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Chapter 18 ®)
Geotechnical and Geophysical ez
Characterization—Case Study of a Site

with Steeply Dipping Rock

Ravi Sundaram, Sorabh Gupta, and Sanjay Gupta

Introduction

Initial geotechnical investigation for a multistoreyed residential complex in south
Delhi indicated substantial variation in the depth to rock across the site. To evaluate
the trend of the rock profile, seismic refraction tests were performed.

The paper presents the effective use of geophysical tests to characterize the
stratigraphy for effective geotechnical assessment of the site.

Project Description

The project site covers an area of 1.93 acres approximately. The site is fairly level
with ground levels varying from RL 224.0 to 222.2 from west to east. A railway track
runs north of the site.

The development includes two residential towers (1 basement + stilt +12—13
floors). These towers are identified as Type V Quarters on the eastern side of the plot
and Type VI Quarters on the west. In the open area between the towers, extended
basement is planned for parking and utilities. The foundation was planned at about
4.5 m depth.
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Fig. 18.1 Plan of field investigation

Scope of Geotechnical Investigation

The initial investigation at the site included eight boreholes through soil and rock.
The borehole data indicated that the rock level varied from 7.5 to 12 m in the Type
V Quarters. In the open area between the towers, the depth to rock is about 2.8-3 m.
Moving further west, rock is met at 5-23 m depth in Type VI Quarters.

Reviewing the variation in the rock profile, it was decided to perform seismic
refraction tests along four lines to evaluate the trends. The alignment of the seismic
lines was selected to get maximum coverage below the tower foundations. A layout
plan presenting the locations of the field investigation is illustrated in Fig. 18.1.

Site Conditions

Regional Geology

The overburden soils in the area belong to the Indo-Gangetic Alluvium and are
underlain by the Delhi System of rocks. The quartzites of Delhi System are massive,
compact, and hard. These quartzites are intruded by pegmatites. These pegmatites,
on weathering, yield mica zones encountered in the area. A generalized description
of geological formations encountered in Delhi [1] is given in Table 18.1.

Experience in different parts of Delhi has shown that the rock is highly folded due
to which the depth to rock varies significantly. Variations in depth to rock have been
seen over short distances. The rock has three sets of joints, one is nearly horizontal,
the second is nearly vertical, and the third set is inclined at 30-50°. Preferential
weathering has occurred along the joints due to flow of water.
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Table 18.1 Geological succession in Delhi

Period Formation Description

Recent Newer (younger) alluvium Unconsolidated, interbedded lenses of
sand, silt gravel and clay confined to flood
plains of Yamuna River

Quaternary Older alluvium Consolidated interbedded, interfingering
deposit of sand, clay and kankar,
moderately sorted, thickness variable

Pre-cambrian | Pegmatite and quartz veins Well stratified, thick-bedded brown to buff
Quartzites and minor schist bands | coloured hard and compact quartzite,
intruded locally by pegmatite and quartz
veins interbedded with mica schists

Boreholes

Boreholes were drilled using a hydraulic rotary drill rig as per IS: 1892-1979 [2].
While SPT was conducted in soil at every 1.5 m depth interval, rotary core drilling
using a double tube core barrel was done through the rock. The boreholes were
drilled from the existing ground surface. Figure 18.2 presents a photograph of a
typical borehole in progress at the site.

Site Stratigraphy

Below the surficial fill that ranges from 1.5 to 6 m, the natural deposits at site consist
of an alluvial overburden underlain by rock (quartzite). A pictorial summary of the
borehole profiles is illustrated in Fig. 18.3.

The depth to rock varies substantially across the site as discussed below:

e Type V Quarters: Rock is encountered at 12 m depth (RL 211.4 m) on the western
side (BH-1), rising to 7.5-9 m (RL 215.9-214.3 m) on the eastern side.

e [andscaped area between towers: Rock is met at 2.8-3.0 m depth (RL 221.2—
220.5 m) at BH-4 and 5 in the level of the rock which rises rapidly from west to
east with an anticline in the vicinity of BH-4 and 5.

e Type VI Quarters: Rock is met at 5 m depth (RL 218.4 m) at BH-6 in the vicinity
of the anticline. Moving further east, rock dips downwards, and is encountered at
15 m depth (RL 207.2 m) at BH-7 and 23 m (RL 199.6 m) at BH-8.

Groundwater was not encountered at the borehole locations to the maximum
explored depth of 27 m suggesting that it is quite deep in this locality.
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Fig. 18.3 Summary of borehole profiles
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Geophones

Fig. 18.4 Seismic refraction test—data acquisition in progress

Seismic Refraction Tests

Seismic refraction test (SRT) consists of recording the time taken for an artificially
provoked surface vibration to propagate through the earth. By processing the data
recorded at geophones placed along a line, absolute velocities, velocity contrasts,
and the depths of the underlying layers are determined.

These results give information about the nature and thickness of overburden soils,
depth to the top of bedrock, depth of weathering zones in the rock mass, faults or weak
zones, etc. [3]. The seismic velocities are characteristic of the thickness, nature, and
quality of the overburden soils and the underlying rock and may be used to identify
the deposits in conjunction with the borehole data to effectively characterize the site
[4].

To evaluate the trend of the rock profile, seismic refraction tests were performed
along four selected lines. Two lines in the area of the Type V Quarters and two lines
in the area of the Type VI Quarters as identified in Fig. 18.1 were investigated.

The tests were performed after excavation were done in the area of Type V Quarters
to the planned basement level of 4.5 m. At the Type VI Quarters, excavation had
not started, and the tests were done from ground level. Each line was 60 m long.
Figure 18.4 shows data acquisition for the seismic test in progress using an array of
geophones spaced 5 m apart.

Typical seismic refraction lines are illustrated in Fig. 18.5 (Type V Quarters) and
Fig. 18.6 (Type VI Quarters). The borehole data are superimposed on the seismic
profile to compare the stratigraphy.

Site Characterization

The boreholes and seismic refraction tests effectively confirm that the rock levels vary
significantly across the site. The rock levels interpreted from the seismic refraction
tests along the four selected lines are plotted in Fig. 18.7.
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Fig. 18.7 Interpreted rock profile along seismic lines: Type V Quarters—a SRT-1 b SRT-2 Type
VI Quarters—c SRT-3 d SRT-4

Seismic Line 1: On the northwest end of the line, rock is met at 15 m depth (RL
203 m). Towards the middle of the line, the rock level rises gently to about RL
203.5 m. It then rises steeply and is met at RL 214 m at the southeast end of the line.
Rock level at BH-7 at 10 m depth below excavated level (RL 208 m) matches well
with the seismic profile.

Seismic Line 2: Rock is met at 23 m depth (RL 196 m) on the northeast end of the
line. Towards the middle of the line, the rock is met at about RL 200 m. It then rises
steeply and is met at RL 210 m at the southwest end of the line. The rock level at
BH-8 is at 19 m depth below excavated level which matches well with the seismic
profile. At BH-6, rock is encountered at 1 m depth below excavated level (218.4 m).
This also matches well-extrapolated seismic profile.

Seismic Line 3: Rock is at 14 m depth (RL 209 m) on the west end of the line.
Towards the middle of the line, rock is at about RL 211 m, matching with BH-1. The
rock then rises steeply and is met at RL 218 m at the east end of the line. The rock
level at BH-2 at 7.5 m depth (RL 215.9 m) matches well with the seismic profile.

Seismic Line 4: Rock is at 3 m depth (RL 219 m) on the southeast end of the line.
Towards the middle of the line, the rock dips steeply downward to about RL 211 m.
The rock then rises steadily and is met at RL 220 m at the northeast end of the line,
suggesting a synclinal fold. The rock level at BH-2 at 7.5 m depth (RL 215.9 m) and
BH-3 at 9.0 m depth (RL 214.3 m) matches well with the seismic profile.

Reviewing the trend of rock as obtained from the boreholes and SRT lines,
contours of rock level are illustrated in Fig. 18.8.
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Fig. 18.8 Contours of rock level

These contours have been developed from the depth to rock observed at the bore-
hole locations as well as the interpreted level of rock along the SRT lines. The building
layout superimposed on the contours indicates rock-level variation of over 20 m over
a 170 m distance. A synclinal basin is also observed at Type VI Quarters.

Foundation Design

Since one basement was planned, the raft foundation for the towers was planned at
RL 219 m. The minimum and maximum depth of rock below the founding level was
estimated from the trend of contours given in Fig. 18.8.

Since groundwater was not encountered to the maximum explored depth, the raft
settlement is expected to be essentially immediate. The rock surface was treated as
arigid layer for the purpose of analysis. The immediate settlement was computed in
accordance with Clause 9.2.3.2 of IS: 8009-1976 [5].

The raft foundation covering the whole area of the tower is expected to experience
anet bearing pressure of 15 T/m? at the planned founding level (corresponding gross
bearing pressure = 23 T/m?). Table 18.2 presents the minimum and maximum depth
to rock below foundation for the two towers together with settlement analysis for the
following two cases:

e the best case (minimum thickness of soil overburden above rock): This will
estimate the minimum settlement that may occur, and

e the worst case (maximum thickness of soil overburden above rock): This will
estimate the maximum settlement that may occur

The difference between the best-case settlement and the worst-case settlement is
an indicator of the differential settlement that could potentially occur.
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Table 18.2 Depth of rock and estimated foundation settlement

Building Analysis case | RL of rock m | Depth of rock below | Estimated settlement,
founding level (RL | mm
219 m)
Type V Quarters | Best RL 215.9 31m Best case: 14 mm
Worst RL2114 7.6 m Worst case: 31 mm
Type VI Quarters | Best RL 2184 0.6 m Best case: 5 mm
Worst RL 199.6 194 m Worst case: 40 mm

For both towers, the computed angular distortion was substantially less than 1/500
as permitted in IS: 1904-1986 [6]. Hence, the towers were judged to be safe under
the planned applied bearing pressure.

Geotechnical Investigation on Sites with Varying Rock
Profile

Where the depth to rock/hard strata varies across the site, the authors suggest that the
geotechnical investigation programme should be coupled with a geophysical study
to evaluate the trend of the depth to rock. Boreholes should extend at least 5 m into
rock to confirm the continuity of the rock and to assess the rock characteristics. Rock
drilling should be done using a hydraulic rotary drill rig and a double tube core
barrel. In areas of weathered rock, triple tube core barrel may help in maximizing
core recovery.

Static cone penetration tests as per IS: 4968 (Part 3)-1976 RA-2002 [7] may also
be used to map the depth to refusal strata and to obtain additional data for foundation
analysis.

The authors are of the opinion that boreholes and cone penetration tests should
be supplemented by a geophysical investigation on sites with varying depth to rock
in order to obtain the rock profile along selected lines. This may include:

e Seismic refraction tests
e MASW/SASW tests
e Electrical resistivity tests or electrical resistivity imaging.

Using a combination of these tests, the depth to rock all over the site should be
properly mapped out. Contours of rock level should be prepared to assess the trends,
and in areas where the variations are unusual, additional tests may be performed to
identify the depth to rock and also identify anomalies, if any.

The foundation design should then be done structure-wise keeping the variations
in view and ensuring that the total and differential settlements are within permissible
limits.
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Concluding Remarks

Geophysical tests in conjunction with borehole data are an effective way to char-
acterize sites with varying rock profile. The case study illustrates an effective char-
acterization of a site with folded and steeply dipping rock using seismic refraction
tests.

The foundations were designed considering the variation in the rock level, and it
has been ensured that the differential settlement due to the variation in the depth to
rock across the site is within the permissible limits.

References

Krishnan MS (1986) Geology of India and Burma. CBS Publishers, New Delhi
. IS: 1892 (1979) Code of practice for subsurface investigation for foundations. Bureau of Indian
Standards, New Delhi (Reaffirmed 2002)

3. Whitley RJ (1994) Seismic refraction tests—a tutorial, geophysical characterization of sites.
In: Woods RD (ed) Volume prepared by ISSMFE Technical Committee # 10. Oxford & IBH
Publishing Co. Ltd., New Delhi, pp 45-48

4. Anomohanran O (2013) Seismic refraction method—a technique for determining the thickness
of stratified substratum. Am J Appl Sci 10(8):857-862

5. IS: 8009 (1976) Code of practice for calculation of settlement of foundations, part 1: shallow
foundations subjected to static vertical loads (Reaffirmed 2003)

6. IS: 1904 (1986) Design and construction of foundations in soils: general requirements. Bureau
of Indian Standards, New Delhi (Reaffirmed 2006)

7. IS: 4968 (2002) Method for subsurface sounding for soils, part 3: static cone penetration test.

Bureau of Indian Standards, New Delhi (Reaffirmed 2002)

N =



	Preface
	Contents
	About the Editors
	1 Characteristic Properties of Natural Aggregate Incorporated Fibre Reinforced Compressed Earth Blocks
	Introduction
	Materials and Methods
	Mix Design and Sample Preparation
	Test Methods

	Results and Discussion
	Unreinforced Blocks
	Coir Fibre Reinforced Blocks

	Conclusions
	References

	2 Soil Contamination Level in Cauvery Delta Region Through Machine Learning and GIS Techniques
	Introduction
	Literature Survey
	Study Area
	Material and Methods—Data Capturing
	Formation of Spatial Database
	Mapping in GIS
	Fuzzy Overlay Mechanism

	Conclusion
	References

	3 Chemical and Mineralogical Evaluation of Soils for Their Suitability in Geotechnical Application
	Introduction
	Chemical Properties of Soils Significant for Civil Engineering

	Materials and Methods
	Results and Discussion
	Conclusion

	4 Prediction of Suitable Percentage of Waste Materials for Improving Geotechnical Properties of Black Cotton Soil Using AI Approaches
	Introduction
	Methodology
	Data Analysis
	Results and Discussion
	Multilinear Regression (MLR) Analysis
	Support Vector Regression (SVR)
	Gaussian Process Regression (GPR)
	Random Forest (RF)
	Decision Tree (DT)
	Artificial Neural Network

	Optimum Performance AI Model
	Conclusions
	References

	5 Effect of Sample Disturbance on Compressibility Parameters
	Introduction
	Methodology
	Results and Discussion
	Conclusions
	References

	6 A Critical Review on Potential Use of Iron Ore Tailings as Structural Fill Material
	Introduction
	Iron Ore Waste and Tailings
	State of the Art on Utilization of Iron Ore Tailings
	Mineralogical Composition
	MSE Wall and Embankment
	Concrete and Pavements Applications

	Conclusion
	References

	7 New Correlation System for Compressibility and Expansivity of Clays
	Introduction
	Properties of Soils
	Correlation Between Liquid Limit and Free Swell Index
	Empirical Correlations
	Correlation Between Liquid Limit and Swell Pressure
	Correlation Between Liquid Limit and Swell Potential
	Correlation Between Compression Index and Swell Potential
	Correlation Between Compression Index and Swell Pressure

	Conclusions
	References

	8 Analysis of Particle Breakage for Blasted Rockfill Material Under Large Size Triaxial Testing
	Introduction
	Experimental Investigations and Discussion
	Material Used
	Test Setup

	Conclusions
	References

	9 Elemental Assessment of Pond Ash for Evaluating Its Application as a Subbase Material for Hardstand Construction
	Introduction
	Hardstand Foundation Layer Practice
	Opportunities for Replacing Conventional Materials by CCA Products

	Literature Review
	Research Gap-Rationale
	Experimental Investigations
	Material Characterization
	Nature of Particles
	Grain Size Distribution
	Atterberg Limits
	Compaction Characteristics
	Strength Characteristics
	Permeability Characteristics
	Shear Behaviour
	Mineralogy Analysis
	Deflection Analysis Using Light Falling Weight Deflectometer
	Result and Discussions of LFWD Test

	Conclusion
	References

	10 Effect of Moisture Content on the Shear Strength Parameters
	Introduction
	Shear Strength and Factor Affecting the Shear Strength Characteristic
	Shear Strength
	Factor Affecting the Shear Strength Characteristic

	Objective and Scope of Study
	Material and Test Method
	Material
	Test Method

	Results and Discussion
	Conclusions
	References

	11 Compaction Characteristics of Fibre-Reinforced Expansive Soils—Plasticity Approach
	Introduction
	Literature Review
	Materials and Method
	Compaction Test
	Unconfined Compression Test

	Results and Discussion
	Index Properties of Soil with Addition of Fibres
	Results of Compaction Characteristics with Varying Different Percentage of Fibres
	Variation of Unconfined Compression Strength (UCS) Behaviour with Addition of Fibres

	Conclusions
	References

	12 Parametric Study on Compaction Characteristics of Clay Sand Mixtures
	Introduction
	Literature Review
	Materials
	Methodology
	Results and Discussion
	Atterberg Limits
	Correlations Between Percentage Fines and Atterberg Limits
	Compaction Characteristics
	Correlation Between Percentage Fines, Atterberg Limits and Compaction Characteristics

	Conclusions
	References

	13 Electrical Resistivity-Based Characterization of Geotechnical Properties of Mine Tailing
	Introduction
	Materials and Methodology
	Mine Tailing
	Fine Sand
	Experimental Setup and Method

	Result and Discussions
	Study on Electrical Resistivity Variation with Geotechnical Properties
	Electrical Resistivity Variation with Permeability

	Conclusions
	References

	14 Geotechnical Properties of Soil Stabilized with Urea-Formaldehyde Polymer
	Introduction
	Methodology
	Results and Discussion
	Conclusion
	References

	15 Effect of Remoulding Water Content on Hydraulic Response of a Compacted Expansive Soil
	Introduction
	Materials and Methods
	Preparation of Compacted Soil Specimens
	Infiltration Tests

	Results and Discussion
	Effect of Remoulding Water Content on Swelling Behaviour
	Effect of Remoulding Water Content on Hydraulic Response

	Conclusions
	References

	16 GIS Mapping and Geostatistical Analysis of Dredged Soil Properties of Mangalam Reservoir
	Introduction
	Study Area
	Materials and Methods
	Spatial Interpolation of Soil Properties from Mangalam Reservoir
	Assessment of Suitability of Soil Sediments in Embankment Construction

	Result and Discussion
	Distribution of Percentage Variation of Clay from Water Spread Area
	Analysis of Liquid Limit Variation of Sediments from Water Spread Area
	Suitability of Soil Sediments in Embankment Construction

	Conclusions
	References

	17 Correlating Relative Density and Particle Distribution at Specific Compaction Energy of Cohesionless Soil in Ahmedabad Region
	Introduction
	Soil Sample Collection
	Experimental Program
	Particle Size Analysis
	Specific Gravity of Soil Solids
	Density Index Test
	Laboratory Compaction Test

	Multiple Linear Regression Analysis
	Prediction of Relative Density
	Conclusion
	References

	18 Geotechnical and Geophysical Characterization—Case Study of a Site with Steeply Dipping Rock
	Introduction
	Project Description
	Scope of Geotechnical Investigation

	Site Conditions
	Regional Geology
	Boreholes
	Site Stratigraphy
	Seismic Refraction Tests

	Site Characterization
	Foundation Design
	Geotechnical Investigation on Sites with Varying Rock Profile
	Concluding Remarks
	References

	19 A Parametric Study of the Yield of Ring-Well—A Practical Approach
	Introduction
	Literature Review
	Materials and Methods
	Results and Discussion
	Conclusion
	References

	20 Using Laboratory Electrical Resistivity Testing to Estimate Geotechnical Properties of Some Bhubaneswar Region Soils
	Introduction
	Materials and Methodology
	Testing and Results
	Regression Analysis
	Conclusion
	References

	21 Geotechnical Investigations of Blended Borrow Area Materials for Suitability of Construction of Core for Proposed Earthen Dam
	Introduction
	Field Investigations
	Laboratory Investigations
	Laboratory Investigations of Original Borrow Area Samples
	Laboratory Investigations of Blended Soil Samples

	Discussion of Test Results
	Mechanical Analysis and Atterberg’s Limits
	Standard Proctor Compaction Test

	Conclusion
	References

	22 Experimental Investigation on Effect of Soil Consistency on Pullout Behavior of Plate Anchors in Reinforced Clay
	Introduction
	Brief Review
	Experimental Procedures
	Model Anchors
	Soil Used
	Geotextile
	Experimental Setup and Loading Arrangements
	Testing Procedure

	Breakout Factor
	Result and Discussion
	Influence of Geotextile Reinforcement on Pullout Capacity
	Effect of Embedment Ratio on Pullout Capacity
	Effect of Soil Consistency on Pullout Capacity
	Effect of Soil Consistency in Reinforced Soil
	Effect of Soil Consistency on Anchor Movement in Reinforced Clay

	Conclusion
	References

	23 Geotechnical and Geophysical Characterization of Vadodara Region, Gujarat, India
	Introduction
	Study Region
	Geotechnical Attributes of Study Region
	Geophysical Investigations
	Multichannel Analysis of Surface Wave (MASW) Test
	Seismic Refraction (SR) Test

	Conclusion
	References

	24 Intelligent Assessment of Axial Capacity of Pipe Piles Using High Strain Dynamic Pile Load Tests in Offshore Environment
	Introduction
	Data Preparation
	Results
	Conclusion and Discussion
	References

	25 Sinkholes: Trigger, Development, and Subsidence—A Review
	Introduction
	Mechanism of Sinkhole Formation and Associated Factors
	Sinkholes in Karstic Ground
	Sinkhole Due to Damaged Conduit

	Sinkhole Detection
	Conclusion
	References

	26 Parametric Studies on Skirted Foundation Resting on Sandy Soil
	Introduction
	Finite Element Analysis
	Material Properties
	FEM Modelling and Meshing
	Boundary and Loading Conditions

	Result and Discussion
	Validation
	Effect of Skirt Length and Internal Skirts
	Effects of Skirts Angle
	Contour Diagram

	Conclusion
	References

	27 Development of Foundation Suitability Maps for South Chennai Using GIS
	Introduction
	Objective of the Study
	Methodology
	Details of the Study Area
	Data Collection
	Development of Base Map
	Formation of Geotechnical Database
	Mapping of Attribute Data Using Interpolation Technique

	Results and Discussions
	Groundwater Table Map in the Study Area
	SPT N Value Map at Different Depths in the Study Area
	Soil Classification Map at Different Depths in the Study Area
	Safe Bearing Capacity Maps in the Study Area
	Total Settlement Maps in the Study Area

	Validation of Attribute Maps Developed
	Conclusions
	References

	28 A Review on the Evaluation of Soil Liquefaction Potential Using Geospatial Technology
	Introduction
	Existing Works
	Conclusion
	References

	29 Reuse of Demolished Old Brick Powder in Brick Making
	Introduction
	Methodology
	Brick Powder
	Clay (Raw Material)
	Mould

	Preparation of Bricks and Test Procedure
	Results and Observations
	Influence of Brick Powder on Compressive Strength
	Influence of Burning Temperature on Compressive Strength
	Water Absorption

	Conclusions
	References

	30 Cycle Time Analysis and Optimization of Resources, Cost, and Time Involved in Marine Piling Construction
	Introduction
	Study Region
	Methodology
	Results and Discussions
	Conclusions
	References

	31 Modelling Soil Water Retention Curve for Cohesive Soil Using Artificial Neural Network
	Introduction
	Numerical Analysis
	Artificial Neural Network
	Database Collection
	Development of Neural Network

	Results and Discussion
	References

	32 A Comparative Study of Undrained Shear Strength of Offshore Cohesive Soils by Different Methods
	Introduction
	Sampling and Testing Methods
	Sampling
	Pocket Penetrometer
	Torvane
	Miniature Vane
	Unconsolidated Undrained Triaxial Test (UU)

	Results and Discussion
	Summary and Conclusion
	References


