
EXPERIMENTAL PROGRAM 

 

Sample Preparation. The sample preparation consists of two stages. In the first stage, a 

deteriorated pavement slab is been extracted from the existing pavement and cut into a slab of 

dimensions 300 mm (length) × 300 mm (width). The slab is placed in the bottom test box of the 

interface shear strength test apparatus and a tack coat is applied at the rate of 0.25 kg/sqm. as per 

MORTH specifications (MORTH, 2003) and allowed for emulsion breaking. After emulsion 

breaking time, the geosynthetic interlayers are placed as per experimental program before 

compacting the HMA overlay in the top box. The HMA mix is compacted into the top box of 

dimension 300 mm (length) × 300 mm (width) up to a thickness of 50 mm.  
 

Table 1. Physical properties of Tack coat 

Properties Values 

Specific gravity 1.01 

Penetration (1/10
th

 mm) 66 

Brookfield Viscosity at 60
0
 C (centipoise) 460 

Softening point (
0 
C) 52 

Ductility (cm) 100+ 

Flash point and Fire point (
0 
C) 340, 365 

 

Test Setup and Procedure. The Interface shear strength test setup consists of a large-scale shear 

strength apparatus having two shear boxes of size 300 mm (length) × 300 mm (width) × 100 mm 

(depth) separated by an interface zone. A detailed schematic of the test setup used in the current 

study is presented in Fig. 4. It can be observed that the test setup consists of two shear boxes 

with a movable bottom shear box and a fixed top shear box. These shear boxes are clamped 

together using shear clamps during the sample preparation process and removed prior to the 

commencement of the test. The tests are performed by applying constant vertical loads 

perpendicular to the specimen surface, with a constant shear displacement rate of 1 mm/min as 

per ASTM D5321 and UNI/TS 11214. A normal stress of 30 kPa, 60 kPa and 120 kPa are 

applied separately on the specimen interface combinations to determine the peak and residual 

shear characteristics. The specimen interface combinations consist of a no interlayer (control) 

case, followed by PE grid, PP grid and finally GJ mat placed at the interface of old and new 

pavement layers. The tests are performed for all the above interface conditions at different 

normal stress values applied and terminated once the shear displacement value reaches 50 mm. 
 

RESULTS AND DISCUSSIONS 
 

The peak and residual interface shear strength characteristics for all the interface conditions 

studied from the large scale interface shear strength tests were obtained separately from the shear 

stress and horizontal displacement output graphs. The output graphs are directly obtained from 

the software which gets the displacement and load values through data acquisition system.  

 The variation of shear stress with horizontal displacement for all the interface 

combinations tested in the current study is plotted as shown in Fig. 5. It is observed that the shear 

stress values are increasing with the increase in normal stress for all the interface conditions. The 

shear stress is observed to reach a peak value and then reduces to residual shear stress value 

under a large strain in all the samples tested. However, the peak interface shear strength between 

old and new pavement layers for control interface condition is witnessed to be more than all the 
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From Figure 6, it is evident that the interface shear strength between the old and new 

pavement layers is highest for control interface condition. Among the geosynthetic interlayered 

interface conditions, the higher interface shear strength is seen in the case of PE grid followed by 

PP grid and finally GJ mat with the least interface shear strength. The reason for this variation in 

interface shear strength would be due to the presence of apertures or mesh openings in case of 

PE grid and PP grids. The presence of apertures would help to improve the interface bond 

condition by a mechanism known as through-hole bonding (THB) action which is not witnessed 

in GJ mat, as there are no apertures. The above conditions were experienced by Canestrari et al. 

(2006) and Ferrotti et al. (2012) in their experimental studies. However, in contrary to their 

observations, the PP grid with a larger aperture (40 mm) opening compared to PE grid (18 mm) 

showed a lesser interface shear strength. The reason for reduced interface shear strength in case 

of PP grids would be due to their material composition, their thickness and their surface 

condition (smooth). The other reasons for higher interface shear strength in case of PE grid may 

due to the presence of polymer modified binder coating on PE grid, which enhances their 

bonding ability. The other reason would be the aperture size of PE grid which enables 

interlocking of the BC mix. It can be observed from Fig. 7 that, there is cohesion between the 

layers even at residual state. But, this condition is in contrast to the observations made by many 

researchers (Canestrari et al. 2006; Ferrotti et al. 2012), as they have assumed the cohesion at 

residual state to be equal to zero. However, there is a significant reduction in the friction angle 

from peak state to the residual state. 

 

 
Figure 6. Peak state interface shear strength envelopes for different interface conditions. 

 

From Figures 6, 7 and Table 2, it can be clearly distinguished that there is a reduction in 

the interface shear strength for the interface conditions with interlayers (either grid or textile) 

both at peak and residual states. To evaluate the reduction in interface shear strength, a 

performance factor known as the reduction in interface shear strength (RIS) is introduced. RIS 

can be mathematically expressed as: ܴܵܫ	(%) = ூௌିூௌூௌ × 100                                   (1) 
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Where, ܵܫ  is the interface shear strength between old and new pavement layers for control 

interface condition, ܫ ூܵ is the interface shear strength between old and new pavement layers for 

interlayered interface condition. 

 
Figure 7. Residual state interface shear strength envelopes for different interface 

conditions. 

 

Table 2: Peak and residual state interface shear properties 

Interface 

condition 

Peak state Residual state 

c (kPa) Φ (deg) c (kPa) Φ (deg) 

Control 208.26 45.87 77.05 43.31 

PE grid 173.00 40.28 58.23 39.65 

PP grid 128.18 42.09 40.10 41.53 

GJ mat 75.10 48.07 16.71 43.74 
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Figure 8. Variation of RIS (peak state) with interlayer types. 

From Figure 8, it can be understood that GJ mat interface has the highest reduction in 

interface shear strength compared to the other interface conditions. The reason could be the 

absence of aperture openings in interlayer as there is no direct contact between the layers. The 

bonding between the old and new pavement layers is now completely dependent on the adhesion 

ability of an interlayer material (GJ mat) to the adjacent layers. The least reduction in interface 

shear strength is witnessed in the case of PE grid interface, although the aperture size of latter is 

lesser than PP grid interface. This simplifies the fact, that the interface shear strength is not only 

dependent on the aperture size of the interlayer placed at the interface. But, also depends on their 

material composition and their surface conditions (smooth or rough). The binder coating 

provided on the surface of PE grid help to enhance the interface shear strength by improving the 

adhesion property between the grid and surrounding (old and new) layers. Also, the presence of 

apertures further helps to enhance the interface shear strength value using THB mechanism. 
 

CONCLUSION 
 

The interfacial shear properties of geosynthetic interlayered asphalt overlays are determined 

using a large scale interface shear strength test and compared with the control interface condition 

in the current study. The following conclusions can be drawn from the study: 

 The interfacial bond strength for the control interface condition is witnessed to be 

consistently higher than the geosynthetic interlayered interface conditions. The reduced 

interfacial bond strength for the geosynthetic interlayered condition is due to the presence of 

geosynthetic interlayers, which creates a smooth interface reducing the friction between layers.  

The interfacial bond strength for geosynthetic interlayered asphalt overlays was 

compared with that of control interface conditions and a performance factor, RIS was employed 

to study the reduction in interfacial shear strength of geosynthetic interlayered overlays. PE grid 

interface showed the least RIS with 17%, followed by PP grid with 32% and finally GJ mat with 

the highest RIS of 46%. The factors affecting the interfacial shear strength are the material 

composition, aperture openings and surface characteristics of the geosynthetic interlayer.  
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Abstract 

 

A pilot study was performed to determine the viability of a permanently installed sinkhole 

detection device for use in both commercial and residential applications.  The current state of the 

practice methods for sinkhole detection provide only a single snapshot in time of subsurface 

conditions.  The theory investigated was the concept that if a sinkhole is forming underneath an 

existing structure, the void forming could be detected mechanically by a falling weight causing a 

trigger to alert occupants.  The device would be installed through the existing floor and at a depth 

such that the sinkhole void could be detected prior to any damage to the structure.  Prototypes 

were constructed and tested in various environmental conditions for durability and in simulated 

sinkhole conditions in the field. While impediments to widespread use exist, the device appears 

capable of serving as a sinkhole early detection system. 

 

INTRODUCTION 

 

Bowling Green, Kentucky is located on one of the most interesting sinkhole plains in the world 

and is the home of Mammoth Cave and the now famous National Corvette Museum (NCM) 

sinkhole collapse.  Researchers at Western Kentucky University (WKU) in Bowling Green have 

been studying karst related geo-hazards for many years.  After the February 11
th

, 2014 collapse 

at the NCM, research began under the auspices of the Engineering, Manufacturing, and 

Commercialization Center at WKU to develop methods of detecting and predicting sinkholes.   

The current state of the practice methods for geophysical sinkhole detection include 

Microgravity Imaging (MI), seismic methods, Ground Penetrating Radar (GPR), and Electrical 

Resistivity Imaging (Burden 2012). All of these methods are capable of detecting Karst features, 

each having positive and negative characteristics.  MI uses micro variations in the earth�s gravity 

based on the density of subsurface materials to detect voids.  While it can be very effective in 

detecting possible near-surface voids to improve locating invasive borings (Karem and Ealey, 

2008) and can be used close to and inside structures, it can also be time consuming and 

expensive (Davis and Waters, 2015). Seismic methods are relatively inexpensive and are 

improving in effectiveness for sinkhole detection (Tran et al, 2013). However the accuracy can 

be somewhat unreliable (Sheehan et al, 2005).  GPR methods are relatively inexpensive and 

effective in sands (Dobecki and Upchurch, 2006), however, use in clay soils is extremely limited 

(Doolittle et al, 2007). Although ERT may be emerging as the most effective method in most soil 

types and is improving in cost effectiveness due to wider use (Youssef et al, 2012), it has 

limitations in and around structures (Davis and Waters, 2015), (Dobecki and Upchurch, 2006) 

The future of sinkhole detection and monitoring could be through interferometric 

synthetic aperture radar (InSAR). This method utilizes satellite-based radar (Kim and 
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Degrandpre, 2016) or ground-based radar (Intrieri et al, 2015) to measures displacements in the 

ground surface which could be used to provide an early warning to an impending collapse. At 

this point, the method is very early in the research phase and cost prohibitive for practical use. 

The common element that all of these methods share is that they all represent a single 

snapshot in time. It is well documented that sinkholes develop over long periods of time 

regardless of the specifics of the Karst environment (Beck and Sinclair, 1986), (Crawford, 1989).  

While an initial evaluation of a site is valuable on the front end of the design process, subsurface 

conditions in Karst environments can change dramatically over time. This concept, combined 

with the catastrophic events at the Corvette museum, led researchers at WKU to design, build, 

and test a permanently installed sinkhole monitoring system. 

 

THEORY BEHIND PERMANENTLY INSTALLED MONITORING 

 

One of the most common types of sinkholes is the cover-collapse sinkhole (Beck and 

Sinclair, 1986), (Crawford, 1989).  In a cover-collapse sinkhole, solution cavities are formed in 

the underlying carbonate bedrock as a result of slightly acidic water percolating through the 

overburden soil and penetrating cracks and fissures of the limestone, causing it to slowly 

dissolve. As the void in the rock grows, the finest soil particles are carried downward into the 

void by the percolating groundwater creating a regolith arch (Crawford, 1989).  The regolith arch 

is a high void ratio soil that is highly susceptible to collapse due to local instability or external 

influences such as vibrations.  Over time, the regolith arch collapses starting at the bedrock level 

with the collapse moving slowly towards the ground surface, as illustrated in Figure 1. 

 

Figure 1 - Regolith Arch Collapse � From the USGS 
 

As previously discussed, current Geophysical methods provide a view of the subsurface 

conditions at a single point in time.  Once the subsurface investigation has been completed, and 

the site has been developed, the only way to determine if a cover-collapse sinkhole is developing 

is to repeat the Geophysical work repeatedly over the life of the development.  The likelihood of 

even the most advanced subsurface investigations finding all possible voids and early stage 

regolith arch structures is virtually zero. 

The permanently installed sinkhole detection device is one potential solution to this 

problem.  The basic installed components of the device are shown in Figure 2. 

The device is designed to be installed through a slab-on-grade and into the soil beneath 

an existing structure or in new construction.  The depth of installation depends on the subsurface 

conditions and is generally assumed to be one-half the depth to bedrock. As this is a new device, 

there is no long term data to determine the optimal depth of installation.  One-half the depth to 

bedrock is a �best estimate� based on the following 2 criteria; 1) Deep enough to detect the void 
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with enough advance notice for remediation measures, and 2) Not too deep to minimize 

installation costs and to not miss any voids that could be propagating laterally or in more of an 

inverted cone shape.  The installation technique (described further below) is simply drilling a 

standard geotechnical type boring and inserting PVC pipe into the boring.  This allows for the 

device to be installed at essentially any depth that can be achieved utilizing a standard 

geotechnical drill rig.  Therefore, depths up to 100 feet are achievable, although it is anticipated 

that depths in the range of 20 feet to 50 feet would be more common.   

 

 

Figure 2 - Sinkhole Detection Device 

 

The device is designed to trigger once a void is detected.  The triggering mechanism is a 

falling weight which triggers a visible indicator at the top of the slab. Figure 3 shows the basic 

premise of the concept where a regolith arch collapse is rising to the surface, and the device is 

triggered prior to a collapse occurring that would adversely impact any structure at the ground 

surface.  This could likely provide the time to perform the necessary stabilization before the loss 

of life or property occurs. 

 

INSTALLATION METHOD 

 

With the prototype device constructed, a method of installation was necessary and was 

developed through field testing.  The design method of installation consisted of drilling a 5 inch 

boring to the desired depth and setting the 4 inch outer casing of the device into the boring.  In 

practice, the top of the pipe would be flush with the finished floor elevation of the structure. The 

outer casing would then be filled with sand to within 23 inches of the top of the casing.  The 

device, which is 23 inches long, would then be set into the outer casing and secured.  

The purpose of the sand filled outer casing is to allow flexibility in the depth of the 

device without having to manufacture devices with different length.  If a void propagates up to 
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