on the west end of the spread and 
deepens to 11 feet on the east end of the spread.  Layer 1 exhibited compressional wave velocities 
ranging from 526 ft/s to 816 ft/s.  Velocities in this range are indicative of a dry, unconsolidated coal 
refuse.  Layer 2 ranged in seismic travel velocities from 1646 ft/s through 2724 ft/s and is interpreted as 
waste rock or more consolidated coal refuse. Layer 2 ranged in thickness from 2 feet through 79 feet on 
the west end of the spread and 11 feet to 60 feet on the east end of the spread. Layer 3 ranged in 
seismic velocities from 3046 ft/s through 5258 ft/s.  Velocities in this range are typical of weathered 
bedrock/waste rock material.  Depths to the top of Layer 3 ranged from 79 feet on the west end of the 
spread and 60 feet on the east end of the spread.  
 
 CONCLUSION  
 
The three seismic refraction investigation lines and the twelve MASW investigation lines run at Jeddo 
Coal were able to shed light on the seismic characteristics of the coal refuse in Jeddo 8 and Jeddo 14.  
Jeddo 8 was investigated to a depth of approximately 40 feet and resulted in Vs velocities of 250 ft/s to 
1300 ft/s and compressional wave velocities of 835 ft/s to 4128 ft/s. 
 
The Jeddo 14 North End location was investigated to a depth of approximately 45 feet and resulted in Vs 
velocities of 220 ft/s to 675 ft/s and compressional wave velocities of 370 ft/s to 2897 ft/s. 
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The Jeddo 14 South End location was investigated to a depth of approximately 80 feet and resulted in Vs 
velocities of 250 ft/s to 670 ft/s and compressional wave velocities of 526 ft/s to 5258 ft/s. 
 
 
 
 
Respectfully submitted, 
Vibra-Tech Engineers, Inc. 
 
 
 
 

 
Ryan Jubran 
Geological Technician, G.I.T. 

 
 

 
Douglas Rudenko, P.G. 
Vice President 
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