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Abstract 11 

Axial design of bored piles requires combining measurements that sample different soil 12 

volumes, strain regimes, and failure processes. This paper compares SPT resistance, CPTU 13 

soundings, cross-hole seismic profiles, laboratory strength data, and static compression 14 

tests of eight 800 mm diameter bored piles (18.2-22.2 m long) at the Dhi-Qar Combined 15 

Cycle Power Plant, southern Iraq. SPT, Vs, and borehole descriptions all identify a com- 16 

mon stiffness transition at 13-16 m, with median SPT N rising from 12 to 56 and mean Vs 17 

from 217 to 517 m/s. However, the apparent SPT-Vs correlation (pooled r = 0.835) is largely 18 

a depth artifact: both variables are strongly depth-dependent, and depth-adjusted de- 19 

scriptive correlations fall to r = 0.45 after linear depth adjustment and r = 0.39 after within- 20 

profile demeaning. Because the observations are nested within four profiles, these corre- 21 

lations are descriptive rather than independent inferential tests. Penetration-implied un- 22 

drained strength is 2.40-4.21 times laboratory strength; known biases explain only about 23 

half of this gap. Small-strain stiffness ratios (6,100-6,800) confirm that seismic stiffness 24 

cannot substitute for strength parameters. Proof tests at twice service load produced head 25 

movements of 2.50-7.53 mm (0.31-0.94% of D), of which 13-70% is elastic pile shortening 26 

rather than ground deformation. The eight-pile dataset is too small for reliable resistance- 27 

factor calibration. The study's contribution is methodological: multiple sources can agree 28 

on stratigraphy while disagreeing on design parameters, and reconciliation requires ex- 29 

plicit treatment of spatial support, strain regime, and transformation uncertainty. 30 

Keywords: axial bearing capacity; cross-hole seismic testing; shear-wave velocity; stand- 31 

ard penetration test; parameter reconciliation. 32 

 33 

1. Introduction 34 

The axial design of a cast-in-place pile is, at its core, an inverse problem. The designer 35 

must infer the three-dimensional load-transfer behavior from a limited and incomplete 36 

set of measurements taken from borehole logs, penetration tests, geophysical measure- 37 

ments, construction records, and field load tests. All of these types of evidence are useful, 38 

but none of them samples the soil-pile system at the same strain level or over the same 39 

volume: laboratory tests examine small specimens, SPT and CPT/CPTU tests measure 40 

how resistant the soil is to penetration, cross-hole seismic tests record how small-strain 41 
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waves travel through the ground, and static pile tests show how the structure and foun- 42 

dation react to load.  43 

Static axial compression testing, following [1], remains the most direct field means of re- 44 

lating an applied axial load to the movement of a deep foundation element [1]. But a proof 45 

test that stops at some prescribed multiple of the service load, without ever reaching a 46 

displacement-based failure criterion, only establishes a verified lower bound on resistance; 47 

it is not an observed ultimate capacity. Extrapolation methods help here, but their output 48 

is model-dependent and should not be reported as a measured failure load. 49 

Cross-hole seismic testing gives an independent line of evidence at strains far below those 50 

of conventional strength testing. The method of determining the velocity of compressional 51 

and shear waves in low-strain conditions is outlined in ASTM D4428/D4428M (ASTM In- 52 

ternational, 2025). The relationship between measured shear-wave velocity and maximal 53 

small-strain shear modulus is given by Eq. Gmax = ρVs2, where ρ is soil mass density. [2] 54 

separates small-strain stiffness from ultimate strength in foundation applications of shear- 55 

wave velocity. That distinction governs the use made of Vs here: seismic velocity verifies 56 

stiffness profiles and locates stratigraphic transitions, and does not stand in for the param- 57 

eters that govern pile resistance. 58 

Cone penetration testing provides high-resolution in-situ profiling. The original project 59 

documentation includes normalized soil behavior type (SBTn) classifications and 60 

CPT/CPTU data for cone resistance, sleeve friction and pore-water pressure based on the 61 

Robertson framework [3]. These data help track the lateral continuity of shallow and in- 62 

termediate strata between boreholes. Their value at pile toe depth depends on two things: 63 

how deep the sounding goes relative to the toe, and how near it sits to the pile under 64 

consideration. 65 

Published work supports the combination of sources of geotechnical information, but 66 

warns against the naive use of broad empirical transformations. [4] reviewed the correla- 67 

tions of Vs-SPT and observed that they are sensitive to the geological environment, stress 68 

state, soil type, saturation and regional calibration. [5] showed that seismic velocity may 69 

be used to complement traditional indicators of pile capacity and cross-hole seismic test- 70 

ing has been utilized in Iraq to identify depth-dependent changes in stiffness and bearing 71 

conditions [6], [7] What is lacking is an interpretative framework that illustrates the con- 72 

cordance or discordance of independent measurements and the extent to which this 73 

should alter confidence in the resultant capacity estimations. 74 

The present study is consequently concerned with the reconciliation of multiple ap- 75 

proaches of parameter estimate as part of the design process itself. [8] proposed a com- 76 

parison of many methodologies for forecasting soil characteristics, and [9] revealed that 77 

geotechnical parameters had both intrinsic spatial variability and transformation uncer- 78 

tainty. Both sources of uncertainty are important when combined with laboratory strength, 79 

penetration resistance and seismic stiffness. Where there is agreement trust in the ground 80 

model is increased. Where there is disagreement it may suggest scale effects, incompatible 81 

strain regimes, sample disturbance or a transformation that is not here applicable. Thus, 82 

this article evaluates convergence and inconsistency before comparing the analytical pile 83 

resistance to the observed field response. 84 
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The bored-pile literature makes the same point: no single indicator can adequately repre- 85 

sent axial performance. [10] separated the displacement of the pile head into two parts, 86 

elastic pile compression and ground deformation. Regulating variables are considered by 87 

[11] and [12] and include shaft-interface conditions, resistance mobilization and building 88 

method. [13] advocated the use of design frameworks combining mechanics-based anal- 89 

ysis and site-specific empirical calibration. [14] showed that the shaft resistance depends 90 

on soil type, stress history and installation effects. The relationship between predicted ca- 91 

pacity and measured load settlement response in cast-in-place piles can be affected by 92 

shaft roughness, excavation stability, groundwater conditions and foundation cleanliness. 93 

At El Alamein, Egypt, [15] conducted a field experiment on long, large-diameter drilled 94 

piles in interbedded geomaterials. Their program is the closest recent benchmark to this 95 

one. Their database recorded 44 static and dynamic compression tests on piles with diam- 96 

eters ranging from 800 mm to 1,200 mm. 97 

At nearly twice the design load, settlement remained below 1.6% of the pile diameter. The 98 

800 mm piles, in particular, settled by approximately 7 mm (approximately 1% of D) with- 99 

out reaching an ultimate failure condition. Elsakhawy et al. regarded their piles primarily 100 

as friction piles and proposed that measured field response should be used to calibrate 101 

analytical design assumptions. Despite the fundamental distinction between the saturated 102 

alluvial clay-sand profile at Dhi-Qar and the El Alamein ground (intermediate geomateri- 103 

als and weak limestone), the shared pile diameter, proof-load level, and normalized move- 104 

ment make it a usable external benchmark. 105 

This study utilized the Dhi-Qar Combined Cycle Power Plant database to address that 106 

need, drawing on the compiled static load-test and capacity data together with the original 107 

investigation packages for TP1-TP8. The objectives of the study are as follows: (i) to con- 108 

firm the source-data architecture and spatial offsets between boreholes, cone penetration 109 

soundings, and cross-hole profiles; (ii) to quantify laboratory, penetration, and seismic 110 

depth trends; (iii) to cross-check the laboratory undrained strength against the strength 111 

implied by the project design-basis penetration correlation; (iv) to evaluate the strain-scale 112 

compatibility of laboratory strength and cross-hole small-strain stiffness; and (v) to quan- 113 

tify the bias between the analytical axial capacity and the load-test-derived capacity, and 114 

its implication for resistance-factor selection. 115 

2. Site and Investigation Program 116 

The study site is the Dhi-Qar Combined Cycle Power Plant in southern Iraq. The in- 117 

vestigation records date primarily from March-April 2017 and comprise borehole logs, 118 

laboratory summaries, SPT records, CPT/CPTU sounding plots, cross-hole seismic tables, 119 

and subsequent pile-load-test data. The piles considered in the main comparison are 0.8 120 

m diameter cast-in-place bored piles. TP-1 and TP-6 are 18.2 m long with a service load of 121 

810 kN; TP-2, TP-3, TP-4, TP-5, TP-7, and TP-8 are 22.2 m long with a service load of 1450 122 

kN. The static tests were generally taken to approximately 200% of service load, with TP- 123 

A providing an additional higher-load cycle in the compiled test database (Dhi-Qar Com- 124 

bined Cycle Power Plant, 2017). The project test-pile location plan is reproduced in Plate 125 

1 and shows the spatial distribution of TP1-TP8 across the plant site. 126 
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 127 

Plate 1 Project test-pile location plan showing TP1-TP8 and the specified test loads at the Dhi-Qar 128 

Combined Cycle Power Plant. 129 

2.1 Original-data verification and spatial arrangement 130 

The original TP1-TP8 source packages define the investigation database. Each pile 131 

package contains a conventional borehole/laboratory record and a CPT/CPTU sounding. 132 

Five packages also contain cross-hole information, but some cross-hole tables are dupli- 133 

cated between packages. After removing duplicates, four unique seismic profiles remain: 134 

CHT-1, CHT-3, CHT-4, and CHT-5. CHT-1 is contained in the TP-8 package. It provides a 135 

fourth unique profile and extends the SPT-seismic consistency analysis to BH01/CHT-1. 136 

Table 1 Verified investigation coverage from the original TP1-TP8 source packages (Dhi-Qar Com- 137 

bined Cycle Power Plant, 2017). 138 

Pile BH 
GWT 

(m) 

Pile L / service 

load 

CPT depth 

(m) 

BH-CPT offset 

(m) 
Cross-hole content 

TP-1 BH51 1.80 18.2 / 810 12.80 60.2 CHT-5 (full dynamic) 

TP-2 BH15 2.00 22.2 / 1450 13.20 24.6 CHT-3 (full dynamic) 

TP-3 BH85 1.85 22.2 / 1450 11.24 20.1 None 

TP-4 BH58 1.85 22.2 / 1450 14.18 45.1 CHT-5 velocity + duplicated CHT-3 

TP-5 BH22 2.40 22.2 / 1450 12.00 24.7 CHT-4 (full dynamic) 

TP-6 BH32 1.60 18.2 / 810 12.14 132.3 None 

TP-7 BH35 1.90 22.2 / 1450 11.72 74.8 None 

TP-8 BH01 1.80 22.2 / 1450 13.10 24.6 
CHT-1 (full) + duplicated CHT-4 

velocity 

The borehole-CPT plan offsets calculated from the reported coordinates range from 139 

20.1 to 132.3 m (median approximately 34.9 m). These offsets are not errors; they reflect 140 

the project-scale investigation layout. They are nevertheless important because a CPT 141 

trace should not be interpreted as a perfectly collocated duplicate of a borehole profile. 142 

Cross-hole coordinates were not provided in the source tables, so direct cross-hole-to-pile 143 
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distances cannot be reconstructed from the available records. Cross-hole IDs in Table 1 144 

therefore describe source-package content rather than guaranteed collocation. 145 

2.2 Laboratory tests 146 

The laboratory dataset contains a wide range of index, strength, compressibility, and 147 

chemical properties, such as Atterberg limits, natural water content, dry density, specific 148 

gravity, consolidation indices, swelling pressure, and the percentage passing the No. 200 149 

sieve. Unconfined compression, triaxial, or direct-shear tests were used to determine 150 

strength characteristics, and selected chemical indications were also provided. 151 

A number of fields in the laboratory records were simply left blank, and we consid- 152 

ered them missing rather than zero, because assigning a zero would have produced arti- 153 

ficial bias in the data. The results that are currently available suggest that the deposits are 154 

fine-grained and have medium to moderate plasticity. The project records do not, how- 155 

ever, report a complete or consistent set of clay parameters across the full investigation 156 

profile. 157 

Table 2 The principal ranges observable in the original laboratory summaries are as follows (Dhi- 158 

Qar Combined Cycle Power Plant, 2017). 159 

Property 
Reported 

range 
Interpretive significance 

Liquid limit, LL (%) 38-78 Wide plasticity range across silty-clay strata 

Plasticity index, PI (%) 18-45 Moderate to high plasticity 

Natural water content (%) 19.8-31.9 
Consistent with saturated/near-saturated fine-grained de-

posits 

Dry density (kN/m³) 12.9-16.3 Substantial density variation between samples 

Specific gravity 2.66-2.73 Relatively consistent mineral-soil range 

Unconfined compressive strength 

(kPa) 
68-118 Reported for selected undisturbed samples 

Initial void ratio, e₀ 0.743-0.934 Compressibility varies materially among sampled clays. 

Pre-consolidation pressure, Pc (kPa) 95-190 Indicates variable stress history 

Compression index, Cc 0.17-0.32 Moderate compressibility where reported 

Recompression index, Cr 0.029-0.061 Reported consolidation rebound range 

Swelling pressure (kPa) 6-28 Low-to-moderate reported swelling pressures 

Passing No. 200 (%) 23.6-99.1 
Confirms alternation from fines-dominated soils to sandier 

horizons 

Most laboratory results are derived from the top 10 m or so, so assessments at greater 160 

depths are more dependent on borehole descriptions and penetration resistance. This is 161 

important for pile capacity. The 18.2-22.2 m piles extend well below the depths with the 162 

greatest concentration of undisturbed lab data. 163 

2.3 SPT and CPT/CPTU  164 

SPT N-values are presented in all eight borehole logs. The original reports lack 165 

metadata on hammer energy, borehole diameter, rod length, and sampler correction, so 166 

the N-values reported remain the reported N-values in this study and are not relabeled as 167 

a rigorously corrected N60 data set. Across 111 reported SPT observations, resistance rises 168 

steeply with depth. The median N is 12 at 1-10 m, 23 at 11-14.5 m, and 56 at 15-30 m. The 169 

mean values are 12.8, 26.4, and 53.1, respectively. This trend is independently mirrored 170 

by the cross-hole velocity profiles discussed below. 171 
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All eight original packages also contain CPT/CPTU soundings with cone resistance, 172 

sleeve friction, pore pressure, and normalized SBTn plots. The sounding depths range 173 

from 11.24 to 14.18 m. Relative to the 18.2-22.2 m pile lengths, this corresponds to only 174 

50.6-70.3% of the pile length, with a mean coverage of approximately 59.6%. The CPT ev- 175 

idence is therefore useful for checking the upper and transitional strata, but it does not 176 

sample the toe level of any pile in the present set. The soil-behavior-type classification 177 

follows the normalized framework of [3], [16]. The SBTn panels are dominated by 178 

clay/clayey-silt and locally organic-like fine-grained classifications in the top profile, with 179 

more frequent silty-sand/sandy-silt or sand classifications in the lower half of multiple 180 

soundings. Because the project records mostly give these CPT results as graphs rather 181 

than exportable digital data, we read them qualitatively and do not reverse-digitize qc or 182 

fs for capacity calculations. 183 

2.4 Cross-hole seismic  184 

The four independent cross-hole seismic profiles measure compressional-wave ve- 185 

locity (Vp) and shear-wave velocity (Vs) at depths ranging from 1 m to 30 m, and the 186 

complete dynamic-property tables include density, Poisson's ratio, dynamic shear modu- 187 

lus (Gd), dynamic Young's modulus (Ed), and bulk modulus. Despite the spatial differ- 188 

ences between the four test sites, all four profiles trace a broadly similar depth-dependent 189 

structure. 190 

The combined mean Vs is 217 m/s at 1-10 m, 331 m/s at 11-14 m, and 517 m/s at 15-30 191 

m. The dynamic moduli follow the same pattern, but more sharply: mean Gd rises from 192 

around 89 MPa in the top interval to 217 MPa at intermediate depth and 540 MPa below 193 

15 m, whereas mean Ed climbs from approximately 263 MPa to 641 MPa and finally to 194 

1,573 MPa. 195 

Density increases gradually from 1,836 kg/m³ to 1,919 kg/m³ and subsequently to 196 

1,984 kg/m³ at similar depths. The rise in dynamic stiffness therefore comes mainly from 197 

the increase in Vs; the change in density is small by comparison (Figure 1). 198 
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 199 

Figure 1 Four unique cross-hole shear-wave velocity profiles recovered from the original TP source 200 

packages. CHT-1 is added from TP-8; duplicated profiles appearing in more than one package are 201 

plotted once. 202 

Table 3 Depth-banded integration of reported SPT and cross-hole evidence. Asterisks denote seis- 203 

mic statistics calculated over 11-14 m because the seismic sampling grid is at integer depths. 204 

Depth 

band 

SPT 

n 

Median N 

(range) 

Mean vs. m/s 

(range) 

Mean Gd 

(MPa) 

Mean Ed 

(MPa) 
Integrated interpretation 

1-10 m 40 12 (5-28) 217 (142-303) 89 263 
Shallow fine-grained sequence; low-to-

moderate stiffness 

11-14.5 m 23 23 (11-44) 331 (232-449) 217 641 
Transition interval: rapidly increasing 

penetration resistance and stiffness 

15-30 m 48 56 (20-86) 517 (385-685) 540 1573 
Deep stiff/dense sequence; all profiles 

exceed about 500 m/s by 15-16 m. 

The depth of the first exceedance of Vs = 500 m/s is 15 m at CHT-1, 16 m at CHT-3, 15 m 205 

at CHT-4, and 16 m at CHT-5. The cross-profile mean Vs rises from approximately 350 206 

m/s at 13 m to 403 m/s at 14 m, 492 m/s at 15 m, and 518 m/s at 16 m. This 13-16 m interval 207 

is therefore the most reproducible stiffness transition in the original dataset. It lies close 208 

to or slightly below the termination of the CPT/CPTU soundings and well above the toes 209 

of the 18.2-22.2 m piles. 210 

2.5 Static axial load test 211 

The compiled pile load test records identify an ASTM D1143 standard loading pro- 212 

cedure (ASTM International, 2020; Dhi-Qar Combined Cycle Power Plant, 2017). TP-1 to 213 

TP-8 form the primary comparison set. TP-1 and TP-6 were tested to 1620 kN, equal to 214 

200% of their 810 kN service load. TP-2, TP-3, TP-4, TP-5, TP-7, and TP-8 were tested to 215 

2900 kN, equal to 200% of their 1450 kN service load. One further record, TP-A in the 216 
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worksheet, has a two-cycle test, the second cycle reaching 4350 kN (300% of the 1450 kN 217 

service load). Its borehole, coordinates, and pile geometry are not described in the source 218 

packages, therefore it cannot be linked to a characterization package and is removed from 219 

any pile-level analyses in this study; it is shown in Table 4 solely as an indicator of reaction 220 

at a higher load level. The maximum measured settlements remain small relative to the 221 

800 mm pile diameter, therefore the field tests are understood primarily as high-level 222 

proof/serviceability evidence rather than direct failure testing. Plate 2 illustrates the reac- 223 

tion/loading configuration utilized for the static axial compression testing. 224 

 225 

Plate 2 At the project site, a static axial compression pile-loading test was carried out utilizing a 226 

kentledge loading platform and concrete block reaction masses. 227 

Table 4 Summary of measured static pile-load response from the compiled project records (Dhi-Qar 228 

Combined Cycle Power Plant, 2017). 229 

Pile/cycle 
Service load 

(kN) 

Max test load 

(kN) 

Net settlement 

at max (mm) 
Residual (mm) 

Max settle-

ment/D (%) 

TP-1 810 1620 2.50 0.62 0.31 

TP-2 1450 2900 3.60 0.92 0.45 

TP-3 1450 2900 6.81 1.92 0.85 

TP-4 1450 2900 5.91 1.66 0.74 

TP-5 1450 2900 6.54 1.81 0.82 

TP-6 810 1620 7.53 1.52 0.94 

TP-7 1450 2900 5.27 0.71 0.66 

TP-8 1450 2900 4.48 0.83 0.56 

TP-A cycle 1 1450 2900 4.68 0.96 0.59 

TP-A cycle 2 1450 4350 7.01 0.98 0.88 



9 of 33 
 

3. Analytical and Cross-Checking Methodology 230 

3.1 Source reconciliation and evidence hierarchy 231 

The borehole identity, coordinates, groundwater level, laboratory values, SPT values, 232 

CPT/CPTU identity and depth, and cross-hole tables were all based on the original TP1- 233 

TP8 PDF files. We reviewed the original source if there was a difference in coverage be- 234 

tween the original packages and the created workbook. TP-8 is the most obvious example: 235 

its package includes BH01, a full SPT profile, CPT-1, and CHT-1. As a result, TP-8 is re- 236 

garded as a fully described pile rather than simply an interpreted one. 237 

Duplicated seismic tables were found by comparing the whole depth-by-depth 238 

Vp/Vs sequence. For pooled seismic data, each distinct profile was tallied once. For the 239 

SPT-Vs consistency analysis, one borehole was assigned to each unique complete cross- 240 

hole dataset: BH01/CHT-1, BH15/CHT-3, BH22/CHT-4, and BH51/CHT-5.  241 

3.2 Laboratory strength versus penetration-implied strength screening 242 

An explicit strength cross-check is included since it answers a different query than 243 

the depth-matched penetration-seismic correlation. Laboratory strength was compared to 244 

the strength implied by the project-adopted Stroud-type conversion of 4.5 kPa per re- 245 

ported blow count for four piles with laboratory undrained-strength summaries and the 246 

corresponding penetration dataset used in the original design workflow [17], [18], [19]. 247 

Because hammer energy, rod length, sampler, and borehole correction metadata are una- 248 

vailable, the reported blow counts are not relabeled as rigorously corrected values. The 249 

comparison is therefore used only as a screening test of internal consistency, not as a new 250 

strength correlation. 251 

The screening readings are compared on a typical pile scale rather than as depth- 252 

exact measurements. Laboratory undrained strengths are derived from the reported un- 253 

confined or unconsolidated-undrained tests, whereas the penetration route reflects in-situ 254 

mass behavior and inherits the uncertainty of the empirical transformation. A large sys- 255 

tematic difference is interpreted as evidence that the two routes should not be mixed in a 256 

capacity model without reconciliation. 257 

3.3 Small-strain stiffness versus strength screening 258 

The second cross-check evaluates whether cross-hole seismic stiffness can be inter- 259 

preted at the same strain level as pile-capacity strength parameters. Maximum small- 260 

strain shear modulus is obtained from density and shear-wave velocity. Dividing this 261 

modulus by laboratory undrained strength produces an apparent rigidity ratio; however, 262 

the ratio is not interpreted as an operational pile-design rigidity index because the seismic 263 

modulus is mobilized at strains many orders of magnitude smaller than those associated 264 

with shaft and base resistance. Published modulus-reduction frameworks show that stiff- 265 

ness decreases strongly with increasing strain and that the reduction is influenced by plas- 266 

ticity and stress history  [2], [8], [20]. 267 

Accordingly, this calculation is used as a diagnostic of strain-scale incompatibility. 268 

Its purpose is to demonstrate why a physically correct seismic measurement can become 269 

misleading if inserted directly into a capacity relationship calibrated at much larger strains. 270 

3.4 Depth reconciliation of laboratory and in-situ evidence 271 
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Laboratory sample intervals were interpreted at their reported depths without inter- 272 

polation of missing strength data. SPT values were retained at the test depth shown on 273 

each borehole log. Depth-band statistics were calculated directly from the 111 reported 274 

SPT N-values across the eight boreholes. CPT/CPTU depths, coordinates, and SBTn clas- 275 

sifications were taken from the source plots. No attempt was made to digitize graphical 276 

qc or fs curves because that would add an unquantified digitization error; accordingly, 277 

CPT is used as qualitative stratigraphic corroboration in the present paper rather than as 278 

an independent numerical capacity method. 279 

3.5 Seismic elastic parameters and strain-scale interpretation 280 

The source reports provide density and dynamic moduli directly. Their internal con- 281 

sistency is represented by the standard small-strain relationships given in Eqs. (1)-(3): 282 𝐺௠௔௫ = ߩ ௦ܸ2 (1) ݒ = ( ௣ܸ2 − 2 ௦ܸ2)/[2( ௣ܸ2 − ௦ܸ2)] (2) ܧௗ௬௡ = 2𝐺௠௔௫(1 +  (3) (ݒ

These quantities are retained to describe relative stiffness architecture, transition 283 

depths, and cross-source consistency. 284 

3.6 SPT-seismic consistency analysis 285 

At each SPT depth in the four selected borehole-cross-hole pairs, Vs was obtained by 286 

linear interpolation between the 1 m cross-hole measurement levels. This gives 59 depth- 287 

matched observations. Pearson correlation was calculated in the original measurement 288 

space. A site-specific power function, Vs = aNb, was fitted by least squares in log-log space 289 

and evaluated in the original Vs space using R², mean absolute error, and root mean 290 

square error. Because the input N-values are uncorrected reported values and the seis- 291 

mic/borehole locations are not proven to be collocated, the regression is treated as an in- 292 

ternal consistency tool rather than a transferable design correlation. Two further limits 293 

apply to the statistics: the 59 pairs are nested within four profiles, so they are not inde- 294 

pendent observations and the pooled coefficient and its significance level are reported de- 295 

scriptively; and because N is not corrected to N60 and Vs is not normalized for effective 296 

overburden stress, the correlation that survives removal of the depth trend still carries a 297 

stress-level component (Figure 2). 298 
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 299 

Figure 2 Depth-matched consistency between reported SPT N and cross-hole Vs for four unique 300 

borehole-seismic pairs. The fitted relation is project-specific and is not proposed as a universal de- 301 

sign correlation. 302 

3.7 Theoretical axial bearing-capacity 303 

The independent static resistance model follows the drilled-shaft framework repre- 304 

sented in FHWA GEC-10 and the O’Neill-Reese tradition [21], [22], [23]. The pile is discre- 305 

tized by interpreted geotechnical layer, and total ultimate resistance is given by Eq. (4): 306 ܳ௨௟௧ = ܳ௦ + ܳ௕ = Σ(ݍ௦ܦߨΔݖ) +  ௕ (4)ܣ௕ݍ

For clay layers the calculation applies an α-type shaft resistance, ݍ௦  =  with α 307 ,ݑܿ ߙ 

varying with normalized undrained strength. The source of cu is decisive for everything 308 

that follows and is stated explicitly here: the undrained strengths used in the capacity 309 

model are laboratory undrained strengths from the undisturbed sample testing program. 310 

Because Section 5.5 shows that these two routes differ by a mean factor of 3.06, and be- 311 

cause shaft resistance contributes 60.0-77.8% of calculated capacity, the choice of route 312 

changes calculated capacity by approximately 50%. Section 5.9 reports the resulting bias 313 

for the adopted laboratory route. Substituting the penetration-implied strengths would 314 

raise the shaft component, by a factor materially smaller than 3.06, because α falls as nor- 315 

malized undrained strength rises and would drive the mean bias well below unity, so the 316 

near-unity bias reported in Section 5.9 is a property of the adopted strength route rather 317 

than of the capacity model in general. The alternative route is therefore carried as an ex- 318 

plicit sensitivity case so that the parameter inconsistency identified in Section 5.5 and the 319 

capacity bias identified in Section 5.9 are not treated as independent findings when they 320 

may be two expressions of the same choice. Granular layers are treated using a beta/effec- 321 

tive-stress approach. Toe resistance in clay is calculated from the conventional bearing 322 

factor of nine after [24], and in granular layers from penetration-resistance-based expres- 323 

sions subject to model caps. The present paper reproduces the compiled model rather than 324 
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recalibrating it from the newly recovered CPT plots, because digital CPT traces and con- 325 

struction-specific calibration parameters are not available. The test piles carried no strain 326 

gauges or telltales, so the computed division of resistance between shaft and toe is a model 327 

output and is not confirmed by measurement. 328 

3.8 Load-test interpretation and comparison metrics 329 

The load-test database contains several extrapolation approaches, including Chin- 330 

Kondner (Chin, 1970) , Brinch Hansen, Decourt, De Beer/yield-type interpretation, Mazur- 331 

kiewicz, and Van der Veen; the assumptions and failure conditions underlying these 332 

methods are compared by [25]. Direct displacement criteria such as the Davisson offset 333 

(Davisson, 1972) or large-displacement references were generally not reached. Each pile’s 334 

assembled interpretation set gives several extrapolated capacities, and the lowest of them 335 

was adopted as the governing value. This selection rule has three consequences that must 336 

be stated. First, the controlling value is not derived from a single, uniform approach: the 337 

method that governs it varies from pile to pile, so the Qtest column is a non-homogeneous 338 

metric, and part of the variability between piles is attributable to changes of method rather 339 

than to subsurface differences. Second, taking a minimum across several estimators biases 340 

the retained value downward relative to any one method. Third, at maximum movements 341 

of 0.31-0.94% of pile diameter, the load-settlement curves contain very little post-yield 342 

curvature, so hyperbolic and graphical asymptotes are poorly conditioned; two piles re- 343 

turn a governing value of exactly 4350 kN and one returns 2930 kN against a maximum 344 

applied load of 2900 kN, which indicates that these values are constrained by the extent 345 

of the test rather than by an identified failure mechanism. The comparison statistics that 346 

follow should be read with this in mind. Agreement with the analytical capacity is de- 347 

scribed using Qtheory/Qtest, percentage difference, mean bias, mean absolute percentage er- 348 

ror, and RMSE. These statistics compare two estimates; they do not imply that the extrap- 349 

olated field value is an observed ground-truth failure load. 350 

4. Results 351 

4.1 Load-settlement behavior from the static pile load test 352 

Every principal proof test shows low movement relative to pile diameter, though it 353 

is worth being precise about which settlement is being reported, since the two quantities 354 

used here are not interchangeable. Gross pile-head settlement at maximum load is the 355 

total dial-gauge movement at the end of the final load stage, taken from the reprocessed 356 

time-settlement records (Table 8); net settlement (Table 4) is that gross value minus what- 357 

ever was recovered on unloading. Where the two tables disagree by 0.01-0.06 mm, it is 358 

because Table 4 came from the summary sheets and Table 8 from the stage-by-stage rec- 359 

ords; we let the stage records govern. Gross settlement at maximum load ranges from 2.50 360 

mm (TP-1) to 7.53 mm (TP-6), only 0.31-0.94% of the 800 mm pile diameter, and residual 361 

movement after unloading runs from about 0.62 to 1.92 mm. So the load-settlement curves 362 

show favorable proof-load performance, but they do not show a conventional ultimate 363 

failure plateau or a large-displacement mechanism, and Section 5.11 explains why: a large 364 

share of this head movement is simply the pile shortening elastically, and that has to be 365 

stripped out before the rest is read as ground behavior (Figure 3). 366 
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 367 

Figure 3 Primary loading response for TP-1 to TP-8 plotted against applied load normal- 368 

ized by service load. Curves are based on the compiled static pile-load-test records. 369 

The pile-by-pile picture is not uniform, though. TP-6 is both the most deformable pile 370 

and the one with the lowest analytical ultimate capacity, and that is consistent with its 371 

BH32 profile, which shows fairly modest SPT resistance in the lower part of the 18.2 m 372 

shaft (N = 21 at 15 m and 42 at 18 m) with stronger resistance only developing below the 373 

toe. Although the measured proof-load settlement is not the smallest, TP-5 has the maxi- 374 

mum analytical capacity of any pile and strong deep SPT resistance (N = 75-86 through 375 

15-18 m). 376 

This normalized reaction is also consistent with [26], whose 800 mm bored piles set- 377 

tled about 7 mm (nearly 1% of the pile diameter) under a load near 200% of the design 378 

value, with none of the tested piles achieving a clear failure condition. 379 

The head settlement of the Dhi-Qar piles at a comparable normalized load was 2.50- 380 

7.53 mm, or 0.31-0.94% of the pile diameter D. Pile length and geomaterial are different at 381 

the two sites but both lead to the same reading: a stiff pre-failure response at nearly twice 382 

the design or service load. An independent field study is a reason to maintain conceptual 383 

distinction between extrapolated ultimate resistance and resistance observed during proof 384 

testing [15]. 385 

4.2 Integrated stratigraphic and soil-layer behavior 386 

The combined borehole, laboratory and in-situ data indicate a site characterized by 387 

fine-grained alluvial deposits with some local granular interbeds. The groundwater is 388 

shallow at a depth of about 1.60 to 2.40 m below ground, so that most of the pile shaft is 389 

below the water table. 390 

Borehole logs through the upper 10 m are dominated by soft to hard silty clays and 391 

sandy silty clays with a few organic or salty inclusions. SPT resistance is low across this 392 

range, N = 5 to 28, median 12, consistent with the relatively low shear-wave velocities 393 
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measured in the cross-hole profiles (pooled Vs 142–303 m/s, mean 217 m/s). Table 2 sup- 394 

ports this description and indicates that this shallow fine-grained sequence has medium 395 

to high plasticity and variable compressibility. 396 

Drilling and in-situ evidence suggest a transitional sequence rather than one con- 397 

sistent stratum between 11 and 14.5 m. Median SPT resistance increases to N = 23 and 398 

pooled mean Vs to about 331 m/s. Several boreholes record clayey, silty sand or sandy clay 399 

layers in this interval. The normalized CPT, SBTn profiles are in agreement, showing an 400 

increased silty sand and sandy silt classification toward the bottom of the soundings. 401 

All eight CPT/CPTU soundings end in or just above this transitional zone. The CPT 402 

data thus describe well the upper and intermediate profile but tell us very little about the 403 

conditions at the pile toe. The evidence becomes more internally consistent and stronger 404 

below ~15 m, with the median SPT resistance increasing to N = 56, the pooled mean Vs 405 

increasing to 517 m/s, and drill descriptions increasingly characterized by very stiff clay, 406 

dense sand, and very dense sand. Agreement between soil classification, penetration re- 407 

sistance and small-strain stiffness offers a firmer basis for locating the deep competent 408 

zone than any of the three alone. 409 

4.3 Cross-hole seismic stiffness transition 410 

All four seismic profiles show a first order transition with depth. The mean Vs rises 411 

from 350 m/s at 13 m to 403 m/s at 14 m and then more steeply to 492 m/s at 15 m and 518 412 

m/s at 16 m. 413 

The velocity (Vs) starts to approach or exceed 500 m/s at 15 m in CHT-1 and CHT-4 414 

and 16 m in CHT-3 and CHT-5. This is a narrow band given the variable alluvial condi- 415 

tions at the site, and indicates that the onset of the deeper competent zone is laterally con- 416 

sistent across the area investigated. The average dynamic shear modulus increases nearly 417 

six times from the 1-10 m to the 15-30 m intervals, whereas density increases only about 418 

8%. Thus, the seismic stiffening is a manifestation of a change in the stiffness structure of 419 

the soil, not in its density. 420 

The profiles are not the same. The softest is CHT-5 in shallow range (mean Vs close 421 

to 189 m/s at 1-10 m), the stiffest is CHT-4 (about 250 m/s). CHT-3 has a lower mean ve- 422 

locity of about 453 m/s, in comparison with CHT-1, CHT-4 and CHT-5 with mean veloci- 423 

ties in the deep range of about 526 to 549 m/s. This variability between profiles is im- 424 

portant: the site cannot be treated as a single deterministic velocity profile, and local ca- 425 

pacity estimates should not be based on a site-wide average Vs. 426 

4.4 SPT-Vs relationship using four unique profiles 427 

By associating each SPT depth with the interpolated Vs from its corresponding 428 

unique profile, we obtain 59 depth-matched observations distributed across BH01/CHT-1 429 

(N = 20), BH15/CHT-3 (N = 14), BH22/CHT-4 (N = 11), and BH51/CHT-5 (N = 14). The 430 

mean absolute residual is 60.5 m/s, and the root-mean-square error (RMSE) is 76.3 m/s. 431 

The pooled Pearson correlation is 0.835 (95% CI 0.74-0.90). A power function fitted by least 432 

squares in log-log space gives Vs = 71.3N0.470. Correlations for the individual pairs are 433 

0.76 (BH01/CHT-1), 0.88 (BH15/CHT-3), 0.96 (BH22/CHT-4), and 0.86 (BH51/CHT-5). First, 434 

the R² of 0.739 in the power model is not equivalent to the Pearson coefficient squared 435 

(0.835² = 0.698); the two measure distinct models in distinct spaces. Second, we did not 436 

add a smearing adjustment to the log-space back-transformation, thus the fitted curve es- 437 

timates the median Vs rather than the mean for a given N. 438 

That pooled coefficient is inflated by a confound that must be removed before assign- 439 

ing it a mechanical interpretation. A significant part of the apparent linkage between N 440 
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and Vs reflects their common depth trend: both increase strongly with depth (r(N, z) = 441 

0.82 and r(Vs, z) = 0.86 across the 59 pairings). The partial correlation decreases to r = 0.45 442 

when the linear depth trend is removed from both variables and to r = 0.39 when profile 443 

means are also removed, leaving within-profile, depth-detrended variation. These values 444 

are descriptive, not independent inferential tests: the 59 observations cluster in four bore- 445 

holes and are vertically autocorrelated at the 1 m seismic sampling interval. A future da- 446 

taset should use a cluster-aware analysis, such as a mixed-effects model with borehole as 447 

a random effect and depth as a fixed covariate. 448 

The scatter itself tells us something. At a given N and depth, Vs still varies because 449 

the two measurements respond differently to stress state, fabric, saturation, cementation, 450 

and strain level and because the source locations are not proven to be collocated. We treat 451 

the regression mainly as an internal consistency benchmark: an observation that deviates 452 

markedly from the site-specific relationship is worth checking individually, since it may 453 

signal a change in stratigraphy or a data-quality issue. What the regression should not 454 

become is a stand-alone transformation from SPT N-value to pile resistance, and its pooled 455 

R² should not be read as evidence of predictive performance. 456 

4.5 Laboratory strength versus penetration-implied strength 457 

The four piles that were initially included in the strength-screening group had labor- 458 

atory undrained strengths ranging from 40.8 to 45.8 kPa. However, according to the pro- 459 

ject's penetration conversion, the actual strengths range from 106.2 to 171.9 kPa, which is 460 

2.40 to 4.21 times greater, with an average of 3.06. Rather than promoting this comparison 461 

to a universal corrected-penetration correlation, we are keeping it as a project-design 462 

screening calculation because the original reports lack the complete hammer-energy, rod- 463 

length, sampler, and borehole correction metadata necessary to build a rigorously cor- 464 

rected SPT dataset. As a bare ratio, the disagreement does not tell us much, because sev- 465 

eral known biases push in the same direction and can be roughly quantified. The initial 466 

stage involves energy correction: the project's conversion is implemented on reported 467 

blow counts. However, Stroud's relation is established on N60, and rotary rigs in the re- 468 

gion have energy ratios of 45-60%. Consequently, N60 would be 0.75-1.00 times the re- 469 

ported N, resulting in a reduction of the implied strength by up to 25% and a decrease in 470 

the mean factor from 3.06 to approximately 2.3. The second point is that the coefficient f₁ 471 

is not constant. Stroud demonstrated that it monitors the plasticity index, and the PI range 472 

of 18-45%, as reported in Table 2, is encompassed by values of approximately 4.4 to 6 kPa 473 

per blow. Consequently, the 4.5 kPa per blow that was implemented in this study is at the 474 

low end; the discrepancy is not a result of an unusually high coefficient. Thirdly, the la- 475 

boratory values are primarily derived from unconfined compression tests, which may un- 476 

derestimate undrained strength due to sampling disturbance and the absence of confine- 477 

ment (DeGroot et al., 2005, discuss the sampling and testing controls required to assess 478 

this condition). Fourth and most challenging to determine, the two routes encompass dis- 479 

tinct depth intervals. The representative penetration values in Table 3 are averaged across 480 

the entire characterized profile, whereas the undisturbed strength data are concentrated 481 

in the upper 10 m. Consequently, a portion of the ratio is a comparison between stiffer 482 

deep material and shallower samples. The combined effects of the first three yield about 483 

50% of the measured factor of 3.06; the remaining 1.5-2 must be explained in a site-specific 484 

manner and the most likely candidate is a depth-support mismatch. None of these change 485 

the design implication; if anything they strengthen it; the two parameter routes cannot be 486 

mixed within one layer-based model without first working out which of these effects ap- 487 

ply [17], [18], [19]. 488 

The design takeaway is really about internal consistency, i.e., laboratory- and pene- 489 

tration-derived strengths should not be mixed in a layer-based shaft-resistance model 490 
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unless we can explain why the two routes diverge systematically. This screening does not 491 

determine which route is “correct” in general; it merely indicates that the disagreement is 492 

large enough to materially alter the calculated shaft resistance (Figure 4). 493 

 494 

Figure 4 Laboratory undrained strength versus the project penetration-implied strength for the 495 

four-pile screening subset. The penetration route gives values approximately two to four times 496 

higher at every pile. 497 

4.6 Small-strain seismic stiffness versus laboratory strength 498 

After removing duplicates, the small-strain stiffness screening is performed using the 499 

unique full cross-hole profiles of TP-1, TP-2, TP-5 and TP-8. Apparent ratios of about 500 

6,083-6,842 were achieved by taking the ratio of the maximum small strain shear modulus 501 

representative of the shaft to the representative laboratory undrained strength. These ra- 502 

tios are more than an order of magnitude higher than the operational rigidity index ranges 503 

commonly used in cavity-expansion and pile-deformation frameworks [8], [20], [26], [27], 504 

[28], [29].  505 

Two phenomena are involved here, and the second limits the extent to which we can 506 

extend the interpretation. The first is the strain regime: near-elastic stiffness is measured 507 

in cross-hole seismic testing at strains of ~10⁻⁶, whereas shaft and toe resistance mobilize 508 

at strains three to four orders of magnitude larger, so a ratio of this magnitude is expected 509 

by definition and is not a finding in itself. The second is depth support; the shaft-repre- 510 

sentative velocities of 355-409 m/s reflect stiff to very stiff material in the middle and lower 511 

profile, but the representative laboratory strengths of 40.8-48.8 kPa come from undis- 512 

turbed samples concentrated in the upper 10 m. Numerator and denominator are there- 513 

fore not describing the same soil, and that mismatch inflates the ratio on top of the strain- 514 

scale difference. We keep this calculation only as a diagnostic that the two quantities can- 515 

not be swapped for one another; it is not a rigidity index, it feeds into no capacity calcula- 516 

tion, and no value in Table 5 should be carried into design. To attribute the residual dif- 517 

ference solely to strain scale, a depth matched comparison over a common interval is re- 518 

quired, which is unsupported by this dataset. 519 

TP-8 is paired with CHT-1, the profile specific to its own source package; TP-4 is 520 

taken out of this screening as its seismic tables are duplicates of CHT-3 and CHT-5. 521 

For TP-8, the unique cross-hole profile gives a shaft-representative mean shear-wave 522 

velocity of about 355 m/s and a mean maximum small-strain shear modulus of about 295 523 

MPa; paired with a representative laboratory undrained strength of about 46.7 kPa, that 524 
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works out to an apparent ratio of about 6,329. Using only the unique profile avoids the 525 

pseudo-replication introduced by a duplicated seismic profile, and it does not change the 526 

strain-scale conclusion (Figure 5). 527 

Table 5 Apparent small-strain stiffness-to-strength ratios after reconciliation of the unique full 528 

cross-hole profiles. 529 

Pile 

Mean 

shear-

wave ve-

locity (m/s) 

Mean maximum small-

strain shear modulus 

(MPa) 

Representative labora-

tory undrained strength 

(kPa) 

Apparent modu-

lus/strength ratio 

Operational 

comparison 

range 

TP-1 392 289.7 42.3 6,842 75-500 

TP-2 363 248.4 40.8 6,083 75-500 

TP-5 409 315.3 48.8 6,457 75-500 

TP-8 354.7 295.4 46.7 6,329 75-500 

 530 

Figure 5 Apparent maximum-small-strain-modulus-to-laboratory-strength ratio for the four unique 531 

pile-cross-hole screening pairs. The values are diagnostic of strain-scale incompatibility and are not 532 

used as operational design rigidity indices. 533 

4.7 Cone penetration evidence and depth-coverage limitations 534 

Every TP package carries CPT/CPTU evidence, giving a continuous, high-resolution 535 

response through the upper 11.24-14.18 m, far denser in depth than the SPT observations. 536 

The SBTn profiles independently back up the alternating fine-grained and sandier char- 537 

acter already inferred from the boreholes, and in the lower portions of several soundings, 538 

they shift toward silty sand/sandy silt, sand, or very stiff categories at roughly the same 539 

depth where SPT N and Vs start climbing. 540 

The pile toes, though, sit at 18.2 or 22.2 m, well below where the CPT soundings stop. 541 

The CPT depth in the eight piles is only 50.6-70.3% of the pile length. Consequently, any 542 

direct toe-resistance calculation based on CPT would require extrapolating beyond the 543 

measured sounding depth, which is avoided here. This governs how the different meth- 544 

ods are used here. CPT works where it was measured, improving the upper and transi- 545 

tional strata, whereas borehole/SPT and cross-hole data are used for deeper shaft/toe anal- 546 

ysis. 547 

4.8 Theoretical shaft and toe resistance 548 
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The calculated axial resistance components and relative shaft contributions for TP-1 549 

to TP-8 are summarized in Table 6. 550 

Table 6 Analytical axial resistance and relative shaft contribution calculated on a layer- 551 

by-layer basis using the capacity model. 552 

Pile Qs (kN) Qb (kN) Qult (kN) Shaft share (%) Qult/Qservice 

TP-1 2054 1371 3424 60.0 4.23 

TP-2 3300 1171 4471 73.8 3.08 

TP-3 3081 1140 4221 73.0 2.91 

TP-4 2617 746 3363 77.8 2.32 

TP-5 3450 1669 5119 67.4 3.53 

TP-6 1904 641 2545 74.8 3.14 

TP-7 3472 1296 4769 72.8 3.29 

TP-8 2974 1458 4432 67.1 3.06 

 553 

 554 

Figure 6 Analytical shaft and toe resistance components for TP-1 to TP-8. 555 

The computed ultimate resistance (Qult) ranges between 2,545 kN (TP-6) and 5,119 556 

kN (TP-5). The shaft resistance dominates each pile's analytical capacity, accounting for 557 

60.0-77.8% of the total (average: 70.8%). This is consistent with piles embedded mainly in 558 

clay-rich layers (Figure 6). 559 

The increase in ground stiffness between 15 and 22 m is relevant to the stratigraphic 560 

interpretation. This deeper, more competent zone is consistent with greater lower-shaft 561 

resistance and toe support in the 18.2-22.2 m piles. However, Vs is not used as a strength 562 

or capacity measure; the seismic evidence supports the stratigraphic interpretation that 563 

informs, but does not validate, the analytical capacity model. 564 

This shaft dominated response is consistent with the established bored pile mecha- 565 

nisms described by [11], [12], [13], [14]. These studies suggest that shaft resistance can 566 

mobilize a substantial proportion of the axial capacity of long bored piles in stratified 567 

ground before significant displacement occurs to fully mobilize toe resistance. [15] re- 568 

ported similar behavior, with their 800 mm and 1,200 mm bored piles acting essentially 569 

as friction piles since the measured settlements were not large enough to mobilize much 570 

end-bearing. 571 
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4.9 Comparison of analytical and load-test-derived capacity 572 

The mean bias in reciprocal calibration form (i.e. governing test-derived capacity/the- 573 

oretical capacity) is 0.90, with a standard deviation of ~0.22, coefficient of variation of 0.25, 574 

and mean absolute deviation of ~21.7%. 575 

Table 7 Comparison of analytical and governing load-test-extrapolated axial capacities, with shaft 576 

share and the reciprocal test/theory bias. 577 

Pile 
Analytical 

Qult (kN) 

Test-derived 

governing 

Qu (kN) 

Qtheory/Qtest 
Difference 

(%) 

Shaft 

share 

Bias, 

test/the-

ory 

TP-1 3424 2673 1.281 +28.1 0.60 0.78 

TP-2 4471 4350 1.028 +2.8 0.74 0.97 

TP-3 4221 2930 1.441 +44.1 0.73 0.69 

TP-4 3363 4350 0.773 −22.7 0.78 1.29 

TP-5 5119 3744 1.367 +36.7 0.67 0.73 

TP-6 2545 1944 1.309 +30.9 0.75 0.76 

TP-7 4769 3780 1.261 +26.1 0.73 0.79 

TP-8 4432 5220 0.849 −15.1 0.67 1.18 

This reciprocal form is used primarily because it is consistent with the standard re- 578 

sistance-bias convention used in reliability calibration. It is just another way of expressing 579 

the same comparison, and is not a separate or statistically independent data set [30]. Fig- 580 

ure 7 shows this governing comparison. 581 

 582 

Figure 7 Governing load-test-derived capacity versus theoretical capacity with the one-to-one line. 583 

Six of eight piles plot below the line and two above it. 584 

The comparison is not uniformly conservative, nor uniformly unconservative. The 585 

Qtheory/Qtest values are in the range 0.773 at TP-4 to 1.441 at TP-3 with a mean of about 586 

1.164. The mean percentage bias is +16.4%, the mean absolute percentage error is of the 587 

order of 25.8%, and the RMSE is of the order of 0.9 MN. The best fit is with TP-2. TP-3 and 588 

TP-5 are significant overpredictions, and TP-4 and TP-8 are underpredictions of the field 589 

extrapolation. 590 

0

1000

2000

3000

4000

5000

6000

0 1000 2000 3000 4000 5000 6000

Load-test 

governing 

capacity (kN)

Theoretical ultimate capacity, GEC-10 (kN)

1:1 line TP-1 TP-2 TP-3 TP-4 TP-5 TP-6 TP-7 TP-8



20 of 33 
 

Both extremes merit descriptive examination, but neither establishes a general causal 591 

mechanism. TP-3 shows the greatest overprediction (+44.1%). Its deepest 1.7 m of shaft 592 

and the entire toe-bearing stratum are extrapolated from the profile above, and BH85 ter- 593 

minates at about 20.5 m beneath a 22.2 m pile. This case is consistent with the risk intro- 594 

duced when the toe stratum is not directly characterized. The 36.7% overprediction of TP- 595 

5 may reflect conversion of SPT N-values into strength or resistance parameters in the 596 

dense lower zone; construction effects, spatial mismatch, and extrapolation uncertainty 597 

cannot be separated with the available records. 598 

The bias ratio's modest correlation (r = 0.29) with the analytical shaft-resistance share 599 

implies that the pile-to-pile scatter is not accounted for by the 60-78% range in shaft con- 600 

tribution. This matches the reliability literature, in which transformation uncertainty and 601 

construction- or site-related variability remain substantial even when the mean bias is 602 

near one [9], [30]. 603 

An exploratory pile-level examination clarifies why this scatter is to be expected. The 604 

mean SPT N-values over the bottom roughly 5 m of each pile correlate strongly with cal- 605 

culated analytical capacity, unsurprising given that the analytical model derives re- 606 

sistance from penetration-based parameters in the first place, but those same N-values 607 

have little direct relationship with the settlement measured during proof loading. 608 

This is expected once pile-head movement is understood for what it represents: the 609 

overall reaction of the load-transfer system, influenced by shaft and toe mobilization, con- 610 

struction conditions, structural pile compression, and the applied load, rather than merely 611 

the N-value near the toe. That is a reason to keep evidence sources genuinely independent 612 

and to avoid the circular trap of validating an SPT-based analytical model against another 613 

metric drawn from the same SPT data. 614 

The shaft share only changes between 0.60 and 0.78, which limits statistical power 615 

and does not account for the capacity dispersion found in this dataset (Figure 8). 616 

 617 

Figure 8 Test-to-theoretical capacity bias versus shaft share of theoretical capacity. No statistically 618 

significant relationship is evident within the represented range. 619 

A natural question is whether piles backed by more characterization streams are pre- 620 

dicted more accurately. The confirmed data inventory displays three separate evidence 621 

streams for TP-1, TP-2, TP-5, and TP-8, compared to two for TP-3, TP-4, TP-6, and TP-7. 622 
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Correlating stream count with absolute logarithmic bias gives r = -0.49 across eight 623 

piles. This descriptive pattern is too underpowered to support an inference about whether 624 

additional characterization streams improve prediction accuracy. 625 

So the interpretation has to stay cautious here. Additional sources of information 626 

may well improve the reliability of pile-capacity assessment, but stream count alone can- 627 

not prove it; what matters more is systematically integrating each dataset according to its 628 

spatial support, applicable strain regime, and reliance on empirical parameter transfor- 629 

mations. 630 

4.10 Settlement, recovery, and sustained-load creep 631 

Beyond just comparing ultimate capacities, we reprocessed the stage-by-stage static 632 

load-test records to quantify service-load settlement, final proof-load settlement after the 633 

12 h hold, residual settlement after unloading, recovery ratio, and the logarithmic creep 634 

slope at proof load. That creep slope is the least-squares gradient of settlement against 635 

log₁₀(time) over the interval from 60 min to the end of the 720 min hold (about 1.08 log 636 

cycles), and it is strictly a short-duration test parameter, not something extrapolated to 637 

service life. Table 8 summarizes these results, Figures 9 and 10 show the time-dependent 638 

proof-load response and the relation between proof-load settlement and creep rate. 639 

Table 8 Summary of settlement, residual movement, and proof-load creep metrics derived from the 640 

reprocessed stage records. 641 

Pile 

Ser-

vice 

load 

(kN) 

Service 

settlement 

(mm) 

Proof set-

tlement 

(mm) 

Residual 

settlement 

(mm) 

Proof creep 

slope 

(mm/log cy-

cle) 

Proof creep 

increment 

60 min to 

end (mm) 

Re-

cov-

ery 

(%) 

TP-1 810 0.98 2.5 0.62 0.168 0.23 75.2 

TP-2 1450 1.54 3.66 0.98 0.374 0.43 73.2 

TP-3 1450 1.42 6.81 1.92 0.439 0.52 71.8 

TP-4 1450 2.42 5.97 1.72 0.581 0.66 71.2 

TP-5 1450 2.14 6.55 1.82 0.208 0.28 72.2 

TP-6 810 2.49 7.53 1.52 0.581 0.65 79.8 

TP-7 1450 1.79 5.27 0.71 0.416 0.47 86.5 

TP-8 1450 1.84 4.53 0.83 0.232 NA 81.7 

Service-load settlements stay very small, and even the 12 h proof-load settlements 642 

remain under 1% of pile diameter for every pile. Residual settlements are limited, and 643 

recovery ratios are high, so a substantial part of the head movement recovers. TP-6 has 644 

the largest absolute proof-load settlement, TP-4 and TP-6 the highest proof-load creep 645 

slopes, and TP-7 the strongest rebound after unloading (Figure 9). 646 
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 647 

Figure 9 Sustained proof-load time-settlement response, TP-1 to TP-7. 648 

The stage-by-stage time series for TP-8 is not held in the compiled workbook, and 649 

TP-8 is therefore not plotted. The creep slope quoted for TP-8 in Table 8 and plotted in 650 

Figure 10 was obtained from the summary sheet rather than from a fitted time series; it is 651 

not directly comparable with the other seven values and is shown as an open symbol. 652 

 653 

Figure 10 Relationship between final proof-load settlement and proof-load logarithmic creep rate. 654 

The interpreted lower-shaft and toe stratigraphy of each pile can be read directly 655 

against its measured serviceability response. TP-1 combines a 10.5-13.5 m clayey/silty- 656 

sand interbed with a very stiff sandy silty clay toe zone and shows the smallest move- 657 

ments of the set: 0.98 mm at service load, 2.5 mm at proof load, and the flattest creep slope, 658 

0.168 mm per log cycle. TP-2, whose lower shaft is clay-dominated with a 10.5-16.5 m 659 
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clayey silty sand interval above very stiff deep clays, follows at 1.54 and 3.66 mm with a 660 

moderate creep slope of 0.374 mm per log cycle. In both piles a granular interbed sits 661 

above competent deep clay, and the measured response is correspondingly stiff. 662 

The piles whose lower shafts remain layered or transitional deform more. TP-3 has a 663 

thin granular transition near 10.5-12.5 m above stiff to very stiff fat-silty clay, but settles 664 

6.81 mm under the same 1450 kN service load that produces 3.66 mm in TP-2, indicating 665 

more deformable lower-shaft or toe behavior than the gross layering suggests. TP-4, with 666 

clay and sand lenses alternating in the lower shaft, gives 2.42 mm at service load, 5.97 mm 667 

at proof load and the steepest creep slope of the set, 0.581 mm per log cycle. TP-6 settles 668 

the most of all, 2.49 and 7.53 mm, and shares that steepest creep slope. The difference lies 669 

in the more compressible lower-shaft sequence, not embedment length, as TP-1 has the 670 

same 18.2 m length and 810 kN service load but the smallest settlements. 671 

The remaining piles illustrate that proof-load settlement, creep, and rebound need 672 

not rank identically. TP-5 has a very dense silty-sand interbed in otherwise stiff to hard 673 

clay and the highest analytical capacity of the eight, 5119 kN; its proof-load settlement is 674 

still moderately high at 6.55 mm, but the creep increment after 60 min is only 0.28 mm. 675 

TP-7 settles 5.27 mm but rebounds 86.5% of that movement. TP-8 is mid-range in service 676 

settlement at 1.84 mm with one of the lowest creep slopes at 0.232 mm per log cycle and 677 

81.7% recovery. These pile-level descriptions are compatible with an influence of lower- 678 

shaft layering, but the dataset is too small and heterogeneous to establish a general rela- 679 

tionship. 680 

Across this small, heterogeneous dataset, the pile-by-pile descriptions are compatible 681 

with, but do not demonstrate, a relationship between lower-shaft conditions and service- 682 

ability response. Piles with layered transitions or shorter embedment in the identified 683 

competent zone, notably TP-4 and TP-6, show larger proof-load settlement and/or creep 684 

than several other piles. Differences in pile length, service load, construction conditions, 685 

and unmeasured load-transfer behavior prevent causal inference. 686 

4.11 Separation of pile elastic shortening from ground response 687 

Tables 4 and 9 provide settlement values for pile-head motions, which combine the 688 

elastic compression of the pile shaft with ground displacement around it. Given the length 689 

of these piles relative to the observed movements, that structural component is not a small 690 

correction. A shaft with a diameter of 0.8 m has a cross-sectional area of 0.503 m². The 691 

secant modulus for the given bored-pile concrete grade is expected to be 25-30 GPa. Two 692 

bounding cases are useful here: if the entire applied load reached the toe, compression 693 

would be ܳܧܣ/ܮ; if shaft resistance were instead activated evenly along the shaft, the 694 

mean axial force would be roughly half the head load, giving QL/2AE. The real value sits 695 

somewhere between these two, and given the shaft-dominated behavior the analytical 696 

model points to, it should sit closer to the lower bound. 697 

Table 9 works out both bounds at the maximum applied load for each test. For the 698 

22.2 m piles, the toe-bearing bound is 4.27-5.12 mm and the uniform-transfer bound 2.13- 699 

2.56 mm, against measured head movements of 3.66-6.81 mm; for the 18.2 m piles the 700 

bounds are 1.96-2.35 mm and 0.98-1.17 mm against 2.50-7.53 mm. As a share of the meas- 701 

ured head movement, the uniform-transfer estimate accounts for 13-70% of the total, and 702 

for TP-2 the toe-bearing bound actually exceeds the measured movement, which is itself 703 

a useful consistency check, since it means load transfer along that shaft has to be substan- 704 

tial. That has three knock-on effects on how other parts of this paper should be read. First, 705 

the 71-87% recovery ratios in Table 8 are not a measure of ground rebound: an elastic pile 706 

contributing 13-70% of the head movement will recover that portion in full on unloading 707 

regardless, so a high recovery ratio is expected even where the ground response only 708 

partly recovers. Second, the normalized settlements of 0.31-0.94% D compared against 709 
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published values in Section 6.9 are head movements in both datasets, so they are compa- 710 

rable on that basis, but they are not comparable as measures of ground stiffness unless 711 

pile length and modulus line up too. Third, the creep slopes in Table 8 are the one quantity 712 

this correction does not touch, since concrete creep over a 12 h hold at these stress levels 713 

is small, which means the creep measurements are the most directly ground-related piece 714 

of serviceability information in the whole dataset. 715 

The practical consequence is that pile-head measurement alone cannot separate shaft 716 

from toe mobilization at these displacement levels. Instrumenting future test piles with 717 

strain gages or extensometers would resolve that split and turn a proof test into a load- 718 

transfer calibration. 719 

Table 9 Calculated pile elastic shortening at maximum applied load, compared with measured pile- 720 

head settlement. 721 

Pile L (m) Q max (kN) 

Measured 

head settle-

ment (mm) 

Elastic short-

ening, toe-

bearing 

bound (mm) 

Elastic short-

ening, uni-

form-trans-

fer bound 

(mm) 

Uniform 

bound as % 

of measured 

TP-1 18.2 1620 2.5 1.96-2.35 0.98-1.17 39-47 

TP-2 22.2 2900 3.66 4.27-5.12 2.13-2.56 58-70 

TP-3 22.2 2900 6.81 4.27-5.12 2.13-2.56 31-38 

TP-4 22.2 2900 5.97 4.27-5.12 2.13-2.56 36-43 

TP-5 22.2 2900 6.55 4.27-5.12 2.13-2.56 33-39 

TP-6 18.2 1620 7.53 1.96-2.35 0.98-1.17 13-16 

TP-7 22.2 2900 5.27 4.27-5.12 2.13-2.56 41-49 

TP-8 22.2 2900 4.53 4.27-5.12 2.13-2.56 47-57 

4.12 Implication of the measured bias for resistance factor selection 722 

Table 7 provides descriptive bias information: the mean test/theory ratio is 0.90 (95% 723 

CI 0.71-1.09 on eight piles) and the coefficient of variation is 0.25. These quantities are not 724 

used here to calibrate a design resistance factor. The comparison is based on extrapolated 725 

test-derived capacities rather than measured failure resistances, and the sample is too 726 

small for a site-specific reliability calibration. 727 

The comparison has three material limitations. First, it uses extrapolated ultimate ca- 728 

pacities rather than capacities measured at a defined failure condition. Second, the eight- 729 

pile sample cannot establish a stable bias distribution. Third, the apparent dispersion com- 730 

bines subsurface uncertainty with construction effects, spatial mismatch, and variation 731 

among extrapolation methods. 732 

A sensitivity calculation can illustrate how strongly any hypothetical resistance fac- 733 

tor would depend on assumed dispersion, but it must not be presented as a calibrated 734 

design recommendation. Additional full-scale tests taken to a defined failure criterion and 735 

analyzed with a consistent interpretation protocol would be required before calibration. 736 

The practical implication is qualitative: a mean bias close to unity does not demon- 737 

strate that a design process is reliable when pile-to-pile dispersion remains substantial. 738 

Reducing parameter-selection uncertainty and documenting construction conditions are 739 

more defensible priorities than modifying a method to force the mean bias toward one. 740 

5. Discussion, Literature Comparison, and Design Implications 741 

5.1 Cross-checking as an explicit design step 742 

The penetration, laboratory, and seismic data are each credible within their respec- 743 

tive measurement domains. Cross-checking exposes the systematic two-to-four 744 
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discrepancy in inferred strength parameters and confirms that seismic stiffness and ca- 745 

pacity-design strength cannot be used interchangeably. 746 

The quality control for the ground model is systematic cross-verification, which iden- 747 

tifies where engineering review is needed before a parameter is used in a pile-capacity 748 

calculation, whether due to uncertainty in empirical transformation, inconsistent assump- 749 

tions on strain, sample disturbance, or spatial mismatch [8], [9], [18], [19], [20]. 750 

It also matters how the evidence inventory itself is counted. A complete audit of the 751 

original TP-1 to TP-8 packages establishes the verified counts of streams per pile, and on 752 

that inventory the relationship between stream count and absolute logarithmic bias is 753 

moderately negative, but still not statistically significant. 754 

More investigation in itself doesn't help. Additional data improves geotechnical de- 755 

cisions only when the spatial support, strain regime and parameter-transformation as- 756 

sumptions are sufficiently well-matched. This is reflected in the strength-ratio and appar- 757 

ent-rigidity diagnostics: a third measurement stream that disagrees with the other two can 758 

uncover a new source of uncertainty while reducing another. 759 

Three evidence streams indicate a common lower-shaft stiffening zone: rapidly in- 760 

creasing SPT N-values, the cross-hole Vs transition reported in Section 5.3, and borehole 761 

descriptions of very stiff clay and dense to very dense sand. 762 

The CPTU soundings are not able to directly verify this transition as seven out of 763 

eight terminate at or above 13.2 m. Thus, they record the approach to the deeper compe- 764 

tent zone, without determining its exact depth or extent. Two caveats are worth noting. 765 

SPT resistance, CPTU response and Vs are not mechanically independent. The three re- 766 

spond, to a different degree, to the same underlying soil state, density, stress condition 767 

and stiffness structure. Physical grounds therefore predict a shared first-order trend. Sec- 768 

ond, the convergence of these profiles, which are pooled across a site with borehole-to- 769 

CPT separations of 20 to 132 m, supports the view that the transition occurs laterally across 770 

the project rather than establishing a single, continuously traceable geological horizon. 771 

This stiffening zone is above the pile toes but within the lower shaft region of each 772 

pile tested, with about 7 m of the embedded length below 15 m for the 22.2 m piles and 773 

about 3 m for the 18.2 m piles. 774 

This spacing can add significantly to the total axial strength. Analytical calculations 775 

indicate a shaft-driven response. As the stiffness and the ground conditions around the 776 

shaft improve downwards, the total capacity may be controlled by the shaft long before 777 

the toe resistance becomes significant. 778 

However, the deeper Vs values do not agree between profiles and the overall trend 779 

has localized reversals, CHT-3 for example, runs lower than the other profiles at many 780 

depth levels between 18 and 24 m, while CHT-5 has a distinct high-Vs interval at about 781 

22-24 m. These variations are to be read site-specifically, not averaged into a single uni- 782 

versal velocity profile. Cross-hole measurements are well suited to identify depth-de- 783 

pendent stiffness zones and associated uncertainty boundaries in production-pile design. 784 

However, the strength characteristics should still be established by rigorous geotechnical 785 

testing and calibrated against the observed responses to load tests. 786 

5.2 Cone penetration depth coverage and spatial offset 787 

The source packages reveal both the usefulness and the limitations of the CPT pro- 788 

gram. Continuous CPT/CPTU traces provide good vertical resolution in the upper 11–14 789 

m where conventional drill sampling is spotty, and SBTn profiles increase confidence in 790 

the continuity of shallow layers and help locate sandier transition intervals. However, as 791 

there is no sounding that reaches an 18.2 or 22.2 m pile toe, any CPT-based toe resistance 792 

at the pile base would be extrapolated rather than measured. 793 
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A second constraint is a spatial offset. Borehole-CPT separations are reported from 794 

about 20 to 132 m, not an unusual range for a site of this size, but it does mean that a CPT 795 

curve should be read as near corroboration rather than an exact stand-in for the borehole 796 

at the pile centerline; this is particularly important at TP-6 and TP-7, where the offsets are 797 

greatest. In the absence of cross-hole coordinates in the original records, seismic profiles 798 

should be regarded as project-scale or local-zone evidence, unless perfect collocation is 799 

supported by independent survey data. 800 

5.3 What cross-hole seismic evidence can and cannot support 801 

The cross-hole measurements yield something that traditional strength testing can- 802 

not: continuous, depth-resolved small-strain stiffness beyond the pile toe. The four pro- 803 

files reach 30 m against the approximately 14 m ceiling of the CPT soundings, making 804 

cross-hole testing useful to check if a presumed deep competent zone actually exists below 805 

the pile base. It also offers an independent way of detecting sudden stiffness changes that 806 

laboratory testing alone may miss. 807 

Direct conversion of shear-wave velocity to pile capacity is not justified. Vs reflects 808 

the elastic response of the ground at very small strain, but shaft resistance and toe bearing 809 

mobilize at much higher strain levels and depend on parameters that Vs does not reflect: 810 

pile-soil interface roughness, stress history, drainage conditions, installation effects, and 811 

construction quality. 812 

Accordingly, the SPT-Vs relation is used only as an internal consistency check (Sec- 813 

tion 5.4), not as a predictive design equation. The R2 suggests a common depth-dependent 814 

structure between the datasets but does not support substitution of Vs-derived values for 815 

independently calculated geotechnical strength metrics. 816 

5.4 Interpreting proof tests that do not reach failure 817 

The small pile head deflections measured at 200% of the service load are acceptable 818 

from a proof test viewpoint since the piles carried the specified verification loads with 819 

minimal deflection. This rigid response also limits the estimation of ultimate capacity, as 820 

the obtained load-settlement curves display little post-yield curvature. 821 

This is a distinction that matters when comparing analytical predictions with capac- 822 

ity derived from field testing. The mean absolute difference of 25.8% between two esti- 823 

mated capacities is not an error against a known capacity but a combination of analytical 824 

model, extrapolation method, spatial ground variability and construction effects that is 825 

not clearly captured by either computation. 826 

5.5 Pile-specific consistency and divergence 827 

The individual piles show why the sources must be read together. TP-6 has the lowest 828 

analytical capacity and greatest normalized proof-load settlement, consistent with its 829 

lower-shaft profile: SPT resistance is low between 15 and 18 m and high below 18.2 m, so 830 

calculated strength and observed deformation are in the same direction. TP-2 is however 831 

a good local calibration reference because it has the best correlation between analytical 832 

and test capacity (Qtheory/Qtest = 1.03). 833 

TP-5 diverges from the simple pattern. BH22 has very high SPT values in the deep 834 

range where the analytical model gives the largest Qult of the eight piles. However, TP-5 835 

does not have the smallest proof-load settlement and its controlling test extrapolation is 836 

much lower than the analytical prediction. The difference may be due to spatial mismatch, 837 

structural effects, shaft/toe mobilization, construction conditions, or ambiguity in the ex- 838 

trapolation process. The defensible conclusion is that a single penetration indicator cannot 839 

be used to predict pile performance. 840 

5.6 Regional relevance and practical workflow 841 
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This study extends earlier Iraqi cross-hole investigations by incorporating seismic 842 

measurements into a comprehensive deep-foundation evaluation methodology [6], [7]. 843 

The combined information suggests a four-stage engineering workflow. 844 

First, use borehole data and laboratory soil classifications to determine the site stra- 845 

tigraphy and groundwater conditions. Second, incorporate SPT and CPT/CPTU data to 846 

refine the image of in-situ variability and determine transitional depth intervals. Third, 847 

employ cross-hole Vs and dynamic-modulus profiles to provide independent evidence of 848 

stiffness variation, particularly below the CPT sounding limit. Fourth, use the accepted 849 

geotechnical design processes to compute shaft and toe resistance.  850 

5.7 Serviceability implications of settlement and creep 851 

ASTM D1143 concentrates on the load-movement connection from static compres- 852 

sion testing, but the reprocessed stage records show that these tests also yield serviceabil- 853 

ity information, in the movements recorded at the end of each hold period (ASTM Inter- 854 

national, 2020). For these piles, service-load settlement values are small, and the limited 855 

residual movements after unloading suggest the field response is nowhere near a prob- 856 

lematic serviceability regime. Proof-load creep slopes stay much smaller than total proof- 857 

load settlement, so sustained-load time effects are present but not dominant over the du- 858 

ration of the test. 859 

These results also line up with the broader literature connecting long-term pile be- 860 

havior to both stratigraphic stiffness contrast and time-dependent clay response [2], [31], 861 

[32]. The most meaningful pattern in the Dhi-Qar dataset is not one universal creep value, 862 

but how creep and residual movement shift with lower-shaft layering, which argues for a 863 

design workflow where static test interpretation is backed up by explicit lower-shaft/toe 864 

stratigraphic review, and, where serviceability really matters, by targeted long-duration 865 

monitoring or creep-oriented back-analysis rather than capacity estimation alone. 866 

5.8 Material and construction controls not captured by the measured evidence 867 

Two potentially important controls on bored-pile performance are missing from the 868 

measured evidence streams, and either may contribute to residual scatter in Table 7. 869 

The borehole descriptions and laboratory summaries both contain chemical indica- 870 

tors, and the upper profile contains salt-bearing and locally organic traces. However, the 871 

available analysis does not quantify sulfate exposure, groundwater chemistry, or pile con- 872 

crete durability class. The short-term proof tests therefore say nothing about chemical du- 873 

rability or long-term shaft-interface degradation. Before this capacity comparison is used 874 

in a long-term design context, the chemical results should be reported and checked against 875 

the project’s own durability requirements. 876 

The second is construction. Shaft resistance in bored piles is governed by excavation 877 

support, standing time, base cleanliness, and concrete placement at least as much as by 878 

the ground parameters that go into a capacity model, yet the support fluid used, the time 879 

between excavation and concreting, base-cleaning records, and integrity-test results are 880 

not in the available records for any of the eight piles. So the analytical model assumes an 881 

idealized shaft interface for every pile, while the measured responses come from eight 882 

separately constructed shafts. Pile-to-pile construction variability is simply unquantified 883 

here, and it is a plausible contributor to the bias coefficient of variation of 0.25 that neither 884 

shaft share nor evidence-stream count can explain. Future programs of this kind should 885 

treat reporting construction records alongside load-test results as a requirement rather 886 

than as optional. 887 

5.9 Comparison with published bored-pile studies 888 

The closest recent field benchmark is [15]. Their El Alamein study and the present 889 

Dhi-Qar study have three common features: cast-in-place bored piles with an 800 mm 890 

diameter and static proof loading to nearly twice the design/service load, but the ground 891 
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conditions differ substantially. The El Alamein piles extended 40-50 m into interbedded 892 

geomaterials and weak limestone. The Dhi-Qar piles are much shorter at 18.2-22.2 m, in- 893 

stalled mainly in saturated alluvial silty clays with localized silty-sand and clayey-sand 894 

layers. So the comparison here is largely a test of whether normalized field behavior holds 895 

up across two quite different stratigraphic settings, without assuming that the underlying 896 

soil-pile interaction processes are the same. Because the pile length and toe material are 897 

different for the two sites, absolute loads and settlements do not carry over; only normal- 898 

ized quantities do. Neither program drove a pile to a defined failure criterion. Both pro- 899 

grams verify proof resistance, not measured ultimate capacity. Both are interpreted as 900 

shaft-dominated responses. The analytical shaft share here is 60.0-77.8%, and the mean is 901 

near 70.8%. 902 

In normalized terms the two datasets agree. [15]reported a displacement of about 1 903 

% D in 800 mm piles at twice the design load. The Dhi-Qar piles, which were shorter and 904 

anchored in soil rather than IGM/weak rock, had a low-movement regime of 0.94% D or 905 

less. This agrees with the classical observations of [10], [11] that large toe resistance is 906 

usually mobilized only with more base movement than most proof tests generate. 907 

A similar pattern is reported by [33], where the analytical capacity of bored piles in 908 

granular soil differs from static and dynamic test results without a consistent direction of 909 

bias. The comparison between the two studies is limited because the material classes, pile 910 

lengths, and design frameworks differ. The analytical-to-test ratio in this study is between 911 

0.77 and 1.44. This does not establish a contradiction; it reinforces the point that prediction 912 

bias is site-specific and that load tests address shaft and toe mobilization rather than 913 

providing a single universally transferable capacity number. 914 

5.10 Site-specific design implications 915 

At the Dhi-Qar site, the main site-specific outcome is a systematic hierarchy of evi- 916 

dence rather than a new universal pile-capacity equation. When selecting lower-shaft pa- 917 

rameters, the independently identified stiffening zone must be represented explicitly; the 918 

CPTU soundings corroborate its approach but do not define its full depth. The site-specific 919 

Vs-N relationship is an internal validation tool, while static proof tests remain the govern- 920 

ing evidence for confirming pile deformation and resistance. 921 

The comparison with [15] further suggests that normalized settlement at approxi- 922 

mately twice service/design load is a useful cross-project serviceability indicator. For 800 923 

mm bored piles, settlements on the order of 1% D or less at the proof stage can occur in 924 

very different layered geomaterials without direct failure. Nevertheless, this observation 925 

should not be converted into an ultimate-capacity criterion; the required toe movement, 926 

shaft degradation, construction effects, and long-term creep remain site specific. 927 

5.11 Future data and validation needs 928 

The next research stage should convert this retrospective database into a fully spatial 929 

and instrumented calibration dataset. Priority tasks are: (i) recover original cone penetra- 930 

tion digital files and compute cone-resistance-, sleeve-friction-, and pore-pressure-based 931 

shaft and toe estimates only within measured depth; (ii) recover survey coordinates for 932 

the cross-hole arrays; (iii) obtain hammer-energy and standard-penetration correction 933 

metadata; (iv) obtain pile concrete modulus, construction logs, base-cleanliness records, 934 

and integrity-test results; (v) instrument future load tests to separate shaft and toe mobi- 935 

lization; (vi) digitize complete time-settlement records for all piles and extend sustained- 936 

load monitoring; (vii) obtain deeper laboratory compressibility and secondary-compres- 937 

sion data; and (viii) use the measured seismic stiffness envelope as a probabilistic stiffness 938 

prior rather than as a deterministic strength equation. 939 

6. Conclusions 940 
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1. Verified project archive includes eight boreholes, eight cone penetration soundings 941 

and four full cross-hole seismic profiles for eight 800 mm cast-in-place piles. Con- 942 

firmed evidence for analysis is based on removal of duplicate seismic tables and re- 943 

covery of TP-8 borehole and cross-hole recordings. 944 

2. The individual measurements show a consistent, pronounced transition between 13 945 

and 16 m. By 15-16 m, all four seismic profiles surpass 500 m/s, while median standard 946 

penetration resistance climbs from 12 blows in the upper 1-10 m to 56 blows below 15 947 

m. Mean shear-wave velocity rises from 217 to 517 m/s. 948 

3. Although both variables are substantially depth-dependent (r = 0.82 and 0.86 versus 949 

depth), fifty-nine depth-matched penetration-seismic observations produce a pooled 950 

Pearson correlation value of 0.835. When the shared depth trend is eliminated, partial 951 

correlation drops to 0.45 and 0.39 among profiles. The stratigraphic consistency enve- 952 

lope is not a translation from penetration resistance to pile strength or capacity, and 953 

the pooled coefficient is not a predictive strength metric. 954 

4. With a mean factor of 3.06, penetration-implied undrained strengths are 2.40-4.21 955 

times comparable laboratory values. Energy correction, plasticity-dependent conver- 956 

sion coefficients, and unconfined-test bias explain for around half of this; the remain- 957 

ing factor of 1.5-2 is likely a depth-support mismatch between shallow undisturbed 958 

sample and depth-averaged penetration resistance. The decision between the two 959 

paths varies predicted capacity by nearly 50% and must be indicated explicitly in any 960 

layer-based model since shaft resistance contributes 60.0-77.8%. 961 

5. The small-strain stiffness screening yields 6,100-6,800 apparent modulus-to-strength 962 

ratios. Due to strain regimes and a depth mismatch between seismic and laboratory 963 

data, this magnitude is presented as a diagnostic indicating the two values are not 964 

interchangeable rather than a site attribute. 965 

6. High-resolution cone penetration testing confirms the upper and transitional profile 966 

but ends at 11.24-14.18 m, 50.6-70.3% pile length. Extrapolating it to toe resistance 967 

without additional data is therefore not supported. 968 

7. Maximum pile-head settlement is 2.50-7.53 mm, or 0.31-0.94% of pile diameter, with 969 

low residual movement and mild short-term creep in static proof tests to twice service 970 

load. The recovery ratios of 71-87% are not a measure of ground rebound because 971 

calculated pile elastic shortening accounts for 13-70% of that head movement. The 972 

creep slopes are the most directly ground-related serviceability information from 973 

these tests. 974 

8. The analytical model predicts axial resistance of 2.55-5.12 MN and shaft dominance 975 

of 60.0-77.8%. 976 

9. The analysis-to-test ratio of 0.77 to 1.44 shows substantial scatter between analytical 977 

and test-derived capacities. No resistance factor is recommended from this dataset: 978 

the eight-pile sample and extrapolated test capacities are insufficient for calibration. 979 

A mean bias close to unity therefore does not establish a well-calibrated design 980 

method. 981 

10. With eight piles, the number of verified evidence streams cannot support an inference 982 

about prediction error. The negative descriptive correlation (r = -0.49) has a wide un- 983 

certainty range at this sample size. The data coverage shows the largest analytical 984 
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overprediction for the borehole-ending-above-the-toe pile. This is an observation on 985 

data provenance and investigation depth, not evidence that further site characteriza- 986 

tion improves prediction. 987 

11. The most defensible configuration is hierarchical workflow. Laboratory testing pro- 988 

vides index properties, strength and compressibility; penetration testing provides in- 989 

situ resistance and stratigraphic variability; cross-hole seismic testing provides inde- 990 

pendent stiffness continuity and deeper transitions; layer-based analyses provide 991 

shaft and toe resistance; and static load testing provides deformation, rebound, creep 992 

and field resistance. Disagreements across evidence streams are diagnostic results that 993 

require engineering explanations, not noise. 994 
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Notation and Abbreviations 1014 

Symbol / abbre-

viation 
Definition as used in this paper Unit 

SPT Standard penetration test – 

N, N60 SPT blow count; N60 is the energy-corrected blow count 
blows / 300 

mm 

CPT Cone penetration test – 

CPTU 
Piezocone penetration test (with pore-pressure measure-

ment) 
– 

qc Cone tip resistance MPa 

fs Cone sleeve friction kPa 

CHT 
Cross-hole seismic test profile (CHT-1, CHT-3, CHT-4, 

CHT-5) 
– 

BH Borehole – 

TP Test pile (TP-1 to TP-8) – 

GWT Groundwater table depth m 

IGM Intermediate geomaterial – 

Vp Compressional-wave velocity m/s 

Vs Shear-wave velocity m/s 

Gd Dynamic shear modulus from cross-hole measurement MPa 

Gmax Maximum small-strain shear modulus, Gmax = ρVs² MPa 

Ed Dynamic Young's modulus from cross-hole measurement MPa 

ρ Soil mass density Mg/m³ 

ν Poisson's ratio dimensionless 

cu (su) Undrained shear strength kPa 

z, Δz 
Depth below ground level; layer thickness increment in 

the discretized capacity model 
m 

D Pile diameter (0.8 m for the piles compared here) m 

L Embedded pile length m 

A, Ab Pile shaft cross-sectional area; pile toe (base) area m² 

E Elastic modulus of the pile concrete GPa 

qs, qb Unit shaft resistance; unit toe resistance kPa 

α 
Adhesion factor in the alpha-type shaft resistance, qs = α 
cu 

dimensionless 

β 

Effective-stress shaft-resistance coefficient in granular 

layers; also the reliability index where LRFD calibration 

is discussed 

dimensionless 

Q Applied pile-head load kN 

Qs, Qb Ultimate shaft resistance; ultimate toe resistance kN 

Qult Total ultimate axial resistance, Qult = Qs + Qb kN 

Qtheory 
Ultimate axial capacity from the analytical static re-

sistance model 
kN 

Qtest 
Ultimate axial capacity derived from the static load test by 

extrapolation 
kN 

LRFD Load and resistance factor design – 

φ Resistance factor in LRFD dimensionless 

COV Coefficient of variation dimensionless 

CI Confidence interval – 

MAPE Mean absolute percentage error % 

RMSE Root-mean-square error 
units of the 

fitted variable 

ASTM ASTM International test standard designation – 

FHWA GEC 
Federal Highway Administration Geotechnical Engineer-

ing Circular 
– 

NCHRP National Cooperative Highway Research Program – 

 1015 
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