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1.0 INTRODUCTION  

1.1 PREAMBLE 

Regional Geophysical Survey Limited (RGS) was engaged by ARTELIA/MIBP JV to carry out a geotechnical 
investigation (GI) in support of the proposed Mwache Water Treatment Plant (WTP) in Kwale County. 

The purpose of the investigation was to identify the subsurface conditions beneath the proposed structures and 
determine their structural properties necessary for the preparation of the designs. The fieldwork for the 
investigation, which mainly consisted of 6 No. borings and in-situ permeability tests, was executed by RGS personnel 
in the period between 20th June and 5th July, 2021. 

This report encompasses the results of the geotechnical investigation to determine the prevailing subsurface 
soil/rock and ground water conditions, and based on this information, provides recommendations for the 
geotechnical design of foundations. 

1.2 OBJECTIVES 

The following were the primary objectives of the geotechnical survey: 

a) Establish the subsurface stratigraphy at the borehole locations. 
b) Provide descriptions of the lithologic units encountered in the boreholes. 
c) Determine the in-situ permeability of the rock strata. 
d) Establish the geotechnical parameters of the subsurface layers relevant to foundation design. 
e) Document all findings and provide geotechnical recommendations. 

1.3 SCOPE 

To fulfil the abovementioned objectives, the scope of the investigation was as follows: 

a) Drill, sample and log of a total of 6 No. vertical, geotechnical boreholes (BH1 through BH6) each to 20 m bgl 
(below ground level). 

b) Perform Standard Penetration Tests (SPT) on soil layers encountered in the boreholes at 1 m intervals. 
c) Carry out in-situ borehole Lugeon (Packer) permeability tests. 
d) Perform laboratory tests on the representative soil and rock samples as per the GI specifications. 
e) Prepare a comprehensive, interpretative, geotechnical report. 

1.4  SITE LOCATION 

The project site is located at Fulugani village, Kasemeni Ward, Kinango Sub-County of Kwale County, about 22 km 
northwest of Mombasa City. The proposed WTP site lies along a crest situated southeast of the dam reservoir. The 
elevation at the study area was measured using a handheld GPS device and found to range from 129 masl (metres 
above mean sea level) at BH1 to 119 masl at BH6. 

Figure 1 shows the geographic location of the WTP site and the layout of the boreholes. 

 

 

 

   



REPUBLIC OF KENYA – COAST WATER WORKS DEVELOPMENT AGENCY 
MWACHE WATER TREATMENT PLANT  

GEOTECHNICAL REPORT 

ARTELIA / MIBP / SEPTEMBER 2021 / 877 3361        PAGE 2  

  
Figure 1 - Satellite Map of the WTP Site 

2.0 FIELDWORK 

2.1 GENERAL 

The requirements given in British Standard, BS 5930:15, were used as a guide for carrying out the field investigations. 
A supervising geologist from RGS was stationed at the site in the entire duration of the fieldwork. 

2.2 SETTING OUT 

The table below presents the placed coordinates and elevations at all surveyed points in Arc 1960 (Zone 37 S) 
coordinate projection.  

Table 1 - Coordinates and depths of investigation at the sampling points 

Sampling 
Point 

Depth 
(m) 

Easting Northing Elevation (m) 

BH1 20 558648 9560045 129.29 

BH2 20 558590 9559958 122.09 

BH3 20 558608 9559898 118.29 

BH4 20 558533 9559893 119.15 

BH5 20 558535 9559802 116.87 

BH6 20 558480 9559774 118.71 
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2.3 METHODOLOGY 

2.3.1 Rig and Accessories 

Three (3) GY 150 rotary drilling rigs were procured to site to advance the boreholes to the required depths. Each of 
the hydraulic driven rigs was equipped with double tube barrels, hollow-stem and mud rotary auger, U100 samplers 
and standard SPT accessories. 

The drilling equipment also included a mud pump which was used to impel drilling water into the borehole to cool 
the tungsten bit as it advanced through the bedrock as well as flush out cuttings from the bottom of the borehole. 

2.3.2 Standard Penetration Test (SPT) 

Standard Penetration Tests were performed in soil strata encountered at the bottom of the open boreholes at 1 m 
intervals. The dynamic test entailed the driving of a split spoon sampler into the soil layer by dropping a standard 
weight (63.5 kg) hammer through a standard distance (760 mm). This was followed by recording of the number of 
blows (N) required to achieve 300 mm penetration (in 150 mm increments) after an initial seating drive of 150 mm 
or 25 blows, whichever was achieved first. 

2.3.3 Sampling 

i. Soil Sampling 

Soil samples were recovered from the boreholes through auguring. The disturbed soil samples were collected into 
standard moisture proof sample bags that were labelled to indicate the project name, borehole number, depth of 
recovery and date of sampling.  

ii. Rock Sampling 

Rock cores were carefully extracted from the double tube swivel type core barrels and placed into purpose made 
core boxes ensuring that the original depth orientation of each sample was maintained. The typical core box 
consisted of five grooves, each groove with adequate dimensions for containing one metre of the core section. 
Accordingly, at full recovery, every core box contained core samples from an approximately 5 m borehole section. 
The core boxes were labelled to indicate the project name, borehole number, core runs and date of sampling. 
Photographs of the core boxes are provided in Appendix A. 

2.3.4 Logging of Soils and Rocks 

The supervising geologist, stationed at the site, logged the soil and rock samples immediately after retrieval from 
the boreholes. 

The recovered soils were visually and manually inspected according to the soil logging manual provided in BS 
5930:99. It should be noted that subsequent laboratory testing was also used to further classify the sampled soils 
according to the Unified Soil Classification System (USCS). The latter classification (section 4.2.3) has been used in 
making geotechnical decisions as it is considered more definitive. 

The rocks cores on the other hand were carefully examined for any exposed minerals, cementation, weathering 
condition, fracture/jointing condition and the quantity and quality of recovery. 

2.3.5 Packer (Lugeon) Permeability Test 

The packer test entails the measurement of the volume of water that can escape from an uncased section of 
borehole in a given time under a given pressure and assuming laminar flow. 

Prior to performing the permeability test, the test borehole was flushed with drilling water until the returning water 
was as clean as the inflow water. After flushing was complete, a test section within the rock formation and to the 
bottom of the drill hole was isolated using a single, sealing, pneumatic packer. Water was then pumped in to this 
section at predetermined increasing and decreasing pressure levels. Each pressure stage was maintained for at least 
10 minutes with injected quantity of water recorded every 5 minutes.  

The maximum gauge pressure was kept below the estimated overburden stress at the test depth to minimize the 
risk of hydraulic fracture. 
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3.0 SUBSURFACE CONDITIONS   

3.1 LIMITATIONS OF THE SAMPLING METHOD 

Reference is to be made to the attached borehole logs (Appendix B) and geotechnical cross section (Appendix E) 
while reading this section. Stratigraphic boundaries indicated in the logs are inferred from non-continuous sampling 
methods and observation of drilling resistance which typically represent a transition from one stratum to another. 
These boundaries should not be interpreted to represent exact planes of geologic change but rather variation in 
subsurface conditions should be anticipated between and beyond the survey points. 

The stratigraphy summary below has been simplified in terms of the major strata for the purposes of geotechnical 
design. This information may not be sufficient for estimating subsurface material quantities across the dam site or 
for the associated excavation costs. The factual data presented in the logs governs any interpretation of the site 
conditions. 

Soil classifications reported in the logs are based on visual-manual inspection methods performed onsite. These 
classifications may differ from those deduced from subsequent laboratory classification tests. 

3.2 STRATIGRAPHY 

3.2.1 Silty Sand – Overburden Soil 

A reddish-brown silty sand overburden soil layer was encountered at all six borehole locations. SPT tests in this 
surficial zone indicate dense in-situ soil packing. The depth of the overburden layer ranges from 2 m to 3 m. 

3.2.2 Sandstone – Bedrock 

Underlying the overburden soil is a brownish-grey sandstone bedrock. The rock head was found to be completely 
weathered at BH1 and BH6. Other minor rock types encountered within the bedrock are mudstone in BH1 and shale 

in BH3, BH5 and BH6. 

4.0 ANALYSIS AND DISCUSSION OF TEST RESULTS 

4.1 IN-SITU TESTS 

4.1.1 Standard Penetration Tests (SPT) 

The average SPT N-values within the overburden soil at the site was found to be about 33 blows/300 mm implying 
dense/hard in-situ conditions. 

4.1.2 Lugeon Permeability Test 

The lugeon value was computed from flow and pressure data using the formula below: 

𝑳 =
𝟏𝟎 × 𝑸

𝑷
 

Where, 
𝑳 = Lugeon value 
𝑸 = Water loss in litres/metre/min 
𝑷 = Pressure in bars and, 
𝟏𝟎 is the correction for standard test pressure of 10 bars 

The interpreted lugeon values were acquired by introducing a best fit, straight line into the plot and a drawing 
second line parallel to the best fit but passing through the origin. The second line represents adjustments for water 
column pressure and was then extrapolated to 10 bars (1000kPa) to give the interpreted lugeon value. Permeability 
in ms-1 was computed by multiplying the lugeon values by 1.3 × 10−7. 
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The Table below presents a summary of the permeability data from each of the in-situ tests.  

Table 2 - Summary of in-situ permeability parameters 

Hole ID 
Depth 

Interpreted Lugeon 
Equivalent Permeability, 𝒌 

(ms-1) From To 

BH1 

4 9 13.65 1.77E-06 

9 14 1.19 1.55E-07 

14 19 0.47 6.11E-08 

BH2 

3 8 0.87 1.13E-07 

8 13 1.39 1.81E-07 

13 18 0.56 7.28E-08 

BH3 

4 9 1.22 1.59E-07 

9 14 1.84 2.39E-07 

14 19 1.2 1.56E-07 

BH4 

3 8 0.76 9.88E-08 

9 14 0.68 8.84E-08 

14 19 2.1 2.73E-07 

BH5 

4 9 0.5 6.50E-08 

9 14 0.41 5.33E-08 

14 19 0.4 5.20E-08 

BH6 

6 10 1.16 1.51E-07 

10 15 0.75 9.75E-08 

15 20 1.01 1.31E-07 

 
4.2 LABORATORY TESTS 

For the purposes of discussion, the following subsections highlight/summarize the key soil and rock parameters 
determined through laboratory testing. Comprehensive backup data sheets are provided in Appendix C and should 
be frequently referred to when reading this section. 

The laboratory tests were conducted to conform to the respective standard codes indicated on Table 3 below. Any 
alterations/modifications of the prescribed standard methods of testing due to specimen-based limitations are 

clearly outlined.  

Table 3 - Laboratory tests performed on soil and rock samples 

Material Test Standard Code 
No. of 
Tests 

Soil 

Atterberg Limits BS 1377-2: 90 6 

Sieve Analysis BS 1377-2: 90 6 

Hydrometer Analysis BS 1377-2: 90 6 

Standard Proctor Density BS 1377-4: 90 6 

Natural Moisture Content BS 1377-2: 90 6 

Specific Gravity of Soils BS 1377-2: 90 6 

Unconsolidated Undrained (UU) Triaxial Test BS 1377-8: 90 6 

One-Dimensional Consolidation BS 1377-5: 90 6 

Rock 

Porosity ASTM C97-83 12 

Specific Gravity and Water Absorption BS 1377-6: 90 12 

Unconfined Compressive Strength (UCS) of Rocks ASTM D7012 24 
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4.2.1 Atterberg Limits 

The Atterberg tests were performed to investigate whether the sampled soils exhibit the proper consistency to 
support structural loads even as their moisture levels change. The Atterberg limits comprise liquid limit (LL), plastic 
limit (PL) and shrinkage limit (SL). These define the boundaries between the four stages of soil consistency/behavior 
and are defined as follows; 

The liquid limit is the moisture content at which a soil passes from the liquid to the plastic state and is directly 
proportional to the compressibility of a soil. The plastic limit is the moisture content at which a fine-grained soil can 
no longer be remolded without cracking. The shrinkage limit is the water content at which the soil changes from a 
semi-solid to a solid state. Finally, the soil plasticity index (PI) represents the range in water content through which 
the soil is in a plastic state and was acquired from the difference between LL and PL. 

The measured plasticity indices range from 10.6% to 15.2% implying medium plastic soils according to the 
qualitative plasticity classification proposed by Burmister (1949). 

The liquid limits average at 28.7% and suggest a low degree of compressibility (Mills et al, 1980). Dakshanamurthy 
and Raman (1974) recommend that soils with liquid limits between 20% and 35% should be classified as low swelling 
soils. 

The linear shrinkage values from the tests peak at 7.2%. Soils with linear shrinkage below 12% are considered to 
have a non-critical expansive rating (Mills et al, 1980). 

The Atterberg parameters are summarized in Table 4. 

4.2.2 Particle Size Distribution 

Particle size distribution analysis evaluates the relative portions of different sizes of soil particles. From this, it is 
possible to determine whether the soil consists of predominantly gravel, sand, silt or clay sizes and, to a limited 
extent, which of these size ranges is likely to control the engineering properties of the soil. 

Representative soil samples were analyzed for particle size distribution through wet sieving and sedimentation 
analysis using the hydrometer to enable the plotting of a continuous grading curve from the size of the coarsest 
particles down to clay sizes. 

Generally, the grading test results indicate a predominance of fine-grained soils within the overburden layer. Table 
4 lists the percentage fines confirmed in each test sample. 

4.2.3 Soil Classification 

The key objective of performing both Atterberg and grading tests on the same soil samples is to facilitate 
classification of the soils according to the Unified Soil Classification System (USCS). 

Firstly, soils with less than 50% fines are categorized as coarse-grained soils while those with fine content equal to 
or greater than 50% as fine-grained. Afterwards, their Atterberg parameters (PL and LL) are plotted on the USCS 
plasticity chart (provided in Appendix E) and inspected relative to the “A” line to determine their full identity. 

As can be perceived from the table below, the soils at the site were mainly classified as lean clays (CL). 
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Table 4 - USCS soil classification 

Hole ID 
Depth (m) Fines 

(%) 
PI 

(%) 
LL 

(%) 
LS 

(%) 

USCS Classification 

From To Name Sym. 

BH1 0.00 0.20 36 12.3 28.2 5.8 Clayey Gravel with Sand GC 

BH2 0.00 1.85 72 14.4 31.6 6.8 Lean Clay with Sand CL 

BH3 0.00 0.20 50 15.2 32.8 7.2 Sandy Lean Clay CL 

BH4 0.00 0.20 58 11.8 25.1 5.6 Sandy Lean Clay CL 

BH5 0.00 1.50 43 10.6 27.6 5.0 Clayey Sand SC 

BH6 0.00 0.20 60 12.4 26.9 5.8 Sandy Lean Clay CL 

 
4.2.4 Standard Proctor Density 

The dry density which can be achieved for a soil depends on the degree of compaction applied and the moisture 
content. The test involved compacting soil passing the 20 mm sieve at different moisture levels in a 1 litre mould 
using a 2.5 kg rammer with a 300 mm drop height. 

The proctor test was performed on disturbed soil samples to acquire compacted specimens for the shear and 
consolidation tests. The acquired compaction parameters are tabulated below: 

Table 5 - Summary of compaction parameters 

Hole ID 

Depth (m) Standard Proctor Parameters 

From To 
Maximum Dry Density, MDD 

(kg/m3) 
Optimum Moisture Content, 

OMC (%) 

BH1 0.00 0.20 1905 12.5 

BH2 0.00 1.85 1785 15.0 

BH3 0.00 0.20 1823 13.8 

BH4 0.00 0.20 1827 13.1 

BH5 0.00 1.50 1851 12.6 

BH6 0.00 0.20 1915 12.0 

 
4.2.5 Natural Moisture Content 

Select soil samples were evaluated for natural moisture content (𝑤) through oven-drying at 110 °C. The lost mass 
due to drying was expressed as a percentage of the resulting dry soil mass and reported as the moisture content. 
The test results, summarized below, indicate that the natural soil moisture is generally dry of optimum. 

Table 6 - Summary of soil moisture content 

Hole ID 
Depth (m) 

Moisture Content (%) 
From To 

BH1 0.00 0.20 1.3 

BH2 0.00 1.85 3.8 

BH3 0.00 0.20 3.5 

BH4 0.00 0.20 1.1 

BH5 0.00 1.50 3.0 

BH6 0.00 0.20 1.1 
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4.2.6 Specific Gravity of Soils 

The specific gravity (particle density) of representative soil samples was determined via the small pycnometer 
method. Riffled specimens were placed in a density bottle (pycnometer) followed by the addition of distilled water. 
The resulting slurry was thereafter de-aired in a vacuum desiccator until no further loss of air was apparent. The 
recorded weighings in the various stages of the test were used to compute the specific gravity of the soil sample. 
The results are tabulated below. 

Table 7 - Summary of relative densities 

Hole ID 
Depth (m) 

Specific Gravity 
From To 

BH1 0.00 0.20 2.69 

BH2 0.00 1.85 2.65 

BH3 0.00 0.20 2.61 

BH4 0.00 0.20 2.68 

BH5 0.00 1.50 2.70 

BH6 0.00 0.20 2.69 

 
4.2.7 Unconsolidated Undrained (UU) Triaxial Test 

In triaxial tests, a soil specimen with a height approximately equal to twice its diameter is placed in a triaxial cell 
and subjected to three stresses at right angles to each other. The test consists of two phases, the consolidation 
phase and the shear phase. 

The UU (Q) triaxial tests were performed on remolded soil samples. Each of the test samples (assumed saturated) 
was first subjected to a confining pressure and then the principal stress difference applied immediately without 
permitting drainage (i.e. no consolidation) at any phase of the test. In this case, the applied confining pressure was 
not entirely carried by the soil skeleton but rather also resulted in an increase in pore water pressure. Since the 
pore and back pressures are not measured in the UU test, the results have been interpreted in terms of total stress 
over a confinement pressure. 

The test was repeated for three different confining pressures and the results are summarized below: 

Table 8 - Undrained shear parameters 

Hole ID 

Depth (m) Undrained Shear Parameters 

From To Angle of Shear Resistance, 𝝋𝒖 (°) 
Cohesion, 𝒄𝒖  

(kN/m2) 

BH1 0.00 0.20 28 28 

BH2 0.00 1.85 19 34 

BH3 0.00 0.20 21 38 

BH4 0.00 0.20 17 44 

BH5 0.00 1.50 18 39 

BH6 0.00 0.20 16 38 

 
4.2.8 One-Dimensional Consolidation 

The objective of the consolidation test was to determine the compressibility characteristics of soils recovered from 
the boreholes. The test entailed determination of the magnitude and rate of the consolidation of a saturated or 
near-saturated specimen of soil in the form of a disc confined laterally, subjected to vertical axial pressure, and 
allowed to drain freely from the top and bottom surfaces.  
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The typical test sample was loaded axially in increments ranging from 50 – 800 kN/m2 whereby each stress 
increment was held constant until the primary consolidation was complete. The consolidation test results along 
with the deduced parameters are provided below: 

Table 9 - Summary of consolidation parameters 

Hole ID 
Depth (m) 

Ho H1 ’o ’1 Mv Cv Csec Eoed 
Voids 
Ratio 

From To 

BH01 0.00 2.00 

20.00 19.47 0 62.5 0.424 9.210 Nil 2.4 0.401 

19.47 19.26 62.5 125 0.173 8.129 Nil 5.8 0.386 

19.26 18.90 125 250 0.150 8.605 Nil 6.7 0.360 

18.90 18.47 250 500 0.091 6.055 Nil 11.0 0.329 

18.47 17.96 500 1000 0.055 2.213 Nil 18.1 0.292 

17.96 17.49 1000 2000 0.026 4.302 Nil 38.2 0.258 

BH02 0.00 1.85 

20.00 19.54 0 62.5 0.368 8.468 Nil 2.7 0.504 

19.54 19.32 62.5 125 0.180 4.462 Nil 5.6 0.487 

19.32 18.88 125 250 0.182 3.513 Nil 5.5 0.453 

18.88 18.12 250 500 0.161 3.068 Nil 6.2 0.395 

18.12 17.45 500 1000 0.074 1.829 Nil 13.5 0.343 

17.45 16.79 1000 2000 0.038 2.309 Nil 26.4 0.293 

BH03 0.00 2.00 

20.00 19.67 0 62.5 0.264 11.371 Nil 3.8 0.477 

19.67 19.49 62.5 125 0.146 9.968 Nil 6.8 0.463 

19.49 18.64 125 250 0.349 5.972 Nil 2.9 0.399 

18.64 17.45 250 500 0.255 3.258 Nil 3.9 0.310 

17.45 16.62 500 1000 0.095 2.796 Nil 10.5 0.248 

16.62 15.88 1000 2000 0.045 2.861 Nil 22.5 0.192 

BH04 0.00 2.00 

20.00 19.78 0 62.5 0.176 9.351 Nil 5.7 0.486 

19.78 19.62 62.5 125 0.129 9.173 Nil 7.7 0.474 

19.62 19.40 125 250 0.090 8.247 Nil 11.1 0.458 

19.40 19.09 250 500 0.064 8.759 Nil 15.6 0.434 

19.09 18.71 500 1000 0.040 3.440 Nil 25.1 0.406 

18.71 18.24 1000 2000 0.025 6.830 Nil 39.8 0.370 

BH05 0.00 1.50 

20.00 19.53 0 62.5 0.376 10.162 Nil 2.7 0.454 

19.53 19.36 62.5 125 0.139 5.464 Nil 7.2 0.442 

19.36 19.03 125 250 0.136 8.713 Nil 7.3 0.417 
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Hole ID 
Depth (m) 

Ho H1 ’o ’1 Mv Cv Csec Eoed 
Voids 
Ratio 

From To 

19.03 18.65 250 500 0.080 2.884 Nil 12.5 0.389 

18.65 18.18 500 1000 0.050 4.001 Nil 19.8 0.354 

18.18 17.59 1000 2000 0.032 2.190 Nil 30.8 0.310 

BH06 0.00 2.00 

20.00 19.61 0 62.5 0.312 9.276 Nil 3.2 0.402 

19.61 19.49 62.5 125 0.098 3.206 Nil 10.2 0.393 

19.49 19.37 125 250 0.049 7.011 Nil 20.3 0.385 

19.37 19.04 250 500 0.068 4.569 Nil 14.7 0.361 

19.04 18.60 500 1000 0.046 3.070 Nil 21.6 0.330 

18.60 18.09 1000 2000 0.027 3.243 Nil 36.5 0.293 

Ho Initial sample height (mm) 
H1 Final sample height (mm) 

’o Initial load (kN/m2) 

’1 Final load (kN/m2) 

Mv   Coefficient of volume compressibility (m2/MN) 
Cv   Coefficient of consolidation (m2/year) 
Deg.       Degree of compressibility after Carter (1991) 
Eoed  Oedometric Modulus (MN/m2) 

 
4.2.9 Rock Porosity 

Rock porosity is the percentage of interstitial space within the rock relative to the total volume of the rock. Rock 
specimens from the site were evaluated for porosity using the procedures stipulated in ASTM C97-83. The test 
results are tabulated below: 

Table 10 - Summary of porosity test results 

Hole ID 
Depth (m) 

Rock ID Porosity (%) 
From To 

BH1 
9.00 9.75 Sandstone 2.0 

18.00 18.70 Sandstone 1.1 

BH2 
8.00 8.40 Sandstone 1.4 

12.15 12.65 Sandstone 1.1 

BH3 
8.24 9.00 Sandstone 1.7 

18.30 18.60 Shale 1.0 

BH4 
6.00 6.60 Sandstone 1.4 

19.23 19.74 Sandstone 2.0 

BH5 
5.32 5.65 Sandstone 1.5 

17.16 17.36 Shale 0.7 

BH6 
6.47 6.77 Sandstone 1.7 

19.00 19.30 Sandstone 1.5 
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4.2.10 Specific Gravity and Water Absorption 

The table below presents a summary of the specific gravity and water absorption tests performed on rock 
specimens: 

Table 11 - Summary of specific gravity and water absorption 

Hole ID 
Depth (m) 

Rock ID 
Apparent Relative 

Density 

Water Absorption 
(%) 

From To 

BH1 
9.00 9.75 Sandstone 2.63 0.4 

18.00 18.70 Sandstone 2.60 0.4 

BH2 
8.00 8.40 Sandstone 2.57 0.3 

12.15 12.65 Sandstone 2.61 0.6 

BH3 
8.24 9.00 Sandstone 2.61 0.2 

18.30 18.60 Shale 2.60 0.4 

BH4 
6.00 6.60 Sandstone 2.60 0.8 

19.23 19.74 Sandstone 2.63 0.7 

BH5 
5.32 5.65 Sandstone 2.60 0.8 

17.16 17.36 Shale 2.62 0.6 

BH6 
6.47 6.77 Sandstone 2.53 1.0 

19.00 19.30 Sandstone 2.62 0.2 

 
4.2.11 Unconfined Compressive Strength of Rock Cores 

The unconfined compressive strength (UCS) is the maximum axial compressive stress that a right-cylindrical sample 
of material can withstand under unconfined conditions i.e. at zero confining stress. 

Intact rock core samples recovered from the various rock formations at the site were trimmed targeting a standard 
height-to-diameter (L/D) ratio of about 2.0 before being subjected to axial loading in a compression machine. A 
height to diameter ratio of up to 2.5 was allowed for the finished core followed by the standardization of the UCS 
value to an equivalent core whose L/D = 2.0 as recommended in the standard. 

The ultimate rock bearing pressure (𝑞𝑢) values were computed from UCS using the Goodman (1980) formula below: 

𝒒𝒖 = 𝒒𝒖𝒓(𝑵∅ + 𝟏) 

Where, 
 

𝒒𝒖 = Ultimate Bearing Capacity 

𝒒𝒖𝒓 = Factored unconfined compressive strength of the rock core. It has been observed that as the diameter of a 

UCS specimen increases, the unconfined compression strength decreases, which is referred to as the scale effect. 
For specimens larger than about 1 m in diameter, the UCS value remains approximately constant. There appears to 
be a fourfold to fivefold reduction in the magnitude (Braja, 2014). For this reason, to acquire 𝑞𝑢𝑟  for bearing 

capacity calculations, the laboratory standardized UCS values were factored down by 5. 

𝑵∅ = A constant given by  𝒕𝒂𝒏𝟐(𝟒𝟓 + ∅
𝟐⁄ ) 

∅ = Angle of internal friction of the rock, estimated from 𝟎. 𝟏𝟒𝟓 × 𝑼𝑪𝑺 + 𝟐𝟓. 

The design (safe) bearing pressures (𝑞𝑑) were then calculated from the ultimate values by further applying a safety 
factor of 5 (Murthy, 2002). The compression test results and computed strength values are tabulated below; 
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Table 12 - Summary Rock UCS test results and interpreted bearing capacities 

Hole 
ID 

Depth (m) 
Rock ID 

Density 
(Kg/m3) 

Standardized 
UCS  

(MPa) 

𝒒𝒖- 
Goodman 

(MPa) 

𝒒𝒅- 
Murthy 
(MPa) From To 

BH01 

9.00 9.75 Sandstone 2590 100.14 110.05 22.01 

12.48 13.00 Sandstone 2558 101.68 112.68 22.54 

18.00 18.70 Sandstone 2605 95.56 102.48 20.50 

BH02 

8.00 8.40 Sandstone 2538 106.16 120.54 24.11 

8.40 8.50 Sandstone 2604 106.93 121.92 24.38 

12.15 12.65 Sandstone 2619 80.87 80.40 16.08 

15.30 16.00 Sandstone 2568 103.78 116.31 23.26 

BH03 

8.23 9.00 Sandstone 2592 109.49 126.61 25.32 

12.30 12.86 Sandstone 2567 106.56 121.26 24.25 

18.30 18.60 Shale 2598 102.87 114.73 22.95 

19.37 19.63 Shale 2526 96.62 104.20 20.84 

BH04 

6.00 6.60 Sandstone 2478 76.69 74.67 14.93 

14.58 14.68 Sandstone 2562 122.26 151.96 30.39 

14.68 14.87 Sandstone 2562 136.07 183.54 36.71 

14.87 14.99 Sandstone 2605 61.32 55.40 11.08 

19.23 19.74 Sandstone 2636 85.31 86.74 17.35 

BH05 

5.32 6.65 Sandstone 2449 62.90 57.26 11.45 

5.69 5.90 Sandstone 2475 84.63 85.75 17.15 

14.08 14.47 Shale 2510 16.04 11.85 2.37 

16.36 16.50 Sandstone 2624 125.34 158.60 31.72 

17.10 17.30 Shale 2696 120.10 147.45 29.49 

BH06 

6.47 6.77 Sandstone 2371 32.94 26.16 5.23 

13.88 14.00 Sandstone 2399 36.11 29.08 5.82 

19.00 19.31 Sandstone 2540 119.35 145.90 29.18 
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5.0 RECOMMENDATIONS AND CONCLUSION 

 

The recommendations and conclusions provided herein are based on the following: 

 Our understanding of the proposed project; 

 Site observations and data obtained during the field exploration; 

 Experience with similar conditions at other sites; and, 

 Generally accepted geotechnical engineering principles and practices.  

5.1 EVALUATION OF IN-SITU SOILS, BEARING CAPACITY AND SETTLEMENT 

The in-situ soils are concluded to be mainly medium plastic lean clays with sand content generally above 15%. The 
soils are expected to undergo some degree of volumetric changes with variation of soil moisture; however, we 
believe that any heave or shrinkage of the in-situ soils will not be significant to affect the integrity of conventional 
lightly loaded structures supported thereupon. 

Typical size (1.2 m to 1.5 m) square pad and strip foundations, both founded on the lean clay soil at 1.2 m bgl were 
considered for bearing capacity analysis using the equations below based on the classical theories by Terzaghi 
(1943). The average shear and density parameters established from laboratory tests were used to characterize the 
typical subgrade soil for bearing analysis. 

Strip footings:    𝒒𝒖 = 𝒄𝑵𝒄 + 𝜸𝑫𝒇𝑵𝒒 + 𝟎. 𝟓𝜸𝑩𝑵𝜸  

Rectangular foundations:  𝒒𝒖 = 𝒄𝑵𝒄(𝟏 + 𝟎. 𝟑
𝑩

𝑳
) + 𝜸𝑫𝒇𝑵𝒒 + 𝟎. 𝟓𝜸𝑩𝑵𝜸(𝟏 − 𝟎. 𝟐 

𝑩

𝑳
) 

Where, 
𝒒𝒖 = Ultimate bearing capacity 
𝒄 = Soil cohesion 
∅ = Angle of internal friction 
𝜸 = Effective unit weight of soil 
𝑩 = Width of the foundation 
𝑳 = Length of the foundation 
𝑫𝒇 = Foundation depth  

𝑵𝒄, 𝑵𝒒, 𝑵𝜸 = Terzaghi's bearing capacity factors for general shear failure (Figure 5) 

A factor of safety of 5 was used to compute the allowable bearing capacity (𝒒𝒂) from the ultimate capacity. The 
calculation results are tabulated below: 

Table 13 - Bearing capacity calculation results 

c (kN/m2) 
∅ 
(°) 

𝑵𝒒 𝑵𝒄 𝑵𝜸 
𝑫𝒇 

(m) 

𝑩 
(m) 

𝒒𝒂 (kN/m2) 

Strip Spread 

36 19.8 7.25 17.47 4.83 1.2 1.2 168 203 

36 19.8 7.25 17.47 4.83 1.2 1.5 170 206 

 
We recommend a limiting bearing capacity of 150 kN/m2 for shallow foundations constructed on the in-situ soils 
and embedded to a minimum depth of 1.2 m bgl. 

Long term consolidation settlement of foundations constructed on compressible soil can be computed from the 
coefficient of volume compressibility (mv), obtained from the one-dimensional consolidation test, using the 
equation below: 

𝝆 = ∫ 𝒎𝒗 × ∆𝝈 × 𝑯
𝑯

𝟎
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Where, 

𝝆 =  Consolidation settlement (m). 
𝑴𝒗= Coefficient of compressibility (average of 1.59 x 10-4 m2/kN for net pressure increase of about 125 kN/m2 see 
Table 9).  
∆𝛔 = Net increase in vertical stress (kN/m2) 
𝑯 =   Height of homogenous layer under stress (m). 

The table below presents the estimated consolidation settlements for the recommended limiting bearing pressures: 

Table 14 - Estimated consolidation settlement of the subgrade soil 

Depth (m) 
Estimated Initial 

Overburden Pressure 
(kN/m2) 

Recommended 
Limiting Design Bearing 

Values (kN/m2) 

Net Increase in 
Pressure 
(kN/m2) 

Estimated Consolidation 
Settlement 

(mm) 

1.2 22 150 128 16.3 

 
The consolidation settlement estimated above assumes homogenous subgrade material and that the maximum 
depth of the uniformly compressible layer is 0.8 m. Realistically, the soil at the site comprises both coarse and fine-
grained soils. Therefore, it should be noted that the actual consolidation settlements of the heterogenous soil might 
be different from the theoretical estimate. 

Finally, care should be taken to ensure the final bearing surface remains relatively undisturbed and free of water, 
debris and other deleterious matter. 

5.2 EVALUATION OF THE BEDROCK AND BEARING CAPACITY 

The bedrock at the site has been confirmed to be predominantly sandstone. The depth to bedrock is anticipated to 
range from 2 m to 3 m bgl. Structures sensitive to settlement should be directly supported on the bedrock subgrade. 
The table below presents our recommended design bearing capacities for the various subsurface zones at the 
borehole locations. The bearing recommendations are partly based on the results acquired through semi-empirical 
equations and partly on engineering judgment from experience with similar material. 

Table 15 - Recommended limiting design pressures 

Location 
Depth (m) 

Anticipated Bearing Material 
Limiting Design Bearing 

Capacity (kN/m2) From To 

BH1 

0 2 Lean clay to silty sand 150 

2 4 Moderately to completely weathered Sandstone 300 

4 7 Highly weathered mudstone 450 

7 20 Slightly weathered sandstone 5000 

BH2 
0 2 Lean clay to silty sand 150 

2 20 Fresh to slightly weathered sandstone 5000 

BH3 
0 2.5 Lean clay to silty sand to weathered sandstone 150 

2.5 20 Fresh to slightly weathered sandstone/shale 5000 

BH4 

0 2 Lean clay to silty sand 150 

2 2.5 Highly weathered sandstone 500 

2.5 10 Slightly to highly weathered sandstone 2000 

10 15 Moderately weathered, highly fractured sandstone 2500 

15 20 Slightly weathered, fractured sandstone 4500 

BH5 

0 2 Lean clay to silty sand 150 

2 5 Slightly to highly weathered, fractured sandstone 1500 

5 10 Moderately weathered, fractured sandstone 2500 
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Location 
Depth (m) 

Anticipated Bearing Material 
Limiting Design Bearing 

Capacity (kN/m2) From To 

10 20 Slightly weathered, fractured sandstone/shale 4500 

BH6 

0 3 Lean clay to silty sand 150 

3 5 Highly to completely weathered sandstone 450 

5 15 Moderately to highly weathered sandstone 2000 

15 20 Slightly weathered, fractured sandstone/shale 5000 

 
5.3 EXCAVATIONS 

We recommend providing sufficient slope (1.5H:1V) for temporary in clayey soils. Near vertical cuts in fresh to 
moderately weathered rock can be self-supporting provided there is no joint behind the cut face which would 
otherwise make the slope susceptible to release of vertical boulders. 

5.4 BACKFILL 

The in-situ soils are not recommended for backfilling purposes. All filling and backfilling should be with approved 
hardcore or similar, and brought up in horizontal layers not exceeding 150 mm compacted thickness. Each layer 
should be thoroughly mixed, watered or dried as necessary, and compacted to a minimum dry density of 95% MDD. 

6.0 LIMITATIONS OF THE REPORT  

6.1 GENERAL  

The interpretation and recommendations submitted in this report are based in part upon data obtained from a 
limited number of boreholes. Advice provided herein is intended for use by MIBP in the design phase of the project. 
If there are changes to the project scope and development features, the interpretations made of the subsurface 
information, the geotechnical design parameters and comments relating to constructability issues and quality 
control may not be relevant to the revised project. 

There is no investigation which is thorough enough to determine all site conditions and anomalies, no matter how 
comprehensive the investigation program is as site data is derived from extrapolation of limited test locations (non-
continuous sampling). The nature and extent of variations between test locations may not become evident until 
construction. The borings were carried out using investigation techniques consistent with those ordinarily exercised 
by other engineering practitioners, working under similar conditions and subject to the time, financial and physical 
constraints applicable to this project. 

6.2 CHANGES IN SITE AND SCOPE 

It must be recognized that the passage of time, natural occurrences, and direct or indirect human intervention at 
or near the site have the potential to alter subsurface conditions. In particular, caution should be exercised in the 
consideration of contractual responsibilities as they relate to disturbance of soils. 

6.3 USE OF REPORT 

This document is not intended to reduce the level of responsibility, but rather to ensure that all parties who may 
rely on this report are aware of the responsibilities each assumes in to doing. 
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Geotechnical Cross Section 
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