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Abstract. Revised design soil parameters were determined considering the results 

of laboratory tests, in situ test data, our experience with carbonate soil offshore 

Mexico, the back-calculated soil resistance to driving, and ageing. 
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1. Introduction 

An advanced laboratory testing program and desktop studies were carried out to re-
evaluate the static engineering design soil parameters to assist in the reassessment of the 
ultimate axial capacity of the foundation piles installed at a platform location about 38 
years ago, considering the engineering properties of carbonate granular soils and the 
increase in axial capacity due to pore pressure dissipation over time (ageing).  This paper 
presents the results and interpretation of the advanced laboratory testing program 
performed on available samples from the nearby boring location and the findings from 
the desktop studies.  The original design parameters were selected in 1978 without the 
benefit of in situ testing, supplemental physical laboratory testing, or advanced 
laboratory testing. 

2. General Soil Conditions 

The soil stratigraphy at the platform location (Platform A) was evaluated from laboratory 
testing of soil samples from a nearby boring located about 168 m from Platform A and 
back-calculated analysis from the driving records of the foundation piles installed at a 
platform location (Platform B) about 262 m from Platform A.  The soil conditions at the 
nearby boring location are presented in Table 1. 
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3. Advanced Laboratory Testing 

The advanced laboratory soil testing program for this study was designed to (1) evaluate 
the pertinent physical and engineering properties, and (2) revise the static engineering 
design soil parameters to assist in the reassessment of the ultimate axial pile capacity of 
the foundation piles installed at Platform A.  Detailed descriptions of specific tests 
performed, which are in general accordance with ASTM (2018), are discussed below. 
 

Table 1. Soil Conditions at the Nearby Soil Boring Location 

Stratum 
Penetration, m 

Description 
From To 

I 0.0 7.0 Very soft to soft calcareous clay 

II 7.0 11.9 Medium dense to very dense siliceous carbonate silty sand 

III 11.9 14.9 Stiff to very stiff clayey carbonate mud to carbonate mud 

IV 14.9 25.6 Very stiff calcareous clay  

V 25.6 36.9 Dense to very dense calcareous silty fine to fine sand 

VI 36.9 44.5 Very stiff clayey carbonate mud to calcareous clay 

VII 44.5 73.8 Dense to very dense siliceous carbonate silty sand to sand 

VIII 73.8 79.9 Very dense calcareous silty fine to fine sand 

IX 79.9 93.6 Hard clayey carbonate mud 

X 93.6 123.7 Dense to very dense calcareous silty fine to fine sand 

XI 123.7 132.6 Hard calcareous clay 

3.1. Carbonate Granular Soils 

The following tests were conducted on selected samples in Strata II and VII from a 
recently drilled nearby boring as part of the laboratory testing program to reevaluate 
design parameters for the carbonate sands, in order to supplement the required 
information for pile design in these materials: 

1. Thin-section slides were prepared from three samples (one sample from 
Stratum II and two samples from Stratum VII), and plane light 
photomicrographs were taken of these thin-section slides to study the fabric, 
origin, grain angularity and cementation of the siliceous carbonate granular 
sediments. 

2. Quantitative x-ray diffraction (XRD) analyses were performed on the three 
samples to identify the mineralogical composition of the sediments. 

3. Nine grain-size analyses and nine individual percent material passing the No. 
10 sieve were performed before and after either a shear test or a consolidation 
test to quantify grain crushing effects. 

4. Three one-dimensional (1-D) constant rate-of-strain (CRS) consolidation tests 
were performed on reconstituted samples to determine the limit compressibility 
index ( Cpl). 

5. Three Ko-consolidated, constant volume (undrained), strain-controlled static 
direct simple shear (CKoU'-DSS) tests were performed on reconstituted samples 
to investigate the friction angle. 
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6. Three soil-steel interface direct shear (DS) tests were performed on 
reconstituted samples to investigate the interface and residual interface soil-
steel friction angles at the soil-steel interface. 

7. Three strain-controlled cyclic direct simple shear (CKoU'-Cy-DSS-S) tests were 
performed on reconstituted samples to investigate large strain-cyclic 
degradation, simulating soil loading or shearing conditions during pile driving. 

3.2. Overconsolidated Clays 

For this study, we performed a reassessment of the selected shear strength profiles to 
include (a) advanced laboratory testing using the SHANSEP methodology [7] and (b) 
advanced interpretative methods (e.g., normalized soil parameter procedures) [12] to 
reduce sampling disturbance effects on strength properties.  We performed static direct 
simple shear (CKoU'-DSS) tests on specially preserved "SAVE" tube samples from 
overconsolidated clays of Strata IV and VI in the nearby soil boring to evaluate the 
normalized strength parameters, which were then used in conjunction with (a) 
normalized strength parameters from our Bay of Campeche database of similar soils, (b) 
soil sensitivity for similar soils in the area, and (c) Stress History And Normalized Soil 
Engineering Properties (SHANSEP) [8] and the (Strength–consolidation Pressure and 
Strength, consolidation Pressure and Water content (SP-SPW) [12] approaches to 
reevaluate the undrained shear strength profile for pile capacity computation. 

The advanced laboratory strength testing program conducted in overconsolidated 
clays includes the following: 

1. Supplemental index and physical property tests, including water content, 
submerged unit weight, and Atterberg limits performed on the same specimens 
that were used for the advanced laboratory testing to compare with the 
conventional laboratory test. 

2. Four Ko-consolidated, constant volume (undrained), strain-controlled, static 
direct simple shear tests (CKoU'-DSS), with two tests at an overconsolidation 
ratio (OCR) of 1.0 to evaluate the normalized strength parameters, and tests at 
OCR = 2.0 and 4.0 to evaluate the strength rebound exponent (m). 

4. Soil Fabric 

4.1. Characteristic Features of the Carbonate Sediments 

Carbonate soils originate from either biological processes, such as sedimentation of 
skeletal debris, or from chemical precipitation of particles.  In their natural state 
carbonate deposits range from microscopic ooze to large interwoven coral complexes.  
They also exist as evaporates, limestone, and chalk formed as results of diagenesis of the 
naturally occurring discrete calcareous particles.  A material with 10 to 50 percent 
solubility by weight is considered calcareous, whereas material having greater than 50 
percent solubility is considered carbonate. According to Clark and Walker (1977), 
granular soils are classified as siliceous carbonate when the carbonate content is between 
50 and 90 percent and as carbonate when the carbonate content is greater than 90 percent.  
Cohesive soils are classified as carbonate when the carbonate content is greater than 50 
percent.  Solubility tests performed on carbonate granular soil samples recovered from 
Strata II and VII in the nearby soil boring indicate that these soils contain carbonate 
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contents in excess of 60 percent.  X-ray diffraction analyses performed on three samples 
to check the mineralogical composition of the sediments indicate that the carbonate 
fraction is predominately calcite and aragonite (metastable form of calcite).  The 
carbonate granular materials at this site are predominantly of skeletal origin and include 
thin cemented layers, seams and nodules or pockets. 

The carbonate sediments of Stratum II are probably part of the buried shallow reef 
complexes that dominate the shallow geology of the area and formed during the most 
recent period of sea-level lowering, while the carbonate sediments of Stratum VII were 
probably transported from shallow water reef complexes that dominated the topography 
and shallow geology of the area during the prior periods of sea-level lowstand.  The 
carbonate materials from the reef complexes, which include the islands (emergent reefs), 
submerged reefs, reef platforms, and off-reef areas, were transported to this area through 
mechanical breakdown and wave actions and current actions, and as a result of rivers 
flowing across the Yucatan shelf during the periods of sea-level lowering. 

Following deposition, carbonate materials are easily altered by physical (mechanical 
breakdown and re-working or sorting through wave and current actions) and chemical 
processes.  These processes can produce mineralogical as well as textural and structural 
changes.  The most pronounced changes are produced by physio-chemical processes and 
include dissolution, crystallization and cementation of carbonate particles.  Unlike rock-
forming processes in terrigenous soils, which normally require high temperatures and 
pressures, carbonate materials frequently undergo chemical change at pressures and 
temperatures found at shallow penetrations below the seafloor.  All carbonate materials 
are susceptible to this low temperature diagenesis, which includes cementation and 
dissolution processes that significantly change the engineering properties of the original 
deposits. 

Cemented carbonate materials encountered in Strata II and VII occur primarily in 
the form of cemented seams and thin cemented layers of sand.  The process of 
cementation occurs with the presence of calcite (CaCo3), which is derived from the 
chemical weathering of calcium-bearing feldspar and coralline or other calcium-bearing 
rock and carried in solution as the bicarbonate of calcium.  Cementation can vary from a 
weak bonding of individual particles to total solidification. 

As result of their depositional process, carbonate soils develop large intergranular 
and intragranular porosity.  Furthermore, dissolution of carbonate material has the 
reverse effect of cementation and weakens a carbonate formation by creating voids and 
cavities (intergranular and intragranular porosities).  Thus, they do not compact to as 
high a relative density as is generally obtained in terrigenous deposits.  Since carbonate 
material is susceptible to post-depositional alteration by biological and physio-chemical 
processes under low temperature diagenesis, a high degree of horizontal and vertical 
variability is common.  The result is irregular and discontinuous layers of cemented 
material distributed in thin layers alternating with uncemented layers.  Seams and thin 
layers of cemented material distributed with uncemented material is evidence of this 
process from the nearby soil borings. 

From an engineering standpoint, carbonate soils differ in many important ways from 
soils in the silica rich environment in the northwestern Gulf of Mexico.  Most importantly, 
calcite and aragonite, the primary soluble minerals that make up carbonate soils, are soft 
minerals (Nos. 3 and 3.5 on Mohs’ hardness scale, respectively) compared to quartz (No. 
7 on Mohs’ hardness scale), the predominant constituent of silica rich sediments.  
Consequently, carbonate granular soils are softer and more susceptible to particle 
crushing (disintegrate into smaller fragments) than silica granular soils, under load 
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application or shear from foundation elements, such as during pile driving.  Material with 
high crushing susceptibility can generally be broken down by hand or with a rubber-
tipped pestle in a mortar.  As an engineering material, the fines created by particle 
crushing due to waves, current, or induced stresses appear to act as lubricant, decreasing 
the angle of internal friction. 

4.2. Thin-Section Photomicrograph Analyses 

Thin-section photomicrograph analyses revealed that the analyzed samples have low 
porosities with 7 to 14 percent pore spaces (low intergranular and intragranular pores), 
and the interstitial spaces were mostly filled with fine micritic mud, i.e., mud usually 
fully surrounds the skeletal and non-skeletal grains and reduces pore spaces.  It can 
therefore be concluded that grain crushing potential and hence compressibility will be 
reduced because high amounts of the fine micritic mud can reduce grain crushing 
potential by infilling the intergranular voids and distributing intergranular forces.  
Therefore, these carbonate granular sediments would not be prone to significant 
degradation under foundation loads, and are not, therefore, considered to be a soil-
structure interaction issue of particular significance at the nearby boring site. 

5. Supplemental Physical Laboratory Testing in Carbonate Soils 

5.1. X-Ray Diffraction Analysis 

The mineralogical composition of a carbonate deposit affects the engineering behavior 
of the material.  In this respect, x-ray diffraction (XRD) analyses and specific gravity 
(Gs) test are two methods commonly undertaken to identify the major constituents in the 
deposits. 

XRD analyses were performed on one selected sample from Stratum II and two 
selected samples from Stratum VII to verify the carbonate contents determined by 
solubility tests using the gasometric method and identify the mineralogical composition 
of the sediments.  The results indicate that the carbonate contents estimated from XRD 
are about 5 to 15 percent greater than those determined from solubility tests on the same 
samples.  The XRD results also indicate that calcite and aragonite are the predominant 
constituents in the carbonate deposits encountered in Strata II and VII.  

5.2. Grain Crushing 

For the majority of the tests, the computed crushability indices are low (between 1.00 
and 1.43).  This suggests that compressibility and degree of induration are more 
important parameters for evaluating the behavior of carbonate sediments encountered in 
the boring.  Additionally, as discussed above, due to the high amount of fines present in 
the carbonate granular soils, grain crushing is not expected to be high due to low porosity 
in the soils, and because the fines can reduce grain crushability potential by infilling the 
intergranular voids and distributing the intergranular forces. 
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6. Advanced Laboratory Testing in Carbonate Soils 

6.1. Soil Compressibility 

The soil compressibility test results show that limiting compressibility index Cpl obtained 
from the sample in Stratum II is outside the lower bound range for shelly and coralline 
carbonate sands and within the range for siliceous sands reported in Le Tirant and Nauroy 
(1994), indicating that the results could be questionable.  The Cpl obtained from the two 
samples in Stratum VII are consistent and are very close to the lower bound range for 
shelly and coralline carbonate sands.  The estimated limiting values of skin friction from 
the two Stratum VII carbonate granular samples fall within the range of reported peak 
unit skin friction from load tests in Abbs et al. (1988) on driven piles and conductors in 
carbonate sediments. 

6.2. Friction Angle 

Three static consolidated undrained direct simple shear (CKoU'-DSS) tests under 
constant volume were performed to evaluate frictional characteristics (friction angle) of 
the carbonate granular soils encountered in Strata II and VII. The choice of the direct 
simple shear tests to evaluate frictional behavior stem from the fact that direct simple 
shear tests closely model the interparticle friction of the soil during shear.  The tests were 
performed on reconstituted siliceous carbonate sands. 

The results show that the computed friction angles are 34 degrees in one soil sample 
within Stratum II and 34 and 30 degrees in two samples within Stratum VII.  Results of 
laboratory tests showing high friction angles, in the range of 40 to 55 degrees, for 
reconstituted carbonate sands and silt samples have been reported.  These reported high 
friction angles could be due to greater mineral frictional resistance between carbonate 
soil grains and interlocking of irregularly shaped cemented lumps of individual particles.  
The relatively low measured friction angles, between 30 and 34 degrees, in this study 
could be due to the subangular to rounded particles and the high fines content in the 
samples. 

6.3. Interface Friction Angle 

Three soil-steel direct interface shear (DS) tests were performed to evaluate the interface 
and residual interface friction angles between the soil and pile.  The choice of the simple 
shear tests to evaluate frictional behavior stem from the fact that simple shear tests 
closely model the behavior of soil adjacent to a pile surface during shear.  The tests were 
performed on reconstituted siliceous carbonate sands from Strata II and VII. 

The results show that the average interface and residual interface friction angles are 
36 degrees for the test performed in Stratum II, and 35 and 37 degrees for tests in 
Stratum VII.  The results show that the interface friction angles between the soil and pile 
did not degrade.  Similar consistencies in friction angles have been reported during 
triaxial testing [6] and during soil-steel direct interface shear tests [4], where both studies 
reported results showing slightly decreasing or constant peak angles and constant 
residual values for increasing confining pressures.  These observations imply that should 
low skin friction be observed in pile load tests or during pile driving, it must be due to a 
very low horizontal stress. 
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6.4. Large Strain-Cyclic Degradation 

In addition to the loss of available shear resistance resulting from single static loading to 
failure, it has been found that shearing resistances in carbonate soils reduce significantly 
with continued large-strain cyclic loading as occurs, for example, during pile driving 
[11]. This effect has been associated with the higher void ratios typically found in 
carbonate sands and silts, and the crushability of the individual grains.  During the 
shearing process, the void ratio decreases and is accompanied by a reduction in normal 
stress.  Since shear stress is a function of the normal stress and the coefficient of friction 
(tan φ), a reduction in normal stress should produce a reduction in shear stress. 

Lu (1986) also reported that under constant volume cyclic simple shear loading, the 
effective normal stress on samples of carbonate sands from Florida and Hawaii was 
reduced to negligible levels after only 2 to 5 cycles of shearing.  Morrison et al. (1988) 
conducted both constant volume and constant stress cyclic direct simple shear tests on 
carbonate sands from offshore South Africa.  For the carbonate sands with carbonate 
content greater than 50 percent, they found that under constant volume, the shear stress 
ratio (defined as the average shear stress at maximum strain of 20 percent in any 
particular cycle divided by the maximum shear stress during the first cycle) decreased 
by about 80 to 90 percent after only 20 cycles.  For those carbonate sands where the 
carbonate content was less than 50 percent, degradation was less severe (about 
40 percent decrease in the shear stress ratio).  They also found that degradation in the 
shear stress ratio for the constant normal stress test was smaller than that for the constant 
volume test. 

To investigate the effect of cyclic loading on shear resistance, we performed three 
constant volume cyclic direct simple shear (CKoU'-Cy-DSS-S) tests.  In these tests, the 
sample was restricted from deforming vertically as horizontal loading (shear stress) was 
applied.  As a result, the normal stress varies during shear and this in turn influences the 
shearing resistance.  It is shown that significant degradation of the shear stress measured 
during the first cycle occurred in these tests, such that after 20 cycles, the shear stress of 
the carbonate granular soils had degraded by 85 percent in a sample from Stratum II and 
by 77 and 75 percent in samples from Stratum VII.  This is probably due, in part, to the 
fines in the samples acting as a lubricant during the induced increasing cyclic shear 
stresses. 

7. Advanced Laboratory Testing in Overconsolidated Clays 

The static direct simple shear test results at an induced OCR = 1, 2 and 4 suggest a 
strength rebound exponent “m” of 0.765.  This value is close to 0.8 that is quoted by 
Ladd et al. (1977).  These results, together with our static direct simple shear test results 
database for the south-west region, Gulf of Mexico, were used to investigate the in situ 
undrained shear strength at the boring site using advanced interpretative methods for SP, 
SPW and SHANSEP. 
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8. Reevaluation of Ultimate Capacity 

8.1. Previous Installation Experience  

Platform B was installed about 15 years ago, and is supported on four 1524-mm (60-in.)-
diameter driven pipe piles.  The pile self-weight penetrations ranged from 8.25 to 8.75 m.  
After hammer placement, the penetration was as great as 10 m.  After a few hammer 
blows, the piles ran to penetrations ranging from 18.5 to 19.75 m. 

The P1 sections were driven to penetrations ranging from 37.5 to 38.5 m with either 
a Vulcan M-70 or a Conmaco 6850 air/steam hammer.  Blow counts ranged from 2 to 5 
blows per quarter meter (bpqm) at 25-m penetration, from 4 to 8 bpqm at 29-m 
penetration, from 11 to 18 bpqm at 33-m penetration, and from 14 to 23 bpqm at final 
penetration.   

After delays ranging from 17.6 to 80.5 hours, the P2 sections were driven to 
penetrations ranging from 57.75 to 59 m with a Conmaco 6850 air/steam hammer.  
Restart blow counts ranged from 29 to 45 bpqm.  Blow counts ranged from 12 to 16 
bpqm at 42-m penetration, from 8 to 10 bpqm at 47-m penetration, from 13 to 16 bpqm 
at 52-m penetration, and from 8 to 10 bpqm at final penetration.   

After delays ranging 24.2 to 101.1 hours, the P3 sections were driven with a 
Conmaco 6850 air/steam hammer.  Restart blow counts ranged from 25 to 47 bpqm.  
Blow counts ranged from 10 to 20 bpqm at 69-m penetration, from 22 to 47 bpqm at 79-
m penetration, from 19 to 56 bpqm at 89-m penetration and from 21 to 37 bpqm at final 
penetration.  There is little scatter in the observed blow counts to about 76-m penetration, 
indicating little variability in both the soil conditions and the hammer performance.  

The soil resistance to driving was back-calculated using the observed blow counts, 
estimated driving system performance from measured values in our driving system 
performance data base for the same hammers, and the percent end bearing, soil quake 
and damping coefficients recommended by Stevens et al. (1982).  The analysis indicated 
that the back-calculated soil resistance to driving is in agreement with the predicted lower 
bound coring and plugged cases during pile driving. 

Comparison of the observed and predicted blow counts show good agreement, 
confirming that the soils in Strata II and VII in the soil boring behave as typical carbonate 
soils, and the interpreted design soil parameters in the carbonate granular soils of Strata II 
and VII have low limiting unit skin friction values. 

8.2. Revised Design Soil Parameters  

Platform A is located about 262 m from Platform B.  The platform is supported on eight 
1219-mm (48-in.)-diameter piles, seven of which were driven to 66.5-m penetration, and 
one of which was driven to 74-m penetration.  Driving records were not available. 

Revised design soil parameters were determined considering the results of 
laboratory tests, in situ test data, our experience with carbonate soil offshore Mexico, the 
back-calculated soil resistance to driving, and ageing.  The ultimate axial capacity of 
piles was computed using the static method of analysis described in the main text of 
API RP 2GEO (2011) using the revised design soil parameters.  At 66.5- and 74.0-m 
penetrations, the axial tensile and compressive capacities based on the revised design soil 
parameters are about 26 to 27 and 23 to 25 percent higher, respectively, than the 
corresponding capacities based on the original design soil parameters. 
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8.3. Increases in Axial Capacity with Time 

The tensile capacities 49 days after driving are the API RP 2GEO (2011) capacity using 
the revised soil parameters, while the capacities after full regain are the capacities 
obtained using our ageing model proposed by Stevens et al. (2015).  The long-term 
tensile and compressive capacities are 21.9 and 26.5 MN at 66.5-m penetration, and 22.8 
and 28.1 MN at 74-m penetration, respectively.  A comparison of the CPT-based 
methods with the long-term capacity indicates that the Fugro and NGI methods give 
similar compressive pile capacities below about 46-m penetration. 

9. Conclusions 

The static engineering design soil parameters for a platform installed in 1980 were 
evaluated from supplemental and advanced laboratory soil tests performed on samples 
saved from a recently drilled nearby soil boring, and from the driving records of a 
recently installed nearby platform.  The ultimate axial pile capacity was re-evaluated for 
a platform for which soil boring data and pile driving records were not available.  Based 
on the revised design soil parameters the axial tensile and compressive capacities are 
about 26 to 27 and 23 to 25 percent higher than the original capacities at 66.5- and 74.0-
m penetrations, respectively.  The original design parameters were selected in 1978 
without the benefit of in situ testing, supplemental physical laboratory testing, or 
advanced laboratory testing. 
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