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ABSTRACT: This paper presents the instrumentation and back analyses conducted to assess the field performance of 

ground improvement works in one of the port development projects along Mumbai coast. Ground improvement using 

Prefabricated Vertical Drains (PVD) with Preloading in excess of 90 Hectares reclamation of land was carried out to 

improve the soft estuarine deposit below the seabed. The marine clay along the Mumbai coastline was found to be very 

soft with undrained shear strength less than 5-7 kPa at the top of the mud. Extensive geotechnical campaigns were carried 

out to comprehend the variations in the geotechnical properties of the clays. The PVD design was conducted based on 

various design parameters derived from the investigation data. As the coefficient of horizontal consolidation (ch) values 

were found to be crucial in the estimation of rate of consolidation over time, various radial consolidation and cone 

dissipation tests were carried out. The ch values from these tests were observed to be in the range of 1.8m2/yr to 5.2 m2/yr, 

which yielded the design value of around 3m2/yr. Extensive instrumentation and monitoring were conducted using 

multilevel magnetic extensometers, settlement gauges and piezometers to back calculate the field ch values. The back 

calculated field ch values were in the range of 3.7m2/yr to 4.7 m2/yr with smear diameter ratio of 2.5 and smear 

permeability ratio around 3 to 4. The back analyses helped to apply suitable corrections in the design parameters in the 

field, thereby accounting for the parametric variations in the field and also effectively mitigating the geotechnical risks. 
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1 Introduction 

Indian coastal regions primarily comprise of estuarine 

deposit of very soft marine clays which are known for 

their poor geotechnical properties such as high 

compressibility and very low bearing capacity. Lack of 

suitable ground improvement in this soft clay, will 

cause excessive settlement and adversely affect both 

the stability and durability of the port infrastructures 

built over these clays. Preloading with Prefabricated 

Vertical Drains (PVD), is one of the most commonly 

adopted ground improvement technique. In the ground 

improvement design using PVD, a reasonable 

estimation of both the magnitude and time of 

consolidation are indispensable for planning and 

execution of works within the project cost and time. 

These estimations depend on the assumption of a 

number of consolidation parameters. Although, these 

consolidation parameters are derived from large 

number of in-situ field tests and sophisticated 

laboratory tests, it is practically difficult to accurately 

predict the magnitude and duration of consolidation for 

the given large scale of the reclamation works, 

especially due to smearing effects around PVD 

(Indraratna et al, 2003), uncertainties and variations 

associated with the ground condition and geotechnical 

parameters. Hence, a proper instrumentation and 

monitoring campaign is indispensable to assess the 

PVD performance in the field. The back analyses based 

on the observed field data can be used to address the 

parametric variations in the field and also to apply 

suitable corrections in the design during construction. 

This paper presents a case study of instrumentation and 

back analyses carried out in one of the ongoing ground 

improvement projects for port development in 

Mumbai. 

2 Site and Soil condition  

The land reclamation of around 90 Hectare area is 

being carried out along the coastal region of Mumbai, 

for the extension and development of the proposed 

container yard adjacent to the existing port facilities. 

The average sea bed level and sea water level obtained 

through bathymetric survey were around 0.0 mCD and 

+2.51 mCD respectively (i.e. 0 mCD = - 2.51MSL) 

The geology of the site predominately comprises of 4 

m to 18 m thick soft clay underlain by a thin layer of 

sandy gravel and basaltic rock. An extensive 

geotechnical investigation campaign was conducted to 

comprehend the characteristics and engineering 

properties of the soft marine clay which were found to 

be very soft, sensitive and normally to over 

consolidated. The campaign included boreholes, cone 

mailto:Ashok.kumarm@aecom.com
mailto:NKumar.Pitchumani@aecom.com
mailto:Aminul.Islam@itdcem.co.in


BACK ANALYSES OF PVD PERFORMANCE IN MUMBAI PORT 

2 

penetration tests, dissipation tests, Field vane shear 

tests, oedometer tests, radial consolidation tests, 

drained and undrained triaxial compression tests to 

obtain the consolidation and stability design 

parameters. The plasticity index of the soft clay varied 

from 55 to 70 and the natural moisture content was 

almost close to the liquid limit. The ratios of horizontal 

to vertical coefficients of consolidation were observed 

to be in the range of 2.1 to 2.5. The clay was slightly to 

over consolidated with the over consolidation ratio of 

1.5 to 3.4 decreasing with the depth. Radial 

consolidation tests and Cone dissipation tests showed 

the ch value in the range of 2.0 m2/yr to 5.2 m2/yr as 

shown in Figure 1. Table 1 shows the ranges of various 

geotechnical parameters interpreted from the 

investigation data.  

 

Fig. 1 Coefficient of Horizontal consolidation (m2/yr) 

Table 1 Geotechnical Parameters for soft clay  

Parameters Ranges 

Density γ 15 kN/m3 

Thickness (m) 3.7 – 22.5 

Plasticity Index, Ip 55 - 70 

Compression Index Cc 0.5 - 0.95 

Initial Void ratio eo 1.4 - 2.5 

Compression Ratio CR 0.19 - 0.3 

Coefficient of Consolidation cv 

(m2/year) 

0.8 - 1.7  

Coefficient of Radial Consolidation 

ch (m2/year) 

1.9 – 5.2 

ch/cv 2.1 - 2.5 

Secondary compression index cα 0.016 - 0.034 

cα / Cc 0.023 - 0.055 

OCR 1.5 - 3.4 

The port development works involved the reclamation 

of two major functional zones such as rail corridor and 

container yard portions with their estimated future 

design loads of 30 kPa and 50 kPa respectively over a 

design final formation level of around +7 mCD. As per 

design, the required thickness of preloading is 

estimated up to 10.5 m and 12m for rail and container 

yard portion respectively. The total consolidation 

settlement of around 0.5 to 1.5m was envisaged. 

3 Ground Improvement and Controlled 

Preloading 

The initial platform up to +5.5mCD was formed using 

conventional dumping method and the ground 

treatment using PVD was carried out. PVD were 

installed in triangular pattern at 1.0 to 1.2m spacing 

which was followed by the preparation of filter 

blankets. The design was carried out as per IS 15284 

Part 2 (2004). The preloading up to +10.5 m CD to 

+12mCD was built up in three stage lifts with the 

waiting period allowed between each stage to allow for 

consolidation, thereby enhancing the compressibility of 

underlying soft clay and stabilizing the reclamation 

slopes for the next uplift.  

 

Fig. 2 Instrumentation layout plan 

4 Field Instrumentation 

Extensive instrumentation and monitoring were carried 

out all over the reclamation zone as shown in the 

snapshot presented in Figure 2. Instrumentation 

included surface settlement markers, deep settlement 

markers, magnetic extensometers, open stand pipe, 

vibrating wire piezometers, and inclinometers. 

Instrument clusters were installed in regular grid 

patterns of size 25 m x 25 m as shown in Figure 1 over 

the entire site to closely monitor the process of 

consolidation. Totally around 1000 numbers of 

instrument grids were proposed. The instruments were 

arranged in such a way that at every 100m x 100m size 

of ground improvement, there were at least 25 numbers 

of settlement markers/plates, 5 numbers of boreholes, 4 

numbers of vibrating wire piezometers. Inclinometers 

were provided at every 100m spacing along the 

reclamation boundary to monitor the lateral movement 

and stability of the preload.  
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5 Back Analyses  

Rigorous back analyses were performed based on the 

observed field data to theoretically back calculate 

various design parameters such as coefficient of 

consolidation, smear coefficients, OCR and 

compression ratio of the clay. Figures 3 and Figure 4 

show the back analyses prediction based on the 

multilevel Magnetic extensometers and settlement 

gauges respectively.  

The back analyses calculations considered the multiple 

stage ramp preloading and the effect of submergence in 

surcharge due to settlement. The Compression Ratio 

(CR) and the horizontal coefficient of consolidation 

(ch) were adjusted in the back calculation to match the 

theoretical predicted curve with various settlement data 

observed in the field both horizontally and vertically as 

shown in Figure 3. The horizontal coefficient of 

consolidation ch which gave similar settlement trend as 

observed in the field was around 3.75- 4.0 m2/yr with 

ch/cv ratio around 2.3. Similarly, smearing permeability 

ratio was also estimated to be in the range of 3 to 4 

with smear diameter ratio of 2.5.  

 

Fig. 3 Back analyses based on Magnetic extensometer 

data  

5.1 Back calculation of ch from Piezometer  

The following relationship can be derived from the 

equation proposed by Hansbo (1979),  

1 −
∆𝑢𝑡

∆𝑢0
= 1 −  𝑒−𝛼𝑡     (1);  where,  𝛼 =  

8𝑐ℎ

𝐷𝑒𝐹
   (2) 

Where u0 is the excess pore pressure observed at time 

t=0; ut is the excess pore pressure at time t; De is the 

effective diameter of a unit cell of drain; and F is a 

resistance factor for the effects of spacing, smear, and 

well resistance. F = ln(n)-0.75+ ln(s)(kh/ks-1). The 

equation 1 can be rewritten as, 

𝑙𝑛
∆𝑢0

∆𝑢𝑡
= ∝ 𝑡  (3)

 

Hence, equation (3) shows a linear relationship with 

time, with  being the slope of the line, from which ch 

can be back calculated directly from the piezometer 

data.  

 

Fig. 4 Back analyses based on settlement data 

As shown in Figure 5, for the slope of the line () 

around 0.008 to 0.02, the back analysed values of ch 

were in the range of 1.8 m2/yr to 4.7 m2/yr including 

the smearing diameter ratio and permeability ratio of 

2.5 and 4 as estimated from the back analyses results 

(Figure 3 & 4). The ch values found lower than 2.0 

m2/yr ( ~ 0.008) were ignored, as the dissipation of 

excess pore pressure was observed to be improper in 

those piezometers due to clogging of the filter.  

5.2 Back calculation of ch from Magnetic 

extensometer 

Equation (1) can be rewritten in terms of settlement as  

Equation (4) and can be rearranged as (5) 

𝑆𝑡

𝑆𝑓
= 1 − 𝑒−𝛼𝑡     (4);                        ln

𝑆𝑓

𝑆𝑓−𝑆𝑡 
=  𝛼𝑡    (5) 

 

where Sf  is the final setttlement and St is the settlement 

at any time t. The linear relationship of this function 

can be used to estimate the slope  from the field 

settlement data.  

As shown in the Figure 6, for the value of  = 0.0185 

estimated from the settlement data, the back calculated 

ch was around 3.7 m2/yr for the adjusted smearing 

diameter ratio and permeability ratio of 2.5 and 3 

respectively. 
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Fig. 5 Estimation of field Horizontal Consolidation 

coefficient ch from Piezometer data 

5.3 Back calculation of ch from Settlement 

gauges 

The back calculation carried out based on the 

settlement gauges data installed at +5.5 mCD, yielded 

 around 0.033 and corresponding ch value of about 4.7 

m2/yr as shown in Figure 7. Based on various methods 

as discussed above, the ch values were estimated to be 

around 2 to 5.2 m2/yr as shown in Table 2. 

Table 2 Summary of estimated ch values 

S.No. Methods Estimated ch Value  

(m2/yr) 

1 Radial consoldiation tests in 

laboratory 

2 – 4.2 

2 Field Cone Dissipation tests 2.5 – 5.2 

3 Back analyses based on Field 

Settlement data 

3.75 – 4.0 

4 Back calculation from  value 3.42 – 4.7  

6 Conclusions 

The port development along the mumbai coast required 

extensive reclamation and ground improvement works 

for over 90 Hactare area in the soft marine deposit. The 

geotechnical investigation compaign carried out for the 

design of Ground improvement works showed wide 

variations in the design parameters especially the ch 

values. The laboratory and field dissipation tests 

showed the ch value in the range of 1.8 m2/yr to 5.2 

m2/yr. The back analyses carried out based on various 

instrument data observed in the field showed the ch 

values in the range of 3.75 m2/yr to 4.7 m2/yr with 

smear diameter ratio of 2.5 and smear permeability 

ratio around 3 to 4. The back calculated ch values 

obtained from the theoretical back calculation based on 

setttlement curves were found to be resonably 

matching with the back calculated ch value from  

values. 

 

Fig. 6 Estimation of Field Horizontal Consolidation 

coefficient ch from Magnetic extensometer data 

 

Fig. 7 Estimation of Field Horizontal Consolidation 

coefficient ch from Settlement data 
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