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ABSTRACT 

 

Earth retaining structures are a key component in most engineering constructions. The 

present design practice as per the standard procedure is limited to analysis the 

structure under anticipated permanent design loads. However, in reality, the structure 

undergoes numerous loading patterns depending on the construction methodology as 

well as construction sequence that might be vary in type, magnitude, direction and 

distribution to that of design loads. The recent construction experience of some 

projects in Colombo indicates that these unaccounted loading patterns in construction 

stages could lead to failure modes that were not expected during design phase. In this 

study, a detailed forensic analysis is carried out for one case study by means of 

numerical modeling of different loadings undergone during various stages of the 

construction stage and root cause of failure for each case is identified. A gap analysis 

is carried out to ascertain that why the root causes had not been taken in to 

consideration during the design phase and recommendations are proposed to the 

design procedure currently practiced to avoid future such consequences. 

Key Words – Construction Sequence 
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CHAPTER 1  - INTRODUCTION 

1.1 Background 

 

The Metro Colombo Urban Development Project (MCUDP) aims to supplement the 

Government of Sri Lanka's urban redevelopment effort by lowering the physical and 

social consequences of floods by improving the Metro Colombo basin's outfall and 

storage capacity. 

In order to accomplish the project objectives, numerous subprojects were initiated 

which involves detailed geotechnical designs. The set of flood mitigation 

interventions formulated to be implemented under MCUDP includes measures such 

as Storm Water Pumping Stations, Storm water tunnels, trans-basin diversions, 

construction of flood gates, culverts, canal bank protections etc. 

The design of earth retaining structures can be identified as a key component of the 

overall design scope of the project as it plays a crucial role in almost all the sub 

projects specially in Canal bank protections. Some of these are permanent structures, 

supporting earth and additional surcharge along the canal banks while some of them 

are temporary ones as temporary shoring and coffer dams during the construction of 

deep cut excavations of projects such as pumping stations. Types of these earth 

retaining structures varies from pure gravity gabion retaining walls, Reinforced earth 

with gabion facing, cantilever retaining walls by reinforced concrete and sheet piles. 

The retaining heights of these structures range from 3m at most of the canals in 

Colombo drainage canals to as high as 10m in Madiwala east diversion canal. There 

is a significant variation of soil types as it varies from dense sand in Wellawatta 

canal to Clay and peat soil in areas such as Ambathale. Therefore, it is evident that 

the range of design parameters over the scope of earth retaining design under 

MCUDP is quite significant. 

In this context, unforeseen circumstances were encountered during the construction 

of some of these structures resulting in additional costs for alteration of construction 

methodologies, additional rectification works, design changes and damage repairing 

works. These resulted in significant consequences in terms of time and cost in 
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addition to the contractual disputes hindering the construction works. The forensic 

analysis of these selected projects indicates that there are additional geo-technical 

considerations that should have been made related to constructional sequence in the 

design phase. Although the final form of the retaining structure protects the canal 

bank is provided in the drawings the construction sequence to be adopted in 

completion of the structure had not been considered in detail.  Therefore, it is evident 

that detailed analysis of the lessons learned from these selected projects as case 

studies would provide some useful guidance for future designers regarding paying a 

greater attention to constructional sequence when designing of earth retaining 

structures in urban areas. The construction sequence may consist of number of stages 

and a safe design should be provided to each stage. This should supported by detailed 

method statement.  

1.2 Problem Statement 

The importance of giving due consideration to construction sequence is highlighted 

with the case history of buildup damages during the construction of canal bank 

protection of St. Sebastian North Canal in Sedawatta. The excavation necessary for 

the support of excavation to the construction of gabion walls was supported by 

sheetpiles. 

The sub project related to this case study is bank protection of the St. Sebastian 

North canal to ensure the canal conveyance capacity to St Sebastian North pumping 

station. The bank protection has been proposed to be carried out as a gabion wall and 

the initial design had been conducted. However, no detailed attention has been paid 

to the construction stages in placement of the gabion wall. As a result, considerable 

damages were caused to the nearby buildings resulting many negative social, 

financial and contractual consequences. The damaged buildings were constructed on 

shallow foundations and considerable large cracks on the buildings were started to 

appear during the implementation making those buildings unusable and unsafe to live 

in (Figure 1.1). 
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Figure 1.1: The nature of wall and floor crack of a building. 

 

The site observations hinted that these damages occurred due to the ground 

settlements during the construction stage and may have been occurred due to 

unfavorable loading condition during the construction stage. Therefore, this study is 

carried out as a forensic analysis of the above case study. 

1.3 General Site Conditions 

 

The site is located at left bank of St. Sebastian North canal at just upstream of the St. 

Sebastian North storm water pumping station, Colombo 14, in the Western Province 

of Sri Lanka (Figure 1.2). This site is under the work scope of “Rehabilitation of St. 

Sebastian North Canal” which is a sub project under “Metro Colombo Urban 

Development Project (MCUDP)”. This sub project is implemented with the objective 

of assuring the conveyance capacity and sustainable canal maintenance of St 

Sebastian North canal by canal bank protection in order to assure the outfall 

discharge capacity of St Sebastian North pumping station and St Sebastian North 

gate to flood mitigation of Metro Colombo drainage basin. 

The land use of the site location can be identified as densely built urban residential 

area with almost the entire land is covered with buildings. The distance from the 

canal bank to the edge of the building line can be approximated as 4m. The 



M.Eng. in Foundation Engineering and Earth Retaining Systems 

 

4 

 

topography of the site is varying +2 to +3 mMSL with a mild slope towards the canal 

bank at +2 mMSL. The bed level of the canal is -1 mMSL. The normal level of the 

canal water level varies from -0.2 mMSL to +0.6 mMSL depending on the tide 

condition and the high flood level at extreme events can reach as high as +2 mMSL. 

The buildings within the site area are 2 to 3 story buildings with reinforced concrete 

slabs with walls of cement blocks built on RR masonry shallow foundations. The age 

of the existing buildings can be estimated as 15 years. 

The socio-economic condition of the area can be identified as a low income urban 

residential area and hence the population density in the site area is extremely high 

and thus the risk during construction is increased since damage to any property 

during construction can cause huge social unrest creating many unfavorable social 

issues in addition to the actual structural damage. 

 

Figure 1.2: Location Map. 

1.4 Scope and Objectives of the Thesis 

1. In depth forensic analysis of the selected case study to identify the geo 

technical root causes that led to the damaged during the placement of the 

gabion protection wall at the canal bank. 

St Sebastian North 

Pump Station 

Site 

Affected 

House (P62) 
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2. A detailed study of the construction sequence adopted and find modificaitons 

that should have to be done to prevent / minimize the damage. 

 Provide additional recommendations that are to be included in the geo-

technical design procedure with respect to construction sequence when 

designing earth retaining structures in urban areas. 

1.5 Thesis Outline 

The Thesis is structured with following chapters. 

 Chapter 2 – Literature Review 

The inadequecy of the detailed analysis on the construction sequence and the 

subsequent process of remediation were also discussed. Case studies related to 

excavation induced ground settlements at urban environments in Colombo are 

discussed in relation to the issues of construction sequence.  

 Chapter 3 – Methodology 

The study methodology followed is described in detail under this chapter. The 

methodology was developed based on the analysis methodology of the past studies 

discussed under the literature review. The methodology has been structured as per 

the following flow. 

(a) Background of the actual failure discussed in this study. 

(b) Formulation of research hypotheses. 

(c) Methodology of the analysis and presentation of the results. 

(d) Discussion of the results of the analysis and guidelines for development of 

conclusions and outcomes of the study. 

 

 Chapter 4 – Simulation of the Construction Sequence through finite element 

analysis 

This Chapter can be considered as the essence of the study where the simulation of 

the finite element analysis is discussed in detail. Critical stages in the construction 

sequence all the model parameters with respect to soil details, drainage status, model 

analysis and boundary conditions are outlined. Detailed description of the 
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construction sequences with construction stages and the ground settlements in each 

construction stage and the impact on the surrounding structures is discussed. 

All the results are presented in terms of the vertical settlements and summarized in 

graphs for all stages of each sequence. 

 Chapter 5 – Conclusion and Recommendations. 

The case study's final conclusions and future recommendations when designing earth 

retaining structures in urban areas are presented in this chapter. 
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CHAPTER 2 -  LITERATURE REVIEW 

 

This chapter presents some case studies in the past regarding the damages caused to 

nearby buildings due to excavation and dewatering and their connection with the 

construction sequence followed at the site.  

The geotechnical root causes of these failures varies from inadequate temporary 

shoring, consolidation settlements due to dewatering and soil heaving during the 

excavation. However, it was revealed that almost all these failures had caused due to 

inadequate analysis on the stages of the construction sequence and the damages of 

almost all the cases would have been avoided had there been enough analysis on the 

construction sequence. The damages were able to be mitigated by remediation 

measures where there had been limited analysis on the construction sequence and 

heavy costs and irreversible structural damages were observed. 

2.1 Overview 

Because soil is exceedingly variable in nature and subject to a range of loads, pore 

pressures, time-dependent processes, and other variables, it is the most challenging 

engineering material encountered in civil engineering constructions (Tonks et al, 

2017). Even so, breakthroughs in research, laboratory and in-situ testing, and 

analytical techniques have increased understanding of the soil behavior. 

 

Other challenging soils such as; expansive and collapsible soils, make geotechnical 

design and construction more complex. Those problematic soils can support load in 

an undisturbed, in-situ condition, but they react differently when exposed to water, 

cyclic stresses, temperature variations, and other factors. Most cohesive soils, are 

extremely sensitive to changes in moisture content, resulting in progressive 

settlements or swelling. Coarse granular soils, on the other hand, usually settle 

quickly when subjected to a load. 

 

Ground settlements, tilt, and even cracking of neighboring structures can occur as a 

result of certain construction operations including excavation and dewatering. 

Dewatering generated ground settlements by changing the soil conditions from 

submerged to saturated or dry owing to stress re-distribution in the soils (Zumrawi 
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and Hassan 2016). If safety measures are not taken throughout the design process, 

surrounding structures may eventually fail. (Samaaneh and Al-Gadhib 2013) 

 

If extremely loose layers are present at shallow depths and subjected to a quick rise 

in overburden pressure, the implications get adversed due to change in soil stresses. 

Therefore, appropriate analytical technique should be used to estimate projected 

ground settlements well before the dewatering process (Tan et al., 2014). This allows 

the theoretically produced conclusions to be cross-checked with field monitoring 

data at each step of construction (Charles 2008). 

2.2 Importance of considering construction sequence in urban environments  

When new construction are done there is a legal obligation to ensure that it will not 

have any adverse effect on the existing structures. In an urban environment with very 

closely spaced developments this would be a very challenging task. 

As such consideration of construction sequence is of utmost importance. Steps in the 

construction sequence should be clearly identified and temporary / permanent items 

should be designed to take the loads and control the deformations. 

Ground excavation projects for infrastructure development are being planned in 

response to the expansion in urban development. When designing a braced 

excavation, it's important to think about not just the lateral supporting structure's 

stability, but also the possible serviceability issues that excessive wall deflections 

and ground movements might be caused in surrounding structures ( Wengang et 

al.2017). 

Stress changes in the soil around the excavation may occur during ground 

excavation, resulting in unavoidable ground losses. These changes in soil layers and 

ground losses have an impact on the surrounding ground in the form of ground 

movements, which eventually impose direct stresses on neighboring buildings. The 

amount and distribution of ground movements in an excavation are heavily 

influenced by soil properties, excavation design, excavation depth, breadth, length, 

wall and support system types, and, most critically, construction procedures 

(Chungsik and Dongyeob,2008).  
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In metropolitan locations, excavations are frequently carried out extremely near to 

existing structures. As a result, the safety of nearby structures may become a major 

concern. To minimize damage to nearby structures and existing buildings, a precise 

estimate of ground surface settling surrounding an excavation is critical. Diaphragm 

walls, sheet pile walls, and composite supporting systems are examples of systems 

that can be used to support excavations (Ou et al.1993). Furthermore, case study 

records of both successful and unsuccessful projects may be utilized as a supplement 

to the observational technique, which is becoming more common in geotechnical 

design ( Ciria 1999). 

As an outcome, various case study records  have been chosen and addressed below in 

order to highlight the relevance of construction sequence for geotechnical designs. 

2.3 Case Studies 

2.3.1 Case 1 - Structural Damage to Adjacent building during removal of shoring for gabion 

construction in Ambathale , Sri Lanka. 

The report of “Damage Assessment Report for No. 52, Wellampitiya Road, 

Ambathale” carried out by National Building Research Organization (Annexure I) 

was referred for the information of this case study and details were further reviewed 

during the site visit to actually damaged site. 

2.3.1.1 Case details. 

This case study is related to construction of gabion canal bank protection for 

Madiwala East diversion canal at Ambathale. Structural damage to the adjacent 

building occurred during the removal of temporary shoring system. The location of 

the site is at Ambathale near the confluence of MED canal with Kelani river (Figure 

2.1). 

 

 

 

 

 



M.Eng. in Foundation Engineering and Earth Retaining Systems 

 

10 

 

 

 

 

 

 

 

 

Figure 2.1: Location of the site.  

 

The building named as “shop” in Figure 2.2 is a newly built two story building on 

shallow foundations. However, it was confirmed that this building was constructed 

with proper tie beams in between footings such that it could withstand significant 

differential settlements. 

 

Figure 2.2: Plan view of  project area and distances to the surrounding buildings.  
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The adjoining building named as “House” in figure 2.2 is a comparatively old single-

storey residential building on shallow foundations and it was confirmed that the 

foundation of this house is on a rubble foundation such that no tolerance for 

differential settlements was provided.  

Canal bank protection design of the project area. 

The design section relevant to the project area is shown in Figure 2.3. 

 

 

 

 

 

 

 

Figure 2.3: Cross sectional view of the canal bank protection design used at the site. 

 

According to the original design (Figure 2.3), the level difference between the gabion 

top level and the present ground level at the left bank is nearly 3m. Because the level 

difference is significantly greater, it was planned to use two lines of 9m length sheet 

piles, with the top level of sheet pile line 01 at +3.00m MSL and the top level of 

sheet pile line 02 at +5.65m MSL, to retain the ground without causing differential 

settlements in neighboring structures (Figure 2.4). Sheet pile line 01 was a 5m x 5m 

square shoring area which has been braced using 100*100*6mm H iron (Figure 2.5). 

Sheet pile line 02 was installed with 9m length sheet piles and shoring plates. In the 

design section, this level difference was proposed to be finished with a stable slope 

protected by a gabion reno-mattress. 
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Figure 2.4: Temporary shoring system used at the site and surrounding building details 
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Figure 2.5: Plan of the temporary shoring arrangement followed at site. 

 

Soil condition within the project area. 

The soil condition at the project area can be tabulated as Table 2.1 according to the 

bore hole investigation report (Annexure II). 

Table 2.1: Soil condition of the project area. 

Depth (m MSL) Soil Type Average SPT N value 

(+5.7) - (+1.7) Clayey Silt 6 

(+1.7) - (-1.3) Clay 5 

(-1.3) - (-2.3) Peat with timber pieces 11 

(-2.3) - (-10.3) Clayey Sand 4 

 

As per the borehole investigation report, the first 4m of top soil (from +5.7 mMSL to 

+1.7 mMSL) is classified as loose to medium dense clayey silt with SPT around 6 

and underlaid by a 2m thickness clay layer , 1m thickness peat with timber pieces 

layer and 8m thick clayey sand layer with SPT N values around 5, 11 and 3 

respectively.  
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2.3.1.2 Nature of Damage 

A design for the temporary shoring system had been conducted prior to the 

implementation and required sheet pile lengths and depth of embedment had been 

designed and however, any analysis with respect to construction sequence had not 

been conducted. 

The shoring arrangement had been set up as per mentioned above and the gabion 

walls had been constructed. The backfill of the land side of the gabion had only 

completed upto +2m MSL. As per the construction methodology, the next activity is 

removing the interlocked sheet pile shoring ( Sheet Pile Line 01) and prepare the 

canal embankment to the deign slope to lay the gabion reno-mattress. However, once 

the sheet piles of the interlocked segment were ejected severe ground cracks were 

appeared since outer sheet pile line (Sheet Pile Line 02) was deformed towards the 

canal side (Figure 2.6). 

 

 

 

 

Figure 2.6: Initiation of Ground Cracks.  

 

In a short while after the initiation of ground cracks, severe cracks started to appear 

in the residential building (i.e. the building named as “House” ). The nature of these 

cracks was so severe that the safety of the people inside the house were at risk. The 

construction works had been stopped immediately and monitored whether the cracks 

were propagating. 

The locations of the cracks appeared in the “House” are shown in Figure 2.7. 
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Figure 2.7: Crack locations at “House”.  

 

      

(a) C1 crack outside view                                   (b) C1 crack inside view 

Figure 2.8: C1 crack.  
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(a) C2 wall crack                     (b) C4 floor crack  

Figure 2.9: C2 and C4 cracks.  

 

 

 

 

 

 

 

Figure 2.10: C3 wall crack.  

 

 

 

 

 

 

 

Figure 2.11: C5 floor crack.  
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Many minor and major cracks were visible in all over the house and contractor 

immediately started to identify all the cracks inside the building and started to 

monitor them. Once the crack propagation was observed to be stable, forensic 

analysis was conducted in collaboration with NBRO and it was decided that these 

settlements was occurred due to removal of interlocked sheet piles, backfilling is 

done only for +2 mMSL and  the only resistive force provided by intermediate sheet 

piles with plates were not enough to hold the lateral earth pressure.  

As per the initial design, the top of gabion finished level was at +3 mMSL and 

existing ground was at +6 mMSL and hence there was a 3m vertical difference which 

was originally proposed to be stabilized by a gabion mattress. Due to this unexpected 

collapse, the design and methodology were modified and it was decided to modify 

the gabion section such that the top level of gabion was at +4 mMSL (with reduced 

lateral pressure as the level difference was now 2m) and construct the sloped gabion 

matress starting from +4 mMSL and that is the completed canal bank protection as 

seen now (Figure 2.12). 

 

Figure 2.12: Completed canal bank protection as seen now.  

 

Due to this sudden collapse, the construction works had to be stopped for a 

considerable duration creating many contractual issues and delays of completion 

date. The compensations had to be paid for the owner of the building for the property 

damage. A considerable idling of resources was also caused due to this incident. 
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2.3.2.3 Relevance of the case on this study.  

It was mentioned above that a design for the temporary sheet piles had been already 

conducted prior to the analysis and however any analysis on construction sequence 

had not been conducted. Had any analysis on construction sequence been conducted 

prior to the implementation, the excessive ground settlements during sheet pile 

removal could have been captured and if so, the construction methodology would 

have been modified saving compensation money, additional cost for design 

modifications, cost for resource idling contractual issues and delays due to this 

incident. 

Therefore, this case can be treated as an example to highlight the importance and 

need of this study and the objective of this study is to use the lessons learned from 

this kind of cases and develop recommendations for future designs in order to avoid 

this kind of damages in future. The value on the analysis of construction sequence is 

further emphasized by this case study. 

 

2.3.2 Case Study 2 – Structural Damage to Adjacent building during construction of 

North Lock Pumping Station in Sedawattha , Sri Lanka. 

The report of “Building Condition Technical Evaluation Report of Dwelling House 

at No. 14/19, Sedawatta Road, Wellampitiya” carried out by Central Engineering 

Consultancy Bureau Organization was referred for the information of this case study 

and details were further reviewed during the site visit to actually damaged site. 

2.3.2.1 Case details. 

This case study is related to construction of pumping station for North canal at 

Sedawattha. The structural damage occurred to the adjacent dwelling house during 

the excavation and dewatering process in the project area is broadly explained. The 

house was located on the right bank of St. Sebastian North Canal adjacent to the 

construction site of North Lock Gates and Pumping Station Project (Figure 2.13). 
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Figure 2.13: Location of  damaged dwelling house.  

 

Figure 2.14: Plan view of  project area and distances to the damaged house. 

The dwelling house shown in Figure 2.14 as T13 is around 6 years old, and the 

foundation was built using random rubble masonary walls. Bricks with cement 

plaster, a thickness of 150mm were used to build the walls. 
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Design Section of the Inlet Channel. 

 

Figure 2.15: Cross section showing the design of retaining walls in inlet channel area. 

 

 

Figure 2.16: Section Showing Sheet Pile Arrangement Used at the site to construct the inlet channel 

area. 

 

House, T13 is located in a close proximity, approximately 8m from the 8m long 

sheet pile line of inlet channel area and approximately 4m from the 6m long sheet 

pile line which is driven closer to the boundary line of the site. (Refer Figure 2.16 

and 2.17). Further, the house is located approximately 12m southeast direction of the 

construction area of the pumping station. 
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Figure 2.17: Plan Showing Sheet pile Arrangement Used at the site to construct the inlet channel 

area. 

Ground condition underneath the foundation of House T13. 

The types of soil present underneath the damaged house were obtained using the 

Geotechnical Investigation Report prepared for the St. Sebastian North Lock Gate 

and Pumping Station Project. Data obtained for the Borehole 08 (Refer figure 2.14 

and Annexure III) has been selected to determine the soil condition underneath the 

T13, since it represents the closest ground condition of the damaged dwelling house.  

Table 2.2: Soil condition of the project area. 

Depth (m MSL) Soil Type Average SPT N value 

(+1.0) - (+0.0) Clayey Sand 0 

(+0.0) - (-0.5) Very Loose Sand 1 

(-0.5) - (-2.5) Very Loose Clayey Sand 3 

(-2.5) - (-4.0) Very Loose Sand 1 

(-4.0) - (-5.0) Loose Sand 6 

(-5.0) - (-7.0) Very Loose Sand 3 

(-7.0) - (-8.5) Organic Clay 7 

(-8.5) - (-10.0) Lateritic Clay  12 
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As per the above log sheet, very loose fine to coarse sand with a SPT value of less 

than 6, is available up to a depth of 8m from the ground level( +1.0 to -7.0m MSL). 

Beyond that, layers of organic and lateritic clay with a SPT value less than 12, are 

available up to a depth of 11m from the ground level (-7.0 to -10.0m MSL). 

2.3.2.2 Nature of the damage. 

There was another excavation pit (shown in figure 2.14) for the pumping station 

substructure carried out next to this proposed retaining wall construction site. It is to 

be mentioned that both these were two activities in the same site. The excavation at 

that pit had already been started together with dewatering. The sheet piling for the 

shoring for this retaining wall excavation had started while the constant dewatering 

was ongoing in the adjacent excavation pit for the pump house sub structure. 

At this point of time, appearance of ground cracks was visible (Figure 2.18) and 

subsequently separation of the boundary walls (Figure 2.19) had been visible and at 

the same time, cracks were started to appear within multiple areas of the damaged 

house making the structure almost unserviceable.  

 

 

 

 

 

 

 

 

 

 

Figure 2.18: Ground Cracks at front side of T13 House. 
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Figure 2.19: Seperation of boundary wall of T13 House. 

Thereafter, the construction works had temporarily been suspended and crack widths, 

crack propagations were monitored carefully. The preliminary inspection yielded that 

some of these cracks were actually widenings of the existed cracks which were 

identified during pre-construction survey and some were new severe cracks appeared 

due to unstable ground condition. 

 

Figure 2.20: Ground Floor Crack Locations of T13 House. 
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The location and nature of these cracks are shown in figures 2.20 to 2.25. The 

monitoring observations during 19
th

 may 2018 to 12
th

 October 2018 has yielded that 

rear side of the building had undergone a maximum settlement of 101mm with a 

differential settlement of 17mm.  

 

Figure 2.21: C1 crack on 19.12.2018. 

This floor crack denoted as C1 was appeared along the living of the house and crack 

width was 4mm. 

 

 

 

 

 

Figure 2.22: C2 crack on 11.09.2018 and 19.12.2018. 

The width of the crack C2 was recorded as 7.36mm initially and it was further 

widened to 19.29mm during the subsequent 03 months. 

 

 

 

 

 

Figure 2.23: C3 crack on 11.09.2018 and 19.12.2018. 
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The vertical crack C3 was initially measured as 8.62mm during the initial assessment 

and it was further widened to 11.46mm within the course of next 03 months. 

 

Figure 2.24: C4 crack on 11.09.2018 and 19.12.2018. 

 

The crack C4 was a widening of an existed crack. Crack width was 2mm prior to the 

construction and it had widen to 13mm during dewatering and further widened to 

17.15mm after 03 months of the incident. 

 

 

Figure 2.25: C5 crack on 11.09.2018 and 19.12.2018. 

 

The width of crack C5 was 9.46mm immediately after the incident and further 

widened to 25.44mm over the course of next 03 months. 
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After the settlement had ceased, Central Engineering Consultancy Bureau (CECB) 

had been requested for a conditional report (Annexture IV) and following are the key 

remarks. 

Based on the readings of the monitoring stations the structure had tilted towards the 

rear side of the building affecting the verticality of the structure. This tilt could cause 

additional stresses on columns and footings at rear side of the building. Since there 

were no cracks at reinforced concrete elements, it had been assumed that the whole 

two storied building had tilted as one unit.  

The subsurface condition up to 8m depth consists of loose sand layers with low SPT 

values and it was likely that this failure due to ground settlement had caused by 

combined actions of increase of effective stress due to lowering of groundwater table 

under the footings in loose sand strata due to dewatering of the adjacent excavation 

pit and vibrations due to sheet pile driving and other site activities such as vibratory 

compaction has also caused the settlement. 

It had been concluded that structural integrity of the walls had been lost due to wide 

cracks and roof connections are at a vulnerable state as they were dislodged due to 

tilting. Though the allowable settlement of a building depends on rigidity and type of 

construction, the general rule of a total settlement of 25mm and a differential 

settlement of 20mm between columns could be considered under service loads and 

yet a maximum settlement of 101mm had been reported beyond acceptable limits 

and hence it had been concluded that the structure was unsafe without restoration 

works. 

It had also been concluded that retrofitting works such as underpinning with micro 

piling and jacking up were specialized engineering works and cost of such works 

would exceed the cost of demolish and rebuilding and therefore, the proposed option 

was to demolish and rebuild the structure.  

Accordingly, a compensation of a cost exceeding 8 million LKR had to be spent to 

the owner and additionally many time delays and resource idling were also occurred 

creating contractual issues. 
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2.3.2.3 Relevance to this study. 

It had been revealed that there was no analysis on construction sequence had been 

conducted prior to construction on this. Had such an analysis was conducted, the 

occurrence of excessive settlements during the intermediate stages would have been 

captured and accordingly remediation measures such as using longer sheet piles (to 

assure adequate penetration in to clay layer beyond loose sand strata), ground water 

recharging would have been proposed and the damage could have been avoided. 

Therefore, this case study can also be treated as a classic case to illustrate the 

importance of the analysis on construction sequence in excavations in urban areas 

and high price that would have to be paid due to lack of analysis on construction 

sequence. This case study is therefore highlighting the importance and the value of 

this study and highlight the types of failures that would be prevented in future by 

accomplishment of the objectives of this study.  

2.3.3 Case Study 3 – Structural Damage to Adjacent buildings during construction of 

Sheet Pile Canal bank protection near Galle Road bridge of Wellawatta Canal, Sri 

Lanka. 

The report of “Damage assessment for the Structural distress occurred at Jinananda 

Children’s Home” carried out by Central Engineering Consultancy Bureau 

Organization (Annexure V) was referred for the information of this case study and 

details were further reviewed during the site visit to actually damaged site. 

2.3.3.1 Case details. 

Wellawatta Canal is a major drainage canal of the Colombo Canal system with sea 

outlet in Wellawatta area and the average canal width can be estimated as 24m . The 

width of this canal gets substantially contracted under the Galle Road bridge where 

the canal width is around 14m. Since these sudden canal contractions associated with 

higher head losses, it had been decided to provide flow guidance walls to streamline 

the flow to the contracted bridge section so that the head loss is minimal. These flow 

guidance walls were decided to be done with sheet piles and once the constructions 

were in progress, adjacent building was damaged severely (Refer Figure 2.26). 
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Figure 2.26: Location of the Damaged Building. 

 

 

 

Figure 2.27: Plan view of the project area and distances to damaged building.  

 

The building named as “Damaged Building” located on Dhammarama road, 

Wellawatta. This is a three storied building with a ground floor at existing road level 

of +8.8m MSL facing Dhammarama road with two basement levels of which the 
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lower basement is at the canal bank level of +2.8 mMSL and upper basement is at the 

level of +5.8m MSL. The building was using as an accommodation as well as 

educational and religious building for the children.  

The dimensions of the building are such that it is 10m in width, 58m in length and 

10m in height from lower basement level (Figure 2.27). The building has been 

constructed on a reinforced concrete frame structure with masonry walls. Timber 

roof with Calicut tiles were used as the roof. The actual as built drawings of the 

structure were unavailable and it had identified that some columns in the lower 

basement were built on shallow foundations constructed on quarry dust filled 

concrete cylinders, bored in to the hard soil strata. Beam spans ranges from 3.5m to 

6m with varied beam depths while slab thicknesses were 150 – 200mm.   

Canal bank protection design of the project area. 

 

Figure 2.28: Cross sectional view of the canal bank protection design used at the site. 

As shown in Figure 2.28 and Figure 2.27 the proposed canal bed level was at -1.35 

mMSL and the top of the bank level of the canal left bank was +2.8 mMSL. There 

was a soil berm located at left bank at a level of approximately +1 mMSL. There was 

two rows of existing sheet piles such that one row at the existing canal bank level 

and one at berm level. The new sheet pile line for flow guidance was proposed to be 

constructed in between these two sheet pile lines across the berm. The row of sheet 

piles along the berm was proposed to be removed once the new sheet piles are 

constructed. . A segment of 3m in between the end of the exiting berm and end of the 

proposed sheet piles can be identified in figure 2.29. This segment can be considered 
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as an extremely critical length as this segment loose the passive pressure once the 

berm is removed and yet it is not protected by the new proposed sheet pile and thus 

there is a significant loss of resistive forces for this segment. 

Figure 2.29: Plan view of the design. 

Soil condition within the project area. 

The Bore hole investigation had been conducted on the berm to get the soil profile 

within the project area. (Annexure VI) 

Table 2.3: Summary of the bore hole information done on the berm 

Layer 

No. 
Depth/ m MSL Layer Description 

Avg. SPT N 

value 

1 (+1.0) – (-0.5) Fill Material - 

2 (-0.5) – (-2.5) Loose Clayey Sand 2-9 

3 (-2.5) – (-4.9) Very Dense Clayey Sand >50 

4 (-4.9) – (-9.0) Residual Soils 7-34 

 

It was observed that a loose sand layer of 2.0m depth is overlaid by a dense sand 

layer up to 6.0m depth. 

 

3m length 

where flow 

guidance wall 

was ended up. 
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2.3.3.2 Nature of Damage 

It was recorded that a significant modification to this building had been carried out 

from the design stage to the construction stage. Part of the building close to the canal 

had not been included during the design stage and it has been modified significantly 

during the construction stage. 

 

 

 

 

 

 

                    a)Building during design stage                           b)Building during construction stage 

Figure 2.30: Damaged building condition during design stage and constrution stage 

This additional surcharge due to structure modification has not been taken in to 

consideration during the design and no analysis on construction sequence has been 

conducted  

During the implementation, the new proposed set of sheet piles had been set up and 

tried to cut the berm sheet piles as per the construction methodology. However, once 

the berm sheet piles were cut off heavy ground settlements were appeared on the 

lower basements and numerous cracks were visible at multiple points of the structure 

(Figure 2.31). The lower basement (+2.8m MSL level) had been severely affected 

where the existing ground columns were tilted towards the canal due to unstable 

foundation condition (Figure 2.32). 

 

 

 

 

Single storey 

building Three storey 

building 

Proposed Flow 

Guidance Wall 
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Figure 2.31: Location of canal bank instability initiated. 

 

It had been identified that 03 columns in the lower basement were severely damaged. 

The excessive ground settlements had occurred due to insufficient lateral support 

from the canal bank level existing sheet piles. Poor construction quality of the lower 

basement had also worsened the damage.  

 

 

 

 

 

 

 

 

 

 

Figure 2.32: Photographs of cracks in the lower basement. 

The cracks were appeared on structural elements of beams and slabs as well. Some of 

these cracks were occurred as a direct result of the ground settlements and some were 

believed to be enlargement of the existed hairline cracks. 

Damaged wall 
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The cracks appeared in the upper basement (at +5.8 m MSL level) were mainly on 

the walls due to differential settlements of the lower basement columns (Figure 

2.33).  

 

 

 

 

 

 

Figure 2.33: Photographs of cracks in the upper basement. 

The major cause of the damage was found as the loss of lateral pressure from the 

berm and lost the stability. All construction works were temporality suspended after 

the collapse and widening or propagation of the cracks were monitored.  The central 

engineering consultancy bureau were requested to assess the damage and submit a 

remediation plan . 

 

Figure 2.34: Cross sectional view of the canal bank protection design used at the site after damage. 
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Accordingly, another row of sheet piles with 12m in length were driven in between 

new sheet pile line and the berm to recapture the lost passive pressure of the berm 

(Figure 2.34). Also, this 12m length sheet piles extended sufficient length beyond the 

berm such that the area protected by the berm are protected by this new sheet pile 

line.  

In addition to the cost of remediation sheet piles, an additional cost around 10M LKR 

had to be spent on building repair works in addition to the contractual problems and 

time delays. 

 

 

 

 

 

 

Figure 2.35: Project site as seen today after the remediation sheet piles 

 

2.3.3.3 Relevance of the case on this study.  

However, it is evident that if any analysis on construction sequence is conducted on 

construction methodology prior to the actual implementation, this added surcharge 

would have considered and thereby this structural failure could have been forecasted. 

Furthermore, if the original design has underestimated any unfavorable loading, the 

analysis on construction sequence would still have captured unfavorable settlements 

and thereby, there would have been an opportunity to modify the original design 

avoiding the structural damages. Thus, the analysis on construction sequence adds an 

additional reinforcement to the original design. This case study can therefore be 

treated as a case where the damage could have been avoided had an analysis on 

construction sequence been conducted prior to the implementation. Therefore, this 

case study further establishes the value of this study on construction sequence for the 

future engineering projects involved with deep excavations in urban areas. 
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CHAPTER 3  - BACKGROUND OF FAILURE AND    

RESEARCH METHODOLOGY  

3.1 Background of failure 

The houses which have been damaged during the construction works of canal bank 

protection works in left bank of St. Sebastian North Canal is shown in Table 3.1. 

Table 3.1: Details of damaged houses. 

 

 

 

 

 

Above mentioned houses and the project area are indicated in the Figure 3.1. 

 

Figure 3.1: Layout Map showing the damaged houses and distances to the canal bank. 

 

 

 

Reference No. 

in Layout Map. 
House No. Address. 

P62 174 Nagalagam St., Colombo 14. 

P61 172 Nagalagam St., Colombo 14. 
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3.1.1 Canal bank protection design of the project area. 

According to the design, it was planned to retain the left side of the canal bank using 

4.5m height gabion wall structure where 1m x 2m depth gabion box is kept below the 

-1.0m MSL design bed level (Figure 3.2).  

 

Figure 3.2: Design Section of Canal Bank Protection. 

 

3.1.2 Temporary shoring arrangement used at the site. 

For the application of design section to the actual site, it was decided to have a 

temporary shoring arrangement using 6m length sheet piles with H iron bracings at 

top level to retain the bank during gabion wall construction works. Sheet piles were 

driven upto -3.5m MSL and depth of excavation was 4.5m. The system adopted in 

the site is presented in Figure 3.3 and Figure 3.4.  

 



M.Eng. in Foundation Engineering and Earth Retaining Systems 

 

37 

 

 

Figure 3.3: Section showing the Temporary Shoring Arrangement Used at the site. 

 

 

Figure 3.4: Plan view showing the Temporary Shoring Arrangement Used at the site. 

 

3.1.3. Construction Methodology used at the site. 

The construction methodology followed at the site can be described as follows. 

Stage 01 - Excavation and removing of 0.5m soil layer from existing ground and 

setting out was done for temporary shoring area of 5m length stretch. 

Stage 02 - Installation of light weight shoring with 6m length sheet piles and prop at 

top level.  
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Stage 03 - Excavation, dewatering and removing excavated material up to -2 m 

MSL, design bottom level of gabion wall. 

Stage 04 - Dewatering and placing of gabion boxes with geotextile cloth of 1
st
 row 

which finishes at -1m MSL. 

Stage 05 - Dewatering and placing of gabion boxes with geotextile cloth of 2
nd

 row 

which finishes at 0m MSL. 

Stage 06 - Dewatering and placing of gabion boxes with geotextile cloth of 3
rd

  row 

which finishes at +1m MSL. 

Stage 07 - Backfilling and removing the temporary shoring. 

Stage 08 - Continue the shoring for next 5m length. 

As per the construction methodology, the temporary sheet piles have to be pulled off 

once the gabion walls are constructed up to +2.5 m MSL. But the temporary sheet 

piles have been pulled off at +1m MSL level of gabion wall construction resulting 

heavy movement of embankment causing structural damages to nearby buildings. It 

was observed that the rear wall of the House Ref. No. P62 has tilted towards the area 

of bank of the canal (Figure 3.5).  

  

Figure 3.5: Ground movement at the back side of the House Ref No. P61. 

 

 

 

Line of Soil 

Movement towards 

the Canal. 



M.Eng. in Foundation Engineering and Earth Retaining Systems 

 

39 

 

3.1.4 Condition details of House Ref. No. P62. 

The house refered as P62 in above figure 3.1, was built 15 years ago using Random 

Rubble Masonary shallow foundation and 150mm thick walls with cement blocks. 

The roof has been constructed as a concrete reinforced slab. 

The front part of the P62 house which face to Nagalagam Street has been demarcated 

as P62A in Figure 3.6 and that part was used as a steel formwork storage yard. The 

back part of the P62 house which face to St. Sebastian North Canal has been 

demarcated as P62B in Figure 3.6 and that part was used as the house structure of the 

owner. 

            

(a) P62A – Front view    (b) P62B – Back view 

Figure 3.6: Front view and back view of P62 house. 

 

3.1.3.1 Observations 

During the construction works of the gabion canal bank protection were in progress, 

the back part of P62 house had detachments mainly at two locations as shown in 

figure 3.7. Detachment 1 was observed in the floor and Detachment 2 was observed 

in the wall.  

It was to be mentioned that there were no records about those detachments in the 

structure during the pre condition survey. So that, it was clear that the back part of 

P62B house has been moved towards the St. Sebastian North Canal. 
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Figure 3.7: Ground Floor Plan of the damaged P62B house and detached locations. 

 

                           

Figure 3.8: Detachment -1occured in the floor. 

 

As shown in Figure 3.8, the detachment -1 was observed in closer to P62A and P62B 

dividing wall. The extent of detachment was 53.54mm which was occurred during 

the construction of gabion walls were in progress. 
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Figure 3.9: Detachment – 2 observed in the wall. 

 

As shown in figure 3.9, Detachment -2 was observed in the internal wall which is 

closer to the staircase. The extent of detachment was 223 mm which was occurred 

during the construction of gabion walls were in progress. 

3.1.4 Condition details of House Ref. No. P61. 

The house refered as P61 in Figure 3.10, was built 7 years ago using Random Rubble 

Masonary shallow foundation and 225mm thick walls with burnt clay bricks. The 

roof has been constructed as a concrete reinforced slab. 

 

Figure 3.10:Front view of P61 house from Nagalagam Street. 
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3.1.4.1. Observations 

Mainly two cracked locations were observed in back side of P61 house as shown in 

Figure 3.11. C1 was a floor crack appeared in the kitchen and C2 was a wall 

detachment appeared in the space in between bedroom and bathroom.  

 

Figure 3.11:Back view plan of P61 house from Canal side. 

 

 

Figure 3.12: C1floor crack. 
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No records were available regarding this crack in Pre-Condition Survey Report. 

Measured Crack Width on 23.01.2019 was 16.46mm. This crack has been appeared 

at the rear side of the House Ref. No. P61.  The crack which is depicted in above 

photograph has widened horizontally and displaced vertically. Through the 

observations, it can be determined that this part of the House Ref. No. P61 which is 

cracked along the line as depicted in the photograph is moving towards the canal 

gradually. 

 

 

 

 

 

 

 

 

Figure 3.13: Comparison of the C2 crack recorded in the Pre-Condition Survey on 26.11.2017 and 

the Condition Survey on 23.01.2019 of the House Ref No. P61 

 

The initial crack width has not been recorded during the Pre-Condition Survey on 

26.11.2017 and only the photographic record was done. But, according to the 

photographic records of both condition surveys, it can be concluded that the crack 

width has widened gradually. The recorded Crack width on 23.01.2019 was 

58.77mm.  
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3.2 Methodology 

The following hypotheses were set up before the analysis and the research 

methodology and analysis has been lined up to highlight the fulfilment or 

nonfulfillment of these hypotheses and thereby approach the conclusions and the 

study outcomes. 

(a) The structural damages discussed in the section 3.1 has caused due to the 

excavation. 

(b) The above structural damages could have been prevented had there been a 

proper analysis and corrective measures implemented. 

(c) The analysis on construction sequence followed in this study could be used as 

a specimen for the constructions involved with deep excavations in urban 

areas and therefore recommended the initiation of actual construction only 

after the construction sequence analysis report. 

(d) The main drawaback is in the excavation support system. 

The actual method adopted at the site will be analysed and since the temporary 

support system actually used  had not been effective in keeping the displacements 

under control, three alternative systems were analysed. 

System 02 - Temporary shoring system with 6m long sheet piles with 3 props at 

1.5m intervals. 

 

Figure 3.14: Schematic diagram showing the System 02 arrangement. 
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(i) System 03 - Temporary shoring system with 9m long sheet piles with 

only 01 prop at the existing ground level. 

 

Figure 3.15: Schematic diagram showing the System 03 arrangement. 

 

(ii) System 04 - Temporary shoring system with 9m long sheet piles with 3 

props at 1.5m intervals. 

 

Figure 3.16: Schematic diagram showing the System 04 arrangement. 
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Each of these construction sequences consist of number of construction stages and 

the details of these construction stages are discussed in detail in chapter 04.  

Once all the stages with respect to each construction sequence are identified, 

following analysis steps were carried out. 

1. Identification of all the Construction stages of 4 construction sequences to be 

analyzed. 

In this step, all the dimensions, levels, water levels and construction activities are 

identified. 

2. Simulation of the construction process by Finite Element Analysis using PLAXIS 

2D commercial package. 

Finite Element Analysis was widely used for simulation of construction processes 

and comparatively accurate method for an analysis of this nature. Therefore, 

PLAXIS 2D was selected as the software for the Finite Element Analysis and  

3. Exploring and analyzing the results with the help of graphs and diagrams. 

The vertical settlement, horizontal movement and wall deformation were observed 

for each stage of each sequence. Subsequently, the maximum deformations of each 

stage were plotted along the construction stages to identify the maximum stage 

deformation and critical stage which might violate the allowable settlements.  

The sub soil properties were obtained from site investigation reports and prepared a 

table of soil properties prior to the analysis as shown in Table 5.1 prior to finite 

element analysis. 

It is a common practice that design engineers put more emphasis on the final design 

to be more conservative and without adequate concerns on the analysis of the system 

for different stages of the construction sequence. Hence a comprehensive analysis 

was carried out for various loading conditions with respect to the stages of the 

construction sequence.   

Due to the nonlinear, anisotropic nature of the sub soil and the analysis is time 

depended due to the varied conditions with respect to different construction stages, a 

2D finite element method using PLAXIS was used for the analysis. PLAXIS 2D is a 
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widely used software for 2D simulation for deformation and stability analysis for 

multiple construction stages considering steady groundwater flow for saturated or 

partially saturated conditions. 

The PLAXIS 2D simulation was carried out for multiple stages along the 

construction sequence for three different shoring systems. The details of the stages of 

the construction sequence and the details of the tested shoring systems are stated in 

sections 6.1 and 6.2 respectively. The settlement plots are generated for each of the 

stage for each of the shoring system and the system whose settlements are within 

allowable limits are selected and the suitable shoring system and it is the system 

which should have been implemented. 
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CHAPTER 4 MODELLING ALTERNATE CONSTRUCTION 

PROCESSES. 

 

The construction sequence involved in the placement of the gabion walls by the 

embankment of the canal was simulated using the PLAXIS 2D finite element 

package. 

As outlined in the methodology, 4 systems were modelled including actual 

construction process adopted. 

1. System 01: Actual process adopted 

2. System 02: Temporary shoring system with 6m long sheet piles with 3 

props at 1.5m intervals. 

3. System 03 - Temporary shoring system with 9m long sheet piles with 

only 01 prop at the existing ground level. 

4. System 04 - Temporary shoring system with 9m long sheet piles with 

03 props at 1.5m intervals. 

4.1 Soil Condition along the canal bank protection area 

The Mohr-Coulomb (MC) model is a basic constitutive model for soil. This model 

assumes the stress – strain relation to be linear elastic and its failure criterion is 

Mohr-Coulomb’s failure criterion. Hence, soil was modeled using Mohr-Coulomb 

(MC) model for this study. 

The MC model involves five input parameters, I.e. the soil friction angle, cohesion, 

Young’s modulus, Poisson’s ratio and dilatancy angle.  

In all cases drained material was selected, so the soil friction angle and the cohesion 

are involved. 

For sands with Ø' ≤ 30
0
 : 

   ᴪ’ = 0
0 

For sands with Ø' > 30
0
 : 

   ᴪ’ = Ø' - 30
0 
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Table 4.1: Typical values for Soil friction angle and cohesion  

 

Table 4.2: Typical values for Young’s modulus and Poisson’s ratia  
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Table 4.3: Typical values for bulk and saturated unit weights  

 

Table 4.4 lists the input parameters of soil layers for the MC model used in this 

study. 

 

Figure 4.1: Soil Profile of the site.  
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Table 4.4: Input parameters for the soil layers for the MC model.  

Depth/ 

(m) Soil 

Description 
Avg N 

Ƴwet Ƴsat C' 
Ø' 

E 
v' 

From  To  (kN/m3)             (kN/m3) (kPa) (kPa) 

0 3 
Clayey 

Sand 
2 15 16 3 22 3000 0.35 

3 6 
Organic 

Clay 
2 15  15 3 20 2000 0.35 

6 9 
Medium 

Dense Sand 
10 18  18 0 28 16000 0.3 

9 15 Sandy Clay 23  19 19 5 29 32000 0.3 

15 20 CWR 40 21  21 8 35 64000 0.25 

 

The Classification of Soil with respect to different soil layers were obtained from soil 

investigation report and the drained soil parameters for friction angle, cohesion, 

Young’s modulus and Poisson’s ratio and saturated and bulk unit weights of each 

layer were obtained by referring the typical values presented by Prof. Braja M. Das 

in the book “Correlations of Soil and Rock Properties in Geotechnical Engineering: 

as suggested by AS 4678-2002 and shown in Table 4.1, Table 4.2 and Table 4.3.  

The complete set of estimated soil parameters for each layer to be used for Finite 

Element Model are shown in Table 4.4. 

Plate elements were used to represent the sheet pile shoring system, and node-to-

node anchor elements were used to simulate the steel props. Sheet piles and steel 

props were both simulated using the linear elastic model. Section modulus and 

Poisson's ratio are the two input parameters for this model. For both sheet piles and 

steel props, the Poisson's ratio was assumed to be 0.2. The Section modulus of sheet 

piles were obtained using the technical specifications for FSP IV sheet piles 

(Annexture VII) and Section modulus of steel props were obtained from BS 4-Part 1-

1993, Structural Steel Sections (Annexture VIII).  

 

 



M.Eng. in Foundation Engineering and Earth Retaining Systems 

 

52 

 

The friction between the earth and the sheet pile wall was represented by the 

interface elements. According to Khoiri and Ou,2013, the strength reduction factor of 

interface elements, Rinter, might be set to 0.67 to represent ground disturbance 

between wall and soil.  

Table 4.2 and Table 4.3 present the input parameters of the sheetpile wall and steel 

props used in the study. 

Table 4.5: Input parameters of sheetpile wall 

Parameter Value Unit 

Width, w 400 mm 

Height, h 170 mm 

Thickness, t 15.5 mm 

Sectional Area 96.99 cm
2
/pile 

Weight 76.1 Kg/m 

Moment of Inertia, I 38600 cm
4
/m 

Section Modulus, E 2270 cm
3
/m 

Axial stiffness, EA 4.85x10
6 

kN/m 

Flexural stiffness, EI 7.72x10
4 

kNm
2
/m 

Equivalent Thickness,d 0.437 m 

Weight,w 1.864 kN/m/m 

Poisson’s ratio,v 0.2  
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Table 4.6 : Input parameters of steel props 

Parameter Value Unit 

Section designation 305x305x137  

Mass per unit length 136.9 kg/m 

Sectional Area, A 176 cm
2 

Sectional Modulus, E 205000 cm
3
/m 

Axial stiffness, EA 2x10
6 

kN 

Lspacing 5
 

m 

4.2 Boundary Conditions 

When selecting the model sizes the boundary conditions such as the prescribed 

deformation and forces become important considerations (PLAXIS, 2002). Too small 

size of geometry may lead to wrong results, as they would be highly influenced by 

the boundary conditions. In order to avoid that, horizontal and vertical dimension of 

models were selected as 40m and 25m respectively. Plaxis allows entering model 

boundary conditions based on known loads. Of all the options available, only the 

"standard fixities" option was used. Assigning fixity enables us to keep a zero 

displacement in both vertical and horizontal axis (Ux = Uy = 0).  

4.3 Water table. 

The normal water level of the study area is +0.6 mMSL. The water table of the 

analysis was adjusted in the model to suit with the ground excavation.  

4.4 Sequence of Analysis 

In order to investigate the effect of the construction sequence, 4 systems were 

analyzed in PLAXIS 2D. Calculations for the multi phases numerical analysis were 

performed using the staged construction procedure. The calculations were executed 

in several phases including the sheet pile installation, prop installation at each 

interval, excavation, dewatering, gabion wall construction and backfilling ending 

with the state where all finite element model components including surcharge 
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loading were activated. For each stage, the calculations were simulated until the 

prescribed ultimate state is fully reached. 

4.4.1 System 01: 6m long sheet piles with 1 prop at existing ground level. 

This is the system which shows the construction process actually followed at the site 

during the construction works of left bank canal bank protection works. 6m long 

sheet piles have been proped at existing ground level using “H” irons of 

300x200x56.4mm and horizontal propping distance was 5m. 

 

 

 

Figure 4.3: Plaxis model showing the arrangement of System-01.  
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4.4.2 System 02: 6m long sheet piles with props at 1.5m interval. 

System 02 is an alternative construction process which have been proposed since the 

actually adopted construction process illustrated in system 01 was caused structural 

damages for the neighboring houses. 

System 02 is an improvement of System 01 where 6m long sheet piles were used and 

number of props have been increased upto 3 installed at 1.5m vertical distances.  

 

 

 

 

 

  

 

 

 

 

Figure 4.4: Proposed system 02. 
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4.4.3 System 03: 9m long sheet piles proped at existing ground level. 

 

System 03 was proposed by enhancing the length of the sheet piles from 6m to 9m 

and it was proped at existing ground level using “H” iron bracings. This is another 

type of alternate construction process instead of System 01 where sheet pile length 

have been increased considering the excavation depth and embedment depth. 

 

 

 

 

 

 

 

 

Figure 4.5: Proposed system 03. 
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4.4.4 System 04: 9m long sheet piles with 3 props at 1.5m intervals. 

 

System 04 was another type of alternative construction process which is having 9m 

long sheet piles and proped at 3 levels of 1.5m vertical distance. This alternative 

construction process mainly proposed due to the closed proximity to the dwelling 

houses. By considering the soil profile of the site, excavation depth and distances to 

the nearby buildings, System 04 was proposed to minimize the damages which can 

be occurred  

 

 

 

 

 

 

 

 

 

Figure 4.6: Proposed system 04. 
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4.5 Results.  

4.5.1 System 01 

Table 4.4 shows the construction sequence used in the PLAXIS model for system-1. 

The Plaxis model for system – 1 includes 10 stages of construction. It included major 

construction steps in an excavation and dewatering process such as sheet pile 

installation, steel prop installation, excavation, dewatering, gabion construction, and 

backfilling. Steel props were installed at 0.0m depth. 

 

Figure 4.7: Actually adopted Shoring system used for the Plaxis Model . 

The stages of the plaxis model which represents the actually adopted construction 

sequence can be described as below. 

At the first stage, 6.0m long sheet piles were installed for 5m length. Thereafter, 

300x200x56.4mm “H” iron had been proped at 0.0m depth level. The excavation 

process were started by initially excavation of 1.5m depth from existing ground level 

(0.0m depth level). After that, another 1.5m depth had been excavated as the second 

stage of excavation and further 1.5m had been excavated as the third stage of 

excavation which reaches the bottom level of the gabion i.e 4.5m depth level while 

dewatering.  

Then the construction works were started meanwhile the dewatering process was 

ongoing. As the first stage of construction, 2mx1m gabion box was laid and 

backfilled at the canal side and land side around the gabion.  Then two number of 

1.5mx1m gabion boxes were laid while the dewatering process was ongoing. 

Backfilling of the land side was done paralally up to 1.5m depth level. After that 
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prop and the sheet piles were removed and continued to next 5m without completion 

of gabion construction works.  

Table 4.7: Construction sequence used for system - 1  

Stage 

Identification 
Description 

Stage 01 Installation of Sheet Piles 

Stage 02 Install Prop at 0.0m depth level 

Stage 03 Excavation of 1.5m depth –  upto1.5m depth level 

Stage 04 Excavation of 1.5m depth –  upto3.0m depth level 

Stage 05 Excavation of 1.5m depth –  upto4.5m depth level 

Stage 06 Laying 1
st
 row of gabion (2mx1m) 

Stage 07 Backfilling around the gabion 

Stage 08 Laying 2
nd

 and 3
rd

 rows of gabion (1.5mx1m) 

Stage 09 Backfilling around the gabion 

Stage 10 Remove prop and 6m long sheet piles 

 

The ground settlement profile for each stage of construction from the edge of sheet 

pile (at R) towards 7m distance in land side (at P) is obtained from the Plaxis model  

and plotted as shown in Figure 4.8. The vertical line at 3m (at Q) indicates the 

boundary of the damaged house.  

  

Figure 4.8: Deformed mesh of stage 05 of System 01. 

 

For the simplicity of understanding the each P,Q and R locations, the deformed mesh 

of stage 05 was taken from the Plaxis model and shown in Figure 4.8. 

 

Q P 
R 
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Figure 4.9: Ground settlement profile of System 01. 

 

Figure 4.10: Ground Settlement Profile of stage 05 of System 01. 

 

Accordingly, at the first stage, consolidation settlement due to the surcharge, 20mm 

ground settlement can be observed closure to the damaged structures (at Q) as shown 

in Figure 4.9  

Ground settlements was gradually increased to 30mm up to 4
th

 stage where 

excavation has been done to 3.0m depth level. Further excavation of 4.5m depth 

level in 5
th

 stage, the ground settlements have been increased to 70mm. During the 
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construction works of gabion canal bank protection, the ground settlements have 

been increased to 110mm since the dewatering is being continued. Finally, before the 

completion of gabion structure, the sheet piles and the “H” iron prop have been 

removed increasing the ground settlements to 130mm which is beyond the allowable 

ground settlement limit.  

 

Figure 4.11: Maximum Horizontal displacement at damaged building location for each stage for 

System 01.  
 

 

Figure 4.12: Horizontal displacement Profile of stage 05 of System 01. 

 

The horizontal displacement along the construction sequence shown in Figure 4.11 is 

also in consistent with the vertical settlement variation. The gradient of the horizontal 

displacement is mild up to stage 03 and thereafter an exponential increase in 
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displacement is observed in between 3
rd

 and 7
th

 stage which corresponds to 

excavation. The displacement after 7
th

 stage reach 70mm exceeding the tolerable 

limit. The displacement increment is minimum during backfilling and shows a 

significant increase once again at the end during the sheet pile removal with a total of 

90mm which is way beyond the allowable limit. The settlement pattern of the 

horizontal displacement is closely related to the vertical settlements along the 

sequence.  

4.5.2 System 02 

The Plaxis model for system – 02 includes 14 stages of construction. Steel props 

were installed at 0.0m depth, 1.5m depth and 3.0m depths for the 6m long sheet 

piles. 

 

Figure 4.13: Schematic Diagram of System 02 used for the Plaxis Model . 

The stages of the plaxis model which represents the construction sequence can be 

described as below. 

At the first stage the 6m long sheet piles were driven upto 6m depth and then “H” 

iron prop has been installed at 0.0m depth level as the second stage. Excavation of 

1.5m depth upto 1.5m depth level was introduced and second prop has been installed 

as 3
rd

 stage. Another 1.5m depth has been excavated and dewatered as the 4
th

 stage 

up to 3.0m depth level and 3
rd

 prop has been installed at same 3.0m depth level.  

Then another 1.5m depth has been excavated and dewatered up to 4.5m depth level 

which reaches the design bottom level of gabion structure. This was done at the 5
th

 

stage. Gabion construction was started thereafter. At the 6
th

 stage, 2mx1m gabion 
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box was laid and backfilled the both sides at 7
th

 stage. Then the prop at 3.0m depth 

level was removed at the 8
th

 stage while the dewatering was in progress.  

After that, 1.5mx1m gabion box was laid on top of 2mx1m gabion box and another 

1.5mx1.0m gabion box was laid up to 1.5m depth level as the 9
th

 stage. Again 

backfilling was done at land side upto 1.5m depth level at the 10
th

 stage. Then prop at 

1.5m depth level was removed at 11
th

 stage. Thereafter, 1.0mx1.0m gabion box was 

laid on top of 1.5mx1.0m gabion box and 0.5mx1.0m box was laid on top of it at 12
th

 

stage and continued backfilling up to 0.0m depth level at 13
th

 stage. After, the prop at 

0.0m depth level was removed and finally the sheet piles were removed at 14
th

 stage. 

Table 4.8: Construction sequence used for system - 2  

Stage 

Identification Description 

Stage 01 Installation of Sheet Piles 

Stage 02 Install Prop at 0.0m depth level 

Stage 03 
Excavation of 1.5m depth –  upto1.5m depth level 

Install Prop at 1.5m depth level 

Stage 04 Excavation of 1.5m depth –  upto3.0m depth level 

Stage 05 

Install Prop at 3.0m depth level  

Excavation of 1.5m depth –  upto4.5m depth level 

Stage 06 Laying 1
st
 row of gabion (2mx1m) 

Stage 07 Backfilling around the gabion 

Stage 08 Remove Prop at 3.0m depth level  

Stage 09 Laying 2
nd

 and 3
rd

 rows of gabion (1.5mx1m) 

Stage 10 Backfilling at land side up to 1.5m depth level 

Stage 11 Remove Prop at 1.5m depth level  

Stage 12 Laying 3
rd

 and 4
th

 rows of gabion 

Stage 13 Backfilling at land side up to 0.0m depth level 

Stage 14 
Remove Prop at 0.0m depth level and remove sheet 

piles 

 

The ground settlement profile for each stage of construction from the edge of sheet 

pile (at R) towards 7m distance in land side (at P) is obtained from the Plaxis model 

and plotted as shown in Figure 4.15. The vertical line at 3m indicates the boundary of 

the damaged house (at Q). 
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Figure 4.14: Deformed mesh of stage 05 of System 02. 

 

 

 

Figure 4.15: Maximum ground settlements along the Distance for System 02 
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Figure 4.16: Vertical Settlement Profile of stage 05 of System 02. 

 

Accordingly, when the sheet piles were installed at stage 01, the maximum ground 

settlement of 20mm was observed at 4m distance from the edge of shoring which 

represents the consolidation settlement due to the surcharge activated. 

Installation of “H” iron prop at stage 02, any ground settlements were not observed. 

But, commencement of excavation of 1.5m depth and installation of second prop at 

stage 03, ground settlement has been increased to 25mm. Another 1.5m excavation at 

stage 04 resulted to increase the ground settlement to 90mm.  

It is observed that there is a rapid rate of increasing in vertical settlement during 

stages 03 and 04. This trend of rapid increasing of the settlements has been ceased 

after stage 04. Apparently, the installation props have resulted in mitigating the 

settlement increase an even though the subsequent stage associated with excavation 

of further 1.5m (i.e. excavation to 4.5m depth level), there is no further increasing 

trend of the settlements and thus the effect of propping is highlighted.  

However, the allowable settlement for the safety of the surrounding structures has 

been set up as 40mm and it is evident that implementation of system 02 exceeds this 

threshold limit and therefore, implementation of system 02 is not recommended.  

Q P R 
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Figure 4.17: Maximum Horizontal displacement at damaged structure location for each stage 

of System 02. 

 

 

Figure 4.18: Horizontal displacement Profile of stage 05 of System 02. 

 

The corresponding variation of horizontal displacement along the construction stages 

is shown in Figure 4.17 and the variation is closely in relation with the vertical 

settlement. The excavation activities at stages 04 and 05 show a significant increase 

in horizontal displacement with a rapid gradient similar to the vertical settlements. 

The amount of displacement after the excavation is 85mm, which then shows a 

minimum increment of displacement with a total displacement of 90mm after the 

entire construction.  
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It is observed that the amount of settlements is substantially reduced than System 01 

due to the increased bracings and yet both vertical settlement and horizontal 

displacements are well above the allowable limits.  

 

4.5.3 System 03. 

The stage identification for the PLAXIS model for system 03 is as follows. The 

Plaxis 2D model for system 03 includes 8 construction stages. 9m long sheet piles 

have been used where it proped at sheetpile top level. 

 

Figure 4.19: Schematic Diagram of System 03 used for the Plaxis Model . 

 

The stages of the plaxis model which represents the construction sequence can be 

described as below. 

At the first stage, 9m long sheet piles were installed. Then 0.5m depth excavation 

was done and “H” iron prop has been installed at 0.0m depth level as the 2
nd

 stage. 

Thereafter, excavation was done upto gabion bottom level (i.e. 4.5m depth level) 

while dewatering is in progress at the 3
th

 stage. Then, gabion construction was 

commenced. At the 4
th

 stage, 2mx1m gabion was laid and backfilling around the 

gabion was done. Two boxes of 1.5mx1m gabion boxes were laid on top of 2mx1m 

gabion box and backfilled at the 5
th

 stage.   
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Then 1mx1m gabion box was laid on top of 1.5mx1.0m gabion box and backfilled at 

6
th

 stage. Afterthat, “H” iron prop has been ejected and 0.5mx1m gabion box was 

laid on top of 1mx1m gabion box at 7
th

 stage. Finally sheet piles were removed at the 

8
th

 stage. 

Table 4.9: Construction sequence used for system - 3  

Stage 

Identification Description 

Stage 01 Installation of Sheet Piles 

Stage 02 

Excavation of 0.5m and install Prop at 0.0m depth 

level 

Stage 03 Excavation of 4.0m depth –  upto4.5m depth level 

Stage 04 
Laying 1

st
 row of gabion (2mx1m) and backfilling 

around the gabion 

Stage 05 
Laying 2

nd
 and 3

rd
 rows of gabion (1.5mx1m) and 

backfilling 

Stage 06 Remove prop  

Stage 07 

Laying 4
th

 row of gabion (1.0mx1.0m) and 5
th

 row of 

gabion (0.5mx1.0m)  

Stage 08 Backfilling around the gabion 

Stage 09 Remove sheet piles 

 

The ground settlement profile for each stage of construction from the edge of sheet 

pile towards 7m distance in land side is obtained from the Plaxis model and plotted 

as shown in Figure 4.21. The vertical line at 3m indicates the boundary of the 

damaged house. 

 

Figure 4.20: Deformed mesh of stage 03 of System 03. 

 

P R Q 
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Figure 4.21: Maximum ground settlements along the Distance for System 03 

 

 

Figure 4.22: Vertical Settlement Profile of stage 03 of System 03. 

The deformed mesh and vertical settlement profile for stage 03 was shown in Figure 

4.20 and Figure 4.22. 
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The system 03 involved with the setting up of the props at ground level in stage 02. 

Therefore, even though there is a considerable rate of settlement during stage 04 (i.e. 

stage relevant to excavation), there is a reduction of total settlement by 

approximately 40mm than system 02. The rate of settlement is ceased once the 

excavation is completed and construction of gabion is initiated.  

 

Figure 4.23: Maximum Horizontal displacement at damaged structure location for each stage 

of System 03. 

 

 

Figure 4.24: Horizontal Displacement Profile of stage 03 of System 03. 
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The horizontal settlement shown in Figure 4.23 indicates a similar pattern as per 

previous stages where the horizontal displacement is abruptly increased during the 

excavation followed by a subdued increase in displacement afterwards. The 

displacement increases rapidly during the excavation, up to 58mm and the increased 

resistance of 9m sheet pile was able to hold the displacement graph near constant 

after the excavation. The amount of displacement is reduced even more than System 

02 and yet it exceeds the allowable limit similar to the status of vertical settlements. 

In essence, even though the settlements are slightly lower than the System 02, the 

settlements during the implementation are still considerably higher than the 

allowable limits and therefore, system 03 also not recommended concerning the 

safety of the buildings. 

 

4.5.4 System 04. 

The Stage identification for the PLAXIS model for System 04 is as follows. The 

Plaxis 2D model for System 04 includes 14 stages which have 9m long sheet piles 

proped at 1.5m intervals. 

 

Figure 4.25: Schematic Diagram of System 04 used for the Plaxis Model . 

The stages of the plaxis model which represents the construction sequence can be 

described as below. 
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Table 4.10: Construction sequence used for system - 4  

Stage 

Identification 
Description 

Stage 01 
Installation of Sheet Piles install Prop at 0.0m depth 

level 

Stage 02 
Excavation of 1.5m and install second prop at 1.5m 

depth level 

Stage 03 
Excavation of 1.5m depth  upto3.0m depth level and 

install third prop at 3.0m depth level  

Stage 04 Excavation of 1.5m depth  upto4.5m depth level 

Stage 05 

Laying 1
st
 row of gabion (2mx1m) and backfilling 

around the gabion  

Laying 2
nd

 and 3
rd

 rows of gabion (1.5mx1m)  

Stage 06 Remove prop at 3.0m depth level.  

Stage 07 Backfilling around the gabion upto 1.5m depth level 

Stage 08 

Laying 4
th

 row of gabion (1mx1m) and laying of 5
th

 

row of gabion (0.5mx1.0m) 

Remove prop at 1.5m depth level 

Stage 09 
Remove prop at 0.0m depth level  and remove sheet 

piles 

 

At the first stage the 9m long sheet piles were driven upto 9m depth and then “H” 

iron prop has been installed at 0.0m depth level. Excavation of 1.5m depth upto 1.5m 

depth level was introduced and second prop has been installed as 2
nd

 stage.  

Another 1.5m depth has been excavated and dewatered as the 3
rd

 stage up to 3.0m 

depth level and 3
rd

 prop has been installed at same 3.0m depth level. Then another 

1.5m depth has been excavated and dewatered up to 4.5m depth level which reaches 

the design bottom level of gabion structure. This was done at the 4
th

 stage.  

Gabion construction was started thereafter. At the 5
th

 stage, 2mx1m gabion box was 

laid and backfilled the both sides. Then 1.5mx1m gabion box was laid on top of 

2mx1m gabion box and another 1.5mx1.0m gabion box was laid up to 1.5m depth 

level as the 6
th

 stage while the dewatering was in progress.  

Afterthat, the prop at 3.0m depth level was removed and backfilling was done at land 

side upto 1.5m depth level at the 7
th

 stage. Then 1.0mx1.0m gabion box was laid on 

top of 1.5mx1.0m gabion box and 0.5mx1.0m box was laid on top of it. Thereafter, 

prop at 1.5m depth level was removed at 8
th

 stage and continued backfilling up to 
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0.0m depth level. After, the prop at 0.0m depth level was removed and finally the 

sheet piles were removed at 9
th

 stage. 

The ground settlement profile for each stage of construction from the edge of sheet 

pile towards 7m distance in land side is obtained from the Plaxis model and plotted 

as shown in Figure4.27. The vertical line at 3m (at Q) indicates the boundary of the 

damaged house. 

 

Figure 4.26: Deformed mesh of stage 04 of System 04. 

 

 

Figure 4.27: Maximum ground settlements along the Distance for System 04. 
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Figure 4.28: Vertical Settlement Profile of stage 04 of System 04. 

 

The system 04 involves propping at 03 levels. Stages 01, 02 and 03 represent the 

installation of props at 1.5m intervals. The stage 04 is associated excavation upto 

41.5m depthand there is a slight increase in settlements in this stage which is 

understandable. A slight increase in settlements are observed during the next stages. 

When the overall settlement is considered, the total settlement is within the allowable 

limits of (i.e. 40mm) along the entire construction sequence.  

 

 

Figure 4.29: Maximum Horizontal displacement at damaged structure location for each stage 

of System 04. 
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Figure 4.30: Horizontal Displacement Profile of stage 04 of System 04. 

 

The variation in horizontal displacement is shown in Figure 4.29. Similar to all 

previous systems, the horizontal displacement increases with a higher increment 

during the excavation stages and yet the amount of displacement after excavation is 

only 11mm due to the 9m sheet piles with increased bracings in system 04. The 

displacement after total construction is 12mm and has significantly reduced than all 

the previous systems. Similar to ground settlements, it can be observed that 

horizontal displacements also below the allowable limits throughout the entire 

construction sequence and hence the structural safety is further reassured considering 

the horizontal displacements with the arrangement of system 04. 

Therefore, the system 03 is thus identified as the most recommended construction 

sequence to be implemented for the safety of the structures. 

It is evident that system 01 is very unstable and the ground settlements were always 

excessive than the allowable settlement of 40mm. The settlements increase 

exponentially during the mid construction stages simulating the actual damage 

occurred during the construction. 

System 02 is more stable than system 01 where the ground settlements were 

approximately constant after stage 04. However the maximum stage settlements were 

still higher than the allowable limits and therefore, there is still a risk of structural 

damage. 

P R Q 
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System 03 is even more stable than system 02 where the maximum stage settlements 

were lesser. Similar to system 02, the ground settlements reached a peak values 

during the mid construction and then the variation was minimal. However, since the 

maximum stage settlements are higher than the allowable limits the risk of structural 

damage is not fully addressed. 

System 04 can be indentified as the most stable and most conservative system where 

maximum stage settlements are always below the limits. A very mild increase in 

settlement can be indentified along the construction and yet there is no risk of 

structural damage as the settlement curve is always below the threashold.  

Therefore system 04 was identified as the arrangement as the most suitable 

temporary shoring sytem for the location as per the analysis on construction 

sequance. 

 

 

 

 

 

 

 

 

 

 

 

 

 



M.Eng. in Foundation Engineering and Earth Retaining Systems 

 

77 

 

CHAPTER 05:          CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 

The excavation induced ground settlements during construction at urban areas were 

becoming a major issue for multiple canal improvement projects in Colombo, Sri 

Lanka and it was revealed during the literature review that it is a common 

engineering problem in Sri Lanka. Since almost all the infrastructure projects in 

urban cities require deep excavations during its construction projects, excavation 

induced ground settlements is a major risk of property damage for most cities. The 

geotechnical root causes of each cases differ and however the hypotheses of this 

study were set up that these damages could have been prevented by a proper analysis 

on construction sequence being conducted prior to the implementation.   

Consequently, this case study related to property damages during the bank protection 

at St Sebastian North canal was analyzed with the objective whether the damage 

could have been prevented if adequate attention has been paid to the Construction 

sequence. The finite element analysis for the case was conducted for 04 construction 

sequences with each sequence consists of multiple stages. 

The results of ground settlements and horizontal displacements are shown in Figure 

4.9 to Figure 4.29. Accordingly, it is observed that implementation of System 01, 

System 02 and System 03 induce excessive ground settlements and horizontal 

displacements during intermediate construction stages and that is an implication that 

implementation of these 3 systems would cause severe ground settlements that would 

yield the structural damages to nearby properties. This simulate the actual cause of 

the damage happened on the ground. 

Both system 01, system 02 and system 03 failed for the stage of excavation up to 4.5 

m depth and dewatering. This might correspond to the actual structural damages 

happened. However, in system 04, ground settlement and horizontal displacement 

values are within the allowable limit along all the construction stages which can be 

regarded as allowable. Therefore, had these analyses been conducted earlier, the 

obvious choice would be to go for system 04 and however, that was not picked up as 

there were no analysis on construction stages. The conclusions can be lined up as 

follows. 
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 The system 01, System 02 and system 03 showed excessive settlements at 

intermediate stage of construction up to 4.5 m depth and dewatering. 

 System 04 showed that all settlements and horizontal displacements are 

within allowable limits along all stages.  

 Based on the analysis on construction sequence, the system 04 is the design 

choice for the implementation.  

 The root cause of the damaged cause during the construction at St Sebastian 

North canal can be identified as dewatering induced surface settlements when 

dewatering after excavated to 4.5 m depth. 

 The temporary shoring arrangement of system 04 is the suitable system to 

maintain the surface settlements within allowable range. The study illustrated 

that the driven depth of the system alone will not be adequate. The lateral 

support system plays a very critical part. 

  Based on the analysis on construction stage, system 04 would be the design 

choice therefore it is concluded that inadequate analysis on construction 

sequence has resulted the structural damage. 

5.2 Recommendations. 

Based on the study outcomes the following recommendations are made for the future 

design in order to prevent the settlement induced damages during the constructions. 

The following recommendations are made for the projects involved with deep 

excavations in urban areas. 

 The stability analysis of the final stage is not alone adequate to ensure the 

safety of the constructions. 

 It is recommended to always carry out an analysis on the different 

construction sequences and evaluate the anticipated ground settlements. 

 Based on the analysis, the most conservative and cost-effective construction 

sequence shall be adopted as the construction methodology. 

 If there are any unavoidable ground settlements are detected during the 

analysis on construction sequence, ground improvement measures shall be 

taken prior to the excavation. 

 The excavation shall only be started subjected to the approval of the 

construction sequence analysis report. 
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 Installation of ground monitoring points should be done prior to the 

construction. 

 A comprehensive risk assessment shall be completed with the construction 

sequence analysis report and high risk areas shall be identified prior to the 

excavation. 
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