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Ground improvement for a large power plant 

L’am6lioration du terrain pour une grande centrale 6lectrique

J. L.M. Clemente, M.Vogelfanger &  L.W. Young, Jr -  Bechte l C orporation, G aithersburg, Md., USA

D. Heere -  Kelle r G rundbau G mbH, O ffenbach, G erm any

ABSTRACT: This paper illustrates the use of rigorous geotechnical design being successfully implemented to improve the engineering 

and construction process for the foundations of a large power facility. Preliminary analysis, pre-production load testing, and additional 

analysis were used to determine the optimum ground improvement scheme by vibro-replacement (stone columns) for a large power 

plant. Production load testing and construction settlement monitoring confirmed the suitability of the foundation option selection

strategy.

1 INTRODUCTION

Foundation options for a large power plant included bored piles 

or vibro-replacement to improve the existing subsurface condi

tions for direct support of footings and mats. Foundation type se

lection was based on preliminary analysis that included the re

view of existing ground improvement data for a neighboring 

plant, pre-production load testing of full-scale footings to deter

mine the optimum grid spacing for the stone columns and 

provide site-specific data for additional analysis, production 

testing to verify the suitability of the selected stone column grid, 

and construction settlement monitoring. The following sections 

provide summary descriptions of the site, facility, and 

subsurface conditions, as well as of the foundation option 

selection strategy.

2 SITE AND SUBSURFACE CONDITIONS

The site was located on a coastline where the topography was 

generally flat and virtually no vegetation was present. The pro

posed power facility included five oil-fired units whose partial 

layout is shown on Figure 1. Figure 1 also provides information 

to be referenced in subsequent sections. Tanks and lightly 

loaded structures that did not require ground improvement are 

not shown.

Subsurface conditions disclosed by SPT borings drilled at 

the site are illustrated by the typical subsurface profile shown on 

Figure 2. The site stratigraphy included a 2 m thick, loose to 

medium dense sand layer underlain by a soft to medium stiff 

silt/clay layer that extended to about an 8 m depth. Intermittent 

ledges of coralline limestone were encountered in a generally 

dense sand matrix beneath the silt layer. SPT refusal was often 

encountered in the coralline limestone, which was then cored. 

Consolidation tests on representative, undisturbed samples of the 

silt/clay layer disclosed OCRs of about 3 and c, of about 4 mVyr.

The final site grade was Elevation +6.5 m (about 2 m higher 

than the ground elevations shown on Figure 2).

Figure 2. Typical subsurface profile
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3 FOUNDATION OPTIONS

Bearing capacity and settlement calculations using existing data 

for the site and the neighboring site indicated that only founda

tions for lightly loaded or settlement-tolerant structures could be 

built directly on the existing soils due to the presence of the 

loose to medium dense sand and silt/clay layers. Thus, the 

foundation system anticipated during conceptual design by 

others consisted of bored piles drilled through the silt/clay layer 

into the underlying sands with coralline limestone. The 

intermittent nature of the coralline limestone required a 

frictional bored pile design to keep pile lengths constant and a 

lengthy testing, inspection, and construction period.

Settlement calculations using existing data for the site and 

the neighboring site, where stone columns had been previously 

used, indicated that ground improvement of the silt/clay layer by 

vibro-replacement would result in improvement factors 

(deformation modulus of improved ground over deformation 

modulus of unimproved ground) large enough to keep 

settlements within design acceptance criteria. The consolidation 

test data on the silt/clay layer and the added drainage benefit to 

be derived from the stone columns indicated that all anticipated 

settlements would also be short term. The use of stone columns 

was then deemed to be a more effective foundation alternative 

than bored piles, pursuant to a pre-production load testing 

program and further analysis to confirm the anticipated 

improvement factors and foundation settlements. A square stone 

column grid spacing on the order of 1.4 m for 1.0 m diameter 

columns installed to about 50 cm into the lower sand layer was 

targeted as capable of producing an allowable bearing pressure 

of 250 kPa at no more than 25 mm total settlements for footings 

and 50 mm total settlements for mats.

Contractual clauses required the use of the 250 kPa 

allowable bearing pressure throughout the site, regardless of 

actual foundation design loadings. Thus, the study of different 

grid spacings and grid configurations that would best match the 

design loads could not be attempted .

4 PRE-PRODUCTION LOAD TESTING

Pre-production stone column load testing was used to confirm 

column technical adequacy, optimize grid spacing, develop 

acceptance criteria for production installation, and provide data 

for design and performance prediction of shallow foundations 

placed on the improved ground.

Square footings with widths of 2.5, 2.8, and 3.2 m were 

tested on improved ground at Area A shown on Figure 1. Square 

footings with widths of 2.8 and 3.2 m were tested on improved 

ground at Area B. These footing sizes corresponded to twice the 

stone column square grid spacings of 1.25, 1.4, and 1.6 m. The 

1.25 and 1.6 m spacings were included in the pre-production 

load testing program to provide a grid spacing optimization 

option (1.6 m spacing), as well as a fall back option (1.25 m 

spacing) in case the target 1.4 m spacing proved too large. It was 

known that 1.25 m stone column spacing had been used for 

ground improvement of the neighboring site. A square footing 

with width of 2.8 m was tested on unimproved ground at Area B 

to provide data for improvement factor calculations. All tests 

were conducted before the start of site grading operations due to 

severe schedule constraints. The footings were tested at a 0.5 m 

depth.

The square footings at Areas A and B were centered on four 

stone columns. Additional rows of stone columns were installed 

outside the footprint of the footings to simulate the confinement 

to be provided by installation of production stone columns over 

large areas of the site. Static cone penetrometer testing was con

ducted at each full-scale footing load test location to determine 

the depth of the sand layer beneath the silt/clay layer, and thus

the required stone column length to ensure a 0.5 m penetration 

into the sand. This was required due to the fact that the SPT 

borings drilled at the site were widely spaced and not originally 

intended to be used for this purpose.

The square footings al Areas A and B were loaded to up to 

twice the design load, i.e., up to 500 kPa, in accordance with 

ASTM D 1194 using reaction beams and a load platform on 

which 1 m x 1 m x 1 m concrete blocks were placed.

Due to schedule constraints only enough concrete blocks 

were made to produce 500 kPa on the 2.5 m square footing. The 

maximum pressure was limited to about 425 kPa (about 1.7 

times the design load) for the 2.8 m square footing and to about 

310 kPa (about 1.25 times the design load) for the 1.6 m square 

footing.

Loading cycles consisted of 1/10 of the maximum load ap

plied during the test, and unloading cycles consisted of 1/4 of 

the maximum load. All loading cycles except for the design load 

(250 kPa) and maximum test load were held for 1 hour, or until 

the measured rate of settlement fell below 0.25 mm/hour. The 

loading cycles corresponding to 250 kPa and to the maximum 

test load were maintained for 12 hours. The unloading cycles 

were maintained for 30 minutes. Results of the pre-production 

load test program are shown on Figure 3.
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Figure 3. Pre-production load testing results

The 2.8 m square footing on untreated soil (Area C) failed 

when the loading was increased from 191 to 230 kPa. The last 

data point shown on Figure 3 represents one reading 

immediately after applying the 230 kPa loading, indicating that 

much larger settlements would have resulted had the 230 kPa 

load been maintained. The measured settlements were deemed 

too large and the test was aborted before they stabilized under 

230 kPa. These results suggested that an allowable bearing 

pressure of the order 100 kPa was achievable with no ground 

improvement.

The test results for the 2.8 m footing were very similar at 

both Areas A and B, the same being the case for the 3.2 m foot

ing. Also, the settlements for the 2.8 m footing (1.4 m grid spac

ing) were smaller than the settlements for the 3.2 m footing (1.6 

m grid spacing) under the same pressure. The average settlement 

for the 2.8 m footing at 250 kPa was about 17 mm, and it was 

about 26 mm for the 3 .2 m footing.

The settlements for the 2.5 m footing (1.25 m grid spacing) 

at Area A were larger than the settlements for the 2.8 m footing. 

This was inconsistent with the anticipated trend. A possible 

cause for this inconsistency was not waiting long enough for 

soils to dry following stone column installation. In addition, 

several soft silt pockets were encountered in the upper sand layer 

during site grading operations. These pockets were likely a 

result of stone column installation at the neighboring site. It was
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possible that the 2.5 m footing in Area A was inadvertently 

placed in one such pocket. Testing of the 2.5 m footing was not 

attempted at Area B to avoid further conflicting results, and 

also because already available data for the 2.8 and 3.2 m 

footings indicated a 1.25 m stone column spacing would not be 

needed.

The pre-production load test results confirmed that settle

ments were essentially short term.

5 INTERPRETATION OF PRE-PRODUCTION LOAD 

TESTING RESULTS

Interpretation of the pre-production load testing results 

included the calculation of soil deformation modulus and 

ground improvement factors. The soil deformation modulus 

(D) was calculated using

D = 0.65-p-B/s (Kany, M. 1974) (1)

where: p = pressure (kPa)

B = width of footing (m) 

s = settlement (m) under pressure p

Pressure(kPa)

Figure 4. Soil deformation moduli from pre-production load 

testing results

The use of Equation 1 resulted in average soil deformation 

moduli for the upper sand and silt/clay layers. The fact that all 

footings were tested at a 0.5 m depth reduced the thickness of 

the upper sand beneath them. Considering the size and depth of 

the footings, it was expected that the lower silt/clay layer 

contributed more significantly to the D value than the upper thin 

sand layer. No contribution to the D values was expected from 

the lower sands, which were encountered at depths below the 

zone of influence for the footings used in the loading tests. 

Hence, the D values were considered representative of the 

sill/clay layer before and after ground improvement. Also, the D 

values calculated from Equation 1 were considered adequate for 

evaluating settlement of comparable size footings. An increase 

in D values of the order of 20 to 30% was expected to be 

reasonable for estimates of settlement of large size mats (Verlag 

fur Architekten und Technische Wissenschaften 1991), where 

lhe use of a constrained modulus would be more appropriate.

Calculated values of soil deformation moduli for 

unimproved ground and for ground improved with 1.4 and 1.6 m 

stone column spacings are shown on Figure 4. Only pressures up 

to the allowable value of 250 kPa were used to determine the D 

values. The results for 1.4 and 1.6 m grid spacings were 

inconsistent and deemed inconclusive for pressures below 50 

kPa. For pressures above 50 kPa, the moduli for the soils 

improved with the 1.4 m grid spacing were clearly larger than 

for soils improved with the 1.6 m grid spacing. The benefits of
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Figure 5. Improvement factors from pre-production load 

testing results

the tighter grid spacing are more evident for lower pressures 

than for higher pressures.

Further evidence of the benefits of ground improvement can 

be illustrated by the ground improvement factors shown on Fig

ure 5. These improvement factors were calculated as the ratio of 

D value for improved soil over D value for unimproved soil 

under the same pressure. The benefits of ground improvement 

became more evident at higher pressures as the improvement 

factors increased. This reflects an increased strength and 

decreased compressibility of the improved ground as compared 

with the unimproved ground.

The deformation moduli shown on Figure 4 were increased 

by 20% to simulate constrained modulus values and were used 

to estimate settlements of large size mats. A simplified 

calculation was carried out using uniform pressures, which 

would provide larger settlement values than the actual mat size. 

It was also assumed that the mats would be placed at the same 

elevation as the test footings. In fact, the site would be raised 

almost 2 m using granular fill compacted to at least 95% of the 

maximum dry density determined by the modified Proctor test. It 

was expected that the addition of granular structural fill would 

further enhance the performance of the improved ground by 

providing further confinement of the stone columns, as well as a 

foundation load spreading effect. The calculation indicated 

settlements of the order of 60 mm for the 1.4 m grid spacing and 

80 mm for the 1.6 m grid spacing under a 250 kPa uniform 

pressure. The corresponding values under a uniform pressure of 

175 kPa, which corresponded to the design bearing pressure 

expected for most mats, were 24 mm for the 1.4 m grid spacing 

and 29 mm for the 1.6 m grid spacing. A 50 mm settlement was 

considered adequate for large size mats.

Considering the conservatism built into these calculations 

and the fact that the settlements would develop mostly during 

construction, the use of stone columns was proven viable. The

1.4 m grid spacing was selected because it provided a stronger 

case in favor of ground improvement than the 1.6 m spacing, 

especially under the mandated 250 kPa allowable bearing 

pressure.

A production load testing program using the 2.8 m square 

footing was devised to verify compliance of the installation 

criteria and provide further assurances that the selected 

foundation option would perform adequately.

The criteria for production load testing were: (a) that footing 

settlement should not exceeded 25 mm under a 250 kPa applied 

pressure and (b) that no bearing capacity failure should occur 

under a 500 kPa loading.

♦  Area A, 1.40-m grid 

■ A re a  A, 1.60-m grid 

A  Area B, 1.40-m grid

♦  Area B, 1.60-m grid
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6 PRODUCTION LOAD TESTING 0

Production load testing was used as part of a quality control sys

tem to ensure duplication of pre-production installation proce

dures during production installation.

Production installation started soon after the end of the pre- 

production load testing program when the decision was made to 

use the 1.4 m square grid spacing. The same equipment and per

sonnel used during pre-production installation were also used 

during production installation. Static cone penetrometer testing 

was used to determine the depth of the sand layer beneath the 

silt/clay layer, and thus the required production stone column 

length to ensure a 0.5 m penetration into the lower sand. Static 

cone penetrometer testing was conducted not only at production 

load testing locations, but also throughout the areas to be 

improved.

The 2.8 m square footing was tested on improved ground at 

Areas D, E, and F shown on Figure 1. The same test procedure 

used for the pre-production load testing program was followed. 

All production tests were conducted before site grading opera

tions in the areas to be improved to allow the installation of 

additional columns, should unexpected results be obtained. The 

footing was tested at a 0.5 m depth to allow direct comparison of 

production test results with the pre-production load test results.

Results of the production load testing program are shown on 

Figure 6.

The square footing at Area D was loaded to a maximum 

pressure of about 460 kPa because not enough time was 

available to obtain additional concrete blocks to achieve 500 

kPa. Settlement under 230 kPa for the load test conducted in this 

area was about 27 mm, which slightly exceeded the established 

settlement criterion. Also, the settlement under 460 kPa

S ettlem en t (mm)

Figure 6. Production load testing results

exceeded 80 mm. The possible cause for these larger than 

expected settlements was not waiting long enough for soils to 

dry following stone column installation. Since the structure 

being built in Area D was lightly loaded and contained a 

basement more than 2 m below existing grade, the test results 

were considered acceptable. However, field personnel were 

instructed to allow sufficient time for soils to dry following 

stone column installation before attempting the remaining load 

tests at Areas E and F.

The square footing at Areas E and F was loaded to a maxi

mum pressure of 500 kPa after obtaining additional concrete 

blocks. Settlement under 250 kPa was about 12 mm for the load 

test conducted in Area E and about 6 mm for the load test con

ducted in Area F. Also, the settlement under 500 kPa was about 

32 mm for the load test conducted in Area E and about 38 mm 

for the load test conducted in Area F. These results were 

considered excellent.

Figure 7. Construction settlement monitoring results

Site grading and foundation construction in areas of ground 

improvement started soon after approval of the load test results.

7 CONSTRUCTION SETTLEMENT MONITORING

A comprehensive construction settlement monitoring program 

was implemented that included the installation of settlement 

markers on the foundations of major equipment and buildings. 

Available settlement readings from selected equipment and 

structure foundations are plotted on Figure 7. These readings are 

also representative of other equipment and structure foundations. 

The structures whose settlements are plotted on Figure 7 were 

almost fully loaded by the time the last reading was taken. It can 

be seen that settlements after more than 9 months from start of 

readings have remained below about 7 mm, thus indicating an 

excellent foundation performance.

8 CONCLUSIONS

Rigorous geotechnical design was successfully used to improve 

the engineering and construction process for the foundations of a 

large power facility. Preliminary analysis, pre-production load 

testing, and additional analysis were used to determine the opti

mum ground improvement scheme by vibro-replacement (stone 

columns) for a large power plant. Production load testing and 

construction settlement monitoring confirmed the suitability of 

the foundation option selection strategy.
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