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ABSTRACT 
 
High strength geosynthetic reinforcement was used in the design of reinforced earth foundation 
for a large diameter aboveground tank in compressible soils.  The geosynthetic reinforcement had 
integrated performance characteristics of both geogrid and geotextile. Based on the native soil 
characteristics and loading conditions, an expected uniform settlement of 150 mm was estimated.  
The tank base plate perimeter settlement was measured during and post hydrostatic testing of the 
tank, while the interior settlement was measured pre and post hydrostatic test conditions. The 
maximum amount of uniform settlement was measured to be 122 mm post hydrostatic test, which 
was within the model calculated settlement.  The maximum amount of differential settlement was 
15 mm between two adjacent stations, which exceeded the API 650 guideline of 13 mm, however 
was acceptable for the structural design the tank.  Two construction practices were identified as 
primarily contributing to the measured differential settlement and these learnings can help similar 
future projects.     
 
INTRODUCTION 
 
The presence of weak compressible soils supporting moderately loaded structural foundations may 
result in bearing capacity failure and excessive settlements both uniform and differential.  Steel 
tanks are designed to withstand relatively large settlement and deformation. However, excessive 
settlement can, in extreme cases, cause structural damage and failure and more likely reduces 
durability and desired optimum performance. The conventional method of subgrade improvement 
is to excavate and remove the weak soils and backfill with an adequately thick layer of granular 
material.  An alternate approach involves the use of a reinforced earth foundation (REF) using 
high strength geosynthetic materials.  Typically, a combination of a bi-axial geogrid for 
reinforcement with a woven geotextile for separation is installed within granular fill.  This 
composite foundation pad can significantly improve the load bearing capacity of the soil and 
provide improved pressure distribution thus reducing the associated settlement (Alston et al. 2015).  
Currently, there are products available that can provide integrated performance characteristics of 
both geogrid and woven geotextile, ultimately resulting in cost and time savings for the project.  
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The use of reinforced earth foundations has been widely used and studied for all kind of 
structures such as retaining walls, buttresses to stabilize land slide zones, bridge abutments, 
foundation slabs, sea walls, dams, containment dykes; subjected to a variety of static, dynamic and 
seismic loading conditions (Panda and Ray, 2014).  Kolay et al. (2013) studied laboratory tests 
and generated load versus settlement curves to determine that the bearing capacity of silty clay and 
sandy soils increase with respect to the addition of geogrid reinforcement layers.  An increase in 
bearing capacity over 72% with four layers of geogrid was reported.  Soil reinforced with 
extensible reinforcement, such as geosynthetics has greater extensibility and smaller losses of post-
peak strength compared to soil alone or soil reinforced with inextensible reinforcement (Shukla, 
2002). Generally, the improved performance of a geosynthetic REF can be attributed to an increase 
in shear strength of the foundation soil from the inclusion of the geosynthetic layer(s). The soil-
geosynthetic system forms a composite material that inhibits development of the soil-failure wedge 
beneath shallow spread footings.  

Regarding foundation applications, there are four mechanisms involving geosynthetics, 
geotextiles specifically, pertaining to improving bearing capacity and settlement characteristics 
(Giroud and Noiray, 1981, Guido et al. 1986, Bourdeau 1989, Sellmeijer 1990, Hausmann 1990, 
Nishida and Nishigata 1994, Shukla, 2002): 
 
1. Shear Stress Reduction Effect: Reinforcing geosynthetics reduce the outward shear stresses 

transmitted from the overlying soil/fill to the top of the underlying foundation soil.  The result 
of this effect puts the system in a more stable general-shear mode, rather than a local shear 
failure mode that is typical of soft foundation soils.  This causes an increase in load-bearing 
capacity of the foundation soil.  

2. Slab Effect or Confinement Effect:  Reinforcing geosynthetics redistribute the applied surface 
load over a larger area by providing restraint of the granular fill if embedded within, or by 
providing restraint of the granular fill and the soft foundation soil if placed at the interface, 
resulting in reduction of applied stress. 

3. Membrane Effect:  Reinforcing geosynthetics provide vertical support to the overlying fill soils 
that are subjected to loading, due to a membrane force in the geosynthetic resulting from 
surface deformations.  This membrane force possesses a vertical component that resists applied 
loads. 

4. Separation Effect:  Geotextiles (and occasionally, geogrids) improve the performance of the 
REF system by acting as a separator between the soft foundation soil and the granular fill.  

The planned new development on the site was construction of a new hydrocarbon fuel storage tank 
having a diameter of 39.62 m and height of 14.63 m.  The site was an active fuel storage and 
distribution terminal located north of Edmonton, Alberta, Canada.  Further details about the facility 
and location cannot be provided due to confidentiality agreement with the facility owner. 

The upper soil layer was determined to consist of compressible lacustrine clay soils mixed 
with variable amounts of organics.  This soil was found not suitable for foundation of the proposed 
tank and other infrastructure.  A 3.0 m thick geosynthetic reinforced earth foundation was designed 
to support the tank.  The primary functions of geosynthetic material in REF design were to provide 
reinforcement, separation, filtration and drainage (Holtz, 2001).  Standard geogrid products 
provide only reinforcement, whereas standard geotextile products provide only separation and 
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filtration functions.  Therefore, an integrated high-strength geosynthetic product that can provide 
properties of both standard geogrids and geotextiles was utilized. 
  
The main objective of this paper is to provide a comparison between predicted and measured 
settlement results along with possible reasoning behind the deviation from predictions.  During the 
detailed design of the REF, settlement of the tank foundation was estimated based on both a 
computer model and manual hand calculations. 
 
GEOTECHICAL INVESTIGATION 
 
No previous geotechnical information regarding the subsoil conditions, nor any history of the 
initial facility development was available to the authors at project commencement. Therefore, a 
geotechnical investigation comprised of four boreholes ranging from 7.2 m to 15.0 m in depths 
were advanced within the proposed development footprint. The site soil profile in general 
consisted of a surficial layer of black, moist organic topsoil, ranging in thickness from 0.3 m to 0.5 
m, underlain by a mixed lacustrine clay extending to a depth of 6.1 m below grade.  The mixed 
lacustrine clay was silty, dark brown to black, damp to moist, soft, high plastic, and contained 
organics, coal inclusions and trace sand pockets.  Silty sandy clay was encountered below the 
mixed lacustrine clay and extended beyond the completion depth of all boreholes.  A 3.0 m-thick 
wet silty sand layer was encountered embedded within the silty sandy clay layer at a depth of 7.5 
m below grade. The groundwater levels were measured 11 days following drilling, where the depth 
of groundwater ranged from 2.6 m below surface (667.69 AMSL) to 3.5 m below surface (669.53 
AMSL).  The field and laboratory measurements of soil characteristics are provided in Table 1. 
  
Table 1: Field and laboratory measurements 
Soil Type Moisture 

Content % 
(Min/Max) 

Moisture 
Content % 
(Median) 

N-SPT 
(Min / 
Max) 

N-SPT 
(Median) 

Shear Vane 
(kPa) 
(Min / Max) 

Shear 
Vane 
(kPa) 
Median 

Mixed Lacustrine 
Clay 

13.1 / 39.8 27.5 2 / 17 9 28 / 88 67 

Silty Sandy Clay 15.3 / 28.8 21.6 4 / 26 10 40 / 184 74 
Silty Sand 22.7 / 26.3 22.9 28 / 35 32 NA NA 
 
 Soil Type Depth Hydrometer (%) Atterberg Limits 

Gravel Sand Silt Clay Liquid 
Limit 

Plastic 
Limit 

Plasticity 
Index 

Mixed Lacustrine 
Clay 

3.1 3.9 29.2 38.1 28.8 67.4 24.3 43.1 

Silty Sandy Clay 7.0 1.9 33.7 39.3 25.1 32.8 12.6 20.2 
Silty Sand 8.3 0.0 58.3 32.4 9.3 NM NM NM 

 
The upper poor, soft and compressible lacustrine clay soil extending to the depth of 6.0 m below 
grade was found not suitable for foundation of the proposed tank and other infrastructure.  Based 
on the subsoil and groundwater conditions, the two recommended foundation strategies were cast-
in-place concrete end bearing piles founded to at least 10 m depth complete with perimeter 
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concrete grade beam or a relatively cost-effective REF consisting of a geotextile reinforced 
granular pad constructed on a cement stabilized subgrade.  Based on the cost benefit analysis and 
other site-specific constraints, the facility owner decided to proceed with a REF to support the new 
tank.  
 
DESIGN OF REF 
 
The basic design approach for the REF is to design against failure and settlement due to the 
presence of soft compressible soils.  The three possible modes of failure, (i) the bearing capacity, 
(ii) rotational, and (iii) lateral spreading failures, indicate the types of stability analyses required 
for the design.  The bearing capacity of the REF must be adequate for the tank induced load at full 
capacity, and reinforcement must be strong enough to prevent rotational failures. The lateral 
spreading failures must be prevented by the development of adequate shearing resistance at 
geosynthetic and granular interfaces within the REF.  As such, geosynthetic strength in the 
longitudinal direction, the traverse seam strength must also be determined (Holtz, 2001).  

The Load and Resistance Factored Design and one-dimensional consolidation 
methodologies were used for the REF design (Canadian Geotechnical Society, 2006). The tank, 
assuming it is filled with water, will induce a total load of 175 kPa distributed on the constructed 
REF.  This loading pressure was used in the computer model analysis for the stability and 
settlement and manual settlement calculations using one-dimension consolidation theory 
(Terzaghi et al. 2010). The soil layer thicknesses and properties employed in the computer model 
and manual calculations are shown in Table 2 and the computer models of edge shear bearing 
stability and settlement results are shown in Figure 1, below. 
 
Table 2: Soil properties used for settlement computer model and calculations 

An excavation within the lacustrine clay to a depth of 1.2 m within a footprint equal to the diameter 
of the tank plus 6.0 m was recommended. The ultimate bearing capacity of the upper lacustrine 
clay in the existing conditions was determined to be 110 kPa, however bearing capacity of the 
upper clay was anticipated to be improved to over 200 kPa by soil cement stabilization treatment.  

Material Thickness 
(m) 

Unit 
Weight 
(kN/m3) 

Cohesion 
(kPa) 

Friction 
Angle 
(degrees) 

Elastic 
Modulus 
(MPa) 

Poisson’s 
Ratio ν  

Geogrid Reinforced 
Compacted Gravel 

3.0 22 0 35 320 0.35 

Cement Stabilized 
Lacustrine Clay  

0.3 20 5 20 30 0.2 

Mixed Lacustrine 
Clay Unsaturated 

0.2 15 5 20 10 0.42 

Mixed Lacustrine 
Clay Saturated 

2.5 17 5 20 7 0.45 

Silty Sandy Clay 1.5 18 0 25 70 0.4 
Silty Sand 3.0 19 0 28 150 0.4 
Silty Sandy Clay 25.0 18 0 25 70 0.4 
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Figure 1: Tank edge shear stability and settlement analysis computer model results 
 



708 
 

The design REF structure, a depiction of station numberings, and location of identified soft spot is 
shown on Figure 2, below.  The REF was consisted of the following: 

• 200 mm thick layer of Alberta specification 2-25 granular crush compacted to 100% 
Standard Proctor Maximum Dry Density (SPMDD) over 

• 2800 mm thick layer of Alberta specification 6-80 granular crush compacted to 100% 
SPMDD and reinforced with geosynthetics 

• A heavy-duty needle-punched civil nonwoven geotextile with a typical weight of 300 g/m2 
and an AOS of 0.15 mm was used as a separation strip between the clay sub-grade and the 
granular base layers  

• Eight layers of an integrated high strength woven geotextile, each layer of geotextile 
installed in perpendicular orientation to the layer below, vertically spaced 375 mm 
throughout the REF. 

 

 
Figure 2: A section of construction drawing showing design details of the REF (some details 
have been removed for clarity) 
 
The primary reason for installing the geosynthetics layers in perpendicular orientation to each other 
is because of the significantly higher tensile strength in the Cross-Machine direction, compared to 
Machine Direction. This also helped in to create a homogeneous REF and to ensure that no slip 
zone was created by seams that lined up. The granular specifications were standard gradation as 
per Alberta Transportation Specifications (2010).  A 100-mm layer of sand was recommended to 
be placed on the 2-25 granular crush to assist in creating a level foundation for the tank base. 

Using the computer model analysis and manual settlement calculations, the total maximum 
uniform settlement of 150 mm was predicted, of which 129 mm was anticipated to occur within 
the upper lacustrine clay and 21 mm within the silty sandy clay.  Over 90% of the settlement was 
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expected to occur within 10 days once the full tank load (175 kPa) was applied due to presence of 
relatively permeable silty sand layer.  The silty sand layer should work as a drainage layer for the 
release of the excess pore water pressure that will build up in the clay when loaded. The 
geosynthetic reinforcement within the REF was designed to bridge any inhomogeneity in the 
subgrade soils and distribute the applied tank load evenly over the entire REF footprint, thus 
minimizing any differential settlement.  
 
CONSTRUCTION OF THE REF 
 
North being located at zero degrees; the exterior circumference of the tank was divided into 
fourteen stations.  Station 1 was located at 355 degrees and all other stations were equally spaced 
in a clockwise direction around the perimeter.  These stations were spaced at approximately 8.9 m 
curved spacing on the circumference and were used as survey points for total and differential 
settlement measurements.  A depiction of station numberings and location of identified soft spot 
is shown on Figure 2, above. 

Black organics mixed into the lacustrine clay throughout the depth of the strata was 
encountered during construction of REF, which was consistent with geotechnical investigation 
findings. A proof roll inspection, identified several isolated soft subgrade spots within the 
development footprint of the REF and secondary containment structures. This area was excavated 
to design subgrade level and compacted at in-situ moisture conditions.  Within the REF footprint, 
a soft saturated area was identified between stations 9 and 12, essentially covering almost the entire 
southwest quadrant.  To bridge the soft spot, the area was further excavated to an approximate 
total depth of 3.0 m and then backfilled with a 2.0 m thick layer of uncompacted 80-mm minus 
granular material, followed by a 0.7 m thick 80-mm granular fill and 0.3 m thick engineered clay 
fill, placed and compacted in lifts.  Performing compaction in the lower granular fill was avoided 
due to risk of groundwater being piped upwards during compaction.  Once the soft area had been 
remediated, the REF footprint soils were scarified, soil cement stabilized and compacted to 100% 
SPMDD.  A second proof roll inspection revealed that all soft areas had been remediated. 

Eight layers of an integrated high strength woven geotextile placed at specific vertical 
spacing within a granular fill was used to construct the REF. The index properties of the selected 
geosynthetic is provided in Table 3.  
 
Table 3: Properties of integrated high strength woven geosynthetic used in the present study 
Index Property Test Method Unit Design Value 
Apparent opening size (MRV) ASTM D4751 U.S. Sieve (mm) 40 (0.425) 
Hydraulic flow rate (MARV) ASTM D4491 l/min/m2 3,056 
Permittivity (MARV) ASTM D4491 sec-1 1.0 
UV resistance (at 500 hours exposure) ASTM D4355 % Strength retained 90 
Interaction coefficient (sand/gravel) ASTM D6706 -- 0.90 
Tensile strength @ 2% strain (MARV) ASTM D4595 kN/m 7.0 
Tensile strength @ 5% strain (MARV) ASTM D4595 kN/m 21.0 

 
MEASURED SETTLEMENT 
 
From April 18 to 29, 2017, the hydrostatic test was conducted following completion of the tank.  
The tank was filled with water in stages over a period of 12 days.  The outer ring elevations were 
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surveyed during various fill and hold stages, as per API-650 guidelines.  The water was completely 
drained out from the tank on May 8, 2017. The outer ring survey station numbers are shown in 
Figure 2. The internal base plate settlement was measured based on the comparison between pre 
and post-hydrostatic load test surveys.  The measured settlement results are presented in Figure 3, 
below. The legends shown in Figure 3, indicates percentage fill level with hold periods provided 
in parenthesis in 8-hour increments.  For example 83%(3) means tank at 83% fill capacity and 24 
hour hold.   
 

 
Figure 3: Hydrostatic load test settlement results at stations located around the 
circumference 
Below are key findings from the assessment of measured settlement results: 
 

1. Between the as-built survey conducted post REF construction (September 22, 2016) 
and pre-hydro test baseline survey (April 18, 2017) the total uniform external 
settlement was found to range from 34 mm at Station 5 to 70 mm at Station 11 and the 
maximum measured differential settlement was 13 mm between Stations 9 and 10. The 
maximum uniform internal settlement at the centre of the tank was 44 mm.  

2. Following 100-percent filling of the tank and a 96-hour hold period, performed from 
April 25 to April 29, 2017, the maximum measured uniform external settlement 
between the pre-hydro test baseline survey to the post 96-hour hold period survey was 
88 mm at Station 13. 

3. After completion of the hydro test and draining of the tank, the recorded rebound in the 
soil ranged from 16 mm at Station 4 to 28 mm at Station 12. The maximum measured 
uniform internal settlement at the centre of the tank was 124 mm.   

4. Summing the settlement that occurred before hydro test with the settlement that 
occurred during the hydro test, the measured uniform settlement ranged from 74 mm 
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at Stations 5 and 6 to 150 mm at Station 12. Accounting for soil rebound, the recorded 
total settlement ranged from 54 mm at Station 6 to 122 mm at Stations 11 and 12. 

5. The maximum measured differential settlement following completion of the hydro test 
was 15 mm between Stations 9 and 10.  The measured differential settlement of 15 mm 
exceeded the API 650 guideline of 13 mm.  However, it was within tolerable limits and 
acceptable for the structural design of the tank.  

 
DISCUSSION 
 
The measured total uniform settlement ranged between 54 mm to 122 mm and the maximum 
measured differential settlement was 15 mm.  The uniform settlement was within the predicted 
values during the design of the REF; however, the REF was designed to provide a uniform 
settlement and minimize potential differential settlement.  The differential settlement of 15 mm 
was slightly higher than the recommended 13 mm for 10 m circumferential spacing as per API-
650 guideline. The non-uniform settlement can be attributed to heterogeneous subgrade conditions, 
non-uniform subgrade preparation in an effort to address a quadrant of poor soil, and additional 
consolidation that occurred along the access and egress ramps for haul trucks supplying the REF 
fill material. 
  Between Stations 9 and 12, where soft subgrade conditions were encountered, the 
excavated depth was increased to 3.0 m below design subgrade elevation and backfilled with 
imported fill material.  However, only the upper 1.0 m-thick layer of the backfill material was 
placed and compacted in 200 mm thick lifts.  The lower 2.0 m of the backfill was placed without 
compaction to bridge over the excessive high moisture and soft soil conditions of this zone.  The 
soft native soil conditions and uncompacted backfill may have caused additional settlement 
between Stations 9 and 12. 

A constructed traffic ramp was used by incoming loaded gravel trucks to haul the imported 
fill material for the REF construction.  The location of the incoming ramp aligns with Station 8, 
where relatively less settlement has occurred.  The continuous compaction of subgrade soils by 
loaded gravel truck traffic into the excavation will have caused additional consolidation of 
subgrade soils in this area, effectively resulting in minimal settlement in this zone during the 
hydrostatic testing.   
 
CONCLUSIONS 
 
Overall, the REF has performed satisfactorily, where the measured settlement was within the 
predicted total settlement.  The measured differential settlement exceeded the applicable 
guidelines but was acceptable for the current design of the tank.  Use of a high strength 
geosynthetic product having integrated performance characteristics of both the geogrid and 
geotextile materials in construction of an REF provides higher factor of safety, significant cost and 
time saving in comparison to a using conventional geogrids and geotextiles. 

For future projects, if dissimilar soil conditions are encountered within the tank foundation, 
rather than selective excavation and removal of poor soils, it is recommended that the entire 
foundation base be over excavated and built up from the same elevation with a consistent subgrade 
material.  This will provide homogeneous soil conditions below the base, effectively assisting in 
minimizing differential settlement. The construction traffic patterns should be cycled to provide 
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equivalent mechanical compaction forces to the subgrade around the footprint of the foundation.  
This will assist in providing uniform consolidation throughout the entire foundation footprint. 
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