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ABSTRACT 
 

In December 2021, Pennsylvania Department of Transportation (PennDOT) contractors 
completed karst treatment construction of about a 300 to 400 linear foot section of SR 3015 
(Chemical Road), a four-lane road in Montgomery County, Pennsylvania. The project was 
prompted by over 6 months of recurring subsidence, sinkholes, and settlement on one side of the 
roadway, and then escalated to emergency status in March 2021 when a sinkhole developed on the 
opposite side of the roadway. As part of the evaluation and design phase of the project, multiple 
geophysical methods and test borings were conducted to characterize the karst conditions and aid 
in the design of the grouting program. Schnabel oversaw the geotechnical investigations and 
performed geophysical surveys; Temple University, partnering with Schnabel in a collaborative 
effort, conducted several additional geophysical research studies. A grouting program was then 
performed in the roadway to treat the sinkhole-prone soil/rock conditions. This included injecting 
about 22,000 cubic feet of grout into about 400 grout holes that were drilled through the soils and 
at least 2 ft into rock. Following the grouting program, some of the geophysical survey methods 
were repeated and compared.  
 

This paper focuses on the results from one of the geophysical methods used:  Multi-channel 
Analysis of Surface Waves (MASW). We present the comparisons between the pre- and post-
grouting MASW results, as well as ground-truthing of the geophysics data using the test borings 
and grout holes. Geophysics is already commonly used to characterize the extent of karst features 
in the subsurface for roadway projects. This effort expands that knowledge base by following the 
project through initial site evaluation, ground improvement via a grouting program, and a follow-
up geophysical survey to evaluate the results of the grouting program. Our overall goal is to use 
non-invasive geophysical methods to help develop and then evaluate the results of grouting in 
karstic geology.  



INTRODUCTION 
 

There is always a risk of hazards such as sinkhole and subsidence activity when 
infrastructure is constructed in karst areas. Sinkholes can form when carbonate rocks naturally 
dissolve from the process of groundwater circulating through them, causing the rock to 
breakdown and allowing open space, or voids, to develop. These voids can then collapse, causing 
the overlying soil to fill the void, which in turn causes the ground surface to subside.  
 

A section of SR 3015 (Chemical Road) and the adjacent streambed of Plymouth Creek in 
Plymouth Township, Montgomery County, Pennsylvania, experienced subsidence and sinkhole 
activity. The project area is about 1,000 ft long, generally runs in the east-west direction, and is 
located between I-476 to the west of West Germantown Pike. Figure 1 shows an eastern portion 
of the United States compilation of geological formations, with the location of Chemical Road 
identified.  
 

 
 

Figure 1 – Location Plan 
 

At this location, the roadway is 5 lanes wide, with 2 southbound lanes (vehicle movement 
toward the west at the project site) and 3 northbound lanes (vehicle movement toward the east at 
the project site); the outside northbound lane is a dedicated off-ramp from NB I-476. The 
Average Daily Traffic (ADT) at this segment of road is nearly 27,000. The southbound lanes of 
Chemical Road are supported by a 15 to 20 ft tall embankment with a slope that varies from 
approximately 1.5H:1V to 2H:1V within the project area. At the base of the embankment is 
Plymouth Creek that is typically dry until after significant precipitation. 
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There are a considerable number of subsurface and overhead utilities running along 
Chemical Road. The subsurface utilities include a PECO gas line, a Plymouth Township sewer 
line, PECO electric conduits, active and abandoned water lines, communication lines, drainage 
pipes, and potential laterals of these utilities. There are also overhead power lines and poles 
located behind the existing guiderail at the top of the embankment. Two parallel gas transmission 
lines, owned by Texas Eastern Gas Pipeline, cross under Chemical Road diagonally near the 
intersection of the I-476 off-ramp. 
 
TIMELINE OF EVENTS 
 

The site has a history of karst activity, with several documented sinkholes and surface 
depressions identified on or near the site. Repairs to the outermost southbound lane were made 
by PennDOT in August 2020 due to a sinkhole at the base of the embankment and subsidence of 
the roadbed, curb, and guiderail. Following this treatment, subsidence continued, and the outside 
southbound lane was eventually closed. 
 

During a site visit on December 3, 2020, Schnabel Engineering and PennDOT 
Engineering District 6-0 personnel observed a sinkhole within Plymouth Creek at the toe of the 
embankment. A geosynthetic liner in the creek was damaged and undermined in the area of the 
observed sinkhole. The recently repaired section of asphalt and concrete curb showed signs of 
additional subsidence, with cracking observed over a wide area of roadway surrounding the 
repaired pavement. Additionally, two overhead utility poles spaced about 300 ft apart appeared 
to have tilted toward Plymouth Creek, causing their guywires to become loose. Figure 2 is a 
picture taken during backfill of a sinkhole.  

 

 
 

Figure 2 – Sinkhole Located at Chemical Road 
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On February 28, 2021, a new sinkhole event in the outside northbound lane (in the 
vicinity of the subsided area in the southbound lane) caused the NB I-476 off-ramp lane to be 
closed. Due to continued observed subsidence on the roadway, PennDOT initiated the closure of 
Chemical Road on March 25, 2021, and classified the remediation design as an “emergency” 
project. PennDOT initiated an emergency geotechnical and geophysical investigation to be 
conducted, led by Schnabel, in order to develop sinkhole treatment recommendations.  

 
Schnabel began the pre-grout geophysical investigation on March 8, 2021. In early April 

2021, a test boring program was initiated based on the data from the geophysical investigation. 
After the geotechnical and geophysical investigation, a Limited Mobility Grout (LMG) plan was 
developed. Bid documents were developed; the project was advertised and awarded to Road-
Con, Inc. Road-Con sub-contracted Keller – North American to perform LMG. Verification 
borings were drilled during construction. Schnabel then conducted a post-grouting geophysical 
investigation between December 12 and 15, 2021, before the roadway officially reopened to the 
public on December 21, 2021. 
 
SITE GEOLOGY 
 

The site is located within the Piedmont Lowland section of the Piedmont Physiographic 
Province and is underlain by the Cambrian Age rock of the Ledger Formation (Ꞓl) (Kochanov 
2016). In the surrounding area, the Chickies (Ꞓch), Stockton( s), and Elbrook Formations (Ꞓe) 
are mapped and consist of mudstone and siltstone, crystalline quartzite, and dolomite, 
respectively. Figure 2 includes the approximate site location overlain on a bedrock geologic map.  
 

 
 

Figure 3 – Geologic Map of the Project Area 
 

The Ledger Formation consists of dolomite, which is a carbonate rock and is commonly 
susceptible to chemical weathering and karst feature development such as deeply weathered 
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fracture zones, pinnacled bedrock surface, soft soil adjacent to the bedrock, and sinkholes. 
According to Karst Features in Pennsylvania, provided by the Pennsylvania Department of 
Conservation and Natural Resources (PADCNR), approximately 160 karst features (surface 
depressions and sinkholes) are mapped within about a 1.5-mile radius in this formation. 
 

Based on our observations, the Plymouth Creek streambed is typically dry between storm 
events (known as a losing stream); this indicates that groundwater is deeper than the bottom of 
the stream bed. During storm events, water was observed flowing from the creek into sinkholes 
located in the creek bed. Groundwater is likely flowing along the regional trend, and fluctuations 
in groundwater levels can cause bedrock solutioning and soil voids that can contribute to the 
development of sinkholes below and adjacent to the stream. 
 
PRE-GROUT GEOPHYSICAL AND GEOTECHNICAL INVESTIGATIONS 
 

Schnabel developed and oversaw a subsurface exploration and field testing program to 
identify the subsurface stratigraphy underlying the site and to evaluate the geotechnical 
properties of the materials encountered. As part of this program, Schnabel conducted a 
geophysical investigation to characterize the karst conditions before geotechnical drilling 
explorations were started.  
 
Pre-Grout Geophysical Investigation 
 

The pre-grouting geophysical investigation included three methods:  electrical resistivity 
imaging (ERI), multi-channel analysis of surface waves (MASW), and ground-penetrating radar 
(GPR). Schnabel personnel collected ERI data in the adjacent Plymouth Creek, in the outside 
southbound lane, and in the northbound shoulder of the off-ramp from I-476. MASW data was 
collected in the outside northbound lane and in the southbound lanes. GPR data was collected in 
all lanes.  
 

This paper focuses on the MASW data and interpretations. MASW was used to estimate 
the presence of, and the lateral and vertical extent of, soft soil zones and voids, and to get a 
general sense of the depth to massive rock. Shear wave velocity is generally correlated to soil 
stiffness; however, there is no direct correlation between particular shear wave velocities and N-
values. The descriptions of soft and stiff soil based on shear wave velocity are relative 
comparisons, not an indication of the actual density or consistency of the soil.  
 

Schnabel personnel collected MASW data using a Geometrics, Inc., Geode, 24-channel 
seismograph and twenty-four 4.5-Hz geophones spaced 5 ft apart. Data was collected using a 
common-midpoint arrangement with the energy source offset from the end of the geophone array 
and using a slide-along method with a towed landstreamer. We conducted trials on site to 
determine the optimal offset and determined that a 15-ft offset provided good waveform 
development and high-quality results. The energy source was the PEG-40, which is a 100-lb 
accelerated weighted hammer that strikes a steel plate on the ground surface. The seismic data 
was recorded on the laptop computer that controlled the seismograph. We collected about 2,200 
linear feet of MASW along four lines during the pre-grout phase.  
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Data analysis was conducted using SurfSeis version 6 by the Kansas Geological Survey. 
The processing flow consisted of generating plots of energy amplitude as a function of frequency 
and velocity (known as overtone records) for each shot location. These overtone records were 
then used to pick dispersion curves that represent the dependence of velocity on frequency. Each 
dispersion curve was then used to generate a one-dimensional (1D) velocity sounding that best 
matches the curve. Finally, the 1D velocity soundings from each source/receiver array location 
were combined to form a 2D cross-section model of the subsurface shear wave velocity for each 
MASW line to a depth of about 55 ft. 
 
Geotechnical Investigation 
 

Test borings were drilled in targeted locations based on the results of the geophysical 
surveys in order to better correlate the geophysical data and investigate potential karst 
conditions. Figure 3 is a plan view location of the pre-grout geophysical survey and geotechnical 
borings. 
 

Standard Penetration Testing (SPT) and split-spoon sampling were performed 
continuously in the borings in accordance with ASTM D1586. NQ-size rock coring was 
performed to the termination depth of the borings. 
  

 
 

Figure 4 – Plan View of the Pre-Grout Geophysical and Test Boring Locations 
 

The pre-grout MASW results and test boring data both indicated that the depth to rock 
was variable across the area investigated and ranged from about 10 to 55 ft deep or greater. The 
geotechnical test boring investigation was conducted after initial MASW data interpretation was 
completed, and borings were targeted to areas that were interpreted as possible zones of karst, 
potential sinkhole development, and potential shallow rock. Figure 4 shows the initial pre-grout 
MASW results with simplified logs from the test borings overlaid.  
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Figure 5 – Pre-Grout MASW Results, Profile View 
 

The initial pre-grout MASW results generally indicated a highly variable subsurface 
profile typical of the active karst region within the areas where surficial karst features have been 
observed, with more uniform subsurface conditions located outside this zone. We interpreted the 
top of rock to be generally between the 1,400 to 1,800 ft/s shear wave velocity contours based on 
correlation with the drilling. The results from a portion of the MASW Line 1 are included in 
Figure 5 and show the variations in velocity that are likely from the karst beneath the road. We 
overlaid the geotechnical borings and used symbols of the soils or rock that was encountered. 
White colored portions of the boring stick represent residual soils, gray represents dolomite that 
was cored and a thin black line over the dolomite represents where rock was first encountered. A 
diagonal line polygon represents areas of no recovery in soils (see key in Figure 4).  
 

 
 

Figure 6 – MASW Line 1 Pre-Grout Velocity Contours (ft/s) with Geotechnical Borings 
 

Another way to look at the pre-grout velocity structure is to examine the full-depth 
average velocity models gridded into a plan view map, as shown in Figure 6. This shows a zone 
of lower velocity values that extend over much of the area. This zone is outlined in a black 
hatched line and is the low velocity zone boundary from the pre-grout MASW; this will be 
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referred to herein as the low velocity zone. For visualization purposes, we have included a dotted 
gray line that accounts for the locations of observed sinkholes along the creek bed; however, the 
boundary is an estimate only based on the trend of sinkholes in the road and stream and on our 
ERI results.  
 

 
 

Figure 7 – Pre-grout Full-Depth Average Velocity 
 
KARST TREATMENT PLAN 
 

Based on data from the pre-grout geophysical and geotechnical investigation, Schnabel 
recommended a LMG program. The intent of the LMG program was to treat the sinkhole-prone 
soil/rock conditions underlying the roadway and stabilize the northern roadway embankment in 
order to reduce the likelihood of future sinkhole activity and subsidence impacting Chemical 
Road at this location. The LMG treatment could be performed by locating grout holes around the 
dense pattern of utilities at the site with utility locating and monitoring provisions. Battered 
LMG holes were used to assist with stabilization of the embankment and threading under 
utilities. Additionally, spot sinkhole plug repairs were recommended at observed sinkhole and 
soft-spot locations identified within the streambed and on the roadway.  
 
LMG PROGRAM 
 

The LMG program consisted of 273 primary grout holes, 83 secondary grout holes, and 42 
tertiary grout holes. Generally, the primary grout holes were situated in a grid pattern with an 
approximate 10-ft spacing. The spacing was modified to fit the road curvature and locations were 
adjusted to provide adequate clearance from utilities. A summary of the LMG operations 
follows: 

 
• A Gill Beetle rig was used with a 4-inch diameter down-hole hammer and drilled holes to 

depths ranging from 10 to 127 ft. The holes were generally drilled “open-hole” and cased 
at the time of grouting. Where the top of rock was less than 50 ft, the holes were 
generally terminated at least 5 ft into rock; where the top of rock was greater than 50 ft, 
the holes generally terminated in 2 ft of rock.  

• A Maxim Link-Belt LS-138H II crane, Comacchio MC 28 rig, and Klemm Bohrtechnik 
KR 801-3GS rig was used for grouting operations. The grout was pumped through hoses 
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and risers connected to the crane or rigs and down a 3.38-inch inner diameter flush-joint 
threaded casing for the two rigs, and a 3.5-inch inner diameter for the crane stinger.  

• In general, grout was injected under pressure as the casing was extracted in 2-ft stages. 
The grout injection rates were limited to 2 cubic feet per minute (cfm). Each 2-ft stage 
was terminated based on the grout volumes, pressures, and/or grout and heaving.  

• Secondary and tertiary holes were added in areas where the adjacent primary holes were 
observed to have relatively higher grout take volumes per stage.  

• Battered grout holes, with batters of 1H:3V to 1H:4V, were used along the northern edge 
of the embankment and to thread under utilities.  

 
Schnabel provided full-time on-site construction inspection and observation of the drilling 

and LMG operations to establish necessary drilling depths; verify casing installation; observe the 
slump testing of the grout; and observe the grout pressures, volumes, and surface movement to 
assess when a 2-ft stage was completed.  

 
Grout volumes per hole varied substantially across the site, ranging from 4.0 to 758.5 cf. The 

site contained areas of shallow rock, where relatively lower grout-takes per hole were observed. 
Other areas contained deeper rock and karst features (rock pinnacles, open voids, soil-filled 
voids, etc.) where relatively higher grout-takes per hole were recorded. 

 
Post-Grout Verification Test Borings 
 

The verification test boring program included 4 borings to investigate the presence of 
grout, and to identify lateral migration of the grout, particularly at depths with high grout takes. 
The presence of grout in the rock core samples retrieved during drilling helped to evaluate if 
voids or soil-filled zones identified within the rock mass were improved. 
 
Pre-Grout MASW vs. Grouting Program 
 

We compared the pre-grout average shear-wave velocity to total grout volumes; this can 
be seen in the plan view on . Most of the higher grout volume is located within the low velocity 
boundary zone.  
 



71st HGS 2022: Mayer, et al. 12 

 
 

Figure 8 – Pre-Grout Velocity Compared to Grout Volumes 
 

There is good correlation between the pre-grout low velocity zone boundary to grout 
volumes in most of the site. Outside this low velocity zone boundary area, the average pre-grout 
velocity is higher and the corresponding grout volumes are lower, which we interpret as less 
grout being injected due to higher initial densities in the soil and rock.  

 
POST-GROUT GEOPHYSICAL INVESTIGATION 
 

Schnabel conducted a post-grout MASW survey to evaluate the effect of the grouting 
program on the karstic subsurface conditions under the roadway. It is expected that grout 
injected under pressure filled void spaces within the soil/rock and densified the loose/soft soils 
beneath the roadway. This should have increased the bulk density of the soils/rock by adding 
both mass and strength to the loose/soft soils and void spaces. An increase in bulk density and 
strength of the subsurface materials would result in a higher shear-wave velocity compared to the 
pre-grout shear-wave velocity. MASW was used for this comparison. 
 

Schnabel and Temple University personnel partnered to collect data. Temple collected 
geophysical data for their own pre- and post-grout comparisons, including microgravity and 
horizontal to vertical spectral ratio (HVSR) data. The analysis of these datasets is ongoing and 
the results are not included in this paper.  
 

Figure 8 shows locations of the pre- and post-grout MASW lines, grouting holes, and 
observed sinkhole/subsidence locations. During post-grouting data collection, we attempted to 
re-occupy the same locations of our pre-grout MASW survey as closely as possible. However, 
small shifts of a few feet occurred due to various factors. The inherit nature of the MASW 
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method is to measure bulk properties within a zone beneath and to the sides of the actual line 
location, making the small variations in location less critical. 
 

 
 

Figure 9 – Post- and Pre- Grout MASW Location Plan 
 

Schnabel collected the post-grout MASW data in a similar fashion to the pre-grout 
investigation with three differences: (1) The lines were located along the same alignments, but 
some of the post-grout lines were extended due to differing access restrictions at the time of pre-
grout data collection. (2) We added a second 24-channel Geode, so data was collected using a 
48-channel array, but still with 4.5-Hz geophones in a landstreamer configuration. (3) For 
MASW Lines 1 and 4, data was collected using 48 geophones spaced 1 meter apart with an 
offset of 5 meters. For the MASW method, this essentially the same as the 15-ft offset used in 
the pre-grout survey. The different arrangement and spacing of the geophones were chosen to 
match data that was collected by Temple during their research efforts so that data sets could be 
shared and used for both their research activities and Schnabel’s evaluations. During processing 
of the MASW data along Lines 1 and 4, only 36 geophones were used in order to match the array 
length used in the pre-grout survey. Approximately 2,380 linear feet of MASW was collected 
along 4 lines during the post-grout phase. 
 
GEOPHYSICAL COMPARATIVE RESULTS 
 

Following the post-grout MASW, the pre-grout data was reprocessed by the same data 
processer and parameters as the post-grout in order to ensure as much consistency as possible 
between the two datasets. The initial and reprocessed pre-grout MASW were very similar to each 
other with only minor variations. While the data processing and modeling were conducted using 
Surfseis, much of the analysis and visualization of the results were conducted using Geosoft 
Oasis montaj version 2021.2 (Geosoft). This process includes importing the modeled velocity 
results from both the pre- and post-grout MASW survey. These results were combined with GPS 
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information and the creation of 3D velocity models for both phases of the survey. The average 
velocity over the full-depth range that was observed in both the pre- and post-grout MASW was 
calculated and gridded using the minimum curvature gridding method. 
 

The 3D velocity models were sampled based on common x, y, and z locations. A point-
by-point difference in velocity was calculated by subtracting the pre-grout velocity value from 
the post-grout velocity value. These difference values were used to generate a 3D percent 
difference in velocity model, along with an average difference over the full-depth range.  
 

Along with the results from the MASW survey, the recorded grout takes for each 
segment of each grout hole were compiled using Geosoft. This allowed for the generation of a 
3D grout take model and 2D plan view maps showing both the total grout take over the full-
depth range and an average grout take per linear foot stage. This grout information was 
combined with the velocity and velocity difference information from the MASW surveys to gain 
an understand of how grout take compared to both the pre-grout MASW survey and the change 
in velocity values observed in the post-grout MASW survey. 
 

Figure 9 shows the pre- and post-grout MASW average shear-wave velocity results. In 
general, within the full area covered by the grouting program, the average velocity increased 
from 1,970 ft/sec to 2,042 ft/sec, a change of 70 ft/s which is about a 4% increase. Most of the 
areas with similar velocities correspond with the injection of shallow and gravity-fed grout and 
are generally to the south and east sides of the grouted area. We interpret the results of this data 
as showing the grout injected in these areas was not enough to significantly change the velocity. 
 

 
 

Figure 10 – Shear-Wave Velocity Comparison: Top is Pre-Grout; Bottom is Post-Grout. 
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The MASW results do show a more significant increase in velocity in the area referred to 
as the “low velocity zone boundary from pre-grout MASW.” This area is also where the greatest 
amount of grout volumes were injected. Table 1 shows average velocity values for the full grout 
area, the low velocity zone within the grout area, and the zone outside of the low velocity zone.  
 

Table 1 – Comparison of Velocity Values Before and After Grouting 

Area 
Average Pre-grout 

Velocity 
(ft/s) 

Average Post-grout 
Velocity 

(ft/s) 

Change in 
Velocity 

(ft/s) 

% 
Increase 

Grouted Area 
Average 1,972 2,042 70 4% 

Low Velocity 
Zone 1,479 1,634 155 10% 

Outside of Low 
Velocity Zone 2,179 2,187 8 0% 

 
The table clearly shows the effect the grouting program had on the subsurface velocity 

values was focused on the low velocity zone, where the average velocity increased by 10% 
compared to essentially no change in velocity outside this zone.  
 

Within the low velocity zone, there is a smaller area identified as “Post-Grout Low 
Velocity Area” in Figure 9, outlined in white, where the velocity did not increase after grouting. 
This low velocity area is observable in the pre- and post-grout MASW results for Lines 2 and 3 
at a depth of about 25 to 40 ft. Figure 10 presents the Line 3 pre-grout and post-grout MASW 
results with B-3, a verification boring, overlaid. The profiles are aligned with each other and with 
B-3. 

 

 



71st HGS 2022: Mayer, et al. 16 

 
Figure 11 – MASW Compared to Verification Boring B-3: 

Top is Pre-Grout; Bottom is Post-Grout 
 

We see that within the post-grout low velocity zone the velocity has not changed 
significantly. Verification Boring B-3 is located just to the outside of the “Post-Grout Low 
Velocity Area.” The log of B-3 shows that from a 25 to 39 ft depth there are intermittent soft 
soils and zones of no recovery. From 25.5 to 27 ft, there is a sand layer where weight-of-hammer 
(WOH) material noted, followed by N-values of 3 or less between 27 ft and 30 ft. Continuing in 
depth, a thin dolomite layer is observed from 32 ft to 34.5 ft, followed by grout from 34.5 ft to 
36.5 ft, and then a zone of no recovery between 36.5 ft and 39.5 ft. Below this, there is a sand 
layer from 39.5 to 44.5 ft, and dolomite is encountered again at 44.5 ft. While the location and 
specific depths from B-3 do not line up exactly with the post-grout low velocity zone, this is 
expected because of variations in resolution between test borings and MASW, and the offset of 
B-3 from the low velocity zone in highly variable subsurface conditions. In this general area, 
grout drill holes encountered rock at approximate depths of 9 to 16 ft below ground surface. 
These grout holes were generally terminated 5 ft into rock in accordance with the grouting plan. 
Based on the grout drill hole data, the “Post-Grout Low Velocity Area” may be situated below a 
rock ledge; therefore, this low velocity area was likely not grouted since the drilling refusal 
criteria was achieved. 

 
SUMMARY 
 

There was very good correlation between the pre-grout MASW and the areas that had 
high grout takes. The high grout takes were in the low velocity zones. MASW was an effective 
tool for identifying the low velocity zones and for planning the extent of the grouting program.  
 

The areas with the highest velocity differences between pre- and post-grouting MASW 
correlate well with the areas of highest grout takes. The MASW velocities increased by about 
10% between the pre- and post-grout surveys in the areas of high grout takes, indicating a 
generalized densification/strengthening of the subsurface in the grouted areas. The region outside 
the area with higher grout takes showed no significant change in the average velocity.  
 

The MASW shows some localized high and low anomalies that are not easily correlated 
with other data and may be artifacts of modeling or otherwise unexplained results in the data. 
However, the generalized trends seen in the comparison of the pre- and post MASW with the 
grouting show good general correlations of improvement of soils in low velocity areas measured 
prior to grouting. 
 

Comparison of the results from the verification borings with the post-grout MASW 
profiles generally show that grout was encountered where expected, which supports the 
interpretation that the grout improved the soils. 
 

Collecting detailed grout take data, verification borings, and a post-grout MASW survey 
provide more data about the effect of the grouting program on subsurface conditions than any of 
these elements would alone. Where the grout take data and verification borings give detailed 
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discrete location data, the use of geophysics helped demonstrate the broader effects of the 
grouting and data on the subsurface conditions after grouting. While shear-wave velocity is not a 
direct measurement of density or strength of the subsurface, it does give a good general sense of 
both in order to compare pre- and post-grout conditions.  
 

Additionally, the post-grout MASW survey helped identify localized zones where the 
grout holes may have terminated in a rock ledge and did not encounter soft zones or voids 
beneath the rock ledge. This could help focus ongoing surveillance of the roadway and allow for 
earlier detection and more targeted repairs, if necessary. 
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